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ZUSAMMENFASSUNG UND AUSBLICK

Die festen Losungen auf der Basis von PZT (PbZrsTi1xO3) sind aufgrund ihrer
piezoelektrischen, ferroelektrischen und pyroelektrischen Eigenschaften von grofdem
Interesse fur die Technik. Es konnen zwar umfangreiche Informationen tber PZT in der
Literatur gefunden werden, diese sind jedoch im Wesentlichen auf die physikalischen
Materialeigenschaften sowie die Charakteriserung von piezoelektrischen Bauteilen
beschrankt. Ungeachtet ihrer grof3en Bedeutung sowohl fir die Préparation und das
Sintern der Keramiken als auch fir die Optimierung deren Eigenschaften, finden sich nur
wenige Angaben Uber Phasendiagramme und thermodynamische Daten des PZT-Systems
in der Literatur. Kenntnisse der Konstitution des Systems Cu-Pb-Zr-Ti-O sind dartber
hinaus fur eine zuverl&ssige Abschdtzung der Reaktivitdt zwischen Kupfer, Kupferoxiden

und PZT notwendig.

Das Ziel dieser Arbeit bestand darin, einen selbstkonsistenten thermodynamischen
Datensatz fur das System Cu-Pb-Zr-Ti-O mit Hilfe der CALPHAD-Methode zu
entwickeln, um die technologisch relevanten Phasen- und Potentialdiagramme fir eine
Werkstoffkombination Cu/PZT zu berechnen.

Die thermodynamischen Eigenschaften der festen Phasen wurden mit dem
allgemeinen Untergittermodell bzw. dem substitutionellen Ldsungsmodel beschrieben.
Fur die Schmelze wurde das Assoziatmodell herangezogen. Dabei wurden die
Wechselwirkungen Uber Redlich-Kister-Reihen bertcksichtigt. Im Vergleich zum
thermodynamischen Modell fur ionische Schmelzen ist das Assoziatmodell besser
geeignet, um die Gleichgewichte mit einer fliissigen Phase im System Cu-Pb-Zr-Ti-O zu
berechnen. Beide Modelle fuhren jedoch bei den bindren Systemen (Zr-O, Ti-O, Cu-O,
Pb-O) zum gleichen Ergebnis. Die terndren Systeme Cu-Pb-O, Cu-Ti-O und Cu-Zr-O
wurden zum ersten Mal thermodynamisch beschrieben. Die bindren Systeme Cu-Pb, Cu-
Ti, Cu-Zr, Cu-O, Zr-O und Pb-O (leicht modifiziert) wurden der Literatur entnommen.

Das binédre System Ti-O wurde im Rahmen dieser Arbeit optimiert.



Das ternare System Cu-Pb-O zeichnet sich durch eine ausgedehnte Mischungsliicke
von eigenartiger Form aus, und ist mit den Mischungsliicken in den bindren Subsystemen
verbunden. Die thermodynamischen Eigenschaften der terndren stGchiometrischen
Verbindung Cu,PbO, wurden in dieser Arbeit experimentell bestimmt. Fir das System
Cu-Ti-O wurden drei terndre Phasen (CusTizO, CuTizO und CusTiO4) mittels der
Phasendiagramm-Information vereinfacht beschrieben. Beim System Cu-Zr-O sind keine

terndren Verbindungen stabil, was auch experimentell nachgewiesen wurde.

Die quasi-bindren Randsysteme des quasi-terndren Systems PbO-ZrO,-TiO,, d.h.,
PbO-ZrO,, PbO-TiO, und TiO,-ZrO, wurden in dieser Arbeit neu optimiert. Aufgrund
der begrenzten Menge an Literaturdaten wurden PbTiO;z (tetragonal und kubisch) und
PbZrO3 (kubisch) als stéchiometrische Verbindungen innerhalb der Systeme PbO-ZrO,
und PbO-TiO, betrachtet. Die tetragonale und orthorhombische feste Lésung auf der
Basis von PbO, sowie die feste Losung mit Perowskit-Struktur (PZT, PbZriTixOg),

wurden mit dem substitutionellen Ldsungsmodell beschrieben.

Die berechneten Phasendiagramme des Systems Cu-Pb-Zr-Ti-O (isobar-isotherme
Schnitte und chemisches Potential-Diagramme) wurden experimentell Uberpriift, wobei
die Zusammensetzungen und Temperaturen gemdld der Rechnung gewahit wurden.
Experimente bzgl. den Subsystemen Cu,O-CuO-PbO-ZrO, und Cu,O-CuO-PbO-ZrO,
wurden unter Umgebungsbedingungen durchgefihrt. Die Temperaturen von invarianten
Reaktionen wurden mit Hilfe thermischer Analyse bestimmt. Zur Untersuchung der
Reaktivitdt zwischen metallischem Kupfer und PbZrOs, PbTiOz oder PZT, wurden die
Proben unter vermindertem Sauerstoffpartialdruck in Gegenwart von Puffern (Ni/NiQO,
Cu/CuO) bel jeweils 1073 und 1173 K gegliht. Die Charakterisierung der erhaltenen
Proben  erfolgte  mittels  Rontgendiffraktometrie, Differenz-Thermoanalyse,

Elektronenmikroskopie und Elektronenstrahl-Mikroanalyse.

Der gewonnene thermodynamische Datensatz ist fir extrapolierende Berechnungen
im sauerstoffreichen Teil des Systems Cu-Pb-Zr-Ti-O, d.h., in den Subsystemen
PbO-ZI'Oz-Ti02, CU20-CUO-PbO-ZI’02, CU20—CUO—PbO-ZfOz und CUZO-CUO-TiOZ-



ZrO, geeignet. Ferner kann er fir eine Vorhersage der Reaktivitét zwischen Cu und PZT-
Keramik eingesetzt werden, jedoch nicht fir Berechnungen in dem Metallsystem
Cu-Pb-Zr-Ti.

Fir die berechneten Phasendiagramme im System Cu-Pb-Zr-Ti-O wurde eine sehr
gute Ubereinstimmung gefunden. Es wurde gezeigt, dass Kupfer und PZT (sowie PbZrOs
und PbTiO3) unterhalb von 1273 K unter vermindertem Sauerstoffpartialdruck keine
Reaktivitét aufweisen.

Fur eine technologische Entwicklung sollen noch weitere Untersuchungsmethoden,
wie z.B., Messungen der dielektrischen Konstante und Polarisierbarkeit verwendet
werden. Insbesondere die genaue Kenntnis der Kinetik der PbO-Verdampfung aus der
PZT-Keramik ist eine wichitge Grundvoraussetzung fir die Optimierung des
Herstellungssprozesses.
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ABSTRACT

PbZr,Ti1xOz (PZT) or modified PZT solid solutions are of great interest for
technological applications, which result from their piezoelectric, ferroelectric and
pyroelectric properties. Although extensive experimental studies of the PZT system have
been carried out in the past little attention was paid to phase equilibria and
thermodynamics of the system Pb-Zr-Ti-O, which are important for the optimization of
manufacturing and sintering conditions of the PZT ceramics as well as for tailoring their
physical properties. In view of using copper for conductor lines in hybrid systems the
compatibility between Cu and PZT become of special interest which requires an
understanding a so the multicomponent Cu-Pb-Zr-Ti-O system.

The aim of this thesis was to obtain a consistent set of thermodynamic data for the
Cu-Pb-Zr-Ti-O system, by means of the CALPHAD method, and then to calculate phase
equlibria and chemical potentia diagrams, which are relevant to the processing of

actuators based on PZT ceramics and copper.

The thermodynamic properties were described using the compound energy formalism
(CEF) as well as the substitutional solution model for various solid phases and the
associate model for the liquid phase, while the Redlich-Kister series were used to account
for the interactions between species. Associate solution model adopted for the description
of the liquid phase in the multicomponent Cu-Pb-Zr-Ti-O system was found to be
superior for calculating the relevant phase equilibria in comparison with the two-
sublattice ionic model, although both models can be successfully applied to the binary
systems (Zr-O, Ti-O, Cu-O, Pb-0). The ternary Cu-Pb-O, Cu-Ti-O and Cu-Zr-O systems
were assessed for the first time. The binary Cu-O and Pb-O systems were taken from
literature with some modifications of the Pb-O system in the liquid phase region, while
the binary Ti-O system was completely reassessed in the present work. The ternary Cu-
Pb-O system shows a large liquid miscibility gap of peculiar shape, which connects to the
miscibility gaps in each of the binary sub-systems. The ternary compound Cu,PbO, was

modelled as a stoichiometric compound. Its thermodynamic properties were estimated by
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experiments. In the modelling of the ternary Cu-Ti-O system the three ternary
compounds, CusTiz0, Cu,Ti,O and CusTiO,4 were taken as stoichiometric compounds. In
the Cu-Zr-O system the literature data show no existence of ternary compounds and it
was experimentally proved in this work. The quasibinary PbO-ZrO,, PbO-TiO, and
ZrO,-TiO, systems, the edges of the quasiternary PbO-ZrO,-TiO, (PZT) system, were
reassessed on the basis of most recent literature data. Thermodynamic properties of the
end-members, ZrO, and PbO have been taken from the literature, while those of TiO,
were evaluated in the present work. Due to limited experimental information, PbTiO3
(tetragonal and cubic forms) and PbZrOs (cubic form) were considered as stoichiometric
compounds in the PbO-TiO, and PbO-ZrO, systems, while the tetragona and
orthorhombic PbO solid solutions were described by a substitutional model. The
perovskite solid solution series, PbZr,Ti;xO3 was modelled as high temperature cubic
form using the substitutional model. Calculated phase diagrams, i.e., predicted phase
relations in the multicomponent Cu-Pb-Zr-Ti-O system (isobaric-isothermal sections and
chemical potential diagrams) were checked experimentaly. Experimental points were
chosen based on CALPHAD approach and all compositions were prepared by solid state
reaction. For the verification of the phase relations and invariant reactions in the oxide
rich part (Cu,O-CuO-PbO-TiO, and Cu,O-CuO-PbO-ZrO, isotherms) experiments were
donein air. The investigation of the reactivity between Cu and PbTiO3, PbZrOs or PZT in
the solid state was performed at the carefully controlled partial pressure of oxygen using
different kinds of buffers (Ni/NiO, Cu/Cu,O) at 1073 and 1173 K. Microstructural
characterization of the samples was done by X-ray, DTA, SEM and EDX analysis.

The database evaluated in this thesis is reliable for extrapolating calculations in the
oxygen-rich part of the multicomponent Cu-Pb-Zr-Ti-O system, i.e., in the PbO-ZrO,-
TiO,, Cu0-CuO-PbO-ZrO,, Cup,O-CuO-PhO-TiO, and Cu,0-CuO-ZrO,-TiO, sub-
systems. In addition, it can be used for prediction of reactions between metals and oxides,
i.e. between Cu and PZT ceramics (Cu-PbO-ZrO,-TiO, system), for which purpose it was
mainly developed, but not for calculations in the Cu-Pb-Zr-Ti system and corresponding
subsystems.



The phase diagrams of the multicomponent Cu-Ph-Zr-Ti-O system calculated in this
thesis were found to be well consistent with the experimentally obtained results, which
clearly show the chemical stability of copper and PZT ceramic at temperatures below
1273 K in reducing atmosphere. The reactivity between copper and PbTiOs, PbZrO; or
PbZr,Ti1xO3 (x=0.44, 0.5) was not observed using the characterization methods applied
in this work. Detailed investigation of the feasibility of using copper in piezoelectric
actuators based on PZT solid solutions requires the application of additional
characterization methods such as measurements of electrical and polarization properties.
In addition, detailed investigation of the kinetics of PbO evaporation seems to be of
fundamental importance in optimization of the processing conditions (temperature and
time) for PZT-based ceramics.






1. INTRODUCTION

1.1. Piezoelectricity and piezoelectric actuators

Piezoelectricity is a phenomenon which is present in all crystals having a polar axis
and in those crystas where a polar axis is generated when they are subjected to
mechanical stress. This effect, i.e., creation of an electric charge by applied stress, is
named direct effect and the charge is proportional to the force. On the other hand, the
converse effect, by which the same materials show a variation of their dimensions on
application of an electric field, is also present [1971Jaf, 1986Dur] (For instance, the
deformation is about 0.1 % of the origina dimension in lead zirconate titanate, PZT). For
both effects the proportionality constant is piezoelectric constant d which is numerically
identical for both, direct (D = dT, D isthe dielectric displacement and T is the stress) and
converse (S = dE, S is the strain and E is the applied field) effects. In addition, the
piezoelectric constant may differ for different axis in crystals, and for this reason it is
usually expressed in the tensor form. Some natural crystals, e.g. quartz, tourmaline and
Rochelle salt, can be considered as normal piezoelectric materials, and are used as
transducers in both directions, i.e., electrical energy < mechanical energy. Many others
materials exhibit the piezoelectric effect, including quartz analogous crystals like
berlinite (AIPO,) and gallium orthophosphate (GaPO,), ceramics with perovskite or
tungsten-bronze structure (BaTiOs;, SITiOs, Pb(ZrTi)Os, KNbOs, LiTaOs; BiFeOs,
NaWOs;, BazNaNbsOs, Ph,KNDO;5).

Pyroelectricity is the ability of certain materials to generate an electrical potential
when they are heated or cooled. As a result of this change in temperature, positive and
negative charges move to opposite ends through migration (i.e., material becomes
polarized) and hence, an electric potential is established. Pyroelectric charge develops on
the opposite faces of asymmetric crystals. The direction of the charge propagation is
usually constant, but in same materialsit can be changed by a nearby electric field. These
materials are said to exhibit ferroelectricity, i.e., the ferroelectric effect is an electrical
phenomenon whereby certain ionic crystals may exhibit a spontaneous dipole moment,

which can be reversed by the application of an electric field. All pyroelectric materials



are also piezoelectric, while al ferroelectrics are at the same time pyroelectrics and

piezoelectrics.

Of the thirty-two crystal classes, twenty-one are non-centrosymmetric (not having a
centre of symmetry), and of these, twenty exhibit direct piezoelectricity (the 21st is the
cubic class 432). Ten of these are polar (i.e., spontaneously polarize), having a dipole in
their unit cell, and exhibit pyroelectricity. In a piezoelectric crystal, the positive and
negative electric charges are separated, but symmetricaly distributed, so that the whole
crystal is electrically neutral. Each of these sites forms an electric dipole and dipoles near
each other tend to be aligned in regions called Weiss domains. The domains are usually
randomly oriented, but can be aligned during poling, a process by which a strong electric
field is applied across the material, usually at elevated temperature.

Commercialy used piezoceramics is primarily lead zirconate titanate (PZT). Being
piezoelectric, it develops a voltage difference across two of its faces when compressed
(used for sensor applications), or physically changes shape with an applied external
electric field (used for actuators). It is aso ferroelectric, which means it has a
spontaneous polarization which can be reversed in a presence of one electric field.
Barium titanate (BT), strontium titanate (ST), quartz, and others are al'so used. The first
piezoelectric ceramics, BT, was widely used in the past. Since about 1957 it has been
replaced in most applications by the lead zirconate titanate compositions (PbZrTi;.xO3 or
PZT) which offer much higher operating temperature, stronger piezoelectric effects, and
much larger variety of characteristics. This allows chemical modifications without 10ss of
piezoelectricity and a large variety of compositional modifiers are used in comparison

with lead-free piezoel ectric ceramics.

The adaptability and lightweight properties of PZT ceramics make them highly
desirable materials for use in actuation. Actuators are devices which control a
displacement, a force and a velocity of a mechanical load, converting electric, fluidic or

other input power to mechanical output power. Piezoelectric ceramic actuators possess



two key features. They are capable of an ultramicroscopic displacement control and a
high rate of electromechanical energy conversion.

1.1.1 Working principle

Typical piezoelectric actuators include multilayer stacked (linear), bimorph-type
(bending), and rainbow-type assemblages. When a large force and low displacement level
are required, multilayer actuators can be used; when large displacement is required,
bimorphs are usually employed (low frequency application). Such an actuator consists of
two thin dlabs of PZT laminated together with two outer electrodes and a common
electrode as shown in Fig.1. The two slabs are polarized in opposite directions using the
inner electrode. On bending, both parts have a piezoelectric effect pointing in the same
direction, so that between the outer electrodes a double voltage appears. A high voltage is
necessary to produce for the application such as ignition element for spark plugs (fuel

injection pumps).

Metal
g (PZT)

Fig. 1.1 The schematic of the actuator with two slabs of PZT laminated together with two

outer e ectrodes and a common electrode.

Typically, metal electrodes are made of the Ag/Pd aloys, which are co-sintered with
ceramics. However, paladium reacts with lead in the ceramics at high temperatures (>
1473 K) that causes defects in the devices. Therefore, to stabilize the electrodes, it is
necessary to lower the sintering temperature [1990Zhi, 1992Gui, 1993Mo0].

Furthermore, Pd is very expensive. Thus, today the research focusis shifted to base-metal



electrodes such as Cu and Ni, which require low sintering temperatures in reducing

atmospheres.

1.1.2. Synthesis and properties of PZT ceramics

In general, the dielectric and piezoelectric properties of PZT are strongly affected by
density, compositional homogeneity and microstructure. Although, the large number of
works has been published on the preparation of PZT ceramics with enhanced electrical
properties, they are not always achieved. In a standard ceramic method PbO excess is
commonly used as an aid to enhance the sintering process by means of atransient liquid.
However, there is no agreement about the role of PbO during the densification process. In
fact, it is difficult to control the activity of PbO in the PoTiOs-PbZrOs; system in view of
its volatile nature. Generally, PZT ceramic with good properties is sintered in closed
staggers containing some additional PbO or other lead compounds (buffer) to form alead
saturated atmosphere. Depending of the powder state of the buffer and closeness of the
system the transfer of PbO from buffer towards PZT or the reverse occurs. It is evident
that factors, such as buffer amount and sintering time will play an important role in
obtaining a PZT ceramic saturated with PbO but without PbO excess. In such a situation,
the preparation of PZT ceramics with reproducible density and microstructure is a big
challenge for conventional ceramic processing. The actuators applications require the
sintering of metal and ceramics together, therefore the low-temperature sintering is an
important technique for suppressing the compositional fluctuation and improving the
piezoelectric properties, reliability and reproducibility of PZT ceramics. For this purpose,
nonconventional synthesis methods by using the oxide precursors as raw materials and by
controlling rigorously the particle size and morphology of the co-precipitated hydroxides
as well as the pre-calcinations treatment can be used to obtain highly sinterable powder.
The compacts of such powder can be sintered to nearly theoretical density in an air

environment without using PbO excess.



1.2 Aim of the study

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
characterization, while a little to phase equilibria and thermodynamics, which are
important for the optimization of manufacturing and sintering conditions of the PZT

ceramics as well asfor tailoring their physical properties.

In addition, investigation of phase equilibria in the multicomponent Cu-Pb-Zr-Ti-O
system plays an important role for the understanding and prediction of the reactivity
between copper and copper oxides with PZT ceramics, what isimportant for technologies
where copper is in contact with lead-containing piezoel ectric materials such as actuators
applications.

Due to the complexity of the Cu-Pb-Zr-Ti-O system, and due to many variables
influencing the phase stability, an extremely large amount of experimental data would be
necessary to understand phase equilibria. The objective of this study is to obtain a
consistent thermodynamic database of the Cu-Pb-Zr-Ti-O system by means of the
CALPHAD method, i.e., by analytically representing the Gibbs energy of each phase.
The systems of the lower order have to be described first; the final system is reached by
adding the elements one by one. The predicted phase relations in the multicomponent
Cu,0-CuO-PbO-TiOz, Cu,O-CuO-PbO-Zr0O, and Cu-PbO-ZrO,-TiO, subsystems should
be verified by key experiments, but the amount of experimental efforts involved is
insignificant comparing to the traditional approach using exclusively experimental
determinations. These experiments should also give insight on the stability and reactivity
of copper oxides or copper with PZT ceramics. Therefore, the obtained database can be

used as aguideline for the processing of PZT ceramic with copper.



2. FUNDAMENTALS

2.1.Experimental deter mination of phase diagrams and ther modynamic quantities

The conventional experimental methods for the determination of phase diagrams can
be divided in two groups:

* Isothermal techniques in combination with sampling/equilibration method:
metallography - light microscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), as well as X-ray diffraction (XRD)
and electron probe micro analysis (EPMA).

* Non-isothermal techniques: differential scanning calorimetry (DSC),
differential thermal analysis (DTA), chemical potential method.

The commonly used methods for experimental determination of thermodynamic
guantities are:
» Caorimetric methods (isothermal, adiabatic and heat-flow)
» Gas phase equilibria techniques (static method for measurement of vapour
pressure, Knudsen effusion and Langmuir free-evaporation method)

» Electromotive force measurement (EMF).

The adiabatic and heat-flow calorimetry are best suited for the direct measurement of
heat capacity and enthalpies of transformation. The heat capacity and entropy are
thermodynamic properties expressed in the absolute values. The entropy at 298 K can be
evaluated from the low temperature heat capacity data by assuming that its value is zero
at 0 K (third law of thermodynamics). However, the thermodynamics is not concerted
with the absolute value of the energy, or the enthalpy of a system; only the changes with
respect to some reference state (i.e. relative values) are recorded. The relative values have
physica meaning and can be determined experimentally. The standard enthalpy of
formation at 298 K (AHagg), the enthal py increment (Ht-H2gs), and the enthal py of mixing
(AHmix) can be measured by different methods of calorimetry, while EMF method is
suited to obtained Gibbs energy of formation.



2.2. Phase diagram calculations

Phase diagrams are foundation of the basic material research in such fields as
solidification, crystal growth, solid state reaction, phase transformation, etc. Phase
diagram also serves as a road map for materials design and process optimization since it
is the starting point in the manipulation of processing variables to achieve the desired
microstructures. Until the last decade of the 20™ century, phase diagrams were
determined primarily by meticulous and costly experimentation. While this approach has
been both feasible and necessary for determination phase equilibria of binaries and those
of ternaries over limited compositional regions, it is nearly impossible to obtain phase
diagrams of ternary and higher order systems over wide regions of composition and
temperatures. One of the real challenges in this field has been and till is to use another
approach to obtain the phase diagrams. Although significant progress has been made in
the attempt to calculate energies at 0 K and then phase diagram by ab-initio methods, this
approach is unlikely to be successful from the technological viewpoint in the foreseeable
future. Alternatively, one can obtain the parameters of thermodynamic model for the
Gibbs energies of the constituent phases in the lower order system, binaries and ternaries,
in terms of known thermodynamic and phase equilibrium data. These Gibbs energy
values enable us to caculate reliable multicomponent phase diagrams via an
extrapolation method in many instances. Experimental work is then only required for

confirmation purposes and not for the determination of the whole diagram.

2.2.1. The CALPHAD method

The CALPHAD (CALculation of PHAse Diagrams) approach [2001Kau, 2001Spe] 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 parameters 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 chemical properties of such as crystallographic structure, type of
bonding, ordering, and defect structure. The CALPHAD method is implemented in
several commercial software packages based on the different mathematical methods and
computer languages (Thermo-Calc, Pandat, MTDATA, FactSage...). In the present
thesis, all computations were done using Thermo-Calc software package [2002And]

(www.thermocalc.com). Thermo-Calc is genera 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. Thermo-Calc software
consists of several basis modules, i.e.,, TDB for database retrieval and management, TAB
for thermodynamic property tabulation of phases and reactions, POLY 3 for calculations

of individual equilibria and phase diagrams, PARROT for parameter optimizations, etc.

Fig. 1.2 shows the way to calculate phase diagrams of multicomponent systems.
Firstly, thermodynamic description of the constituent lower-order systems, normally,
binaries and ternaries, are obtained based on experimental and “first-principles’ total
energy information and phase equilibrium data. The term “thermodynamic description”
means that the set of thermodynamic models with parameters for phases in a system are
obtained so that not only thermodynamic properties of the phases but also phase diagrams
of the system can be calculated. However, once descriptions for the lower-order systems
are known, it is possible in many cases to obtain thermodynamic description of the
higher-order systems by using an extrapolation method so that phase diagrams of
multicomponent system can be calculated. It is obvious that the calculated
multicomponent phase diagrams must be verified by key experiments, but the amount of
experimental efforts involved isinsignificant comparing to the traditional approach using
exclusively experimental determinations, since the number of phase fields to be examined
increases tremendously with increasing number of components. For the rare case when
quaternary phases do exist in the system, optimization of model parameters for the

quaternary phasesin question is necessary.



(thermochemical and

Experimental and “first-principles” total energy information

phase equlibrium data)

y

Select thermodynamic models for each phase
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Optimize model parameters
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Obtain Gibbs energy functions for each phase in the system
(Thermodynamic description)
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Y

Reproduce experimental diagrams,
usually binary and ternary systems

More important - extrapolate the
Gibbs energies, predict unknown
higher order multicomponent
diagrams

Fig. 1.2. Obtaining thermodynamic description of a multicomponent system by means of

the CALPHAD method.

One of critical factor in the CALPHAD approach is selection of input data
(experimental and theoretical data). All available data should be carefully evaluated so
that the selected data are reasonable and consistent. The second factor is selection of
model for phases. Appropriate thermodynamic model has to be adopted to describe the
energetic behaviours of phases. Reasonably, only the model based on the structural and

physical realities can truly reproduce the thermodynamic behaviour of different phases

and the Gibbs energy of the phases can be analytically described.




10

2.2.2. Analytical description of the Gibbs energy

2.2.2.1. Pure elements and Stoichiometric phases

The Gibbs energy functions of all phases are referred to the enthalpy of pure e ements
in their stable state at 298.15 K and 1 bar pressure (stable element reference HR). It is
supposed that enthalpy of stable structure of any element at 298.15 K and 1bar is equal to
zero, and this assumption is set to be the reference state of elements. Then, the Gibbs
energy functions of the pure elements, stoichiometric phases and end-members of

solutions are given by

°G(T)=G(T)-H¥  =a+bT +cTIn(T) +dT?+eT>+ f /T+> g T", (2.2)

where a to f and g, are coefficients, which are evaluated based on experimental data
(entropy, enthalpy and heat capacity) and n stands for a set of integers, typically taking
the values of 2, 3 and -1. The Eq. 2.1 is given with respect to temperature and it is valid
only in a certain temperature range. From Eqg. 2.1, further the thermodynamic properties
can be expressed

S=-b-c-cIn(T)-> ng,T"", (2.2)
H=a-cT-) (n-1g,T", (2.3)
C,=-c-> n(n-1g,T"*, (2.4)

where the S H and C, are temperature dependent functions of entropy, enthalpy and heat
capacity, respectively. In this work, the Gibbs energies of pure elements are taken from
the SGTE (Scientific Group Thermodata Europe) unary database [2001SGTE].
Descriptions of the stoichiometric binary phases, except for TizO,and a-TiO, are adopted
from the assessments of the corresponding binary systems [2003Hal, 1998Ris, 1999Wal,
2006Wan, 1986Hay, 1996Kum, 1994Zen]. Thermodynamic properties of the
stoichiometric ternary phases Cu,PbO,, CusTiO4, CupTisO, CusTizO, PbZrOs, aPbTiOs,
BPbTiOs, aZrTiO4, and ZrTi,Op are evaluated in the present work (Appendix, Table 1).
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2.2.2.2. Substitutional solutions

Ideal substitutional solution is characterised by a random distribution of components

with an interchange energy equal to zero. Its Gibbs energy is given as
G” = x°G"+ > RT(xInx), (2.5)

where the first term represents the Gibbs energy of mechanical mixture of components
and the second one accounts for the entropy of mixing. For ideal solution there is no heat
evolved upon mixing and there is no change of volume, while the activity of a component

isequal to itsatomic fraction (Raoult’s law).

There are few, if any, idea solutions. Generally, solutions show deviation from
Raoult’s law. This deviation for every component is expressed by its activity coefficient,
y. Activities less than the atomic fractions (y <1 or negative deviation from Raoult’s law)
are associated with stronger attractive forces between A and B atoms than between
similar atoms. This type of behaviour is indicative of formation of intermediate phases
between A and B. If the attractive forces between A and B atoms are weaker than those
between similar atoms (y >1 or positive deviation from Raoult’s law), there is a tendency
for phase separation. For the non-ideal substitutional solution of components A and B,
Gibbs energy is described by

G” =Xx,°GJl + %5 °GS + RT(x,InX, + X5 InX;)+5G? (2.6)

If the excess energy of solution arises from the interaction between nearest neighbours

only, it iscalled regular solution. The Gibbs energy of mixing is than
EGH - XAXBI— , (2.7)

where Lis a temperature-dependent interaction parameter. The cases L> 0 and L< 0

correspond to the positive and negative deviation from the Raoult’ s low, respectively.
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However, it has been realised for a long time that the assumption of composition-
independed interactions was too crude. This led to the development of sub-regular
solution model, where interaction energies are considered to change linearly with
composition [1970Kau], or more complex composition dependencies. In general, the
excess Gibbs energy in the binary system can be expressed by the Redlich-Kister
polynomial [1948Red]:

"G7=xx ) LT (% = %), (2.8)
v=0

where i and | are indexes which correspond to the species A, B or C. The binary

interaction parameters are usualy described as linear functions of temperature,

‘L', =a,+h, [T . In practice, the value for v does not usually rise above 2.

In the ternary and higher-order systems, the excess Gibbs energy is expressed by the
Redlich-Kister-Muggianu description [1975Mug]:

GT =)L D oxx D L (% - x)
i j v=0

+Xixjxk(h1|—+bjzl-+bk3|—)1

(2.9)

where x , x;and x, arethe fractions of constituent i, j and k, respectively, and

b=x+@-x-%-%)/3
by =X +(1-% =X —x)/3 (2.10)
B =% +@=X% =X —%])/3

'L, ’Land 3L are functions of temperature and pressure only. In the ternary system
band x are identical, but in extrapolations to quaternary and higher-order systems the

sum of bisaways unity which isnot true for the sum of x.
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In genera the substitutional solution model can be adopted for the description of the
solid and liquid phases. The Gibbs energy of solid phases is well described by Egs. 2.6 -
2.10. However, in systems showing liquid immiscibility as well as thermodynamically
stable compounds the use of the simple substitutional model has not been always
successful. In such cases the model needs a large number of coefficients to mimic sharp
changes in the enthalpy around the critical composition, and binary systems thus
modelled tend to badly predict phase equlibria in the multicomponent systems. Many
more advanced models have therefore been proposed to account for the thermodynamic
behaviour of ionic liquids (associate solution models, sublattice models, modified
quasichemical model, cell model, etc.).

Associate solution model [1974Pre, 1979Sha, 1982Som, 1984L el, 1985Bjo, 1990Som] is
widely used for the description of thermodynamic properties of liquids. There are
differences between the authors in the way, how the excess terms are handled, but all
consider that some type of complexes or associates are formed in the liquid from the
reaction between the components of the system. The thermodynamic properties of the
liquid then depend predominantly on the Gibbs energy of formation of these complexes,
or associates, rather than on interaction between components of the system. The
thermodynamic mixing functions of liquids with compound formation tendency show, in
most cases, a strong deviation from the regular solution behavior, which is caused by the
existence of chemical short-range ordering (CSRO). This gives rise to proper enthalpy of
mixing diagrams which are characterized by sharp changes at critical composition where
the associates exist and also by markedly non-ideal mixing entropies. The short range
ordered volume parts are summarily described as associates with well defined
compositions, while the remaining atoms are regarded to be randomly distributed. The
associates are in steady dynamic equilibrium with the non-associated atoms, as governed

by the mass action law.

The model is based on the hypothesis that a complex C is formed in the liquid phase
by A and B:

PA + B — ABq, (2.12)
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where ApBq corresponds to the C complex. p and q are stoichiometric coefficients. The

Gibbs energy can be described by

G" = x,°Gl + X, 0GP + X UG + RT (X, InX, + X5 InXg + X INX.)+5GL4 (2.12)

where Xa, Xg, and Xc are the mole fractions of the species A, B and C in the liquid. The

excessterm, FGl¢ s described by the same expressions as in the ordinary substitutional

model (Egs. (2.8) — (2.10)).
2.2.2.3. The compound energy formalism (CEF)

The compound energy formalism was introduced in order to describe the Gibbs
energy of solution phases with sublattices. The idea of sublattices originates from the
thermodynamic treatment of lattice defects introduced by Wagner and Schottky
[1930Wag]. The concept of the sublattice model for liquids was outlined first by Temkin
[1945Tem] and developed by Hillert and Staffansson [1970Hil] for two-sublattice
substances and by Sundman and Agren [1981Sun] for several sublattices. The method
has been developed to treat different solutions using a large variety of thermodynamic
models [2001Hil]. The models have a physical meaning based on crystallographic
information, i.e. the modelling of sublattices is connected to the true crystallographic
structure. An adequate description of the properties of solution phases can be obtained
using any lattice defects or interstitials in the sublattices. It gives possibilities to describe
the true nature of different solution phases with substitutional and interstitial species,

charged species, ordering behaviour, etc.

Generally, the model for a phase can be expressed by the formula
(A,B,.)k(D,E,..)(...), where A and B are constituents on the first sublattice, D and E on
the second one, etc. Thek, |... are the stoichiometric coefficients and one mole of formula

unitsthus contains (k + | +...) moles of atoms. The general notation for the stoichiometric
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coefficient is n® where the superscript s defines the sublattice. The Gibbs energy is given

by

G = Y MY} "Gy + RT . D 1Y} I(¥))+°G, (2.13)
s

where j represents any type of species, i.e. aloms, molecules, ions or vacancies. y;is the

site fraction of constituent j in the sublattice s and °G,,, is the Gibbs energy of one mole

of formula units of the compound representing the end-member, e.g. AD,. The second
term represents the ideal entropy of mixing. The excess Gibbs energy is described within

the generalized regular solution expression
"G=] y]sz th Lagoe.. T1 y]szz yéyg Lagoec... T - (2.14)

The commas in the subscripts separate constituents within a sublattice and the colons
separate constituents in different sublattice. One summation covers the interaction in one
sublattice while each of the other sublattices is only occupied by the single constituent
(first term of Eq. 2.15). Double summation covers the simultaneous interaction of species
occurred in two sublattices while the other sublattices are only occupied by the single
constituent (second term of Eq. 2.15). The parameters can depend on composition and
usually are expressed by Redlich-Kister polynomials. The second therm is often called

‘reciprocal parameter’.

For the ionic melts, the constituents are artificially divided into sublattices occupied
by cations or anions only. Occupation of constituents on sublattice varies with the
composition to maintain electroneutrality. The two-sublattice model for liquid solutions
was developed by Hillert et al. [1985Hi11] and could be presented as (C)s(A?, Va©,
B;%q. The stioichiometric factors P and Q are calculated from the relations

P=2(-iY,)+Q¥%. and Q=2 (+Y;) . (2.15)
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where - and +i are the electric charges of ionsand Y is the mole fraction of the species
in the sublattice. The inclusion of charged vacancies and neutral molecules gives a

continuous description from metallic to ionic and further to polymeric liquids.

2.2.3. Thechemical potential diagrams

In the past years, there has been a growing interest in making sophisticated chemical
thermodynamic analysis on practical problems in the fields of metallurgy, high-
temperature and materials science. These analyses have been made by the complicated
chemical equlibria calculations, phase diagram calculations and by the construction of the
chemical potential diagrams. If the systems consist of dissimilar materials, i.e., metals
and non-metals, it is of great importance to know about the phase relations among metals
and oxides as it is the case for composites of copper and PZT ceramics. In order to
visualize complicated phase equlibria, it is useful to construct diagrams, where both axes
are chemical potentials [1989Y ok, 1999Y ok, 2005Y ok].

The chemical potentials are the key in understanding materials behaviour in various
chemical environments. Since practicall materials consist of many components the
construction of chemical potential diagrams for the multicomponent systems becomes
crucial. The chemical potential diagrams can be presented as three-dimensional diagrams,
although not al phase relations are visible there, or as sections at selected values of the
chemical potential of selected chemical species (Figs. 7.8 - 7.17, Chapter 7.2). One
important point in understanding the chemical potentia diagrams is that a phase is
represented by an area and therefore within the area, chemical potentials can change

depending on the thermodynamic conditions such as the oxygen potential, etc.

The chemical potential diagrams show the location of stability areas of phases and its
relation to chemical reactions. When two stability areas are adjusted in the generalized
chemical potential diagram it primarily means that two phases are in equilibrium, i.e.
two-phase boundaries are represented as lines. Those between stoichiometric compounds

are given as straight lines, while effects of forming solutions appear as bend lines. The
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triple junctions indicate that three phases can coexist as an equilibrium state. If some
intervention occurs between two phases, i.e., A and B phases are intervened by C phase,

it can be said that A and B are unstable against the formation of a C phase.
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3. EXPERIMENTAL PROCEDURESAND THERMODYNAMIC MODELING
3.1. Experimental procedures

3.1.1. Sample preparations

All investigated compositions were prepared by solid-state reactions. The starting
materials for processing were powders of Cu, Cu,O and CuO from Sigma Aldrich
GmbH, Steinheim, Germany and PbO, TiO,, ZrO,, PbTiOs, PbZrOs, Ni and NiO from
Alfa Aesar GmbH & Co, Karlsruhe, Germany with a purity of >99.9 %. The
homogenization of powder mixtures was done in a planetary ball mill with ethanol for 4
h; thereafter they were isostatically pressed into cylindrical pellets of ~ 400 mg in weight.

The buffers (Ni/NiO and Cu/Cu,0O) were prepared from equimolar powder mixtures
of metals and oxides and homogenization in the same manner as the sample mixtures. A
specially constructed quartz tube, which perfectly fitted the furnace tube, was used as a
buffer holder. It was filled with the buffer mixtures (~70 g per run) using “cotton-wool”
like alumina as medium to obtain a developed reactive buffer surface and good contact

between the buffer and the carrier gas (argon 5N type) (Fig. 3.1).

The following sample mixtures and heat treatments were used:

a) The compound Cu,PbO, was synthesized from a stoichiometric mixture of Cu,O and
PbO. The pellets were annealed at 910 + 5 K for 260 h in a sealed quartz ampoule filled
with argon (5N type).

b) Powder mixtures of CuO (or Cu;O) + ZrO, in the molar ratios 1:3, 1:1 and 3:1 were
prepared for the investigation of the existence of ternary compounds in Cu-Zr-O system.
DTA of samples was performed in argon (Cu,O + ZrO,) and oxygen atmosphere (CuO +
ZrOy) up to 1430 and 1370 K, respectively, asit isdescribed in Section 3.1.2.
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¢) The PZT solid solution was prepared from an equimolar mixture of TiO,, ZrO, and
PbO while the PbO was used in excess. The pellets were heated at 1373 K for 6 h. The
residual PbO was dissolved in the acetic acid and decanted. The PZT precipitate was
washed by distilled water, filtered and dried at 333 K.

d) For the investigations of the phase relations in CuOy-PbO-TiO, and CuOy-PbO-ZrO,
systems, i.e. of the reactivity between the copper oxides and PZT ceramics, powders of
PbO + TiO; (or ZrOy) + CuO in the molar ratios 1: 0.4 : 0.6 and 0.4 : 1 : 0.6 were mixed
and compacted into pellets. The pellets were heated in air a 1043 K (1. 0.4 : 0.6
mixtures) and 1173 K (0.4 : 1 : 0.6 mixtures) for 100 h and than air quenched. In
addition, DTA of samples was performed in air up to 1300 K asiit is described in Section
3.1.2.

€) The reactivity between copper and PZT ceramics was studied using equimolar powder
mixtures of Cu + PbTiOs, Cu + PbZrOsz, Cu + PbO + PbTiO3, Cu + PbO + PbZrOs and
Cu + PbZr sTi s0s. The samples were heated (heating rate 5 K-min™) at 1073 and 1173 K
for 50 h in a controlled atmosphere obtained by means of the Ni/NiO and Cu/Cu,O
buffers. The buffers and samples were loaded in the same furnace and heated in a
constant argon flow of 0.8 I/h (Fig. 3.1). The samples containing PbZrOz; and PbO were
studied using only the Cu/Cu,O buffer. For this purpose the buffer was held at a
temperature 50 K lower than that of the samples to be investigated.

3.1.2. Characterisation methods

Scanning electron microscopy (SEM, from Zeiss DSM 982, 20kV, 10nA, equipped
with an energy disperse X-ray microanalyser, EDX, from Oxford-Instrument ISIS 300,
standard error + 0.3 wt.%, calibration with CoKq line) and X-ray diffraction (XRD, from
Siemens D-5000 with the filtered CuK radiation, A=0.15406 nm, 26 range 10-80°, 20
step of 0.016°) were used for sample characterization. The XRD analysis of the buffer
mixtures were performed before and after each experimental run. Full-profile Rietveld

refinement of XRD patterns was carried out using TOPAS software to determine the



20

weight fraction of the ternary Cu,PbO, compound, as well as of the residual Cu,O and
PbO phases. The specimens for SEM were mechanically ground and polished. The
composition of the observed phases was determined by EDX. The enthalpy of formation
of the ternary Cu,PbO, compound was determined by a differential scanning cal orimeter
(HT-DSC; SETARAM S.A., Cdliure, France) calibrated with Li,SO,4 standard. The heat
flow was measured from 373 to 1073 K (heating and cooling rate 5 K-min™) in helium
atmosphere. The weight of the powdered specimens was in the range of 600-800 mg.
Differential thermal analyses (DTA, STA 409 C, NETZSCH, Selb, Germany) of the

sample mixtures in argon, oxygen or air (see Section 3.1.1.) were preformed with a

heating and cooling rate of 5 K-min™ and samples ~ 300 mg in weight.

Fig. 3.1. Scheme of the apparatus for the investigation of samples under reducing
atmosphere: 1) flow-meter, 2) furnace, 3) buffer tube) 4) sample, 5) furnace tube and 6) gas
washer.

3.2. Description of phasesin the Cu-Pb-Zr-Ti-O system
3.2.1. Thegasphase
The gas phase is described as an ideal mixture containing the species Cu, CuO, O, O,

03, Pb, sz, PbO, szOz, Pb303, Pb404, Pb505, PbeOe, Zr, Zry, ZrO,, ZrO, Ti, TiO and
TiO,. The Gibbs energy of the gas phase is given as
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G¥ =) %°G®+RTY x Inx +RTIn(P/R), (3.2

where x; is the mole fraction of the specie i in the gas phase, °G* the standard Gibbs

energy of the gaseous specie i [1997SGTE, 1998Ris|, R the gas constant, and P, the
standard pressure of 1 bar.

3.2.2. Theliquid phase

The liquid in the Cu-Pb-Zr-Ti-O system was described by both the two-sublattice
ionic liquid model (Cu', Cu™, Pb™, Zr™, Ti*?, Ti*3, Ti*%), (0% Va)q (Egs. 2.13 - 2.15) or
by the associate solution model (Cu, Cu,0, O, Ti, TiO, TiOys, TiO,, Pb, PLO, Zr, Zr0O,)
(Egs. 2.11 - 2.12).

3.2.3. Thefcc, bee and hep solid solutions

All three, fcc, bcc and hcp solid solutions are considered to dissolve oxygen
interstitially. The oxygen solubility in all three phases is represented by a two-sublattice
model based on the compound energy formalism with one sublattice occupied by metal
atoms, Cu, Pb, Ti, and Zr and the other one occupied by oxygen and vacancies, i.e., (Cu,
Pb, Ti, Zr)1(O,Va),. The stoichiometry u of the oxygen sublattice is based on the number
of occupied interstitial sites per metal atom. In the case of the fcc phase u is equal to 1,
while the complete occupation of interstitial sites corresponds to the MO oxide with the
NaCl type structure. In the hcp phase the oxygen atoms are located in the octahedral sites,
i.e. aTi, aZr [1977Mcl] and there is one octahedral site per metal atom. However, it is
quite improbable that two neighbouring interstitial sites along the hexagonal c-axis are
occupied simultaneously. Therefore, the stoichiometry of u = ¥ is more redistic to
describe the maximum oxygen solubility in the hcp phase. Although the location of
oxygen atoms in the bcc phase is not clearly defined, it is likely that they also occupy
octahedral sites. Structurally, there are three interstitial octahedral sites per metal atom,

but obviously not al of them are available to oxygen atoms. It would be physically
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sensible to assume every oxygen atom to block all the nearest interstitial sites and
therefore, the stoichiometry u is chosen to be 1. In addition, in the most recent
assessments of the Zr-O [2006Wan] and Ce-O [2006Zin] systems the same model for bce

was chosen. The molar Gibbs energy of these solid solutionsis given by

G¢ = yTi yVa0 ¢i:Va + yTi yO OC-:‘?i:o + er yVaOGg Va + er yO OC;gr:o + yCu yVaOGgu:Va
* YeuYo Glio * YeoYa Ghova + Yoo Yo ‘Ghvo + RT (5 INyy + ¥y Iny,, (32
*+ Yeu INYeu + Yoo IN Vo) + URT (Y IN Yo + Yo INY0)+5G,

Where oGgi:Va’OGgr:Va’OGgu:Va’Ong:Va and oGgi:O1OG§r:O’OGgu:O1Ong:O are the exprons fOf
the Gibbs energy of the pure fcc, bee- or hep metals, and the hypothetical compounds
TiO, ZrO, CuO and PbO with fcc or bee structure and Ti,0, Zr,0O, Cu,O and Pb,O with

hcp arrangements of metal atoms. G?is the excess Gibbs energy which can be

formulated by the expression (2.14).

The hypothetical end-members, i.e., bce-Cu, hep-Cu, bee-Phb, hep-Pb, fee-Ti and fec-
Zr are taken into consideration in the present work. They are unstable with respect to the

structures stable at room temperature and 1 bar pressure. Their Gibbs energies,
"Griva: Grrvar Cluvar Couvar Crovar Crnva 8 Well as °Gyy, are taken from the SGTE
unary database [2001SGTE] and Ref. [1997Lee], respectively, while
°Gy °GEE PGP °GRe and G/, are estimated in this work to ensure the instability of

these hypothetical respective solid solutions.
3.2.4. The PbO solid solutions (aPbO, BPbO)

The Gibbs energy of the solid solutions of PbO with TiO, and ZrO; is described by
the substitutional solution model. It is expressed by Eq. 2.11 - 2.12.
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3.2.5. TheZryTi1xO4 solid solution

The BZrTi1-xO4 compound shows a homogeneity range in the quasibinary ZrO,-TiO,
section towards both the titania and zirconia solid solution. Consequently, in the present
work it is treated as a non-stoichiometric phase. According to the crystal structure
[1986Bor], 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
(TiOg, Zr0y). Its Gibbs energy is represented by Egs. 2.11-2.12.

3.2.6. TheZrO, solid solutions

Similarly to BZrTi1xOa, the substitutional solution model (ZrO,,TiO,) is adopted for
the description of the solubility of titania in aZrO, and BZrO, in the TiO,-ZrO,
subsystem (Table 1, Appendix). aZrO, and BZrO, solid solutions exhibit a significant
solubility of titania, but they do not show an oxygen non-stoichiometry in the binary Zr-
O system. At the same time, the two-sublattice model (Zr*?, Zr*, Ti*%)1(0 Va) is used
for the modeling of both, oxygen non-stoichiometry and solubility of titania in yZrO,
(Table 1, Appendix). The description of oxygen non-stoichiometry in yZrO,is taken from
the literature [2006Wan], while the solubility of titania is modelled in the present work.
In the quasibinary TiO,-ZrO, system the model becomes (Zr**, Ti**.(0),, which is
equivalent to ZrO, and TiO,. The Gibbs energy of aZrO, and BZrO; is represented by
Egs. 2.11 - 2.12, whilethe Egs. 2.13 - 2.14 are valid for yZrO..

3.2.7. TheBPbZr,Ti;.xO3solid solution

The cubic high-temperature modification of PbZr,Ti;«O3 solid solution is described
using a substitutional model for PbTiOs and PbZrOs. Similarly as in BZrTi1.xOa, titania
and zirconia solid solutions, in the PbZr,Ti;xOs; solid solution one crystallographic
position is shared by Ti and Zr [1978Gla]. The Gibbs energy of the end-members is
expressed by Eq. 2.1 and that of the solid solutionsis given by Egs. 2.11-2.12.
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3.28. TheTiO phase

In the present work, (Ti%*, Ti** Va)y(Ti,Va).1(0%*), model is adopted for the description
of the non-stoichiometric TiOy solid solution directly from the previous assessment of the
Ti-O system [1994Lee, 1997Lee]. Although the non-stoichiometric TiOyx exhibits four
structural modifications [1987Mur] all these phases were described by a single
thermodynamic model, based on the rock-salt structure of the high-temperature y-TiO
modification. The deviations from the stoichiometric composition toward both the Ti-
and O-rich side can be successfully described by the introduction of neutral Ti atomsin
the interstitial sites and by the introduction of Ti*" ions and vacancies in the cation
sublattice, as described in details in Refs. [1994L ee, 1997L eg]. The molar Gibbs energy
is defined as

TiO, — [ 0 ' (o]
G - yTi 2 Y GTi Z.T7i:0% + yTi3+ Yri GTi3* Ti:0% * Wadr GVa:Tl:OZ'
"0 "0 ! "0
+ yTi 2 Wa GTi 2 Va:0%” + yTi » Wa GTi % va:0® t Waa GVa:Va:OZ' (33)

+ RT (Ypoe MY + Yo Yo + Va1 Wa) + RT (Y5 IN Y + Y, IN Y, ) +5G™,

where

E~TIO, — ' '
G - yTi 2 yTi s Yri Ln2+ Ti%Ti:0% + yTI 2 Ya Yri LTi 2 VaiTi:0% + yTi a YWa Yri LTi 3 VaiTi:0%

+ yTi 2 yTi s Wa LTi 2 Ti% va:0?” + yTi 2 WaWva LTi 2 Vava:0% + yTi s YaWva LTi 3 vava:0Z (3'4)

+ yTi 2 yTi yva I"Ti 2*.Tj Va:0%” + yTi s+ yTi yva I-Ti 3 .Tj Va:.0® + yva yTi yva I'\/a:Ti Va:0o? !’

and y,and Y, correspond the vacancies in the first and the second sublattices,

respectively.
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Va:Va:0?

Ti",, Va,, Va:0*

A /T¥:valo T Va : O
§ 1/3:Ti JOXgh\ /
N

T Ti: 0% Yqpr— Ti:Ti:O

Fig. 3.2. The composition square of the TiO, phase with the model (Ti%*, Ti**, Va).(Ti,
Va);1(0%);. The shaded plane shows the possible compositions without a net charge. .,

and y,, are the fractions of vacanciesin the first and second sublattices , respectively.

The sublattice model is shown as a prism in Fig. 3.2. Most of the corners correspond to
unphysical compounds with a net charge. Two corners correspond to the neutra
compounds, i.e., (Ti?*)1 (Ti); (0*); and (Ti?"); (Va); (O%); and another two neutral end-
members are obtained by combination of Ti** and vacancies on the first sublattice, i.e.,

(Ti %, Va4 )1(T1(O%)1and (Ti 3, Va 4 )1(Va)1(0)1.
3.2.9. TheTiO,, (rutile) phase

The two-sublattice model (Ti* Ti**, Zr*¥)1(O*,Va), is adopted for the description of
both oxygen non-stoichiometry in the binary Ti-O system and the solubility of zirconiain
rutile in the TiO,-ZrO, subsystem (Table 1, Appendix). The Gibbs energy of the rutile

phase with both oxygen non-stoiciometry and solubility of zirconiais given by Egs. 2.13-
2.14.
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For the modelling of the oxygen non-stoichiometry of rutile in the binary Ti-O
system, the solubility of zirconium is omitted. Stoichiometric titanium dioxide in its
stable modification rutile has a structure with two atomic positions in the unit cell, one
for Ti** (2a) and one for O®" (4f). Non-stoichiometric rutile has an O/Ti ratio less than
two. The nature of the defect structure in TiO,.; is not yet fully understood and there is
some controversy in the literature. The experimental data suggest the existence of either
doubly charged oxygen vacancies and free electrons [1983Zad, 1967Alc, 2000Jac,
1962K of, 1964For, 1985Mar] or their combination with interstitially dissolved titanium
Ti*ions [1963Blu, 1979Dir, 1975Pic]. In the present work the oxygen vacancy model is
preferred. The lack of negative charges in the anion sublattice due to oxygen vacanciesis
effectively compensated by substitution of Ti** for Ti* in the cation sublattice, and thus,
non-stoichiometry of rutile can be expressed as (Ti**, Ti*")1(0%*,Va),. The molar Gibbs
energy isthen defined as

TiO,, — o o o (<]
G - yﬁ“* yoz‘ Gﬁ“* 0% + yTi3* yoz' GTF*:OZ‘ + yTi4+ Wa GTi“* Va + yTi3* Wa GTi3* Va

| (3.5)
+ RT(yTiM Iny .. +y_.In yTiy) + 2RT (yoz, Iny_, +y,In y\,a) + EGM%

Due to the narrow non-stoichiometry range of rutile the excess term SG™% s set
equal to 0 in this assessment. The °G-terms correspond to the Gibbs energy of different
compounds formed by considering only one specie in each sublattice. The model is

shown by the composition square in Fig.3.3. The neutral end-member °G_.. .

corresponds to the stoichiometric rutile, while the other three end-members, i.e. corners
of the composition square, correspond to unphysical compounds with a net charge. The
neutral compound TiO;5 located at the neutral line (Fig. 3.3.) is obtained by the
combination of (Ti*)(0*), and (Ti*")(Va), and corresponds to the hypothetical Ti,Os
compound with arutile-related structure and the molar Gibbs energy

3, 1 33,1 1

o — 10 — o
GTiOl‘s _E GR‘TizO3 - 4 GTi3+:02’ +Z GTi3+:Va +2RT(ZInZ+Z|nZ)’ (36)
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where the last term is due to the ideal entropy of mixing at the anion sublattice.

Titor  VTT—> 1por
' T
Tio, CUtray i
T I TiO, 4
(\"O — -
>
Ti":Va Ti"":Va

Fig. 3.3. The composition square of the TiO,., phase with the model (Ti*, Ti*")(O*

,Va),. The combinations with the electroneutrality are marked as neutral line. y_.. and

Y. arethe site fractions of Ti%" in the first sublattice and of O® in the second one.

Additional two end-members can be defined by Egs. 3.7 and 3.8:

OGTi‘“ Va = OGTioz B OGOz(g) (37)
o(3Ti""':02' + o(3Ti3"' Va = oG‘Ti 4 va + oG"Ti s.0% ! (38)

where theterm °G_ .., (Eq. 3.7) is chosen to be the reference and the last one, °G_..,

is determined using the reciprocal relation given by Eq. 3.8.

Similarly to the zirconia solid solutions (Section 3.2.6.) the solubility of zirconia in
rutile is only modelled in the TiOx-ZrO, system. In this case, the oxygen non-
stoichiometry of rutile is omitted and it can be described by (Ti**, Zr*#); (0%), model.
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3.2.10. The (Cu,Ti)O, and CuTi»O, phases

In the present study the model for the CuTi phase, (Cu,Ti); (Cu,Ti)1 [1996Kum] was
extended into the ternary system Cu-Ti-O by introducing the one more sublattice for
interstitial oxygen and vacancies. The same was done for the CuTi, phase which is
modelled as a stoichiometric compound in the binary system. Because the stoichiometric
CuTi (tP4, P4/nmm) and CuTi, (tI6, 14/nmm) phases have the ordered fcc and bcc
structure, respectively, the number of sites on the interstitial sublattices was given to the
same as in the corresponding interstitial solid solution models. Therefore, the formula
unit for CuTi becomes (Cu, Ti)s (Cu, Ti)s(O, Va)1. The Gibbs energy of the (Cu,Ti)O,

phase is expressed as follows:

GO = ylc:u y;:u Yo "Ceycuo + Yéu y'lr'i Yo Ceumio * ylc:u ygﬁu Wa Ceucuva
* Yeu Y Wa " Geutiva + Y YeuYo Griccuo * ¥ri Y Yo "Grimio

+ Y1 YeuWa “Gricuva * ¥ri ¥ Ya Crimiva

+1/2RT (Ye, InYg, + ¥r Inyr,)

+Y2RT(ye, INye, + ¥ INYr)

+ RT(Vua IN Yo + Yo IN Vo) +5G %,

(3.9)

The excess Gibbs energy is

EG(Cuo

“ = Yeu¥r (You Walcumicuva + ¥n Walcummiva + YouYoleumicuo
+ Vi Yoleummo) + YeuYn (YouWalcucumva + Yrn Walmicumva

*+ YeuYoleucumo + ¥n Yolmicumo) + YoVa (Y YnLlrmova

*+ YouYeuleucuoya * Yeu Vi Leumiova + ¥ Yeubnicuova)s

(3.10)

wherey,,, Y, and y;, , Y, arethe site fractions of the Cu and Ti on the first and second

sublattices, respectively, and y, =1-V,, =z

The model (Cu)ys (Ti)zs (O, Va); was adopted for the description of the dissolution

of oxygen in CuTi,. The Gibbs energy isgiven as
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CuTi,O
G = Y,Gaymiva + YoGeumio * RT (Yo IN Yo + Wa N Wa) (3.11)

+ yCu yTi yVa yO I-Cu:Ti :OVa:

wherey, =1-,, = z/3.
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4. BINARY SYSTEMS

The systems Cu-O, Zr-O, Cu-Pb, Cu-Ti and Cu-Zr are accepted from the literature.
They are briefly presented in this Chapter. The thermodynamic description of the Ti-O
system using the associate solution model for the liquid phase was evaluated in this
thesis. The description of the liquid phase in the Pb-O system was revised using both, the
associate and two-sublattice model. The influence of the applied models on the
thermodynamic properties of the liquid phase in the ternary Cu-Pb-O, Cu-Ti-O and Cu-
Zr-O systems will be shown in Chapters 5.1 - 5.3. For this purpose, the parameters of the
two-sublattice ionic liquid model reported by Hallstedt and Gauckler [2003Hal] for Cu-O
and Lee [1994Lee] for Ti-O systems were accepted. The equivalence between the ionic
two-sublattice and associate model in a binary system, where the cation and anion show
only one oxidation state was demonstrated by Hillert et al. [1985Hil1]. However, if the
oxidation state of metal can vary, there is no direct trandation between the models. The
equivalence also breaks down in ternary and higher-order systems because there are more

compositional variablesin the associate model than in the two-sublattice one.

The complete miscibility between Ti and Zr in both bcc and hep solid solutions is
present in the Ti-Zr system and two invariant equilibrium points at 1813 (~ 40 at. % Zr)
and 878 K (~ 50 at. % Zr)[1986Mas] correspond to the reactions liquid < bcc and bec «
hcp, respectively. Intermetallic compounds, Ti4Pb and PbsZrs are confirmed in the Ti-Pb
and Pb-Zr systems [1986Mas], respectively, while the existence of Ti,Pb and PbZrs is
doubtful. Phase relations in the Ti-Pb and Pb-Zr systems are not well established,
particularly the phase equilibria involving the liquid phase, while the experimental
information for the Pb-rich part of phase diagrams is completely missing.
Thermodynamic parameters of the binary Pb-Zr, Pb-Ti and Ti-Zr systems are not
considered in this thesis since extrapolations into the multicomponent Cu-Pb-Zr-Ti-O
system concerning metal-rich solid solutions based on Pb, Zr and Ti are not relevant in
the optimization of manufacturing and sintering conditions of the PZT (PbO-ZrO,-TiOy)

ceramics with copper. At the same time, the solubility of the Pb, Zr,Ti and O in fcc-Cu is
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important for practical applications and it is considered in the systems Cu-O, Cu-Pb, Cu-
Ti and Cu-Zr described in this Chapter.

4.1. TheTi-O system

Most of the crystallographic data concerning to the condensed phases of the Ti-O
system have been reported by Murray and Wriedt [1987Mur]. The titanium metal exists
in two modifications, aTi (hcp) and BTi (bcc) with extensive oxygen solubility giving the
interstitial solid solutions. The Ti-O system contains TiOy, with a wide homogenity range,
non-stochiometric rutile, TiO,., which is an oxygen rich phase as well as severa
stoichiometric compounds between the monoxide and rutile with the generalized formula
TinO2n1 (N > 2) which are caled Magneli phases, TizO, and aTiO, a low-temperature
modification of TiOx solid solution (Table 4.1.1). TiO,, and Ti,O3 are well known
compounds. The highest possible value of n in TiyOz.1 iS yet to be experimentally
investigated. It was suggested that discrete equilibrium phases exist for n < 99
[1972Roy], while the maximum value of n is estimated to be 28 by Jacob et al. [2000Jac]
based on composition of the Magneli phases in equilibrium with TiO..,. Magneli phases
have the crystal structures derived from the rutile structure by crystallographic shear. In
addition to rutile, TiO, has two metastable low-pressure modifications (anatase and

brookite) and two nonequilibrium high-pressure forms.

Severa modeling works of the Ti-O system were done [1964K au, 1992Sau, 1992Pq,
19941 ee, 19971 ee, 1993Eri, 1999Wal, 2006K an, 2006Can]. Magneli phases and the non-
stoichiometry of rutile were first taken into account in the work of Eriksson and Pelton
[1993Eri], for the modeling of the Ti,Os-TiO, subsystem. The most extensive evaluation
of the Ti-O system was done by Waldner and Eriksson [1999Wal]. They presented
complete Ti-O phase diagram from pure titanium to gaseous oxygen including Magneli
phases. For the modelling of TiOy solid solution, the two-sublattice definition based on
bond energy model [19930at, 19960at] was adopted. A substitutional model used for
description of the liquid phase [1964Kau, 1992Sau, 1992P4]] is clearly a very crude
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approach for the system with strong interactions, such as Ti-O. The two-sublattice ionic
liquid model [1994L ee, 19971 ee, 1999Wal] is physically well-sounded; however, it may

Table 4.1.1 Solid phases of the binary Ti-O system.

P?gﬁg(:?&n)p' F;/eer::gcc)) ? Spacegroup  Prototype Lattlczﬁgr:nrrglategr (pm) Comments
aTi hP2 P6s/mmc Mg a=b=295.08; pureTi at 298 K
T< 1155 €=468.55; y=120° [1968Paw]
BTi cl2 Im3m W a=331.11; pure Ti
1155< T <1943 [1959Spr]
Tiz0, hP5 P6/mmm - a=h=499.15; c=287.94;  [1959And]
T< 1193 y=120°
TiO, cF8 Fm3m rocksalt, a=420.43; [1997Bar]
733<T< 2043 NaCl
aTiO mC16 A2/m - a=585.5; b=934.0; [1967Wet]
T< 1213 =107.53°
Tiz0s hR30 R3c corundum, a=542.5; 0=56.73° [1957And)]
T< 2115 a-Al,03
TizOs mC32 C2/m - a=975.7; b=380.2; [1957ANd]
800 < T< 2050 c=945.2; 3=93.11°
TisO4 aP44 P1 - a=559.1; b=713.1; [1973Mer]
T< 1940 c=1248.7,

0=95°; (3=98.33°;
y=108.88°
TisOq aP28 P1 - a=556.9; b=712.0; [1960ANd]
c=886.5;
0=97.55°; 3=112.34°;
y=108.50°
TigOn1 aCe8 Al - a=556.6; b=714.4; c=2047; [1963And]
0=98.5°; 3=120.8°;
y=108.50°
Ti7O13 aP40 P1 - a=554; b=713; c=1536;  [1963And]
0=98.9°; 3=125.5°%;
y=108.50°
TigOss aC92 Al - a=557; b=713.3; c=3746; [1963And]
0=98.9°; 3=125.5°%;
y=108.50°
TigOy7 al52 P1 - a=552.72; b=714.13; [1963And]
c=2227.88;
0=99.26°; 3=130.34°;
y=108.50°
Rutile tP6 P4,/mnm rutile, a=b=459.37; c=295.87; [1982Gon]
T< 2143 TiO,
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result in unexpected miscibility gaps in higher-order systems at high temperatures (see
Chapter 5.2). The quasichemical model for the liquid phase [1993Eri, 2006Kan] may be
superior to both ionic and associate formalisms but, unfortunately it was developed for
only limited composition range, i.e., between Ti,Oz; and TiO,. The modeling work
reported by author of this thesis [2006Can] is done using an associate model for the
liquid, which can successfully be used for calculations in multicomponent systems
containing Ti and O. In addition, the TiOy solid solution was remodeled using a
compound energy formalism, which is compatible with most of the commercial software

for thermodynamic calculations.
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Fig. 4.1.1 Calculated Ti-O phase diagram up to 60 at.% O (a) and between Ti,Oz and rutilein

comparison with experimental data.

The optimized thermodynamic parameters are compiled in the Appendix (Table 1).
Fig. 4.1.1a shows the phase diagram of Ti-O system calculated up to 60 at.% of oxygen
in the temperature range 300 - 2400 K for the total pressure of 1 bar in comparison with
experimental data. The phase diagram showing the equilibria in the composition range
between Ti»O3 and rutile together with experimental data is presented in Fig. 4.1.1b. The
descriptions of Magneli phases are taken from Ref. [1999Wal] and are very dightly
modified for the Ti4O7, TisOg and Ti;Ox3 to better fit the phase boundaries. It is evident
that the present calculation is well consistent with the most of experimental information.

[1973Sly]
[1983Zad]
[1963Blu]
[1966Wah]
[1956Nis]
[2000Jac]
[1960Bra]
[1985Mar]
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In addition, it should be noted that the calculated phase diagramsin Figs. 4.1.1aand b are
very similar to those already presented by Waldner and Eriksson [1999Wal]. Some minor
differences originate from the different modelling of the liquid phase. Therefore, these
calculated results are not discussed here in details, but intended to demonstrate the ability
of the associate model to describe phase equilibria in the Ti-O system. However, the
liquid + rutile + gas equilibrium is predicted to be of eutectic type [2006Can] instead of
peritectic one calculated in Ref. [1999Wal]. The calculated fractions of different
associates in the liquid phase at 2150 K are shown in Fig. 4.1.2. Waldner and Eriksson
[1999Wal] published similar diagram for the limited composition range (Ti - TiO,) and
mentioned the strong disproportionation of Ti** onto Ti** and Ti*. Their conclusion is
confirmed in the present work, since the fraction of the TiO; s specie at the composition
of 60 at.% O is around 0.65. Additionally, it is found that the TiO specie aso
disproportionatesinto Ti and TiOqs.

2 10 : : ' 5 * 1 ' '
= . 1800 K + v i + v Pn
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Fig. 4.1.2 Calculated species distributionin  Fig. 4.1.3 Calculated partial pressures of

theliquid at 2150 K. oxygen and titanium over the TiOy solid
solution in comparison with experimental
data.

Fig. 4.1.3 shows the calculated partial pressure of oxygen and titanium over the TiOy

solid solution together with experimental points. The calculated and measured values are
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in good agreement. At the lowest temperature of 1273 K, the experimental data of Tetot
et al. [1983Tet] show a considerable scatter, which is not surprising for the measurements
of such low pressures.
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Fig. 4.1.4 Calculated partia pressures of oxygen within the homogeneity range of rutile

TiO,., dong with experimental points.

The compound energy model used for rutile is able to give a good correspondence
between the calculated and measured partial pressure of oxygen within its homogeneity
range (Fig. 4.1.4). As aresult of the optimization, the enthalpy and entropy of melting of
TiO, are 67268.7 Jmol and 31.417 J(mol K), respectively, which can be compared to the
values reported in JANAF tables [1998Cha) (calculated values): 68000 Jmol, and 31.121
J(mol K), respectively. The optimized melting temperature of rutile is 2141.2 K. The
heat capacity of liquid TiO; is assumed to have the same temperature dependence, as for
solid phase.

4.2. The Pb-O system

In the Pb-O system, there are five compounds, PbO, P3O, Pb120:7, Pb12019 and
PbO,. PbO exists in two stable modifications, as a red tetragonal form aPbO (litharge)

and a yellow orthorhombic form BPbO (massicot) with a transition temperature of 762 K
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[1998Ris| (Table 4.2.1). BPbO melts congruently at 1159 K under an oxygen pressure of
1 bar. There are no reports about the oxygen saturation limit in solid Pb, but it is certainly
extremely small and could not be detected [1988Wri]. The liquid phase exhibits a large
miscibility gap. Various parts of the Pb-O system have been assessed by different
authors, while a consistent set of Gibbs energy functions is reported by Risold and co-
workers [1998Ris]. The description of the liquid phase in the Pb-O system has been
modified in the present work based on reasonable data selection by applying additional
constraint from the ternary Cu-Pb-O system. Preliminary calculations have clearly shown
that the existing thermodynamic description of the Pb-O system [1998Ris| inevitably
results in an overestimating of the oxygen solubility in the metallic liquid of the ternary
Cu-Pb-O system (see Chapter 5.1). Indeed, according to [1998Ris] the oxygen solubility
inliquid lead is as high as 7 at.%, whereas the oxygen content in Cu-Pb liquids of ternary
Cu-Pb-0O system, which contain more than 50 at.% Pb, does not exceed 1 at.% [1954Geb,
1984Ani] (Fig. 5.1.8, Section 5.1). Therefore, the description of the liquid phase in the
Pb-O system has been modified [2005Can]. The calculations with the parameters from
Ref. [1998Ris] show close agreement with the most reliable data on the stability limits of
the higher oxides in the PbO-PbO; part. For the Pb-PbO range, the spread in the data
concerning the miscibility gap in the liquid phase is large and results of the least-squares
optimization depend on the selected dataset. All experimental studies are confined to
temperatures below 1473 K. The choice made in Ref. [1998Ris] results in the calculated
phase diagram at a pressure of 1 bar, where the miscibility gap is predicted to close just
above 1800 K. The binary interaction parameters were reoptimized using the
experimental data on the oxygen solubility and activity in the Pb-rich [1959Bra, 1964Alc,
1974Kux, 1976Cha, 1977Ise, 1979Tasl, 19790ts, 19810ts] and PbO-rich liquid
[1974Kux, 19771se]. The parameters are listed in Appendix (Tables 1 and 2).

The calculated solubility and activity of oxygen in the metallic liquid in comparison
with experimental data are shown in Figs. 4.2.1. A very good agreement between the
calculations and measurements can be seen. The binary phase diagram of the Pb-O
system is shown in Fig. 4.2.2. The critical point of the miscibility gap is now shifted to
about 4700 K.
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Table 4.2.1 Solid phases of the binary Pb-O system.

Phase, Pear son L attice parameters (pm)
temp. range (K) symbol Space Group Prototype and angles Comments
(Pb) cF4 Emam Cu a= 495.02 pure Pb at 298 K
T < 600.5 [1986Mas]
aPbO tP4 P4/nmm PbO a= b= 397.44; c= 502.20 mineral name:
T<760 litharge [1985Boh]
BPbO oP8 Pbcm PbO a= 589.31; b= 549.04; mineral name:
T > 760 c=475.28 massicot [1985Hi12]
BPbO, tP6 P4,/mnm TiO, a=b=496.12; c = 338.52 mineral name:
plattnerite
[1981Har, 1926F€r]
aPbO, oP12 Pbcn FeNb,Og a=494.70; b= 595.10 mineral name:
c=549.70 scrutinyite
[1952Zas]
Pb;O, tP28 P4,/mbc Pb;0O, a=b=882;, c=659 mineral name:
minium [1965Fay]
Pb,O5 mP20 P2;/a - a= 781.40; b= 5627, [1970Bou]
c=846.5;, B=12497°
103 S I ul ul 10° 4 1 L 1
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Fig. 4.2.1 Calculated oxygen activity between 1023 and 1323 K (@) and solubility (b) in
the Pb-rich liquid of the binary Pb-O system superimposed with experimental

measurements.
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Fig. 4.2.2 The calculated Pb-O phase diagram at 1 bar total pressure.

4.3.The Cu-O system

In the Cu-O system, there are two stable oxides, Cu,O (cuprite) and CuO (tenorite)
(Table 4.3.1). In the liquid state there is a miscibility gap between Cu and Cu,O below
1623 K. The oxygen solubility in solid Cu does not exceed 0.02 at.%. In air atmosphere,
Cu,0 decomposes at 1397 K, while CuO dissociates at 1300 K. Several thermodynamic
assessments of the Cu-O system have been published using the associate solution
model [1983Sch, 1992Bou, 2004Cla] and the partially ionic model [1994Hal, 2003Hal]
for the liquid phase. In the present work, for the thermodynamic modeling of multi-
component system, the associate solution model is selected for description of liquid in
Cu-O system [1992Bou]. Fig. 4.3.1 shows the calculated Cu-O phase diagram.
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Table 4.3.1 Solid phases of the binary Cu-O system.

Phase, Pear son L attice parameters (pm)
temp. range (K) symbol Space Group Prototype and angles Comments
(Cu) cF4 Emam Cu a= 361.46 pure Cu at 298 K
T < 1357.87 [1986Mas]
CuO m3 C2/c Crs a=469.01; b=342.01; mineral name:
c=513.11; 3 =99.54° tenorite[1998Mas]
Cu0 cP6 Pn3m Cu,0O a= 426.72 mineral name:

cuprite [1998Mas)
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Fig. 4.3.1 The calculated Cu-O phase diagram at 1 bar total pressure [1992Bou].

4.4. TheZr-O system

The only one stable oxide ZrO,, with the congruent melting point at about 2980 K,

exists in Zr-O system presenting three structural modifications: monoclinic (a) below

1400 K, intermediate tetragona (3) up to 1798 K, and cubic (y) stable up to the melting

point (Table 4.4.1). The cubic form has a homogeneity range towards oxygen deficiency

formed by vacancies on the oxygen sublattice. The two other modifications have no
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significant homogeneity range. Both solid forms of metalic zirconium, aZr (hexagonal
close-packed, hcp) and BZr (body-centred cubic, bcc), show a remarkable solubility of
oxygen. The hcp phase possesses a very large homogeneity range up to 35 at.% O and
melts congruently at 2580 K (~ 25 at.% O). A detailed review of the experimental phase
diagram and thermodynamic information for the Zr-O system was reported by Abriata et
al. [1986Abr]. Severa groups contributed to the thermodynamic modeling of the Zr-O
system [1998Che, 2004Chel, 2001Lia, 2002Arr, 2004Che2, 2004Wan, 2006Wan]. The
latest modeling work of Wang [2006Wan] is based on most recent and reliable
experimental data for the aZrO, <« BZrO, phase transformation. It was accepted in the

present study. The calculated phase diagram is shown in Fig. 4.4.1.

Table 4.4.1 Solid phases of the binary Zr-O system.

Phase, temp. range Pearson Space Prototype L attice parameters (pm) Comments
(K) symbol Group and angles
aZr hP2 P6s/mme Mg a= b= 323.17; [1960Lic]
T< 1136 c=514.76; y=120°
Bzr cl2 Im3m w a=360.90; [1986Mas]
1136 < T< 2128
aZrO, mP12 P2,/c - a= 515.104; b= 520.31, [2002Win]
T < 1478 c=531514; B= mineral name:
99.197° baddeleyite
BZrO, tP6 P4,/nmc Hgl» a= b= 359.482; [2000Bou]
1478 < T < 2650 c = 518.247,
vZrO, cF12 Fm3m CaF, a=494.72, [2000Bou]

T > 2650
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Fig. 4.4.1 The calculated Zr-O phase diagram at 1 bar total pressure [2006Wan)].

4.5. The Cu-Pb system

The binary phase diagram of the Cu-Pb system shows a miscibility gap in the liquid
phase, which closes above 1273 K. Since no intermediate phases exist in this system, it
consists just of a monotectic reaction and an eutectic reaction. The terminal solid
solutions are very limited at either end. Several thermodynamic assessments of the Cu-Pb
system have been published [1986Nie, 1986Hay, 1991Tep, 2000Wan]. The
thermodynamic dataset of Hayes and co-workers [1986Hay] is selected, because the
calculated miscibility gap in the liquid phase agrees well with the most recent
experimental report [1999K ha]. Also, a reasonable value for the solid solubility of Pb in
(Cu) of 0.05 at.% at 873K and a good fit to the experimental data on enthalpy and
entropy of mixing of the liquid phase is obtained. The calculated phase diagram is shown
inFig. 4.5.1.
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Fig. 4.5.1 The calculated Cu-Pb phase diagram [1986Hay].

4.6. The Cu-Ti system

The Cu-Ti system is characterized by a series of invariant reactions involving the
liquid phase and seven intermetallic compounds (Table 4.6.1). A critical evaluation of
phase diagram was done by [1958Han, 1965Ell, 1969Shu, 1973Hul, 1983Mur, 1994Mur,
19940ka]. The compounds Cu,Ti, CusTi,, CusTiz and CuTi, are essentialy
stoichiometric. The compounds Cu,Ti and CuTi show homogeneity ranges which extend
on either sides of their stoichiometric composition. The enthalpy of mixing of the liquid
is highly exothermic [1982K €] and thus contributes to a large stability of the liquid phase
with respect to the crystalline phases. This high stability promotes the existence of
eutectic and peritectic points at much lower temperatures than the melting point of the
pure components. A thermodynamic calculation of the phase diagram was performed by
[1970Kau, 1978Kau, 1983Mur, 1985Sau, 1991Zen], but without considering the stable
phases CusTi, and Cu,Ti, while the non-stoichiometry of CuTi and Cu,Ti was ignored.
The thermodynamic modeling of the Cu-Ti system was also reported by Kumar et al.

[1996Kum] as a substantial improvement of previous assessments. Most recently, Canale
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and Servent [2002Can] experimentally confirmed the existence of the CuTis phase and

the description of this non-stoichiometric phase was adopted in the calculated phase

diagram of the Cu-Ti system (Fig. 4.6.1).

Table 4.6.1 Solid phases of the binary Cu-Ti system.

L attice parameters

Phase, temp. Pear son
’ Space Group Prototype (pm) Comments
range (K) symbol and angles
CuTiz tP4 P4/mmm CuFePt, a=b=415.8; c=359.4; [1951Kar]
CuTi, t16 14/mmm MoSi, a=hb=294.38; [1963Mue]
T <1278 c=1078.61;
CuTi tP4 P4/nmm yCuTi a=b=3108; [1951Kar]
T <1258 c = 588.7,
Cu,Tis t114 14/mmm TisCuy a=b= 312 [1964Sch]
c = 1994,
CusTi, tP10 P4/nmm Ti,Cus a=b= 313 [1964Sch]
T <1148 c = 1395;
Cu,Ti oC12 Amm2 AuV a=438; b=797; [1964Sch]
Cc=449;
Cu,Ti oP20 Pnma AugZr a=453; b=434.2; [1968Pfe]
T <1158 c=1293,
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Fig. 4.6.1 The calculated Cu-Ti phase diagram [1996K um] with the CuTis phase included

[2002Can].



4.7. TheCu-Zr system

The Cu-Zr system is aso characterized by a series of peritectic and eutectic
reactions and severa intermetallic compounds (Table 4.7.1). However, there is a lot of
confusion in the literature regarding the compositions of these compounds, particularly
for the Cu-rich ones [1986Mas, 1986K ne, 1985Gli, 1983Sud, 1989Som, 1978Kuz]. It is
generally accepted that there are six intermetallic phases in the Cu-Zr system [1985Gli,
1986Mas, 1984Lou, 1990Ari] and al of them are essentialy stoichiometric. The
solubility of zirconium in copper is~ 0.1 at.% at 1250 K [1948Rau, 1960Sad], while the
maximum solubility of copper in bcc zirconium (BZr) is about 2 at.% [1953Lun]. A few
modeling studies of the Cu-Zr system were performed [1985Sau, 1988Bor, 1991L uo,
1994Zen]. In the modeling work reported by Luoma and Talja [1991Luo] all phases,
except for CuZr,, tend to decompose at room temperature. The latest one reported by
Zeng et a. [1994Zen] included all six compounds. CusZr, Cus;Zris, CugZrs, CuieZry,
CuZr and CuZzr, (Fig. 4.7.1).

Table 4.7.1 Compounds of the binary Cu-Zr system.

Phase, temp. Pear son Space L attice parameters (pm)

range (K) symbol Group Prototype and angles Comments
CuZr, t16 14/mmm MoSi, a=b=322.04; c=1118.32; [1962Nev]
T <1273
Cuzr cP2 Em3m CsCl a=326.20; [1980Car]
988 < T < 1208
CusZr cF24 Fmdm AuBes a= 687, [1980For]
T <1285
CugZrs oP44 Pnma HfsCus a= 786.93; b = 998.48; [1975Bse,
T <1248 c = 81547, 1976Bse]
Cus1Zr14 hP65 P6/m GdAgss a= b= 1124.44; [1975Gab]
T <1388 c=828.15; y=120°
CuyeZry 0oC68 C2ca Zr7Nig a=1267.29; b=931.63; [1975Bse,

T <1168 c=934.66; 1976Bse]
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5. TERNARY SYSTEMS

The ternary Cu-Pb-O, Cu-Ti-O and Cu-Zr-O systems are presented in this
Chapter. The literature information on the ternary Cu-Pb-Zr and Cu-Pb-Ti systems is
missing. In the modelling work of the ternary Cu-Ti-Zr system reported by Arroyave et
al. [2003Arr], because of the insufficient experimental information, the Gibbs energy of
Cu based solid solution was extrapolated from the lower-ordered systems without using
the ternary interaction parameters. In addition, the objective of the present study is the
prediction of the phase relations, in which the fcc-Cu is involved, while the description of
the phase relations and thermodynamic properties of the other phases (fcc-Pb and hcp-
and bce-Ti and Zr) in the “metallic” part of the multicomponent Cu-Pb-Zr-Ti-O system is
lessrelevant. Therefore, the ternary Cu-Pb-Zr, Cu-Pb-Ti, Cu-Ti-Zr systems are omitted in

thisthesis.

5.1. The Cu-Pb-O system

Although extensive experimental studies of the Cu-Pb-O system have been carried
out in the past, no critical assessment has been reported so far. A review of the literature
data on the Cu-Pb-O system, which includes publications before 1984 has been presented
by Chang and Hsieh [1989Chal.

Two stoichiometric ternary compounds were identified, the cubic murdochite
CugPbOs, space group Fm3m (lattice parameter a = 921.02 pm) [1955Chr, 1969Win,
1983Dub] and monoclinic Cu,PbO,, space group C2/c (lattice parameters in pm: a =
822.25, b = 828.94, ¢ = 601.48 and [ = 132.62°) [1954Geb, 1994Szi]. Winchell and
Wenden [1969Win] obtained murdochite under hydrothermal conditions at 543 K as a
by-product of the synthesis of diaboleite Pb,CuCl,(OH),4 from solutions of CuCl,-2H,0
and Pb(OH),. However, attempts of Dubler and co-workers [1983Dub] to reproduce
these results were not successful. Single crystals of the Cu,PbO, compound were
prepared by recrystallization from a molten mixture (PbO-Cu,0O) and investigated by X-
ray diffraction [1994Szi].
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The available experimental data on phase equilibria in the Cu-Pb-O system are given
in Table5.1.1. Isothermal sections at 1473 K [1954Geb, 1984Ani] and 1423 K
[1954H0f], a quasibinary section Cu,O-PbO [1954Geb, 1954Hof, 1979Fis] and an
isobaric CuO4-PbO section in air [1967Gad, 1990Kit] are available in the literature. The
copper-rich corner of the miscibility gap has also been studied by Gerlach and co-
workers [1967Ger]. Isothermal sections at 1473 K reported by two groups [1954Geb,
1984Ani] are in a good agreement. A schematic liquidus projection of the Cu-Pb-O
system and Scheil reaction scheme based on the known data for three binary systems Cu-
O, Pb-O and Cu-Pb and selected data for the Cu-Pb-O ternary [1954Geb, 1967Gad,
1967Ger] were given by Chang and Hsieh [1989Cha].

The study of Gebhardt and Obrowski [1954Geb)] is the most extensive one, while the
data of Hofmann and Kohlmeyer [1954Ho0f] are inconsistent with the so far accepted Cu-
Pb binary system. The quasibinary section Cu,O-PbO [1954Geb] shows no solubility
between Cu,O and PbO in the solid state, but an eutectic reaction at 953 K and
~ 76 mol% PbO. At temperatures below ~ 835 K, the formation of the ternary compound
CuyPbO, from Cu,O and PbO was observed [1954Geb]. The eutectic, Liquid - Cu,O +
BPbO was detected at 1017 K and the peritectoid reaction Cu,0O + BPbO o Cu,PbO,
occured at 968 K. Both temperatures are in good agreement with the DTA curves of
CuyPbO; reported by Szillat and Teske [1994Szi]. Results of Gadalla [1967Gad] and
Kitaguchi and co-workers [1990Kit] indicate the existence of the eutectic reaction, L
CuO + BPbO, which occurs at 78 mol% PbO and at a temperature of 1085 K [1967Gad)]
or 1062 = 3 K [1990Kit]. Above 1300 K, the liquid and Cu,O coexist in equilibrium with
the gas phase due to the peritectic reaction L + Cu,O « CuO. Both studies of the isobaric
CuOy-PbO section in air [1967Gad, 1990Kit] are consistent with each other.

The solidification behaviour of the copper-rich aloys as a function of the content of
impurity (oxygen and lead) has been described in terms of microscopic observations by
Clavaguera-Mora and co-workers [1999Cla]. Their results based on the investigation of
primary crystallization fields of the samples with different Pb/O ratio have confirmed the
invariant phase equlibriareported earlier [1954Geb].
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Table 5.1.1 Selection of experimental information for the Cu-Pb-O system: phase

diagram data.
Reference Experimental Technique M easur ed quantity, temper atur es, compositions
[1954Geb] Quenching, chemical Composition of liquids along the miscibility gap at 1473 K
and metallographic
analysis
Liquidus of the quasibinary section Cu,0O-PbO
Invariant equilibria
[1984Ani] Quenching and chemical Composition of liquids along the miscibility gap at 1473 K
analysis
[1954H0f] Quenching, chemical and Composition of liquids along the miscibility gap at 1423 K
metallographic analysis
Liquidus of the quasibinary section Cu,0O-PbO
[1979Fis] Differential thermal analysis Liquidusin PbO-rich part of the quasibinary section
Cu,0-PbO
[1967Gad] Thermogravimetry and Composition of the coexisting phases on the isobaric section
microstructural analysis CuO,-PbO inair
[1990Kit] Quenching, X-ray Liquidus of theisobaric section CuO,-PbO in air
diffraction,
thermogravimetry,
differential thermal analysis
[1967Ger] Quenching, chemical and Composition of liquids along the miscibility gap at 1523 K
metallographic analysis
[1999Clq] Microstructural analysis Solidification of Cu-rich aloys by continuous casting

The activity of oxygen in the ternary Cu-Pb-O system has been measured by EMF
technique with a solid electrolyte [1984Ani, 1979Tas2, 1980Tas, 1971Jac, 1974Pic,
1975Jan, 1991Par] (Table5.1.2). Anik and Frohberg [1984Ani] reported the oxygen
activity map in copper-lead melt at 1473 K. Jacob and Jeffes [1971Jac] measured the
activity coefficient of oxygen in the Cu-Pb liquid alloys (non-saturated with oxygen) in

the whole range of compositions at 1373 K. Other investigations are confined to either

the Cu-rich or Pb-rich region of the ternary system. Severa groups investigated the effect

of copper on the activity coefficient of oxygen and first order interaction coefficient in
liquid lead [1980Tas, 1971Jac, 1991Par]. The results obtained by two groups at 1173 K
[1980Tas, 1971Jac] are in a good agreement up to 10 at.% Cu, while Parbhakar et al.
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[1991Par] found the opposite composition dependence. The effect of lead on the activity
coefficient of oxygen liquid copper between 1373 and 1473 K has been investigated by
Taskinen and Taskinen [1979Tas2], Anik and Frohberg [1984Ani] and Pichugin and co-
workers [1974Pic], at 1423 K by Janke and Fischer [1975Jan], and at 1373 K by Jacobs
and Jeffes [1971Jac]. Three datasets [1984Ani, 1979Tas2, 1971Jac] are in rather good
agreement, while data from other studies [1974Pic, 1975Jan] show large negative or

positive deviations.

Table 5.1.2 Selection of experimental information for the Cu-Pb-O system derived from
EMF measurements.

Reference M easur ed quantity, temper atur es, compositions
[1984Ani]  Activity of oxygen in Cu-Pb melt at 1473 K

[1971Jac]  Activity of oxygen in Cu-Pb melt between 1023 and 1373 K

Effect of Pb on the activity of oxygenin liquid Cu between
[1979Tas2l 1373 and 1473 K
[1974Pic] Effect of Pb on the activity of oxygenin liquid Cu at 1473 K

[1975Jan] Effect of Pb on the activity of oxygenin liquid Cu at 1423 K

1980T Effect of Cu on the activity of oxygenin liquid Pb
(198072l petween 1001 and 1173 K

[1991Par] Effect of Cu on the activity of oxygenin liquid Pb between
967 and 1095 K

5.1.1. Experimenta results

Since thermodynamic data of Cu,PbO, compound are missing, the experimental part
in this section is related to the measurement of enthalpy of formation of Cu,PbOs..
According to Ref. [1954Geb, 1994Szi] the Cu,PbO, exists on the quasibinary Cu,O-PbO
section. According to the objectives of thisthesis, i.e., the investigation of the stability of
copper with PbO and Cu,PbO,, it was also necessary to study the phase relations in the
Cu-Cu,0-PbO-Pb subsystem.
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Figs. 5.1.1 and 5.1.2 show the results of Rietveld refinement of XRD patterns and
SEM images of the specimen with the Cu,O:PbO molar ratio of 1:1 annealed at 910 K for
260 h, respectively. In the X-ray diffraction patterns two phases were observed, the
dominant Cu,PbO, (99.3wt.%) and a small amount of the BPbO phase (0.7 wt.%).
Results of Rietveld refinement show good agreement between available crystallographic
data of the ternary Cu,PbO, compound [1994Szi] and those of the sample obtained in this
work (Table5.1.3.). The SEM analysis of the specimen reveals the presence of a third
phase. Beside the light grey Cu,PbO, and the white PbO a dark grey Cu,O phase was
observed (Figs. 5.1.2a and 5.1.4.2b) indicating that the reaction of the precursor mixture
of Cu,0O and PbO was not completed after 260h at 910 K. Due to the lower absorption
coefficient of Cu,O in comparison with PbO, Cu,O phase is not observed by X-ray
analysis and from stoichiometric relation its amount is less than 1 wt.%. The average
chemical composition of the phases obtained by EDX isshown in Table 5.1.4.

30,000
Cu2Pb02 99.30 %
Rl PbO 0.70 %
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Fig. 5.1.1 Rietveld refinement of XRD pattern of the sample with the Cu,O:PbO molar ratio
of 1:1 after annealing at 910 K for 260 h. Bottom curve presents the difference between

experimental and calculated patterns. The tick marks show the position of reflections

originating from Cu,PbO, (top) and PbO (bottom).

Formation of the Cu,PbO, compounds according to the reaction
Cu0 + PbO = Cu,PbOs is found to be exothermic: the enthalpy of reaction is—25.4+ 1
kJ-mol™ at 968 + 5 K. The heat flow curve is well reproducible (Fig. 5.1.3) and the
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Table 5.1.3 Results of Rietveld refinement of the sample with the Cu,O:PbO molar ratio
of 1:1 annealed at 910 K for 260 hours.

Phase Cu,PbO, PbO
Amount [wt.%)] 99.3 0.7
Space group C2lc Pbcm
L attice parameter
a[nm] 0.82214 0.58931
b [nm] 0.82801 0.54904
¢ [nm] 0.60103 0.47528
L[ deg] 132.62
Site Cul (4a) Cu2(4c)  Pbl(4e) 01 (8f) Pbl(4d)  O1 (4d)
lon cu*t cu*t Pb*? 0? Pb*? 0?
Occupancy 1 1 1 1 1 1
X 0 0.25 0 0.17273 0.2297 -0.1347
y 0 0.25 0.375 0.19898 -0.0116 0.0917
z 0 0 0.25 0.21777 0.25 0.25

%2000 20pm
#685002 MPI/ALD/REM LA

%500 Sopm ——————
#685002 MPI/ALD/REM LA

Fig. 5.1.2 Microstructure of the specimen with the Cu,O: PbO molar ratio of 1:1 annealed
at 910 K for 260 h. Magnification x500 (a) and x2000 (b). (Grey matrix: Cu,PbO,, light
areas. PbO, dark grey areas. Cu,O, black areas: pores)

Table 5.1.4 Chemical composition of the light grey, white and dark grey phase in Fig.
51.2.

Phase Cu,PbO, (light grey) PbO (white) Cu,O (dark grey)
Composition [at.% ]
Pb 19.3 50.5 0.1
Cu 425 11 68.1

@) 38.2 48.4 318
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calculated enthalpy is an average value from two runs. During the heating of the
compound up to 1073 K, two overlapped endothermic effects on the heat flow curve
were observed around 1020 K (Fig. 5.1.3). They have been related to the decomposition
of the ternary compound Cu,PbO, = Cu,O + BPbO and to the eutectic reaction Cu,O +
BPbO — Liquid, i.e., the melting of samples giving liquid and Cu,O. During cooling, two
exothermic peaks were observed. They have been related to the eutectic solidification at
1017 K and the formation of the ternary Cu,PbO, compound at 968 K. The eutectic
temperature of 1017 £ 5K is in good agreement with the published data of Szillat and
Teske [1994Szi]. The SEM analysis of specimens after calorimetric measurements
revealed plate-like grains of the light grey Cu,PbO, phase and globular grains of the dark
grey CupO phase (Fig. 5.1.4). The average chemical composition of the phases obtained
by EDX is shown in Table 5.1.5. Little changes in the chemical composition of the light
and dark grey phases (Cu,PbO, and Cu,O) after heating samples at 1073 K are observed,
while the chemical composition of the white PbO phase is changed significantly during
melting and solidification, so that higher lead oxides may have been formed.

200
80
jexo
1000 60 150 run 1
ka0 —
= S~ RS g 100
X melting L 20 & =
> -
= o 2
5 o 8 S
g a0 S = X run 2
o 20 ; §
5 AN < I
[ J/ formation - -40
! of Cu,PhO,
solidification 60 50
600 80
Time Time

Fig. 5.1.3 Heat flow curves of the Cu,PbO, compound.

At 1073 K the adloy is consisted of liquid and Cu,O. With cooling the remaining
liquid then solidifies at around 1017 K (Fig. 5.1.3) what corresponds to the eutectic
reaction Liquid — Cu,O + BPbO. The large volume shrinkage leads to the formation of
pores in the interdendritic regions. Peritectoid reaction of formation of the Cu,PbO-
compound from Cu,0O and BPbO at 968 + 5 K took place after solidification has finished.
Using the Rietveld refinement technique the amount of the Cu,PbO, phase in the samples
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after calorimetric measurement was found to be 56 + 2 wt.% (Fig. 5.1.5). The worse fit of
the XRD pattern compared to Fig. 5.1.1 is probably due to the preferred orientation
during solidification and growth of crystals. Enthalpy of formation of the Cu,PbO,
compound was determined by computation of the area under the second peak in the
cooling part of the heat flow curves (Fig. 5.1.3). Since not al the sample consisted of
Cu,PbO, compound, calculated areais divided by factor 0.56 to evaluate the enthalpy per

gram.

xZ000 ZOpm
#685002 MPI/ALD/REM LA

Fig. 5.1.4 SEM images of the Cu,PbO, sample after calorimetric measurement: dark
grey phaseis Cu,0, light grey phase is Cu,PbO, and white phase is PbO and higher lead
oxides(shown by arrow). Magnification x500 (a) and x2000 (b).

Table 5.1.5 Results of EDX anaysis of the Cu,PbO, samples after calorimetric

measurement.

Phase Light grey White Dark grey

Composition [at.%)]
Pb 17.9 66.6 -
Cu 40.1 34 65.8
O 420 30.0 34.2
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Fig. 5.1.5. Rietveld refinement of XRD pattern of the Cu,PbO, sample after calorimetric
measurement. (Bottom curve presents the difference between experimental and calculated
patterns. The tick marks show the position of reflections originating from Cu,PbO,, BPbO,
Cuz0, P03 and CuO in the order from top to the bottom)

5.1.2. Thermodynamics

Ternary interaction parameters of the liquid phase using both two-sublattice ionic and
associate models have been optimized on the base of the selected literature data
[1954Geb, 1967Gad, 1979Fis, 1971Jac, 1980Tas, 1990Kit] (data of Gebhardt and
Obrowski [1954Geb] have been used partially) as well as data obtained in this work. The
selection is made after careful analysis of the data and several trial optimizations ensuring
self-consistency of the thermodynamic dataset. Experimental data which show less
reliability were not used, but they are also included in the calculated phase diagrams for

comparison.

5.1.3. Discussion

The resulting parameters of the two-sublattice ionic liquid model are shown
in Appendix (Table 2). Fig. 5.1.6 shows the calculated activity coefficient of oxygen in
the copper-lead melt at temperatures ranging from 1001 to 1373 K in comparison with
selected experimental data. The calculations are in better agreement with the
measurements of Jacobs and Jeffes [1971Jac] than with those of Taskinen and

Holopainen [1980Tag]. It is probably because the oxygen concentration was estimated



55

from the EMF data on the copper-free lead-oxygen melt and was used as afixed value in
the calculations of activity of oxygen by Taskinen and Holopainen [1980Tas|, while
Jacobs and Jeffers [1971Jac] calculated oxygen concentrations from a mass balance on
oxygen in the alloys. The calculated and measured activities of oxygen in the copper-lead
melt at 1473 K are given in Fig. 5.1.7. The agreement between calculated and measured
values [1984Ani] is quite satisfactory.

The calculated isothermal section at 1473 K (Fig. 5.1.8) shows alarge miscibility gap
between the metallic and oxide liquids, which connect to the miscibility gaps of Cu-O
and Pb-O binary subsystems along with the experimentally measured compositions. The
caculated tielines are well consistent with experimental observations [1954Geb,
1984Ani], i.e., the Pb-rich oxide liquid coexists with Cu-rich metallic liquid (Fig. 5.1.8).
Such shape of the liquid miscibility gap and oxygen activities in the copper-lead melt at
1473 K (Fig. 5.1.7), were only possible to calculate with large interaction parameters for
the liquid phase. By only extrapolation from binary subsystems, the oxygen solubility in
the Cu-Pb melt was significantly overestimated (by factor of 10). However, the observed
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Fig. 5.1.6 Calculated activity coefficient Fig. 5.1.7 Calculated activity of oxygen in
of oxygen in copper-lead melt with the copper-lead melt at 1473 K in comparison
corresponding experimental points. with the experimental data[1984Ani].
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undulation of the oxide liquid phase boundary between 30 and 80 mol% Pb [1954Geb,
1984Ani] could not be exactly reproduced. It is believed that more interaction
parameters, than can be adjusted using the available data, are necessary to account for
this peculiarity. Especially, oxygen activity data of oxide liquid are missing. The
calculated isothermal section at 1523 K is consistent with the results of Gerlach
[1967Ger] (Fig. 5.1.9), however the data of Hofmann [1954Hof] show deviations from
the calculated isothermal section at 1423 K (Fig. 5.1.10) as well as from the accepted data

of other authors (in the present assessment).

The calculated projection of the monovariant liquidus lines is shown in Fig. 5.1.11.
According to the present work, the solidification sequence in the Cu-Pb-O system (Fig.
5.1.12) is consistent with the Scheil reaction scheme proposed by Chang and Hsieh
[1989Cha], but the temperatures of the eutectics are somewhat higher (Table 5.1.6).

A [1954Geb]
* [1984Anil

5 02 04 06 08 10
Cu Mole fraction Pb Pb

Fig. 5.1.8 Isothermal section of the Cu-Pb-O phase diagram at 1473 K superimposed with
experimental measurements. Phase equilibriainvolving gas phase have been neglected.

The calculated quasibinary section Cu,O-PbO and an isobaric section CuO-PbO in
air are presented in Figs. 5.1.13 and 5.1.14, respectively. Both diagrams include
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experimental results from different reports [1954Ger, 1954Hof, 1979Fis, 1976Gad,
1990Kit] as well as experimental results obtained in the preset work. The data of Fischer
[1979Fis], which belong to the PbO-rich part of the Cu,O-PbO quasibinary system are
consistent with the calculated liquidus. The Cu,O-liquidus reported by Gebhardt and
Obrowski [1954Geb] is well reproduced above 1000 K. Another measurement of the
liquidus in the Cu,O-PbO system [1954Ho0f] shows large negative deviations. At the
same time, the eutectic temperature measured in this work is about 80 K higher compared
to Ref. [1954Geb], but it is in good agreement with the data of Szillat and Teske
[1994Szi]. The calorimetric technique applied in this work seems to be more accurate in
comparison with the DTA analysis used by Gebhardt and Obrowski [1954Geb]. In fact,
the reported eutectic point at 953 K [1954Geb] is very close to the temperature of the
peritectoid reaction Cu,O + BPbO ~ CuPbO,, at 968 K measured in our work. The
calculated isobaric section CuO4-PbO in air is well-consistent with experimental liquidus
data [1990Kit] (Fig. 5.1.14). The calculated thermodynamic properties of Cu,PbO, are
shownin Table5.1.7.
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Fig. 5.1.9 Isothermal section of the Cu-Pb-O Fig. 5.1.10 Isothermal section of the Cu-
phase diagram at 1523 K compared with Pb-O phase diagram a 1423 K
experimental measurements (copper rich superimposed with experimental
part). measurements. Phase equilibria involving

gas phase have been neglected.
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Fig. 5.1.11 Calculated projection of the monovariant liquidus lines in the ternary Cu-Pb-O

system: oxygen-rich part (a) and metal-rich part (b). Fields of primary crystallization are
indicated. Inset shows the magnified Cu-rich part.

Table 5.1.6 Invariant equilibriain the Cu-Pb-O system.

Reaction Type Tea (K) Tep (K) Reference

U, L1+ Cu0O o (Cu)+Ls Transitional 1335.8 1313 [1989Cha]
U, Li+L3 & Lo+ (Cu) Transitional 1229.2 1227 [1989Cha]
Us Lo+ Ls o (Cu)+BPbO Transitional 1109.4 1120 [1989Cha]
E Ls « (Cu)+ Cu,O + PPbO Eutectic 976.5 950 [1989Cha]
= L3 « CuO+ Cu,O + PO Eutectic 1000.5 940 [1989Cha]
Es L, « (Cu)+ (Pb) + aPbO Eutectic 599.4 589 [1989Cha]
S Ly+Lo+Ls Critical point - 1323 [1989Cha]
S Ls = CuO+ BPbO Saddle point 1063.2 1085 [1967Gad]
1062 [1990Kit]

S L3 - CuO + BPbO Saddle point 1008.5 953 [1954Geb]
1033 [1994Szi]

1017 [Thiswork]

b



Cu-Pb Cu-O Cu-Pb-O Pb-O
e, 1498 K
[ LFL+Cu,0 |
e, 1354 K
' L,=CuO+Cu,0
S,
e 13396 K
‘ L1=CU20+(CU)| U1 1335 Kl |
" L+Cu,0=L,+(Cu) |
—— LHCwrcu,0] [ LrLHCu) |
? U, 1229.2 K e 1157 K
€,1225.83 K LAl CY) L=L+pPbO|
L=L+(Cu) [ L+L+pPbO |
L,+(Cu) U, 1109.4 K| 6. 10632 K
L,+L,=(Cu)+BPbO «— :
| — —L, +CuO+[3PbO\
| L#(Cu)+pPbO| | L +(Cu)+pPbO] S,10085K
1 iL3+Cuzo+BPbo\
E,1000.5 K ?

| L,=(Pb)+(Cu)

le, 5995 K:

762 K

. [BPbO=oPbO— | CU0*(Cu)*hPbO)

\A 4

E9765K

L,=Cu0+Cu,0+BPbO

\ 4

.
L =(Cu)*Cu,0+pPb0) (Cu,0+CuO+BPbO

E, 599.4 K

" e,600 K

> L,=(Cu)+(Pb)+aPbOl«

(Cu)+(Pb)+aPbO)|

Fig. 5.1.12 Scheil reaction scheme of the Cu-Pb-O system.

 L,=(Pb)+aPbO|

69



60

1 1400 | | | |
A [1954Gebl L. < [1990Kit]
O [(1979Fis] 1300 - >~ Cu,0+Liquid % [1967Gad]
X [1954H0ofl
e
[This workl 1200 -

Liquid -

o I g CuO+Liquid
2 . o 1100+ i
_§ Liquid =
2 — = 1000 i
® A —
3 s S 900- CuO+pPbO L
C :
- enn | . Q“ BPbO+ Cu,PbO, 7 — 800+ i
PUDICLPR0, g 700 - .
700 (&) anO+Cu2Pb02 r CuO+aPbO
600 . | | . 600 , . . |
0 0.2 0.4 0.6 0.8 1.( 0 02 04 .O.6 0.8 1.0
Mole fraction PbO Mole fraction PbO

Fig. 5.1.13 Calculated quasibinary section Fig. 5.1.14 Calculated isobaric section

Cu,0O-PbO as compared with experimental CuOPbO in ar as compared with

measurements. experimental measurements. Dashed line
presents the data of Kitaguchi et.al.
[1990Kit].

Table 5.1.7 Calculated thermodynamics functions of Cu,PbO, at 298.15 K.

AH® [kd-mol ™ S° [J-mol K™ AGe [kJ-mol™]
—413.086 135.165 —353.165

By using the associate solution model for the description of the liquid, in general,
worse agreement between calculated and experimental data was obtained in comparison
with that produced by ionic liquid model, asiit is shown in Fig. 5.1.15 for example. The
higher calculated solubility of oxygen in the metallic liquid at 1473 K in comparison with
the experimental data [1954Geb, 1984Ani] can be seen in Fig. 5.1.16. The calculated
quasibinary Cu,O-PbO section is very similar that obtained using the two-sublattice
model for liquid (Fig. 5.1.13). On the other hand, the calculated liquidus below 1200 K at
the isobaric section CuO«-PbO in air (Fig. 5.1.17) shows dlight discrepancy compared
with the experimental data [1967Gad, 1990Kit]. The calculated temperature of reaction
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S, is 30 K higher than the experimentally measured one [1967Gad, 1990Kit]. Such
feature is related to the difficulties to handle the parameters to fit data of both, oxide and
metallic liquid. Only by extrapolations from the lower-order systems three closed
miscibility gaps exist near to the boundary binary systems instead of one large liquid
miscibility gap. The increase of the Gibbs energy of liquid by introducing the ternary
interaction parameters makes it unstable in the region of immiscibility, but it also causes
the oxide liquid to be less stable. Still, all calculated phase diagrams show satisfactory
agreement with the selected experimental data.
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Fig. 5.1.15 Calculated activity coefficient of oxygen in copper-lead melt with the
corresponding experimental points.
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5.2. The Cu-Ti-O system

Three ternary phases, CusTiO,4, CusTisO and Cu,Ti4O were found to be stable in the
Cu-Ti-O system (Table 5.2.1). The existence of MgX-type compounds (CusTisO and
CuTi40) in the metal-rich part of the ternary Cu-Ti-O phase diagram was reported by
Kelkar et.al [1993Kel, 1994Kel]. The crystal structure of Me,Ti,O compounds (Me = Cu,
Ni, Co, Fe and Mn) were investigated by several authors [1939Lav, 1952Ros, 1952Jou,
1963Mug]. Cu,Ti4O has been reported as ordered fcc phases with avery large unit cell by
Laves and Wallbaum [1939L av] and Rostoker [1952Ros]. The Fd3m space group for the
CuTi4O compound has been confirmed by Mueller and Knott [1963Mue] and more
recently by Kelkar et. al [1993Kel]. A hexagonal CusTiO, compound was found to exist
in the oxide-rich part of Cu-Ti-O system [1974Hay, 1977Ran], which was also confirmed
by Kato and Kubo [1967K at], while the CusTiOs compound was obtained by

Table 5.2.1 Solid phasesin the Cu-Ti-O system.

L attice parameters

Phase, terllﬁp. range Peart:)aoln épace Prototype (pm) Comments
(K) Symbo roup and angles
Cu,TisO cF112 Fd3m Fe;W-C a= 1143.53 [1993K ]
[1963Mue]
[1951Kar]
CusTizO cF112 Fd3m FesW-C a=1125 [1993K ]
[1951Kar]
CugTiO, hP8 P63/mmc - a=304.0; b=304.0; [1974Hay]
1212 < T <1280 c=1146.05; y=120°

rapid cooling from the melt. This compound is metastable and its presence is related with
the slow kinetic of decomposition at temperatures below 1173 K. Contrary to the findings
of Beals et. a [1958Bel] on the CuTiO3 phase, no indication was obtained about the
formation of any compound between CuO and TiO, by Gadalla and White [1966Gadl].
Range and Ketterl [1977Ran] reported the crystal structure of two modifications of the
CusTiO, compound to be very similar and contain Cu® with linear, and both Cu** and
Ti*" with trigonally distorted octahedral coordination.
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Only afew works on the phase equilibriain the Cu-Ti-O system have been published
[1993Kel, 1994K el, 1966Gadl]. Isothermal sectionsin the metal-rich part of the diagram
at 1198 and 1212 K were reported by Kelkar et.al [1993K e, 1994K el], while Gadalla and
White [1966Gadl] studied the equilibrium relationships in the CuO-Cu,O-TiO, system.
Isobaric sections CuOx-TiO; in air and oxygen [1966Gadl] indicate the absence of any
ternary compound and the existence of alimited range of TiO, solid solution. Depending
on the temperature and partial pressure of oxygen, CuOy corresponds to either Cu,O or
CuO. At the same time, the isothermal section of the CuO-Cu,O-TiO; system at 1253 K
reported by Hennings [1980Hen] shows the presence of CusTiOs. The existence of
CusTiOy4 at temperatures below 1280 K was confirmed by Pejryd and Rosen [1982P¢j],
while the molten phase was found to occur above 1280 K [1980Hen, 1982P¢j]. This
melting temperature is in good agreement with data of the liquidus surface of the CuO-
Cu,O-TiO; system reported by Gadalla and White [1966Gadl]. A significant feature of
ternary isothermal sections[1993Kel, 1994Kel] is the formation of two distinct MgX-type
compounds, Cu;Ti;O and CusTizO. Kelkar et a. [1993Kel, 1994Kel] restricted
investigation to the region where the MeX-type compounds are present. A region in the
Cu-rich corner of the sections at 1198 and 1218 K was drawn tentatively. Samplesin this
region had melted and subsequently reacted with the quartz tube during annealing. The
single phase field of the ternary compounds Cu,Ti,O and CusTizO is estimated. The
upper limit of O solubility in both compounds is likely to be restricted to the maximum
number of O atoms which can be accommodated in the structure, which is 14.29 at. %.
There are no more than 16 large "interstitial” sites which oxygen can occupy within each
unit cell containing 96 Ti and Cu atoms [1963Mue]. The lower limit of oxygen solubility
in Cu,Ti4O was reported to be 13.07 at. % [1993Kel]. The available phase diagram data
on the ternary Cu-Ti-O system are presented in Table 5.2.2.

Thermodynamics of the double oxide phase CusTiO4 was investigated by means of
measurements of the oxygen partial pressure and EMF [1980Hen, 1982P¢j] (Table
5.2.3.). The lowest temperature of the existence of CusTiO4 was found to be 1212 K
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[1982P¢j] and 1140 K [1980Hen], while the highest temperature is 1280 K [1980Hen,
1982P¢j]. According to Hennings [1980Hen], CusTiO4 shows nonstoichiometry and its
composition fluctuates between CusTiO4 3 and CusTiO3o. Opposite to results obtained by
Hennings [1980Hen], Pejryd and Rosen [1982P¢j] reported that there is no variation in
oxygen content of CusTiO4. EMF measurements applied by Pejryd and Rosen [1982P¢]]
seem to be more accurate in comparison with results reported by Hennings [1980Hen].
The phase exists only in a narrow range of temperatures (1218-1280 K) and partial
pressures of oxygen (-1.4 < log(R, , am) < — 0.7) [1980Hen, 1982P¢j]. CusTiO4

dissociates into Cu,O and TiO, with decreasing the partial pressure of oxygen, while at
too high partial pressures of oxygen it decomposes into CuO and TiO,. On the base of
known thermodynamics of the binary edge systems, Kelkar et al. [1994K el] estimated the
very high negative value of the free energy of formation of the two MgX-type
compounds, Cu,Ti4O and CusTizsO, suggesting that these compounds are

thermodynamically stable. The dependence of the activity of oxygen on the concentration

Table 5.2.2 Selection of experimental information for the Cu-Ti-O system: phase diagram

data. The column "Use" indicates whether the values were used (+) or not used (-) in the

assessment.
Reference Experimental Use Measured quantity, temper atures,
Technique compositions
[1966Gadl] Thermogravimetry + Composition of the coexisting phases on the
and microstructural isobaric sections CuOy-PbO in air and oxygen
analysis
[1980Hen] X-ray, SEM, EDS + Isothermal section of CuO-Cu,O-TiO, system at
and thermogravimetry 1253 K.
[1993Kel] Quenching, X-ray, + Coexisting phases on the isothermal section at
optical and electron 1198 K in the metal-rich region.
microscopy, DTA, Melting points of MgX-type compounds
TGA
[1994K€el]  Air-quenching, + Coexisting phases on isothermal section at
electron microscopy, 1212 K in the metal-rich region.

WDS
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of titanium in liquid copper at 1373-1473 K using the electromotive force method has
been investigated by Batalin and Kuzmenko [1982Bat].

Table 5.2.3 Selection of experimental information for the Cu-Ti-O system:
thermodynamic data.  The column "Use" indicates whether the values were used (+) or

not used (-) in the assessment.

Reference Experimental Use Measured quantity, temperatures,
Technique compositions

Thermogravimetry  +  Partia pressure of oxygen over CusTiO,4, CuO,

[1980Hen] Cu,0 and TiO,, phases in the temperature range
1160-1280 K.

[1982P¢]] EMF +  Partial pressure of oxygen over CusTiOg4, CuO,
Cu,0 and TiO,, phases in the temperature range
770-1355 K.

[1982Ba] EMF —  Effect of Ti on the activity of oxygen in liquid

Cu between 1373 and 1473 K

5.2.1. Thermodynamic optimization

The data used in the optimization of the Cu-Ti-O system are indicated in Tables 5.2.2
and 5.2.3. The two sublattice ionic model (Cu™*,Cu® Ti**, Ti®* Ti*)(0*,Va™), was first
applied for the description of the liquid in the ternary Cu-Ti-O system. The
thermodynamic assessments of the binary edge systems Cu-O [2003Hal], Ti-O
[1994Leg], and Cu-Ti [1996Kum] were accepted from literature. Although the binary
systems Cu-Ti and Ti-O do not possess a liquid miscibility gap, the calculated tie-lines at
1500 K show, however, that Ti-rich oxide liquid coexists with Cu-rich metallic liquid
(Fig. 5.2.1a). In addition, it was observed that the liquid miscibility gap widens with
increasing temperature. Despite the corresponding experimental data are missing, the
very low solubility of copper in Ti-rich oxide liquid and of titanium in Cu-rich liquid,
respectively, at high temperatures is unreasonable giving an extended miscibility gap.
The appearance of such aliquid miscibility gap is affected by reciprocal reactions
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Fig. 5.2.1 The calculated isothermal sections of the Cu-Ti—O system at 1500 K using the
two-sublattice model for the liquid phase: extrapolated from lower order systems (a) and
with incorporation of the ternary interaction parameter (b). Phase equilibriainvolving gas

and condensed phases have been neglected.
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Fig. 5.2.2 The calculated partial isothermal sections of the Cu-Ti—O system at 1500 (a)
and 1550 K (b) using the associate solution model for the liquid phase. Phase equilibria
involving gas and condensed phases have been neglected.
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between species. Since the Ti-rich oxide liquid is very stable and coexist with Cu-rich
metallic liquid, the influence of ternary (Cu'*, Ti*": 0%), (Cu**, Ti*": 0*) and (Cu™*, Ti*":
O?) interaction parameters on the Gibbs energy of the liquid was tested. However, only
the (Cu™, Ti*": O%) parameter has shown a significant tendency to decreasing the Gibbs
energy of liquid phase for compositions rich in titanium-oxides and suppressing the
miscibility gap towards the Cu-O edge system (Fig. 5.2.1b). Adjusting the Gibbs energies
of the hypothetical end-members, (Ti**: Va) and (Cu'*: O%) cannot prevent a demixing
behavior. At the same time, using the associate solution model (Cu, Cu,O, O, Ti, TiO,
TiO15 TiOy), by only extrapolation from the binaries subsystems, the liquid miscibility
gap is not present on the isothermal sections at temperatures above 1600 K, while the
narrow miscibility gap exists on isothermal sections between 1500 and 1550 K (Fig.
5.2.2).

5.2.2. Discussion

The calculated isothermal section at 1218 K with the use of the associate solution
model is in very good agreement with experimental data reported by Kelklar et al.
[1993Kel, 1994Kel] (Fig.5.2.3), except for the three phase field containing the low-
temperature TizO, phase. According to the literature data [1987Mur] and the assessed Ti-
O system (Chapter 4.1), TizO, decomposes at 1197.31 K and therefore can not be present
at 1218 K. The calculated maximum solubility of copper in aTi at 1218 K is 1.83 at. %,
while the solubility of oxygen in CuTi, and CuTi is 2.5 and 1.6 at.%, respectively. These
results are consistent with the data reported by Kelkar and Carim [1993K el].

The calculated copper, titanium and oxygen activities in the three phase regions 3, 4
and 6 at 1218 K (Fig. 5.2.3) are shown in Table 5.2.4 together with the values estimated
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Fig. 5.2.3 Isothermal section of the Cu-Ti-O phase diagram at 1218 K and 1 bar pressure

compared with experimental measurements [1994K dl].

by Kelkar et a. [1994Kel]. The calculated partial pressures of oxygen (Table 5.2.4) show
good agreement with those reported by Kelkar et al [1994Kel] what indicate the stability
of the ternary MeX-type compounds at 1218 K. The reported oxygen activities in Cu-Ti
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liquid alloys [1982Bat] are not taken into consideration. Originally measured EMF data
are missing while the 1 wt. % solution of oxygen in copper was chosen as the standard

state for the calculation of oxygen activity in Cu-Ti melt.

Table 5.2.4 The calculated activity values of Ti, Cuand O inregions 3, 4 and 6 at 1218 K
(Fig. 5.2.3) together with the estimated* ones by Kelkar et al. [1994Kel].

Region ari acuy log R,

3 0.608 0.365 - 39.107

4 0.718 0.262 - 39.109
0.66* 0.14* -38.2*

6 0.276 0.505 - 36.927
0.40* 0.17* - 36.9*

The calculated melting points of Cu,Ti4O and CusTizsO are 1490 and 1383 K,
respectively, while the Kelkar and Carim [1993Kel] reported an almost 90 K lower
melting temperature for Cu,Ti4O. The peritectic melting of both compounds is controlled
by Gibbs energies of three phases in equilibrium, i.e., Cu,Ti4O or CusTizO, aTi and the
liquid phase. The Gibbs energy of the ternary MeX-type compounds and aTi are adjusted
to be consistent with the reported isothermal section at 1218 K (Fig. 5.2.3) and with the
estimated Gibbs energy of the formation of ternary compounds [1994Kel]. The ternary
(Cu, Ti, TiO) interaction parameter in the liquid phase was introduced to assure the
solubility of oxygen in the Cu-rich liquid as well as to control the temperature of the
peritectic melting of the ternary MgX-type compounds. However, at the same time with
decreasing the melting point of Cu,Ti4O, the melting point of CusTisO also decreases.
The lower melting temperature measured for Cu,Ti4O in comparison with the calculated
one is probably due to the presence of impurity phases (< 4 %) [1993Kel]. In addition,
the DTA analysis was performed in argon with the unknown partial pressure of oxygen
and the characterization of the melted samples was not done. According to the present
assessment, al three ternary compounds melt incongruently (Table 5.2.5). Calculated
thermodynamic properties of the ternary compounds (Table 5.2.6) are compared with
estimated ones by Kelkar et a. [1994Kel].
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The stability diagram of the CuO-Cu,O-TiO, systemisgiven in Fig. 5.2.4. The calculated
partial oxygen pressure of the double oxide CusTiO, is consistent with data reported in
the literature [1980Hen, 1982P¢j]. The CusTiO, compound exists in the narrow
temperature range from 1204 K up to the its melting point at 1271 K and under partial

oxygen pressure of log( R, , bar) <- 0.67, i.e. lower thanin air.

0 1 | |

* [1980Hen]
X 11982Pe¢j]

-0.5 =
Cu{ﬂ;k/////

109 cuo+Tio,

-1.5 =

log (Po,,atm)

-2.0 1 -

25 Cu,0+TiO,

-3.0 T T T T T
1100 1150 1200 1250 1300 1350 1400

Temperature (K)
Fig. 5.2.4 The calculated and measured partial pressures of oxygen on the CusTiO,4 phase

superimposed with experimental measurements.

The calculated isobaric sections in ar and oxygen in comparison with the
experimental data [1966Gadl] are given in Figs. 5.2.5 and 5.2.6. The calculations are
consistent with the results of Gadalla and White [1966Gad1].

The calculated projection of the monovariant liquidus lines is shown in Figs. 5.2.7a€,
while the Scheil reaction schemeis given in Fig. 5.2.8. The calculated isothermal sections
at high temperatures (Figs. 5.2.9 - 5.2.11) show reasonable phase relations in the sense
that the ternary compounds disappear and the liquid single-phase region enlarges as the

temperature increases.
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Fig. 5.2.5 The caculated isobaric section
CuO«-TiO,

experimental measurements [1966Gadl].
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Fig. 5.2.6 The caculated isobaric section
CuO-TiO; in oxygen as compared with
experimental measurements [1966Gad1].

Table 5.2.5 Melting points of ternary compoundsin Cu-Ti-O system.

Composition in at. %

Reaction T(K) Ref.
Cu O
Li1+aTi & Cu,TisO 33.38 11.91 1490.8 [Thiswork]
1400 [1993K €]
L1+ aTi « CusTizO 45.37 13.20 1383 [Thiswork]
1383 [1993Kéel]
Lo+ TiO2+ CuO « CusTiOq4 43.64 46.06 1270.6 [Thiswork]
1280 [1980Hen, 1982P¢j]

Table 5.2.6 The calculated thermodynamics

properties of the Cu,TisO, CusTizO and

CusTiO4 compounds at 298.15 K (values in parentheses are estimated by Kelkar et al.

[1994K l]).

Compound AH® [kJ-mol™ AS° [Imol KT AG° [kJ-mol™]

Cu,Ti,O -496.592 291.41 -583.475
(-502.320)

CusTizO -490.460 293.91 -578.089
(-510.692)

CusTiO,4 -1252.467 199.956 -1312.084
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Fig. 5.2.7 The calculated projection of the monovariant liquidus lines in the ternary Cu-
Ti-O system (@) and magnified parts: Cu-rich part (b), O-rich part (c) and enlarged view
on the invariant reactions involving Magneli phases (d). Fields of primary crystallization
areindicated.
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Fig. 5.2.9 The calculated isothermal section of the Cu-Ti-O phase diagram at 1350 K and 1 bar

pressure.
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Fig. 5.2.10 The calculated isothermal section of the Cu-Ti-O phase diagram at 1500 K and 1

bar pressure.
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Fig. 5.2.11 The calculated isothermal section of the Cu-Ti-O phase diagram at 2073 K and

1 bar pressure.
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5.3.The Cu-Zr-O system

The isobaric section CuO-ZrO; in air and oxygen were investigated and the liquidus
surface in the CuO-Cu,0-ZrO, system was proposed by Gadalla and White [1966Gad2].
The melting of the samples heated in oxygen and air was found to occur at 1370 K and
1403 K, respectively. However, the results obtained for the air treated samples are not
consistent with the binary Cu-O system and the melting point of Cu,O at 1393 K. The
existence of ternary compounds in the oxygen rich part of diagram was not observed
[1966Gad?2], while data (phase equilibria and thermodynamic) for the metal rich side are

completely missing.
5.3.1. Experimental results

Six powder mixtures of CuO (or Cu,0) + ZrO, in the molar ratios 1:3, 1:1 and 3:1
were prepared (Chapter 3.1) for the investigation of the existence of ternary compounds
in the Cu-Zr-O system. Fig. 5.3.1 shows DTA and TG curves of the samples heated in
oxygen (CuO+ZrO; in the molar ratio 1:3) and argon (Cu,O+ZrO, in the molar ratio 1:3).
The XRD patterns of these samples after DTA analysis are given in Fig. 5.3.2. Almost
identical DTA, TG and XRD results were obtained for different CuO (Cup0) : ZrO,
molar ratios. The slight weight change observed at lower temperatures for both samples
heated in argon and oxygen, is probably due to evaporation of water and ethanol used in
preparation procedure. Due to reduction of Cu,O to copper of the sample treated in argon
(25 moal. % Cu,O + 75 mol. % ZrO,) the presence of three phases was detected in the
XRD patterns (Fig. 5.3.2). It is consistent with the weight loss observed in TG
experiments (Fig. 5.3.1). At the same time, no changes in weight (Figs. 5.3.1) were
observed at temperatures above 600 K in the sample heated in oxygen. It should be noted
that both DTA curves do not show significant heat effects. Two phases, CuO and ZrO,,
were observed in the XRD patterns of the sample after heating in oxygen (Fig. 5.3.2)

indicating that there is no difference in comparison with the start mixture.
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Fig. 5.3.1 DTA and TG curves of samples heated in oxygen (CuO+ZrO; in the molar ratio

1:3) and in argon (Cu,0+ZrO; in the molar ratio 1:3).
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5.3.2. Thermodynamic calculations and discussion

The extrapolated isothermal sections from lower order systems at 1500 K on the
basis of the ionic two-sublattice model (Cu®*,Cu™,Zr*),(0*,Va®), and the associate
solution model (Cu, Cu,O, O, Zr, ZrO,) for the description of liquid phase are shown in
Figs. 5.3.3a and 5.3.3.b, respectively. The extended miscibility gap in Fig. 5.3.3ais an
artefact of the two-sublattice ionic model, which tails to describe a short range ordering
in the liquid phase as it was already explained in the Chapter 5.2. Therefore, the associate

solution model was adopted for description of the liquid phase in the ternary Cu-Zr-O

T=1500 K
T=1500 K

0 0% od 06 08 70 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Cu Mole fraction Zr Zr Mole fraction Zr

a) b)
Fig. 5.3.3. The extrapolated isothermal sections from lower order systems of the Cu-Zr-O
system at 1500 K using the two-sublattice ionic (a) and associate solution model for the
liquid phase (b). Phase equilibria involving gas and condensed phases have been

neglected.

Due to the lack of experimental information and already existing agreement between
available experimental data and calculated phase diagrams by only extrapolation from the
binary subsystems Cu-O, Zr-O and Cu-Zr (Figs. 5.3.4 - 5.3.6), optimization of the Cu-Zr-

O system was not performed.
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The calculated temperature of the eutectic reaction L « BZrO,+ CuxO in air at
1392.4 K (Fig. 5.3.4) is dightly lower in comparison with the measured one at 1401 K
[1966Gad2], but it is consistent with the assessed Cu-O binary system. The uncertainty of
measurements was not reported in the work of Gadalla and White [1966Gad2]. The
solubility of Cu,O in the liquid is less than 0.2 mol. % at the eutectic temperature which
isjust below the melting of Cu,O. The calculated isobaric section in oxygen (Fig. 5.3.4)
isin good agreement with the experimental data [1966Gad2].

1900 | I | | 1400 | | 1 I
Liquid v [1966Gad2] 1398 Liquid i
1800 7Z - 398
. 1396 1 BZrO,+Liquid B
1700~ - X 1304 -
é 1600 - BZrO,+Liquid i g 1392 -‘\ |
S 3 o
= T 1390- Cu,O+Liquid i
‘.é 1500 + B O 4100 | |
o BZrO,+Cu,0 g BZrO,+Cu,0
& 1400dv_v o e | & 1386 U, i,
I ZI0ACU0 = 13844 i
1300
aZr0,+Cu0 1382 1 B
1200 I | | T 1380 T T T T
0O 02 04 06 08 1.0 0 E-3 2 4 6 8 10
Cul,  Mole fraction zro, £10: Mole fraction ZrO,
a) b)

Fig. 5.3.4 Calculated isobaric section of CuOy-ZrO; in air (a) and enlarged CuOy-rich side
of the diagram (b).
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Fig. 5.3.5 Calculated isobaric section of CuO-ZrO; in oxygen (a) and enlarged CuO-rich side
of the diagram (b).
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Fig. 5.3.6 Calculated effect of partial pressure of oxygen on the temperature of
monovariant reactions Liquid ~ (a/or 3)ZrO; + Cu,O (a) and Liquid + (a/or B)ZrO; -

CuO (b) in comparison with experimental data of Gadalla and White [1966Gad?2].
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Fig. 5.3.6 shows the effect of the partial pressure of oxygen on the temperature of the
monovariant reactions Liquid « (a/or 3)ZrO, + Cu,O (&) and Liquid + (a/or B)ZrO;
CuO (b). The intersection of the lines a and b corresponds to the ternary eutectic Liquid
- aZrO; + CupO + CuO. A good agreement between cal cul ations and measured data can

be seen.

The calculated isothermal sections (Fig. 5.3.7) and projection of monovariant liquidus
lines (Figs. 5.3.8) show the predicted phase equlibria. A closed liquid miscibility gap is
present on the isothermal section at 1540 K near to the binary Cu-O system (Fig. 5.3.7¢).
The homogeneity region of the liquid phase reasonably widens with increasing
temperature (Fig. 5.3.7d).
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T=1273 K
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Fig. 5.3.7 Calculated isothermal sections of the Cu-Zr-O system at 1073 (a), 1273 (b), 1540
(c) and 2273 K (d) and 1 bar pressure.
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Fig. 5.3.8 The calculated projection of the

monovariant liquidus lines in the ternary

') Cu-Zr-O system (a) and magnified parts:
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E 285 rich pat (d). Fields of primary
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An upper critical point C; exists on the monovariant liquidus curve U;C,U’; (Fig.
5.3.8a) and at this point the composition of the both liquids is the same. At the critical
temperature liquid is in equilibrium with BZrO,. Peculiarity of monovariant line U;S;E;
(Fig. 5.3.8b) is due to the extrapolated description of the liquid. By introducing ternary
interaction parameters smooth curve can be obtained. However, using ternary interaction
parameters without sufficient experimental information cannot be justified and can create
unexpected problems upon extrapolation in to higher-order systems. Scheil reaction

scheme of the Cu-Zr-O systemisgivenin Fig. 5.3.9.
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6. QUASITERNARY PbO-ZrO,-TiO, SYSTEM

Experimental studies of the three ternary O-Pb-Zr, O-Pb-Ti and O-Zr-Ti systems are
confined to the investigation of lead zirconate (PbZrOs), lead titanate (PbTiOs) and
zirconium titanates (ZrTiOy4, ZrTi,Og) as well as of the quasibinary systems PbO-ZrO,,
PbO-TiO, and ZrO,-TiOs.

The modelling of the quasibinary PbO-ZrO, and PbO-TiO, systems was done by Koo
et al. [1999K00] and Soh et al. [1994Soh], respectively. Thermodynamic assessments of
the ZrO,-TiO, system were published by several authors [1992Y ok, 2000Gon, 2001Par].
However, they differ markedly from each other. The thermodynamic modelling of the
guasiternary PbO-ZrO,-TiO, system has not been done so far. In the present work the
three boundary systems were reassessed using the most recent experimental information
to obtain a self-consistent thermodynamic description of the PbO-ZrO,-TiO, system

based on the available data on phase equlibria and thermodynamic properties.

6.1. Survey of theliteratureinformation

6.1.1. PbO-ZrO,

Literature information belong mainly to investigations of the crystallographic and
dielectric properties of the lead zirconate with only a few phase diagran and
thermodynamic studies. Three stable perovskite-type phases have been found at the
PbZrOz; composition: the orthorhombic low-temperature (o, up to 504 K) phase is
antiferroelectric, the intermediate (y, from 504 to 507 K) is ferroelectric, and the cubic
high-temperature (B, up to the melting point Ty,= 1843 K) phase is paraglectric
(Table6.1). The paraclectric — ferroelectric — antiferoelectric phase transition
temperatures depend on the oxygen non-stoichiometry and on the compositional
deviations caused by the sublimation of PbO [1985Ujm]. Until now, the basic structure

parameters have mainly been investigated for the antiferroelectric phase. The questions
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regarding the existence of polarization and the true crystal structure of lead zirconate are

still open.

The quasibinary section of the PbO-ZrO, system was published by Fushimi and Ikeda
[1967Fus]. Cubic PbZrOs; decomposes to tetragonal ZrO, and a liquid phase containing ~
90 mol. % PbO at 1843 K [1967Fus]. A few investigations have been performed in the
PbO-rich part of the PbO-ZrO, system [1967Fus, 1981Jac, 1967Har] but the results are
contradictory. [1967Har] reported that the X-ray analysis of the samples PbO + ZrO, in
1:1 molar ratio heated to 1563 K indicated the presence of BPbZrOz;, monoclinic ZrO,,
and aPbO. The latter had a tetragonal structure rather than the orthorhombic structure of
yellow BPbO. This finding was confirmed by Jacob and Shim [1981Jac] by heating an
equimolar mixture of BPbO and a ZrO, up to 1228 K, followed by cooling in air and X-
ray anaysis. The schematically proposed phase relations in the PbO-rich part of PbO-
ZrO, phase diagram [1981Jac] and assessed phase diagram [1999Ko00] mainly were
based on the similarity with those reported by Rase [1971Ras]| for PbO-TiO, system. This
observation is not in accord with the phase diagram of [1967Fus] as well as with the
experimental results obtained in the present work. Fushimi and Ikeda [1967Fus]
preformed the DTA analysis of the PbO+ZrO, mixtures containing more than 95 mol. %
PbO. The strong peak at 1178 + 5 K was observed for the all investigated samples which
correspond to the peritctic reaction L + BPbZrOs; < BPbO and the PbO content in the
liquid at the peritectic temperature exceeds 99 mol. %. The experimental results obtained
in this thesis show a solubility of 1.3 = 2 mol. % ZrO, in orthorhombic BPbO at 1043 K
(see Chapter 7). Thisresult is consistent with reported PbO-rich part of phase diagram by
Fushimi and Ikeda [1967Fus| and findings of Ikeda et al. [1962Ike] that in the solid state
PbO dissolves up to 4 mol. % ZrO,, but it is contradictory with the proposed PbO-rich
part of PbO-ZrO, diagram [1981Jac] and stabilization of the tetragonal aPbO solid
solution up to its melting, as well as with the assessed PbO-ZrO, system [1999K 00] .

Thermodynamic properties of PbZrOs; were investigated by several groups [1993Gos,
19960n0, 1979Sch, 1969Hae, 1973Hol, 1981Jac, 1999Pop]. The experimental

investigations were mainly performed on the high-temperature cubic modification,
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BPbZrOs, except the study of [1993Gos| on the low-temperature orthorhombic, aPbZrOs,
modification. Onodera et al. [19960n0] measured the heat capacity of single crystals of
antiferroelectric aPbZrO; in a wide temperature region (from room temperature to
650 K) by AC calorimetry, but have drawn the curve in arbitrary units. The heat capacity
curve showed a sharp change at 504.5 K, due to transformation into the high-temperature
modification BPbZrOs. The transition entropy was reported to be AS = 1.65 Jihol K™
Gospodinov et al. [1993Gos] reported the thermodynamic functions (Cp, S, Hr — Hagg) of

the low-temperature orthorhombic modification (o) from room temperature to 504 K.

The low-temperature heat capacity data of aPbZrO; are missing, while the results of
Gospodinov [1993Gos] are not consistent with the measured thermodynamic properties
[2001Ran, 1969Hae, 1973Hol, 1999Pop] and the PbO-ZrO, phase diagram reported by
Fushimi and Ikeda[1967Fus]. 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) [1979Sch, 1973Hol, 1969Ha€] is inconsistent with the EMF
measurements reported by Jacob and Shim [1981Jac] and the calculated PbO-ZrO;
quasibinary phase diagram, which suggests decomposition of lead zirconate to tetragonal
ZrO, and aliquid phase containing ~ 90 mol. % PbO at 1843 K. Since the vapor phase
over pure solid and liquid PbO consist of polymeric species of type Pb,O, (1 < n < 6)
results based on the vapor pressure measurements differ significantly from those obtained
by EMF measurements [1981Jac]. At the same time, most recent data from the vapor
pressure measurement reported by Popovic et al. [1999Pop] (existence of PbO" and
Pb,O*" ions was experimentally detected) show good agreement with results of Jacob and
Shim [1981Jac]. Recently, the enthalpy of formation of PbZrOz; was measured by drop
solution calorimetry [2001Ran]. The heat content and entropy of BPbZrOs; are not
known, while thermodynamic data for the other phases (liquid, PbO solid solutions) are

completely missing.
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6.1.2. PbO-TiO;

The experimental phase diagram of this system has been reported by several authors
[1971Ras, 1980Eis]. However, there is no agreement about the existence of intermediate
compounds and their homogeneity ranges. The equilibrium phases in the PbO-TiO,
system are the PbO solid solution (tetragonal and orthorhombic), liquid, rutile and
PbTiO; with a perovskite-type structure, while the existence of Pb,TiO,4 and Pb,Ti,Os is
doubtful. Only one intermediate compound, PbTiOs, was reported in the PbO-TiO,
quasibinary system by Rase et a. [1971Ras|, while the previously reported Pb,TiO,4
[1962Rob, 1970Bel] was not observed. PbTiO; exists in two polymorphic forms,
tetragonal (a’, up to 763K) and cubic (3, 763-1558K) (Table 6.1). The ternary PbTizO7
compound was found in the TiO,-rich side [1968Ayk, 1980Eis] and it was included in the
isobaric section PbOy-TiO, in air [1980Eis]. The upper limit of stability of PbTizO; was
supposed to be 813 K as confirmed by X-ray diffraction results.

Thermodynamic properties of PbTiOs; were investigated by several groups [1973Meh,
1979Sch, 1969Hae, 1973Hol, 1982Shi, 1999Pop, 2001Ran, 2005Ros]. The enthalpy of
formation of PbTiO3z using the drop solution calorimetry was measured by Rane and
Navrotsky [2001Ran], while the Mehrotra et al. [1973Meh] as well as Shim and Jacob
[1982Shi] measured the free energy of formation. The specific heat of pure lead titanate
(PTiOs3) in the temperature range from 325 to 1250 K was studied by Rosetti and Maffei
[2005R0s]. Vapour pressure measurements using the Knudsen technique were done by
many authors [1979Sch, 1969Hae, 1973Hol, 1999Pop]. Results of Schma et al.
[1979Sch], Haerdtl and Rau [1969Hage] and Holman and Fulrath [1973Hol] are in a good
agreement, while the data reported by Popovic et.a. [1999Pop] shows significant

deviations.

Soh et a. [1994Soh] published the thermodynamic calculation of the PbO-TiO,
system using a quasi-regular model to express the Gibbs energy of all solution phases.
The Gibbs energy of PbTiOs; compound was evaluated on the base of estimated
thermodynamic properties (heat capacity) compiled by Barin [1989Bar].
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6.1.3. ZTOQ-TiOZ

The solid solutions with Zr:Ti molar ratio ranging from 1:1 to 1:2 are the only stable
compounds in the ZrO,-TiO, system. Two structura modifications are known: high
temperature disordered and low temperature ordered phase [1983Mch, 1986Mch,
2004Trol, 2004Tro2] (Table 6.1). Two types of ordered structures with different
stoichiometries were reported by Park et al. [1996Par]. ZrTiO,4 is known to undergo a
successive ordering transition between 1400 and 1100 K [1954Cou, 1996Par]. Above
1400 K it crystallizes in an orthorhombic aPbO, type structure, with the random
distribution of Zr and Ti over the octahedral site [1967New, 1986Bor] (Table 6.1). 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 [1996Par]. Park et al [1996Par] suggested that the
ordering transition occurs in several steps from the normal phase (disordered BZr1xTixOa,
T >1400 K) via an incommensurate state (partially ordered aZrTiO4, 1400 > T > 1100 K)
to the commensurate phase (ordered a'ZrTiOy,). The fully ordered phase a’'ZrTiO4 has a
composition close to ZrTi,Og [1986Mch] but the same structure also occurs for ZrsTi7Oz4
[1986Bor].

The ZrO,-TiO, phase diagram has been studied intensively over many years
[1951Sow, 1954Bro, 1954Cou, 1965Coc, 1965Web, 1967Nog, 1968Nog, 19720no,
1980She, 1986Mch, 1998Kob, 2004Trol, 2005Tro]. However, no general agreement
among the proposed phase diagrams exists. While detailed phase diagrams are available
for the high-temperature regions above 1473 K [1954Cou, 1967Nog, 1980She], 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 ZrO, solid solutions [1954Bro, 1965Web, 1968Nog, 19720no,
2005Tro] 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 their homogeneity range.
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Three intermediate compounds were reported by Troitzsch et al [2005Tro] and McHale et
al. [1986Mch], while earlier studies indicated the absence of any compounds in the
system and the presence of partial solid solutions [1937Bue, 1951Sow, 19720n0]. Both,
McHale and Roth [1986Mch] and Troitzsch et al [2004Trol, 2005Tro] reported the
existence of the disordered high-temperature Zr1.4TixO4 phase with a wide homogeneity
range, while its stability range and adjacent phase field with the ordered low-temperature
phases aZrTiO4 and ZrTi,Og differ significantly. The low-temperature technique of solid
solution formation via coprecipitation from akoxides solution was used as an alternative
method of preparation for a wider range of compositions in the system ZrO,-TiO,
[1986Mch], to enable the 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 authors [1986Mch, 2005Tro] 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 ZrO,-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
[1954Bro, 1968Nog, 1980She, 1998Kob]. Liquidus and solidus were studied by
Shevchenko et a. [1980She], Coughanour et a. [1954Cou] and Noguchi and Mizuno
[1967Nog]. Liquidus of the system has two inflections, which correspond to 35 and 60
mole % TiO, [1980She], and eutectic point at 73 mole % and 1993 K [1980She] or 80
mole % TiO, and 2033 K [1954Cou]. High temperature BZrTiO, phase melts
incongruently at 2093 [1954Cou] or 2103 K [1980She].

The thermodynamic data of formation and molar heat capacity from 5 to 380 K of
ZrTiO4 compound were measured by Hom et al. [2001Hom]. No other works concerning
the thermodynamics of the phasesin this system are available.

6.1.4. PbO-ZrOz-TiOZ

The perovskite-structured ferroelectrics in the Pb(ZrTi1.x)Os (PZT) system provide

an unusual example of a complete solid solution between the congruently and
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incongruently melting compounds PbTiOz and PbZrO; [1965Web, 1971Ras, 1971Moo,
1973Hol, 1999Pop]. At high temperatures, Pb(ZrsTii;x)Osz crystalise as disordered
substitional solid solutions to a cubic perovskite prototype phase of symmetry Pm3m for
all values of x. Intermediate solid solutions compositions 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, octahedral tilts and deformations [1971Jaf] (Table
6.1). Recent literature data indicate also the existence of monoclinic modification at low
temperatures [2000Noh, 2000Sou, 2001Sou, 2001Fra]. At room temperature these
include the lower-symmetry antiferroelectric, orthorhombic structure (aPbZryTiixOs
phase) of PbZrO3; [1997Cor]. All its solid solutions with more than 10 mol % of PbTiO3
are ferroelectric. With increasing Ti content, two ferroelectric rhombohedral phases are
observed up to around x = 0.5 where there is transition into a ferroelectric tetragonal
phase (a'PbZrsTi1.xO3) continuing to the end-member PbTiO3; [1978Glal. At room
temperature, the rhombohedral low-temperature phase (Y PbZr,Ti;xO3) has the space

group R3c and exhibits both cation shifts and octahedral tilting [1998Cor]. As
temperature increases the octahedral tilts are known to disappear [1978Gla] leading to the
phase transformation to the high-temperature rhombohedral phase (dPbZr,Ti1xO3) and

space group R3m. A further increase in temperature diminishes the cation shifts until the
final phase transition into the cubic perovskite structure (BPbZr«Ti;«O3 phase) occurs.
The monoclinic-tetragonal phase transition was observed at low temperatures in
PbZr,Ti1.xO3 solid solutions in the vicinity of the morphotropic phase boundary (MPB) (x
= 0.5-0.55) [2000Noh, 2001Noh, 2000Sou, 2001Fra, 2002Ara, 2005Bou].

The experimental phase diagram of the PZT system at higher temperatures was
investigated by few groups [1965Web, 1967Fus, 1971Moo] (Table 6.2), while there were
many studies concerning the low-temperature phase relations [1953Saw, 1971Jaf,
1982L eo, 1986Fes, 1989Ere, 1995Vie, 1997Mis, 2001Noh, 2002Ara, 2005Bou]. Webster
et al. [1965Web] published the isothermal section at 1373 K for the titania and zirconia
rich part of PbO-ZrO,-TiO, system (ZrO,-TiO,-PbTiO3-PbZrOs), while the isothermal
sections at 1373, 1473 and 1573 K of the PbO-rich part of the system were studied by
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Fushimi and Ikeda [1967Fus]. The pseudobinary section PbZrOs-PbTiO3 was reported by
Fushimi and lkeda [1967Fus] and Moon et a. [1971Moo]. The temperature of the

peritectic reaction, L + ZrO, (tetragonal) — BPbZr,Ti1.xO3 (x ~ 0.4), was found to be
1613 [1967Fus] or 1633 K [1971Moo], while somewhat lower solidus and liquidus
temperatures were measured in [1971Moo]. Results of these studies are in satisfactory

agreement and differences are within the uncertainty of measurements. Work of Holman

Table 6.1 Solid phases.

Pear son symbol/

L attice parameters (pm)

Phase, temp. range (K)  Space Group/ and angles Comments

Prototype
BPbZr,Tiy 05 cF* a=415 pure PbZrO;[1951Saw]
507 < T <1843 Fm-3m a=414.49 PbZr ¢Ti 103 [1978Gla]
yPbZrOs cF* - [1982Tan]
504 < T < 507 F2mm
aPbZr,Ti1 403 oP40 a=588.194; b=1178.206; pure PbZrO; at 298 [1998Tes)
T< 504 Pbam c = 822.946
x>0.9 -
a'PbZr,Ti; O3 tP5 *a=*b= 390.231 * pure PbTiOz at 298 [2002San]
*T< 763 P4mm * ¢ = 403.292
x<~05 - **g=* *p = 395.251 * *PhZr ,Ti gO3[2000Fra)

** c=414.84

Y PbZr,Tiy O3 hR10 a= b= 158564 PbZr oTi ;03 [1978Gla]
~06<x<~0.95 R c = 1439.51 3 =120°
T<~423 _
oPbZr,Ti1 O3 hR5 a=b=c=41001 PbZr 75Ti 2505 [1988Jir]
x>05 R3M o=pB=y=89.73°
T <~660 _
ePbZr,Ti;Os mS10 a= 570.82; b= 570.78; PbZr 5,Ti 4603 [2001Fra]
0.50<x<0.52 Cimy c=414.14; B = 90.199°
PbTis0; mP22 a=1071.85; b= 381.21, at 298 K [1974K at]
T<813 P12;)/my c=657.77; B=98.277°
BZryTiyxO4 oP12 a=480.422; b= 548.253; [1986Bor]
1443 < T < 2103 Pbcn c=503.132 mineral name: Srilankite
0.41 <x<0.59 aPbO,
0ZrTiO, - a= 960; b= 530; [1992Chr, 2006Don]
1343 < T <1443 Pbcn ¢ = 500
o’ ZrTiOy oP36 a= 1435.74; b= 53247, [1986Bor]
(ZrTi206, erTi7024) ¢ = 502.00

T <1343

Pbcn
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Table 6.2 Selection of experimental information for the PbO-ZrO,-TiO, system: phase diagram data.

Reference Experimental Technique M easured quantity, temper atures, compositions
[1954Bro] X-ray diffraction Subsolidus phase relations in the ZrO,-TiO, quasibinary at 1253
and 1643 K.
[1954Cou] X-ray diffraction, Ligudus and solidus of the quasibinary ZrO,-TiO, section.
Optical pyrometry
[1965Web] X-ray diffraction, Subsolidus phase relations in the system PbO-ZrO,-TiO, at 1373 K;
Differential thermal analysis, Zirconia rich part of ZrO,-TiO, quasibinary system: Solvus of
Optica microscopy, monoclinic-tetragonal transformation and solubility of titania in
Chemical anaysis zirconia solid solution in temperature range 873-1373 K.
[1967Nog] Brightness pyrometry inthe  Liquidus of the quasibinary ZrO,-TiO, system.
solar furnace (cooling
curves)
[1967Fus] X-ray diffraction, Liquidus and subsolidus of the quasibinary PbO-ZrO, section.
Quenching Phase relations in the PbO-ZrO,-TiO, system: isothermal, isobaric
section at 1373, 1473 and 1573 K in air; liquidus and solidus of
PbZrO3;-PbTiO; section.
[1968Nog] Brightness pyrometry inthe  Liquidus of the quasibinary ZrO,-TiO, system;
heliostat-type solar furnace  Solid solution boundaries at lower temperature: phase boundary of
Quenching, X-ray the monaclinic and tetragonal zirconia solid solutions.
diffraction
[1971Ras] Liquidus and subsolidus of the quasibinary PbO-TiO, system;
[19720n0] High temp. X-ray Zirconiarich part of ZrO,-TiO, quasibinary system: Solvus of
diffraction, Differential monoclinic-tetragonal transformation of zirconia solid solutions
thermal analysis
[1971Moo] X-ray diffraction, Liquidus and solidus of PbZrOs-PbTiO3 section.
Quenching
[1980She] X-ray diffraction, Liquidus and solidus of the quasibinary ZrO,-TiO2 system.
Differential thermal analysis
[1980Eis] X-ray diffraction, Air isobar of the PbO,-TiO, and ternary TiO,-PbO,-Pb system.
Differential thermal analysis  Subsolidus phase relations and stability range of phases based on
and themogravimetry, the dissociation curves using the thermobalance to follow
Thermobalance (by molar equilibrium lossin O/Pb weight.
ratio O/Pb) Stability range of intermediate phases (PbTiO; and PbTisO;) below
973 K.
[1986Mch] X-ray diffraction, Subsolidus of of the quasy binary ZrO,-TiO, section. Phase
Neutron powder diffraction  relations between 1273 and 1773 K. Stability range of ZrTiO, and
ZrTi,Of phases.
[1998Kob] X-ray diffraction, Subsolidus of of the quasy binary ZrO,-TiO, section. Metastable
Differential thermal analysis phase relationships.Homogenity range of ZrTiO, phase.
[2004Trol] X-ray diffraction, Rietveld  Subsolidus of the quasibinary ZrO,-TiO, section:
analysis Stability and homogeneity range of the ordered and disordered
ZrTiO, phases; phase boundaries of titania and zirconia solid
solutions and intermediate (ZrTiO,4) phases.
[2005Tro] X-ray diffraction, Rietveld  Subsolidus of the quasibinary ZrO,-TiO, section:

analysis

Solvus of monoclinic-tetragonal transformation of the zirconia solid
solutions; stability and homogeneity range of the ordered and
disordered intermediate phases; phase boundaries of titania and
zirconia solid solutions and intermediate (ZrTiO,4) phases.
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Table 6.3 Selection of experimental information for the PbO-ZrO,-TiO, system: thermodynamic data.

Reference Experimental Tecnique  Measured quantity, temperatur es, compositions
[1969Ha¢€] Knudsen effusion PbO potential above the lead titanate, lead zirconate and
Pb(Ti1.4<Zr,)Ossolid solutions in the temperature range 1073 —
1350 K.
[1973Meh] EMF Gibbs energy of formation of PbTiO; compound in the
temperature range 1073 — 1273 K.
[1973Hal] Knudsen effusion PbO potential above the lead titanate, lead zirconate and
Pb(Ti1.4Zr,)Osfor x=0.5 in temperature range 1073 — 1350 K;
Non-stoichiometry of lead zirconate-lead titanate:
Lead oxide, titania and zirconia activities as functions of
composition in the |ead-titanate and lead-zirconate single
phase region; Activity coefficient of PbO as afunction of
Pb(Ti1.xZr,)Oscomposition at 1373 and 1473 K.
[1979Sch] EMF Gibbs energy of formation of PbTiO3; and PbZrO; compounds
Knudsen effusion in the temperature range 673 — 946 K.
PbO potential above the lead titanate, lead zirconate and
Pb(Ti1.xZry)Os solid solutions in the temperature range 673 —
1300 K.
[1982Shi] EMF Gibbs energy of formation of PbTiOz; compound in the
temperature range 1075 — 1350 K.
[1981Jac] EMF Gibbs energy of formation of PbZrO; compound between 1073
—-1673K
[1993Gos] DSC Specific heat of the PbZrO; compound in the temperature
range 400 — 480 K.
[1999Pop] Knudsen effusion Lead oxide activity above the lead titanate, lead zirconate and
Pb(Ti1.4Zr,)Ossolid solutions in the temperature range 1000 —
1350 K.
[2001Hom]  Adiabatic calorimetry Specific heat of the ZrTiO, compound in the temperature range
Solution calorimetry 13-400K;
Enthalpy of formation at 973 and 1073 K.
[2001Ran] Solution calorimetry Enthalpy of formation of the lead titanate, lead zirconate and
Drop solution calorimetry  Pb(Tiy.«Zry)Os solid solutions and heat of mixing at 973 K.
[2005Ros9] High-temp. DSC Specific heat of the PbTiO; compound in the temperature

range 323 — 1273 K, enthalpy and entropy of tetragonal — cubic
phase transition.

et al. [1973Hol] was mainly concerned with the width of the homogeneity range of 3Pbs.
yy(ZrxTi1x)Osy solid solution at 1373 K.

Thermodynamic properties of the BPbZr,Ti1.xO3 solid solutions are mainly derived

from the PbO-vapor pressure measurements using the Kundsen technique [1969Hae,
1973Hol, 1979Sch, 1999Pop]. Rane et al. [2001Ran] reported the standard enthal pies and
heat of mixing in the cubic lead zirconate titanate solid solutions using drop solution
calorimetry (Table 6.3).
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6.2. Thermodynamic optimization

Phase equilibria in the PbO-TiO, system are accepted from the work of Rase et.al.
[1971Ras], except for the PbO-rich side. The Gibbs energy of the tetragonal and cubic
lead titanate is based on most recent experimental information [2005Ros]. Simillary to
the previous work [1999K 00] only the high-temperature PbZrO; phase is included in the
assessment of the PbO-ZrO, system. The phase relations in the PbO-rich part of the PbO-
ZrO, system are based on the results of Fushimi and Ikeda [1967Fus] and those obtained
in the present work (see Chapter 7). The present assessment of ZrO,-TiO, system is
mainly based on the most recent and extensively investigated phase diagram published by
Troitzsch et a [2005Tro]. The thermodynamic data for the ZrTiO, compound [2001Hom]
are used together with the determined phase boundaries of the two phase regions
zirconium titanate + zirconia solid solution and zirconium titanate + titania solid solution.
Both, low- and high-temperature ZrTiO, phases are included in the assessment and in
view of insufficient experimental information they are modelled as separate phases. In
addition, the solubility of titania in the monoclinic zirconia is based on the carefully
selected experimental data [19710n0], while the homogeneity range of the cubic zirconia
is estimated. Optimisation in PbO-ZrO,-TiO, system was done using the phase equilibria
data reported by Fushimi and Ikeda [1967Fus] coupled with measured partial pressure of
lead oxide over the PZT solid solutions [1969Hae, 1973Hol, 1979Sch, 1999Pop].

6.3. Discussion

The resulting set of parametersis shown in Appendix (Table 1). By expanding the
interaction parameters of the liquid to higher order terms a better fit of experimental data
might be obtained. However, the experimental data themselves are not conclusive enough

and, therefore, the introduction of higher order terms (particularly for the liquid phase,

'Land?L ) was not considered.
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The calculated phase diagrams of the binary PbO-TiO,, PbO-ZrO, and ZrO,-TiO;
systems are presented on the Figs. 6.1, 6.2 (aand b) and 6.3 (a, b and c), respectively.

The Gibbs energy of both, tetragonal aPbTiO3; and cubic BPbTiO; modifications are
evaluated in the present work (Table 6.4). The thermodynamic properties of lead titanate
differ significantly from those reported in the modelling work of Soh et a [1994Soh]
based on the estimated values of heat capacity. Fig. 6.4 shows the comparison of the
calculated and experimentally measured heat capacity of lead titanate reported by
Rossetti et al. [2005Ros]. The peak observed at 760 K corresponds to phase
transformation aPbTiO; — BPbTiOs. Due to insufficient number of experimental data
points at temperatures below the phase transformation aPbTiO3 — BPbTiOs, the heat
capacities of both phases are taken to be equal. Calculated and experimentally measured
thermodynamic properties of lead zirconate are also shown in Table 6.4. Since the heat
content of BPbZrOsis not known, it is described using the Neumann-Kopp rule, while a
good agreement between calculated and measured enthalpy of formation [2001Ran] was
obtained. The enthalpy of formation and entropy of BZryTi1.xO4 (x = 0.5) at 298 K arein
good agreement with data reported by Hom et a [2001Hom]. Heat capacity was
measured up to 400 K, while the data above this temperature up to 1800 K were
extrapolated [2001Hom]. Since extrapolated data are not considered in this work and
there are only few measured points above 298 K, the heat capacity of BZryTi1xO4 (X =
0.5) is described

Table 6.4 Caculated and experimentally measured thermodynamics functions of
a'PbTiOs, BPbZrOs and BZrTi1xO4 compounds at 298.15 K.

Compound AHe [kJ-mol™] AS° [Jmol™ K™ AG°[kImol?] Reference
a'PbTiO; -1199.02 112.47 -1232.55 Thiswork
-1199.74 + 2.88 [2001Ran]
BPbZrO; -1318.00 129.19 -1356.51 Thiswork
-1319.18 + 4.66 [2001Ran]
BZr,Ti;,O4(x=0.5) -2024.01 116.22 -2058.66 Thiswork

-2024.1+ 4.5 116.71+0.31 [2001Hom]
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Fig. 6.1 The calculated PbO-TiO, phase diagram in comparison with the experimental

data[1971Ras].

Table 6.5 Invariant equilibriain the PbO-TiO, system.

mliﬁ?)z[l'?'?éz Type T (K) Reference
L - PPbTiO; + TiO,  Eutectic
50.03 e 1522.97 Thiswork
59.00+0.1 1513 [1971Rag
L ~ BPbTiOs Congruent
1551.61 Thiswork
1558 [1971Rag
L - PBPbTiOs + aPbO  Eutectic
13.77 8.95 € 1124.19 Thiswork
13.80+0.1 - 1111 [1971Rag|
L + BPbO o~ aPbO Peritectic
3.10 2.75 p3 1145.06 Thiswork
aPbTiO; o PBPbTiOs Solid-state
transform. 760.81 Thiswork
760+2 [2005R0s]




105

3000 ' . ' 1600 ' ' '
A [1967Fus] A [1967Fus]
2700 —{ O [This work] vZrO,—- 1500 — 7 [This work] -
2400 - Liquid L 1400 —
g 2100 BZFOZ—’_ g 1300 4 Liquid+pPbZrO, B
o _ L
5 1800 - 8 L 212009 an A
S 15004 pPbziO § 11007pPb0 i
(V) — rO,— - GL)
3 o 1000 BPbO+BPbZrO,
}1) 1200 (XIZrO2 — o 900 N B
|_
900 - 800 i
600 - - 700 - ]‘O‘Pbo aPbO+BPbZIO, |
300 | I I T 600 T T T
0O 02 04 06 08 1.0 0 0.02 0.04 0.06 0.08
Mole fraction ZrO, Mole fraction ZrO,
a) b)

Fig. 6.2 The calculated PbO-ZrO, phase diagram (a) and magnified PbO-rich part (b)
compared with experimental measurements.

by the Neumann-Kopp rule which shows good fit with the measured data up to 400 K
(Fig. 6.5). Calculated partial pressure of lead oxide over BPbTiOs is in good agreement
with data reported by Schmahl et al. [1979Sch], Haerdtl and Rau [1969Hae] and Holman
and Fulrath [1973Hol] (Fig. 6.6), while the data of Popovic et al. [1999Pop] are
inconsistent with the selected experimental informations in PbO-TiO, system. The
calculated partial pressure of lead oxide over BPbZrO; fits well the data reported by
Popovic et a. [1999Pop] and Jacob and Shim [1971Jac], while the results of other
authors [1969Hae, 1973Hol, 1979Sch] are inconsistent with the phase diagram reported
by Fushimi and Ikeda[1967Fus]. The agreement between calculated and measured values
for the BPbZr,Ti1.xO3 solid solutions [1969Hae, 1973Hol, 1979Sch, 1999Pop] is quite
satisfactory. The data obtained by Knudsen technique [1969Hae, 1973Hol, 1979Sch,
1999Pop] have been partialy used in optimization (the partia pressure reported by
Popovic et al. [1999Pop] was measured over the nonequilibrated phases for the most of
investigated compositions).
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Table 6.6 Invariant equilibriain the PbO-ZrO, system.

Reaction,
mol. % ZrO, Type T (K) Reference
L +  VZro, o~ BZrOo; Peritectic
60.18 P4 2584.00 Thiswork
L +  BZrO, o~ PBPbZrO;  Peritectic
11.86 Ps 1842.54 Thiswork

- 1843 [1967Fus]
L + pBPbZros; -~  BPPO Peritectic

0.1 2.02 Ps 1167.31  Thiswork
<1.00 - 1178+5  [1967Fus]
- <4.00 - [1962Ike]

The calculated invariant equilibria in the PbO-TiO, system compared with the
experimental ones are presented in Table 6.5. The peritectic reaction Liquid + PO —
oaPbO occurs at 1145 K and 2.75 mol. % TiO, dissolved in tetragona aPbO solid
solution (Table 6.5). Matsuo and Sasaki [1963Mat] reported that orthorhombic BPbO
dissolves some TiO, and converted itself to tetragonal aPbO. This finding is in
accordance with the tentatively drawn solubility of TiO, (less than 2 mol. %) in BPbO by
Rase et.al.[1971Ras]. Since, the solubility of TiO,in BPbO phase is probably very small,
it is not taken in account in the present work. In addition, the thermodynamic and phase

boundary datafor aPbO and BPbO are missing.

BPbZrO; compound melts incongruently at 1842.54 K and 88.14 mol. % PbO in the
liquid (Table 6.6). The calculated maximal solubility of zirconia in tetragonal, BPbO,
solid solution is 2.02 mol. % at temperature 1167.31 K of the peritectic reaction, Liquid +
BPbZrOs; — BPbO. The reported solubility of ZrO, in PbO solid solution at 1125 K is
less than 4 mol. % ZrO, [19621ke], while the measured one in present work at 1043 K is
1.3+ 2moal. %.
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Fig. 6.3 The calculated ZrO,-TiO, phase diagram with the corresponding experimental
points (a) and enlarged view of the central part of diagram (b, ).
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Fig. 6.4 Comparison of the calculated and measured heat capacity of PbTiOs.
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Fig. 6.5 Comparison of the calculated and measured heat capacity of ZrTi1.xO4 (X =
0.5).

The calculated invariant equlibria in the ZrO,-TiO, system are compared with the
experimental ones in Table 6.7. Agreement between calculated and experimental data is

very good, except in the ZrO,-rich side near to eutectoid reaction ZrO; — aZrO, +
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aZrTiO4 which occurs at somewhat lower temperature than suggested in [2005Tro] and
[19720n0]. On the other hand, Webster et al. [1965Web] as well as Noguchi and Mizuno
[1968Nog] 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 equilibrium is not reached. Measured solubility of titaniain
BZrO,up to 1900 K [1986Ban, 2005Tro] supports the calculated value of 20.75 mol. % at
the temperature of 2128.70 K for the peritectic reaction Liquid + BZrO, — BZrcTi1-xO4
obtained in the present work (Table 6.7). The calculated solubility of titaniain aZrO; is
6.3 mol. % at the eutectoid temperature, what is close to the results reported by Ono
[19720n0] (Table 6.7).
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-+ [1969Hae]
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[PbZr0.55Ti0.4503]
|~ A [1969Hae]

Log (Ppyo, atm)

-5.0

[PbZr0.45Ti0.5503]

-5.5 — @ [1979Sch]

[PbZr0.75Ti0.2503]
8.0 o [1969Hae]

1000 1100 1200 1300 1400 1500

Temperature (K)
Fig. 6.6 The calculated and measured partial pressure of lead oxide over the end
members, BPbZrOs; PPHTiO; and PPbZrTi;«Os; solid solutions superimposed with

experimental measurements.
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Fig. 6.7 The calculated enthalpy of formation of the BPbZr,Ti1.xO3 solid solutions from

oxides at 298 K in comparison with experimental measurements [2001Ran].

The ZrO,-rich part of the phase diagram above 2500 K, except the liquidus, is
estimated in the present work. Due to the difficulties in conducting experiments at such
high temperatures no reliable information in this region could be taken into account.
Experimentally registered anomalies on the liquidus curve [1967Nog, 1980She] are well
consistent with calculations. These anomalies correspond to the peritectic reactions, p,
and p; shown in Table 6.7. The calculated liquidus is consistent with the data of
Shevchenko et a. [1980She], while the other measurement of the liquidus in the ZrO,-
TiO, system [1967Nog] shows large negative deviations.

Fig. 6.7 shows the caculated enthalpy of formation of the BPbZrTi;xOs solid
solutions from oxides at 298 K as compared with experimental data of Rane and
Navrotsky [2001Ran]. 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
inconsistent with the selected experimental information in the present work and the
behavior of the ideal mixing is accepted. Nevertheless, the agreement between
calculation and experiment is quite good. The calculated section PbTiOs-PbZrOs is
shown in Fig. 6.8. The PbTiOs-PbZrO; system cannot be rigorously treated as a

quasibinary one and this phase diagram is an interesting example, in which a congruently
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Table 6.7 Invariant equilibriain the ZrO,-TiO, system.

Reaction,

mol. % TiO, Type T (K) Reference
L o BZrTi1x04 TiO; Eutectic
73.70 58.60 85.98 e 1978.32  Thiswork
75.30 - - 1973 [1968Nog]
73.00 - ~82 1993+20 [1980She]
80.00 ~ 60 ~85 2033 [1954Cou]
L + BZro, BZrTi1xOs  Peritectic
62.62 20.75 40.71 P1 2128.70  Thiswork
52.00 - - 2093 [1968Nog]
60.00 - - 2143 [1980She]
55.00 - 50.00 2093 [1954Cou]
L + yZrO, BZro, Peritectic
34.99 8.32 8.45 P2 2473.41 Thiswork
16.70 - - 2616 [1968Nog]
35.00 - - 2473 [1980She]
BZrO, o aZrO, 0ZrTiOy Eutectoid
9.89 6.30 50.00 1300.94 Thiswork
- 12 (ZrTi06 ?) 923 [1968Nog]
- 5 (TiOy) 1354  [19720n0]
~12 ~9 ~49 1357 [2005Tr0]
ZITiz0s aZrTiOy4 TiO, Peritectoid
66.67 50.00 95.42 1307.2  Thiswork
~ 67 (B ZrTiOy) - ~1473  [1986Mch]
~61 50.00 94.84 ~1340  [2005Tro]
BZrTi1x0s o aZrTiO4 TiO, Eutectoid
51.41 50.00 93.41 1425.41  Thiswork
51.35 49.45 93.48 ~1420  [2005Tro]

melting and an incongruently melting compound form a solid solution over the entire

range of composition. The diagram includes experimental results from different reports
[1967Fus, 1971Moo0]. Deviation between calculations and experimental data is within the

uncertainty of measurements. The calculated isothermal section at 1373 K (Fig. 6.9) is
consistent with those reported in literature [19621ke, 1965Web]. The non-stoichiometry
of the lead titanate-lead zirconate solid solution [1962lke, 1973Ho0l], i.e., the deviation

from theratio

PbO
2r0, +TiO,

=1 is not taken in account in the present work. In the region,



112

where the PbO content is more than 50 mol. %, the calculated isothermal sections at
1373, 1473 and 1573 K and the tie-lines (Figs. 6.10a, 6.10b and 6.10c) are compared with
the experimentally determined ones [1967Fus]. At lower temperatures, the solubility of
the ZrO; in the liquid phase increases with increasing PbZrOs content (Figs. 6.10a and
6.10b), while it is almost constant at 1573 K (Fig. 6.10c). Such atrend is consistent with
the results of Fushimi and Ikeda [1967Fus].

The calculated projection of the monovariant liquidus lines is shown in Figs. 6.11a
and 6.11b. According to the present work, the solidification sequence in the PbO- TiO,-
ZrO, system is in agreement with the schematically proposed polythermal projection by
Fushimi and Ikeda [1967Fus|, where the solubility surface for zirconia dominates in the
system. The calculated invariant reactions (Table 6.8) are consistent with those estimated
in literature [1967Fus]. The Sheil reaction scheme of the PbO-TiO,-ZrO, system is given
inFig. 6.12.

1900 ' ' ' '
[1967Fus]
1850 - Liquid r O BPbzr,Ti,,O,
Q@ Liquid
< 1800 - - M Liquid+BPbZr,Ti, 0,
= O Liquid+pzrO,
L 1750 4 | A Liquid+pPbZr,Ti,,O,
2 + BZr0,
o Ph
¢ 1700 | X Phase boundary
Q @ [ X~ --- [1971Moo]
£ 1650 }
P “© Liquid+BZro,
1600 - +BPbZr,Ti, O, |
1550 3 BPbZr Ti, O
+BPbZr,Ti, O, ! a3
1500

0 0.|2 0.I4 0.I6 0.|8 1.0
Mole fraction PbZrO, PbZr0,

Fig. 6.8 The calculated PbTiOs-PbZrO; section as compared with experimental

measurements.
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v TiO,+aZrTiO +BPbZr,Ti, O,

X TiO,+BPbZr,Ti, O,

Fig. 6.9 Isothermal section of the PbO-ZrO,-TiO, phase diagram at 1373 K compared

with experimental measurements.

Table 6.8 Invariant equilibria in the ternary PbO-ZrO,-TiO, system (temperatures in

parentheses are estimated by Fushimi and Ikeda [1967Fus]).

Reaction,
0,
T%?J{. 0/2 %Drb(())2 Type T(K)

L + BZrO; o PBZrTirOs + PPbZrTipxOs  Transition
6.11 85.13 51.00 6.36 U 1531.66
37.41 0 0 50.00 (1573)

L - TiO, + BZrTix0s + BPbZrTipxOs  Eutectic
581 7.82 46.61 532 E 1521.62
36.60 0 0 50.00 (1503)

L + BPbZrTiiOs + BPbO o aPbO Peritectic
0.08 46.31 1.82 1.49 P 1151.23
96.54 50.00 98.18 95.76
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7. EXTRAPOLATIONINTO MULTICOMPONENT Cu-Pb-Zr-Ti-O SYSTEM

The evaluated database in this thesis is reliable for extrapolating calculations in the
oxygen-rich part of the multicomponent Cu-Pb-Zr-Ti-O system, i.e., in the PbO-ZrO,-
TiOy, CuOy-PhO-ZrO,, CuO4-PhO-TiO, and CuOy-ZrO,-TiO, systems. In addition, the
database can be used in prediction of phase relations among the metals and oxides, i.e.
between copper and PZT ceramics (Cu-PbO-ZrO,-TiO, system), for which purpose it is
developed. Although the metallic parts of the multicomponent Cu-Pb-Zr-Ti-O system are
partialy included in database (See Chapters 4 and 5), it cannot be used for calculationsin
the Cu-Pb-Zr-Ti system and corresponding subsystems.

7.1. Evaluation of phaseréationsin the CuO-Cu,O-PbO-Zr O, and CuO-Cu,0O-
PbO-TiO, systems

7.1.1. Extrapolating calculations

Investigation of the phase relations in the CuO-Cu,0O-PbO-ZrO, and CuO-Cu,O-PbO-
TiO, systems and of the reactivity between copper oxides and PZT ceramics is based on
the extrapolation from lower-order systems. The calculated isothermal-isobaric sections
of the CuOx-PbO-ZrO, and CuO,-PbO-TiO, systemsin air at 1043 and 1173 K are given
on Figs. 7.1 and 7.2. Depending on the temperature and partial pressure of oxygen, CuOy
corresponds to either Cu,O or CuO. The calculated tie-triangles show that CuO and lead
titanate / lead zirconate can coexist with titania / or zirconia, as well as with the PbO
solid solution. With increasing temperature the formation of a PbO-rich liquid occurs and
it coexists with lead titanate / lead zirconate (Fig. 7.1b and 7.2b). Figs. 7.3 and 7.4 show
the calculated projections of the monovariant liquidus lines in CuOy-PbO-TiO, and CuOx-

PbO-ZrO, systems, while the invariant reactions are listed in Tables 7.1 and 7.2.
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Fig. 7.1 The calculated isothermal-isobaric sections of the CuOy-PbO-TiO, system at
Py, =0.21bar and 1043 K (a) and 1173 K (b).
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Fig. 7.4 Calculated projection of the monovariant liquidus lines in the CuOy-PbO-ZrO,

system (a) and enlarged view of the ZrOz-poor part (b) at R, =0.21bar. Fields of

primary crystallization are indicated.

Table 7.1 The calculated invariant equilibriain the CuO4-PbO-TiO, system.

Reaction Type Tea (K) Tep (K)
=] L « CuO + PbTiO3 + TiO, Eutectic 1233.12 1235+ 10
E L « CuO + PbTiO3 + aPbO Eutectic 1093.27 1065+ 10
U, L + BPbO ~ aPbO + CuO Transition 1106.87 -
S L ~ CuO + PbTiO3 Saddle 1211.56 -

Table 7.2 The calculated invariant equilibriain the CuOy-PbO-ZrO, system.

Reaction Type Tea (K) Tep (K)
U, L +aZrO, « BPbZrOs; + CuO Transition 1254.27 1235+ 10
U, L + BPbZrO; « CuO + BPbO Transition 1119.49 1070+ 10
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7.1.2. Experimental results and discussion

The four prepared compositions correspond to the numerated points in Figs. 7.1a (3
and 4) and 7.2a (1 and 2). The sample treatments are described in the Chapter 3.1. The
XRD, SEM, EDX and DTA analysis were performed.

The XRD patterns of the samples (Fig. 7.5) and the SEM back scattered electron
images (Fig. 7.6) recovered the presence of three phases for the all investigated
compositions. The average chemical composition of the phases obtained by EDX is
shown in Table7.3. The presence of the low-temperature stable modifications of
aPbTiOszand aPbZrOsis observed (Fig. 7.5). Although, the rapid cooling was performed
the phase transitions BPbTiO; <« aPbTiO3; and BPbZrO; <« aPbZrOs took place. The
XRD patterns of the sample 4 (Fig. 7.5d) show the existence of tetragonal PbO solid
solution with 5.1 + 1 at.% Ti at 1043 K (Table 7.3), while the orthorhombic high-
temperature modification of PbO present in sample 2 (Fig. 7.5b) shows that the solubility
of zirconium is less than 1 at.% (equivalent to 1.3 + 2 mol. % ZrOy,), i.e., within the
uncertainty limits of the measurements (Table 7.3). The solubility of copper in lead
titanate and lead zirconate is negligible. The measured solubility of 9.6 + 2 mol. % TiO;
in the tetragonal PbO at 1043 K (sample 4) is consistent with the calculated value of 7.98
mol. % TiO; at the same temperature (Fig. 7.1), which corresponds to the homogeneity
range of PbO solid solution in the quasibinary PbO-TiO, diagram (Fig. 6.1, Chapter 6).
From the chemical point of view, a smilar trend could be expected in the case of
zirconia. However, the stabilization of the low-temperature tetragonal PbO with
dissolution of zirconia schematically proposed by Jacob and Shim [1982Jac] and assessed
by Koo et al. [1999K 00] is not in agreement with the results obtained in the present work.
All results obtained in this thesis using the applied characterization methods indicate that
the solubility of zirconiain PbO is < 2 mol. %. It is possible that the equilibrium state is
not reached due to a sluggish kinetic of dissolution of ZrO, in PbO. The slow reaction
rates and difficulties with equilibrium experiments in the ZrO,-TiO, system at
temperatures below 1473 K are well known [1986Mch, 2004Trol, 2005Tro]. However,
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the evaporation of PbO occurs rather than formation of PbO solid solution (see Chapter

7.2) and it creates additional problems with the prolonged heat treatments.
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Fig. 7.5 The XRD patterns the samples 1 (a), 2 (b), 3 (c) and 4 (d) after heat treatment

at 1043 K (b, d) and 1173 K (a, c) for 100 h.

Fig. 7.7 shows DTA curves of sample 1 to 4 previously heated in air at 1043 K (2, 4)
and 1173 K (1, 3) for 100 h. The weak endothermic peaks observed at 504 K (samples 1,
2) and 760 K (samples 3, 4) correspond to the aPbZrO; — BPbZrOs; and aPbTiO; —
BPbTiOstransformation, respectively. The endothermic effects at 1235 K (Fig. 7.6a) have
been related to the melting of the ZrO.-rich (sample 1) and TiO,-rich (sample 3)

compositions. The measured melting temperature of those compositions (sample 1 and 3)
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is consistent with the temperature of the predicted invariant reactions U; (Table 7.2) and
E; (Table 7.1). At the same time, measured melting temperature of PbO-rich
compositions (samples 2 and 4) show negative deviations in comparison with the
calculated results for the invariant reactions U, (Table 7.2) and E, (Table 7.1). Such
calculated results are probably an implication of using the associate solution model for
the description of liquid in the Cu-Pb-O system. Indeed, the calculated temperature of the
saddle point S; (L <> CuO + PbO) of the CuO-PbO section in air (Fig. 5.1.17, Chapter
5.1) shows positive deviation (> 30 K) compared to Refs. [1967Gad1, 1990Kit].

In general, experimental results confirm the calculations in the CuOy-PbO-ZrO, and
CuOy-PbO-TiO, systems (Figs. 7.1 and 7.2).

Table 7.3 The average chemical composition of phases observed by EDS analysis. The

uncertainty of measurementsis 1 at. % (2 mol. %).

Sample Phase Composition, at. % (mol. %)
Cu (CuO) Pb (PbO) Zr (ZrOyp) o]
1 dark phase (CuO) 57.7 (99.4) 0 0 42.2
grey phase (ZrO,) 0.3(0.9) 0 38.9 (99.0) 60.7
light grey phase (PbZrOs) 0.7 (1.5 22.9 (48.4) 23.6 (50.1) 52.9
2 dark phase (CuO) 56.3 (99.6) 0 0 435
grey phase (PbZrOs) 05(1.2) 21.9 (48.9) 22.3(50.0) 55.3
light phase (PbO) 1(1.8) 55.0 (96.9) 0.8 (1.3) 43.3
Cu (CuO) Pb (PbO) Ti (TiOy) o]
3 dark phase (TiOy) 0.4 (0.9) 0 38.9 (99.0) 60.8
grey phase (CuO) 56.18 (98.48) 0 0.9(1.4) 43.0
light phase (PbTiOs) 0.7 (1.4) 22.8 (48.4) 23.6 (50.2) 53.0
4 dark phase (CuO) 58.0 (99.8) 0 0 41.9
grey phase (PbTiO3) 0.9 (1.9 21.9 (48.6) 22.3 (49.4) 54.9
light phase (PbO) 1(1.9) 47.1 (88.6) 5.1 (9.6) 46.8
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Fig. 7.6 The SEM back scattered electron images of the samples 1 (a), 2 (b), 3 (c) and 4 (d)
after heat treatment in air at 1043 K (b, d) and 1173 K (a, c) for 100 h. (Phase compositions
aregivenin Table 7.3)
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7.2. Evaluation of phaseréelationsin the Cu-PbO-ZrO,-TiO, system

7.2.1. Extrapolating calculations

The calculated chemical potential diagrams of the multi-component Cu-PbO-ZrO,-
TiO, system are shown in Figs. 7.8 - 7.17. The utilization of chemical potential diagrams
is crucial for the prediction of the chemical compatibility of dissimilar materias, i.e.,
copper and PZT ceramics (see Section 2.2.3). The selected values of the chemical
potentia of oxygen, log(R,, ,bar) and temperature in the calculated diagrams (Figs. 7.8-

7.15) are chosen to be consistent with the conditions of experiments performed in this
thesis. Fig. 7.8 shows the existence of copper in contact with BPbTiOs; at 1073 K under
partial pressure of oxygen of log( R, ,bar)=-14. However, at 1173 K and log( R, ,bar)= -

12 there is no direct contact line between Cu and PPbTiO; (Fig. 7.9), whereas the
stability areas of TiO, and Pb-rich liquid are adjacent and they intervene between copper
and BPbTiOs. It means that in the corresponding phase diagram there is no tie-line

between Cu and BPbTiOg, i.e., they cannot exist in equilibrium under given conditions

-461.0 L L L -42 L L L L L L L L L
-461.2 - L
. _43 -
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Fig. 7.8 Chemica potential diagram for the Fig. 7.9 Chemical potential diagram for Cu-
Cu-PbO-TiO, system a 1073 K and PbO-TiO, system a 1173 K and

log( R, ,bar)=-14. log( R, ,bar)=-12.
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Fig. 7.10 Chemica potential diagram for
the Cu-PbO-TiO, system at 1073 K and
log( R, ,bar)=-9.5
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of temperature and partial pressure of oxygen. In Figs. 7.10-7.16 direct contact line
between Cu and BPbTiOs; BPbZrOs or BPbZrsTi sO3 could be seen, while the formation
of oxide-rich liquid will take place for the compositions rich in PbO. With increasing
temperature and partial pressure of oxygen the stability area of the oxide liquid widens
(Figs. 7.10-7.16). At the same time, the length of the contact line between Cu and
BPbTiOs (Figs. 7.10 and 7.12), BPbZrO; (Figs. 7.11 and 7.13) and BPbZrsTisOs3 (Figs.
7.14-7.16) is shorted, i.e. the window in terms of temperature and partial pressure of
oxygen where copper coexist with BPbTiOs, BPbZrOz; and BPbZr sTi sO3 narrows. With
further increasing temperature and increasing partial pressure of oxygen the Cu-rich
liquid occurs as intervene phase between Cu and PZT (Fig. 7.17) and these solid phases

are unstable against the formation of the Cu-rich liquid.

7.2.2. Experimental results and discussion

Five compositions were prepared and treated as described in Chapter 3.1.1 - (€). The
XRD, SEM and EDX analysis were performed.

7.2.2.1. PbO-free samples

The XRD patterns of the initial mixture of sample 1 (Cu + PbTiOs3) and after heating in
a controlled oxygen atmosphere using the Ni/NiO buffer at 1073 K (log (Po,, bar) = -14)
and 1173 K (log (Pop, bar) = -12) for 50 h are given in Fig. 7.18. No changes in XRD
patterns were observed after a heat-treatment at 1073 K in comparison with the initial
mixture. At the same time, the strong peaks of the third phase, TiO,, which are present on
the XRD patterns after heat-treatment at 1173 K indicate the decomposition of lead
titanate by the reaction PbTiOs < TiO; + PbLiq +1/20,. Due to the relatively low
temperature the SEM back-scattered electron images (Figs. 7.19a and 7.19b) revealed the
presence of very porous microstructure consisting of Cu (grey phase) and PbTiO3 (light).
Beside the grey and light areas, a dark TiO, phase was observed in sample 1 after heating
at 1173 K (Figs. 7.19c and 7.19d). In addition, the morphology of sample 1 after heating
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at 1173 K indicates that the decomposition of lead titanate with the formation of a liquid
phase took place. The average chemical composition of phases obtained by EDX is
shown in Table 7.4. The experimental results are consistent with the calculated diagrams
(Figs. 7.8 and 7.9).
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Fig. 7.18 XRD of sample 1 after heating at 1073 (log (Po, bar) = -14) and 1173 K (log
(Poy, bar) = -12) for 50 h using Ni/NiO buffer.
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Fig. 7.19 The SEM images of the sample 1 (Cu + PbTiOs) after heating at 1073 K (log
(Pop, bar) =-14) (aand b) and 1173 K (log (Poy, bar) = -12) (c and d) for 50 h.
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Fig. 7.20 XRD of sample 1 after heating at 1073 (log (Po,, bar) = - 9.5) and 1173 K (log
(PO, bar) = -8) for 50 h using Cu/Cu,0O buffer.
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Table 7.4 The average chemical composition of phases observed by EDX analysis.

(The uncertainty of measurementsis 1 at. %)

Mixture/ Buffer/ Phase Composition, at. %
Conditions Cu Pb Ti 0
1/Ni/NiO/ grey (Cu) 98.3 0.4 0.9 0.4
1073 K,50h light (PbTiOs) 0.8 22.1 242 529
log (Poy, bar) = -14 (Figs. 7.19a,b)
1/ Cu/Cu,0O/ grey (Cu) 98.7 0 0 1.2
1173K,50h light (PbTiOs) 0.4 23.3 251 511
log (Poy, bar) = -8 (Fig. 7.21)
1/Ni/NiO/ dark (TiOy) 0.4 0 356 64.0
1173 K, 50 h grey (Cu) 99.0 0 0 0.9
log (Po, bar) =-12 | light (PbTiO3) (Figs. 7.19c,d) | 07 232 252 509
3/ Cu/Cu,0O/ grey (Cu) 99.1 0 0.2 0.6
1073 K, 50h light grey ( PbTiOs) 0.2 236 250 511
log (Poy, bar) =-9.5 | |ight (PbO) (Fig.7.25)| 03 511 59 427
Cu Pb Zr O
2/ Cu/Cu,0O/ grey (Cu) 99.4 0.1 0.2 0.4
1073K, 50 h light (PbZrOs) 09 232 235 524
log (Po,, bar) =-9.5 (Figs. 7.23a,b)
2/ Cu/Cu0O/ dark (ZrO,) 0.1 13 36.6 620
1173 K,50h grey (Cu) 99.1 0 0 0.9
log (Po, bar)=-8 | light (PbZrQOs) (Figs. 7.23c-f) 1 22.5 229 536
4/ Cu/CuO/ grey (Cu) 99.7 0 0.3 0
1073K, 50 h light grey ( PbZrOs) 07 236 244 514
log (Poz, bar) =-9.5 | light (PbO) (Fig. 7.27) 0.2 55.8 1.1 42.9
Cu Pb Ti Zr @)
5/ Cu/Cu0O/ grey (Cu) 98 0 0 0 0.7
1173 K, 50 h light (PbZr sTi 503) 04 236 119 115 526
log (Poy, bar) = -8 (Fig. 7.29)

Fig. 7.20 shows the XRD patterns of the sample 1 (Cu + PbTiOs) after heating in a
controlled oxygen atmosphere using the Cu/Cu,O buffer at 1073 K (log (Poy, bar) = - 9.5)
and 1173 K (log (Po,, bar) = -8) for 50 h. The buffer was loaded in the furnace at the
lower temperature then the samples as it was described in the Chapter 3.1. The change of
the XRD pattern was not observed after heat-treatments. The SEM images show the
presence of only two phases (Fig. 7.21), the grey one corresponds to Cu and the light one
to PbTiO3 without measurable solubility between them (Table 7.4). TiO, phase was not
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observed indicating the stability of lead titanate under investigated conditions as it was
predicted by the calculations (Figs. 7.10 and 7.12).

*x1000 ZO0pm M OkV xZ2000 Z0Prm
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Fig. 7.21 The SEM images (a - x1000 and b - x2000) of the sample 1 (Cu + PbTiOg) after
heating at 1173 K (log (Poy, bar) = -8) for 50 h.

Similarly, no change was observed in the XRD patterns of sample 2 (Cu + PbZrOs)
after heating at 1073 K (log (Po,, bar) = - 9.5) in comparison with the initial mixture (Fig.
7.22). Two phases, the grey Cu and light PbZrOs;, were observed using the electron
microscopy (Fig. 7.23). The solubility of copper in PbZrOs is negligible (Table 7.4).
However, the weak peak of ZrO, appears on the XRD patterns of the sample heat-treated
at 1173 K (Fig. 7.22), which seemsto be due to evaporation of PbO from PbZrOs. Beside
the Cu and PbZrO; phases the small grains (< 1um) of zirconia were found only on the
surface of the sample (Fig. 7.23d-f). The kinetically controlled evaporation of PbO
becomes significant as the temperature increases. According to the calculated results for
the closed system saturated with PbO vapor (Fig. 6.6, Chapter 6) PbTiOz shows a two
order of magnitude lower partial pressure of PbO in comparison with PbZrOs at the same
temperature. Therefore, the evaporation of PbO with the precipitation of TiO, from
sample 1 treated at the same conditions (Cu/Cu,O, 1173 K, log (Po,, bar) = -8) was not
observed (Figs. 7.20 and 7.21). In this work, the experiments were done in an open

system with continuous gas flow in order to obtain a controlled partial pressure of oxygen
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over the samples. The PbO vapor was continuously transported away by the carrier gas
and the equilibrium PbO vapor pressure over the samples could not be reached. The
evaporation of PbO from lead titanate and lead zirconate leads to the decomposition of
ceramics but this kinetically controlled process is not taken into account in the
calculations of this work. In addition, it does not mean that PbZrO; is unstably with
respect to PbO + ZrO,, i.e. that the Gibbs energy of lead zirconate under investigating
conditions (1173 K, log (Po,, bar) = -8) is higher than for PbO + ZrO,. The experimental
observations are in agreement with the calculated diagramsin Figs. 7.11 and 7.13.
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Fig. 7.22 XRD of sample 2 after heating at 1073 (log (Po,, bar) = - 9.5) and 1173 K (log
(Poy, bar) = -8) for 50 h using Cu/Cu,0 buffer.
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Fig. 7.23 The SEM images of the sample 2 (Cu + PbZrOs) after heating at 1073 K (log
(Poy, bar) = -9.5) (a, b) and 1173 K(log (Poy, bar) = -8) (c, d, e, f) for 50 h. (ZrO, phaseis
shown by arrow)
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7.2.2.2. PbO — bearing samples

Three phases, tetragonal aPbO solid solution, aPbTiOz and Cu were observed on the
XRD pattern of mixture 3 (Cu + PbO + PbTiOg3) after heating at 1073 K (log (Poy, bar) = -
9.5) for 50 h using the Cu/Cu,0 buffer (Fig. 7.24). The partial melting of this sample was
visually confirmed. The tetragonal aPbO solid solution (light phase), aPbTiOs (light
grey) and Cu (grey) can aso be seen on the SEM images given in Fig. 7.25, while the
average chemical composition of the phases is shown in Table 7.4. These findings are in
accord with the predicted phase stabilities in Fig. 7.10. The solubility between Cu and
PbTiO3; was not observed. The measured solubility of titanium in aPbO is consistent with
the previously reported experimental results for the CuO,-PbO-TiO, system (Table 7.3)
aswell aswith the assessed PbO-TiO, phase diagram (Fig. 6.1, Chapter 6).
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Fig. 7.24 XRD of sample 3 after heating at 1073 (log (Poy, bar) = - 9.5) for 50 h with
using the Cu/Cu,O buffer.
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Fig. 7.25 The SEM images (a - x1000 and b - x2000) of the sample 3 (Cu + PbO +
PbTiO3) after heating at 1073 K (log (Poy, bar) = -9.5) for 50 h using Cu/Cu,O buffer.

Similarly, three phases, aPbO (light), PbZrOs (light grey) and Cu (grey) are found in
sample 4 (Cu + PbO + PbZrOs) (Figs. 7.26 and 7.27). Due to the evaporation of PbO the
amount of this phase in the microstructure is low (Fig. 7.27). The solubility of zirconiain
PbO is less than 2 mol. % at 1073 K, while the solubility between Cu and PbZrOs; was
again not observed (Table 7.4). It is doubtful if the melting of sample 4 took place.
However, the lower fraction of the PbO solid solution observed in sample 4 (Fig. 7.26) in
comparison with sample 3 (Fig. 7.24) is reasonable. The dissolution of titania and
zirconia leads to the stabilization of the PbO solid solution and the decreasing of the
activity of lead oxide in the PbO solid solution, i.e., the partia pressure of PbO above the

solid solution (@p,, = Pro/Poe » Where the a,,, is the activity of PbO, P, is partial
pressure of the PbO above the aPbO solid solution and B, is the partial pressure over

the pure PbO). The solubility of zirconiain both, the liquid and PbO solid solution is less
than those measured in the case of titania that suppresses the evaporation of PbO from

sample 3 in comparison with sample 4.
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Fig. 7.26 The XRD of sample 4 after heating at 1073 (log (Poy, bar) = - 9.5) for 50 h using
Cu/Cu,0 buffer.
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Fig. 7.27 The SEM images (a — x500 and b — x3000) of the sample 4 (Cu + PbO +
PbZrOs3) after heating at 1073 K (log (Po,, bar) = -9.5) for 50 h using Cu/Cu,0O buffer.

The XRD and SEM of mixture 5 (Cu + PZT) after heating at 1073 K (log (Poy, bar) =
-9.5) and 1173 K (log (Poy, bar) = -8) show the presence of two phases, PZT (light) and
Cu (grey) (Figs. 7.28 and 7.29). The reactivity between Cu and ceramics was not
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observed (Table 7.4). The obtained experimental results are well consistent with the
phase relation predicted by calculations (Fig. 7.14 and 7.15).
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Fig. 7.28 XRD of sample 5 after heating at 1073 K (log (Po,, bar) = - 9.5) and 1173 K
(log (Poy, bar) = - 8) for 50 h using Cu/Cu,0 buffer.
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Fig. 7.29 The SEM images (a - x1000 and b - x2000) of the sasmple 5 (Cu + PZT) after
heating at 1173 K (log (Poy, bar) = -8) for 50 h using Cu/Cu,0O buffer.
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8. CONCLUSIONSAND OUTLOOK

The thermodynamic assessment of the multi-component Cu-Pb-Zr-Ti-O system was
carried out by the CALPHAD method. Thermodynamic properties were described using
the compound energy formalism (CEF) as well as the substitutional solution model for
various solid phases and an associate solution model for the liquid phase. An internaly
consistent set of optimized Gibbs energy parameters has been derived, which provides a

good description of phase equilibriaat 1 bar total pressure.

The associate solution model adopted for the description of the liquid phase in the
multi-component Cu-Pb-Ti-Zr-O system was found to be superior for calculating the
relevant phase equilibria in comparison with the two-sublattice ionic model. Although
both models can be applied with some success in the binary systems (Zr-O, Ti-O, Cu-O,
Pb-O), extension to the higher-order systems (e.g. Cu-Ti-O) is not always equivalent as
there are more compositional variables in the associate model than for the two-sublattice
case. The calculated isothermal sections of Cu-Ti-O system at 1500 K using two-
sublattice ionic model for liquid (Fig. 5.2.1, Chapter 5.2) show the existence of an
unexpected miscibility gap at high temperatures. Such features arise from a complex
Gibbs energy dependence on composition and, although the Gibbs energy of mixing can
be negative over the whole composition range, inflections points give rise to the
decomposition into two liquids. The essential difference between the models is in the
expression of the excess Gibbs energy. Using the associate solution model the problem of
extended miscibility gap in the Cu-Ti-O system is solved (Fig. 5.2.2, Chapter 5.2). The
model has also been successfully employed to represent the thermodynamic properties of
liquid in the Ti-O, Pb-O, Cu-Ti-O, Cu-Pb-O and Cu-Zr-O systems. A derived self-
consistent set of optimized Gibbs energy parameters allows safe extrapolations into the

multi-component Cu-Pb-Ti-Zr-O system.

The binary Ti-O system has been completely reassessed in the present work, while
the Pb-O was adopted from the literature with some modifications in the liquid phase
region. The ternary Cu-Pb-O, Cu-Ti-O and Cu-Zr-O systems have been assessed for the
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first time. The ternary compounds Cu,PbO,, Cu,Ti4O, CusTizO and CusTiO,4 are modeled
as stoichiometric phases. The absence of any ternary compound in Cu-Zr-O system was

proved experimentally.

The quasi-binary PbO-ZrO,, PbO-TiO, and ZrO,-TiO, systems, the edges of the
guasi-ternary PbO-ZrO,-TiO, (PZT) system, were reassessed on the basis of most recent
literature data and experimental data obtained in this work. Due to the lack of
experimental information, lead titanate (tetragonal, aPbTiOz and cubic, BPbTiO3) and
lead zirconate (cubic form, BPbZrOs;) were considered as stoichiometric compounds,
while the tetragonal and orthorhombic PbO solid solutions as well as perovskites of the

series BPbZr,Ti1.xOs3 were described by the substitutional solution model.

The obtained experimental results confirm the predicted phase relations in the CuOx-
PbO-ZrO and CuO.-PbO-TiO, systems (Fig. 7.1a and 7.2a Chapter 7.1). The
experimentally measured solubilities of 1.3 + 2 mol. % ZrO, and 9.6 £ 2 mol. % TiO; in
PbO solid solution at 1043 K are consistent with the calculated values of 1.4 mol. % ZrO,
and 8 mol. % TiO,. No solubility between CuO and BPbTiO3z/ BPbZrO; was observed,
i.e, the experimentally obtained values are zero within the uncertainty of the
measurements, while the calculated temperatures of invariant reactions in the CuOy-PbO-
ZrO,and CuOy-PbO-TiO, show satisfactory agreement with the experimentally measured
ones (Tables 7.1 and 7.2, Chapter 7.1).

The calculated chemical potential diagrams of the multi-component Cu-Pb-Zr-Ti-O
system based on the extrapolation from the lower-order systems show a coexistence of
Cu with BPbTiOs, BPbZrOz; and BPbZr sTi 503 within a window in terms of temperature
and partial pressure of oxygen (Figs. 7.8 - 7.15, Chapter 7.2). The predicted chemical
stability of Cu with BPbTiOs, BPbZrOs; and BPbZr sTi sOsis verified by experiments. The
reactivity between copper and lead-titanate, lead-zirconate and PZT solid solution (x =
0.44, 0.5) was not observed using the characterization methods (XRD, SEM and EDX)
applied in thiswork.
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The results obtained in this study clearly show the chemical stability of copper and
PZT ceramics at temperatures below 1273 K in reducing atmosphere (Fig. 7.14 - 7.17,
Chapter 7.2). Detailed investigations of the feasibility of using copper in the piezoelectric
actuators based on PZT solid solutions requires the application of additional
characterization methods such as measurements of electrical and polarization properties.
During the experiments performed in an open system, evaporation of PbO from lead-
titanate, lead-zirconate and PZT solid solution occurs, resulting in a significant PbO loss.
However, the use of excess PbO leads to the formation of aliquid phase already at 1073
K (Fig. 7.14, Chapter 7.2). Detailed investigations of the kinetics of PbO evaporation
seems to be of the fundamental importance in optimization of the processing conditions
(temperature and time) for PZT-based ceramics. In addition, some doping elements, such
is Cd*? may contribute to decreasing of PbO activity and suppression of the evaporation
of PbO [1998Chu]. From this point of view, the database developed in this work is a
starting point for the incorporation of new elements. In addition, the samples prepared by
solid state reaction show a poor densification property. For the fabrication of multilayer
actuators devices, it is necessary to develop PZT powder which has a low sintering

temperature (below 1273 K) to allow co-firing with Cu.
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Appendix

Table 1 Summary of the thermodynamic parameters describing the condensed phases in
the Cu-Pb-Ti-Zr-O system referred to stable element reference HR. The Gibbs energy of
species of the gas phase is taken from SGTE substance database [1997SGTE].

Parameter Reference

L|QU|d (CU, Cuy0, O, Pb, PbO, Zr,ZrOy, Ti , TIO, TiO 15, TIOz)

°Gl9= +12964.736 — 9.511904T +°G/=,, — 5.849x10% 77 (298.15-1357.8 ~ [2001SGTE]
K
) = +13495.481 — 9.922344T +°G [, — 3.642x10° T°(1357.77-3200 K)

°Gli= °G,—2648.9 + 31.44T (298.15-3000 K) [2001SGTE]

°Grd= +4672.124 — 7.750583T +°G, —6.019x10*°T7 (298.15-600.61 K) [2001SGTE]
= +4853.137 — 8.067135T +°G,,_ — 8.05448x10”° T (600.61-2100 K)

°GYY = +18147.703 — 9.080762T + °Gi®, +1.6275x10%° T' (298.15-2128 K)  [2001SGTE]
= +17804.649 — 8.91153T+°G®,_ +1.343x10% T (2128-6000 K)

°GIl"= +4134.494 +126.63427T — 23.9933TInT — 4.777975x10°°T* [2001SGTE]

—0.106716x10°T3+ 72636T* (298.15-900 K)

= +4382.601 + 126.00713T — 23.9887TInT — 4.2033x10°T?
—0.090876x10°°T% + 42680T* (900-1155 K)

= +13103.253 + 59.9956T — 14.9466TInT — 8.1465x10°T?
+0.202715x10°T° - 1477660T * (1155-1300 K)

=+ 369519.198 — 2554.0225T + 342.059267TInT
—163.409355x10°T? + 12.457117x10°T3 - 67034516T *

(1300-1941 K)
= — 19887.066 + 298.7367T — 46.29TInT

(1941-4000 K)
"Gl o = — 11642057 + 295.041T — 64.6847TInT — 0.00483252T* [1992Bou]
+180748.8 T" (298.15-6000 K)
°Gpd = — 219210 + 360T — 65TINT (298.15-3000 K) [1998Ris]
°Gyrb, = + 87027 — 29.17432T +°GX . (298.15-6000 K) [2006Wan|
"Gy = +77871.822-30.6738T +G, Thiswork
"Gy, . =+57073.715 - 22.808T +.5G; ,, Thiswork
"Gy, = +61022.452 - 28.223T + Gy, Thiswork
OLg o0 = +19503.765 + 6.1386T [1992Bou]
'L cu,0 = +19099.920 -11.2764T [1992Bou]
2L a0 = +13273.435-5.6023T [1992Bou]

°Le 00 =—86915.94 + 26.6215T [1992Bou]



'L 0.0 = — 72521.735 + 60.10565T
28 0.0 = —29501.255 — 16.2635T
L& cu,00 = —B82639.99 + 10.8941T
L o=+ 120315 - 19.653T
"L oo = — 1103.25
2L poo = — 51012
°Lil o=+ 50000
L pp =+ 27190.2 — 4.21329T
1|_'g1 oy = + 2229.2 — 0.53584T

& oy =—7029.2 + 6.48832T

8 op=—7397.6 + 5.07992T
°L 2o, = +68315.312 - 40T
'Ly 0, = — 177515.86 + 50T
°|-"z?oz,o = + 50000
LN o= +121427.1 — 73.4128T
"Ly =—77733.909 + 41.897T
°Liib,, mio, = — 19200.78 +0.236T
"L, . mio, = + 100402.44 — 48.649T
Lo, ey = + 276056.539 — 127.794T
Lio.cu = + 106857.91
°Lsy cu,0= *+ 2905.11 + 3.289T
"L cu,0 = +10987.73
*Lhto.cu,0 = —15224.26 - 10.71T
"Libo.cu,0 = 9548.83 - 18.412T
°Liib, .cu,0 = —40321.9
L 1 110 =— 120000 — 120T
Ol-lllv?no Zr0, —4600
OU,;(;OM = 124200+ 52.2 T
ll-llivcé)o Tio, = 16900
°Lo, 1o, =—170653.79 + 67.49 T
"L, 1o, = + 23686.45
2L, 1io, = — 25941.76

146

[1992Bou]
[1992Bou]
[1992Bou]
Thiswork
Thiswork
Thiswork
Thiswork
[1986Hay]
[1986Hay]
[1986Hay]
[1986Hay]
[2006Wan]
[2006Wan]
[2006Wan]
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
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°Lito 210, io, = 60582.55
fcc (Cu, Pb, Ti, Zr); (O,Va);
°Gle = —7770.458 + 130.485235T — 24.112392TInT — 0.00265684T2

+1.29223x10 T +52478T* (298.15-1357.77 K)
= —13542.026 + 183.803828T — 31.38TInT + 3.642x107°T°
(1357.77-3200 K)

°Gc, =+ 6000—0.1T + °Gp,
°G,rva =+ 7600 —0.9T + °G}%,
°Gye,o = — 7650.085 + 101.700244T — 24.5242231TInT — 0.00365895T*

—2.4395x10°'T® (298.15-600.61 K)

= —10531.095 + 154.243182T — 32.4913959TInT + 0.00154613T>
+ 8.05448x10%T? (600.61-1200 K)

= + 4157.616 + 53.139072T — 18.9640637TInT — 0.002882943T>
+9.8144x10°8T3 - 2696755T * + 8.05448x10% T (1200-2100 K)

°G/,= +6605.382 + 7.7366 T + °Gy,,
°G{o=—19400 + 31T + °G[},, + %°Go,(y)
GL, =°GL, +Go, g + 30000

°Gyro= Covat G, (4) T 30000

OLfe a=+817.911

0y fcc

© e = +74090.0 — 24.69707T
° fcL(J:,Ti va— — 9882

ll-(f:cS,Ti va=+ 15777

° fCL(I:,Zr Va =+ 2233

bcc (Cu, Pb, Ti, Zr); (O,Va),

°GX = — 525530 + 124.9457T — 25.607406TINT — 3.40084x10*T2

—9.729x10°T% + 25233T - 7.6143x10'T* (298.15-2128 K)

= —30705.955 + 264.284163T — 42.144TInT + 1.276058x10%T°
(2128-6000 K)

°GP® = —1272.064 + 134.71418T — 25.5768TInT — 0.663845x10°T?

—0.278803x10°T3+ 7208T* (298.15-1155 K)

= + 6667.385 + 105.366379T — 22.3771TInT + 1.21707x10°T?
—0.84534x10°T3 - 2002750T * (1155-1941 K)

= + 26483.26 — 182.426471T + 19.0900905TInT — 22.00832x10°>T?
+ 1.228863x10°T° + 1400501 T * (1941-4000 K)

°GI=, = + 4017 — 1.255T +°G,,,
G, = + 2400 — 11T +°G/% .

°GE® = _ 51160102 + 83.178T + °G™, + 1°G,
°GE = — 19400 + 31T + °G, + ¥°G

5 (9)

0,(9)

Thiswork

[2001SGTE]

[2001SGTE]

[2001SGTE]
[2001SGTE]

Thiswork
[1992Bou]
Thiswork
Thiswork
Thiswork
[1986Hay]
[1996Kum]
[1996K um]
[1994Zen]

[2001SGTE]

[2001SGTE]

[2001SGTE]
[2001SGTE]
Thiswork
Thiswork
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°Goro = —515575.87 + 105T +°G%, + G, [2006Wan]
"Grio= Gegva +15°Co, () + 30000 This work
0L va=— 25777.47 + 0.59T This work
Lo va= — 87697.561 [2006Wan]
oL va= + 3389 [1996K um]
L sva=—7381.13 [1994Zen|
hcp (Cu, Pb, Ti, Zr), (O,Va) s

°GI®, =—7827.595 + 125.64905T — 24.1618TInT — 0.00437791T* [2001SGTE]

+34971T* (298.15-2128 K)
= —26085.921 + 262.724183T — 42.144TInT — 1.342895x10°1T°
(2128-6000 K)

°GI* = _8059.921 + 133.687208T — 23.9933TInT — 0.004777975T* [2001SGTE]

+1.06716x10 T3 + 72636T* (298.15-900 K)

= —7811.815 + 133.060068T — 23.9887TInT — 0.0042033T?
—9.0876x10°%T% + 42680T* (900-1155 K)

= + 908.837 + 67.048538T — 14.9466TInT — 0.0081465T>
+ 2.02715x10 T3 - 1477660T * (1155-1941 K)

=— 124526.786 + 638.878871T — 87.2182461TInT + 0.008204849T>
—3.04747x10 T3 + 36699805T * (1941-4000 K)

"Ggiha = + 600 + 0.2T +°G,, [2001SGTE]
“Gphva= + 300 +1T +°Ggpy, [2001SGTE]
°Grip = — 277514.02 + 40.6543T +°G, + ¥°G,, () Thiswork
"Geo=—19400 + 31T + °G, + %°Go,(q) Thiswork
°Grro = “Grova +%OGoz(g) +30000 Thiswork
*Leova = — 50000 Thiswork
°GI%, = — 286427.91 + 43.223T +°GI%,, + %°Gy ) [2006Wan]
oLy va= +817.911 Thiswork
OLI v = — 37876.655 + 17.292T [2006Wan]
Lorova= —4471.386 [2006Wan]
Limva=+ 16334 [1996K umj]
L zva=+11336.85 [1994Zen]
oL o =— 155000 Thiswork
TiOy (Ti*" Ti**, Va).(Ti,Va)1(0?):

°Gror .- = —554987.484 + 84.614T + 2°GI%, + %°G, ) Thiswork
°Gror, - = —560666.36 + 84.614T + 2°GJ%, + %°G, () This work
°Gy - = °Gry g, + 200000 Thiswork

VaTi
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°GI2 o = “Gro, + 6605.382 + 7.7366T
°Grh s = %G o, + 5494.871 + 10.2103T
o~ TiO, —
Glomor = 0
o TiO, —_
Grog vaoe = 17092.532 — 3.8448T
rutile (Ti*Ti*,zr*); (0% ,Va),
o rut — o o
GTl daa Tio, Goz(g)
rut —o pzZro, o
GZr tva GZfOzO - Goz(g)
G%u: 0z = OGTio2
G;f‘ - =°G52 + 35000
°Griy = %G, — %°Go,(g) *+ 9.35T + 55781.493 — 4.0852T
°Gra oo = $%°Gr 0, + %°Gog, )+ 9.35T + 55781493 — 4.0852T
rut _
°Ls e g =+ 3400 - 11.945T
rut _
U e g =+ 34029+ 6.2T
Tis0,
°Gr0, = 3°Gf%, + °Gg,(q) — 1108030.7 + 195.8524T
aTio
°Gyrio = “Gro, + 7867.689 + 0.9302 T
°Gr,o, = —551056.766 + 327015.164T +252.169378T — 41.994808TInT
— 0.00889792452T%+ 1.0970448x10°°T® (298.15-2500 K)
Ti203
°Gr,,0, = — 1543640 + 185.96227T — 30.3934128TInT — 0.099958898T >
—5.93279345x10°T * — 117799.056T ~* (298.15-470 K)
= —1585377.8 + 937.087T — 147.673862TInT — 0.00173711312T >
— 1.53383348x10™°T 3 + 2395423.68T ~* (470-2115 K)
TisOs
°Gr, 0, = — 2492980 — 73.26557T + 23.9073342TInT — 0.420155188T 2
+ 1.34740141x10™T 3 (298.15-450 K)
= — 2508055.23 + 925.801T — 158.99208TInT — 0.0251T 2
(450-5000 K)
Ti4O7
°Gr, 0, = — 3461530 + 2504.7933 T — 364.36711 T InT — 8443.569 T °°
+ 1259760 T ~* + 24091400 T ~2
TisOg

°Gr, o, = — 4438624 + 2987.3392T — 442.20473TInT — 84435697 °°

TigO11

OGnBOll =

+ 2043680T ~* — 43065400T ~2

— 5415950 + 3470.7726T — 520.04235TInT — 8443.569T *°

Thiswork
Thiswork
Thiswork
Thiswork

Thiswork
Thiswork
[1999Wal]
Thiswork
Thiswork
Thiswork
Thiswork

Thiswork

Thiswork

Thiswork
[1994L e€]

[1999Wal]

[1999Wal]

Thiswork

Thiswork

[1999Wal]
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+ 4627600T ~* — 110222000T ~2

Ti7013

°Gy, 0, = — 6393201 + 3954.5637T — 597.87990TInT — 8443.569T *° Thiswork
+ 6311520T ~1—177379000T 2

TigO15

°Gr, o, = — 7370430 + 4438.5046T — 675.71759TInT — 8443.569T *° [1999Wal]
+ 7995440T ~1— 244536000T 2

TigO17

°Gy 0, = — 8347430 + 4922.5101T — 753.55521TInT — 8443.569T 05

4 _2 [1999Wal]
+ 9679360T ~1—311693000T
Ti10019
°Gr, 0, = — 9324330 + 5406.5603T — 831.39283TInT — 8443 569T 05 [1999Wal]
+ 11363300T ~1—378849000T ~2
Ti2039
°Gr,, 0, = — 19093800 + 10248.699T — 1609.769TInT — 8443.569T *° [1999Wal]
+ 28202500T ~*— 1050420000T ~2
CUTizOZ (CU).333 (Ti).667 (O,Va)l
OG(CZ:S-!I-':ZVa = }/OG(;ECVa +y0 h|C\r;a _12131+ 469T ThiSWOfk
°Gaomio = %°Geo *+ %G1, —15000 Thiswork
°Lgyrova = —130000 Thiswork
CuO
°Geyo = — 171606.97 + 291.50268T — 49.0796TInT — 0.00344816 T [2003Hal]
+ 393163.35T * (298.15-6000 K)
Cu,O
°G,, ,= —194216.99 + 344.07921T — 63.5877TInT — 0.00942505T2 [2003Hal]
+ 289373.5T* (298.15-6000 K)
(Cu,Ti)O, (Cu,Ti)s(Cu,Ti)s(O,Va):
°Gucuva = "Gliiva +5000 This work
°Géicuo = "Céiva + %°Go, (g) ~19400 + 31T This work
°Gy e = Gry, + 6000 —.1T This work
°Grmio= %Gi% This work
c’(3((::ljj:-ll—'li Va = }/ZOG(;E(::Va +}/ZOGP|(::\F;a —-11206+3.272T ThlS Work
°Gaumio = % °Ggwa +44°Go, + %Gyio +15.5T —9700+3.272T Thiswork
°Griuva = %°Gna +1°Gi%, +11206 - 3.272T +10000 This work
*Griawo = % Gliwa 4°Co, + % Grio +15.5T —9700-3.272T Thiswork
LS = + 77095 This work
°Leytimva =+ 7709.5 Thiswork

*Ltumiva= * 7789 Thiswork
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OL%L{IC?U,Ti va= 17789
*La w0 = * 77095
Lm0 =+ 77095
*Lavcumio=+ 7789

oL%?Bu,Ti:O =+ 7789

° L%%Eu:O,Va = — 240000

° CLLJJ-:Ij:'i:O,Va = — 240000

Cu,Ti

G =+ ZOGchCEVa +° h.c\’ia - 17628

CU3Ti2

°Ggyri, = + 3°GL% , +2°GI%, — 46245 +10.86T
CuyTis

°Geymi, = + 4°Giva +3°Griy, — 68236 +15.946T

u,Tig —
CuTis(Cu,Ti)1 (Ti)s
°Geyri = +° G, #3°Gp%, — 37300 + 14.8T
"Gy = + 4°Gr, +20000
°*Goymim = — 250
CusTi (Cu,Ti)a (Cu,Ti)s
°Geyeu =+ 5°GL,, + 25000
°Ggyr = + 4°GLS,, +°GM%. — 30055 + 11.695T
°Gy o, = +4°GMT, +°G, +30055 — 11.695T + 50000
°Gryy = + 5°Gp, + 25000
Leymicu= +17089
*Leyrim = +17089
*Leucun = — 15767
*Lycur = — 15767
CuZr;
°Gouzr, = *+ °Gliva +2°Gyrh, — 43904.01 + 5.19051T
CuZr
°Goyyr = +°GL%,, +°GI® —20104.24 — 7.63196T
CugZrs
°Geyzr, = + 8°Gha +3°Gyih, — 148063.1
CusZr
oGCu_r,Zr =+5 OC'\"cfE(::Va + OG;:: Va— 61794
CuUs1Zr 14

Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork
Thiswork

[1996Kum]
[1996Kum]
[1996Kum]

[2002Car]
[2002Car]
[2002Can]

[1996Kum]
[1996Kum]
[1996Kum]
[1996Kum]
[1996Kum]
[1996Kum]
[1996Kum]
[1996Kum]

[1994Zen]
[1994Zen]
[1994Zen]

[1994Zen]
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°Gey g =+ 51°G%, + 14°G)® —843412.7

Us1Zryg

CuigZry

OGCUer7 =+10 OGcEEC:Va +7 OG;rC Na— 241750

aPbO (PbO,TiO,,Zr0y)

°GaO = — 235043 + 250.4T — 46.2TInT — 0.008T? + 225000T*
(298.5-3000 K)

"Giiol = °Gyo, + 40000

°Giro. = °Groo? + 40000

Lo o, = — 15000

"Loomo, = — 60000

BPbO (PbO, ZrOy)

°GE0 = — 232910 + 244.7T — 45.9TInT — 0.0067T> + 178000T *
(298.5-3000 K)

°Gho’=°Gya + 40000

°Loroo, = — 15000

aZrO, (ZrOy TiOy)

°Gro.? = — 1126163.54 + 424.890806T — 69.3875137TInT

— 3.75880141x10°T? + 6.83x10°T " (298.5-6000 K)
"GI5 = Gy, + 7330

LG, = 3024541 T

BZrO, (ZrOy TiOy)

°Glo? = + 5468 — 4T +°Gt>
"GO = °Gy o, + 35000

oL =—16868.73—-6.26 T
N =—44395-1175T
YZrO, (Zr# zr*, Ti*1(0% Va),
°Gl2 . = + 10336 — 4T +°GLo

zr 0%
o YZro, —o VZrO, _ o
GZr 4 va GZfOz Goz (g)

OGO , =Gy, i +°Co, +11.526T — 38110115+ 41.945T

zr?t.0%

oGer02 — OGZr(hcp) +11.526T —381101.15+ 41.945T

Zr2tva
o JZrO. — 0
G2, = G, + 35000

o YZrO, —o VZrO, _ o
GZr .07 GZfOz Goz (9)

[1994Zen]

[1994Zen]

[1998Rig]

Thiswork
Thiswork
Thiswork

Thiswork

[1998Ris]

Thiswork

Thiswork

[2006Wan]

Thiswork

Thiswork

[2006Wan]
Thiswork
Thiswork

Thiswork

[2006Wan]
[2006Wan]
[2006Wan]
[2006Wan]
Thiswork

Thiswork
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OL;erz?ZZr e 226569.67 + 72.5T
lL;erz?zzr ar =—120617.314 + 20T
OL;erzngi g2 = 5740-6.26T

BZrTiO4 (TiOz ZrOy)
"GEaO = Gy, + 6000

°Ghe % = °GLe> + 6000
L0, =T7707.8-1.95T
BPbZr,Ti1O3 (PbTiOs, PbZrO3)

°Ghimo % = —1239466.5 + 743.544T — 127.086TINT

+609829.18T ™ (298.15-3000 K)

Ghmo % = °GIE +°GR° 1071 T
"Loorc, pomo, = 8037 T
Cu,PbO,
Goupbo, = Gouo  Gppno — 25400 + 2624 T
Cu,TisO
*Gau,mi0 = 2°Goy(iee) 74 Grirep) +5°Co, — 496592
CusTizO
*Goymio = 3" Goy(tee) +3"Grinep) +5°Co, ~ 490460
CuzTiOy4
°Gey,rio, = *Geuo+"Grio, +°Cey,o +18814.75-15.63T
a'PbTiOs3
“Grgro, * = —1241000 + 745.856T — 127.086TInT

+609829.18T ™ (298.15-3000 K)
azrTiO,
"G, = %G, + °Gao? +3200-3.63 T
ZrTiy06
°Gra9, =2 °Grg, + °Gi—12100 + 7.9T

[2006Wan]
[2006Wan]

Thiswork
Thiswork
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Thiswork
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Thiswork

Thiswork
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Thiswork
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Thiswork

Thiswork
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Table 2. Summary of the thermodynamic parameters describing the Cu-Pb-O system
referred to stable element reference H™ (two-sublattice model is adopted for the liquid).

Parameter Reference
Liquid (Cu®,Cu® Pb®"),(0%* Va®),

"Geirr “Gry [2001SGTE]
"Gedzr “Geao “Geto [2003Hal]
"Groo [1998Ris]
Lo o var Lo var+ Lowiorvar + Lo cuior [2003Hal]
Ol_IiCc:11+,Pb2+ Va®~ ’1L|(i:?;1+,Pb2*:VaQ‘ ’Zl_l(i:c:41+,Pb2+:Vaq' ! 3I‘Iic?f*,Pb2*:VaQ‘ [1986Hay]
Lt ooy = + 240630 —39.306 T This work
I o e =+ 22065 This work
“Lpor o yar = — 102024 This work
OL, e o = — 79213 +73.8047 T Thiswork
"L oy or =—10793-8.8059 T This work
“Loye poo = 49240 Thiswork
OL o yor = + 862504 —84.8794 T Thiswork
L poor var = 349389 Thiswork
ZLI(i:?J“,Pb”:OZ‘ var- = 146115 Thiswork
SLl(i:?J“,sz* o var = — 1102751 Thiswork
4L|<i:11+ b2+ yar = — 26660 Thiswork
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