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Introduction

Experimental studies of the O-Pb-Zr system are confined to the investigation of ZrPbO5 and the PbO-ZrO,
section [19621ke, 1967Fus, 1967Har, 1981Jac]. Thermodynamic properties and the phase diagram of the
PbO-ZrO, system have been critically assessed by [1999Koo]. Extensive studies on the crystal structure,
thermodynamic properties and phase transitions in lead zirconate are listed in Table 1.

Binary Systems

The binary O-Zr phase diagram is adopted from [Mas2]. The thermodynamic assessment of the O-Zr system
reported by [2001Lia] is consistent with the accepted phase diagram.

The binary O-Pb phase diagram (Fig. 1) is taken from the critical assessment [1998Ris], with some
modifications in the liquid phase region [2005Can]. There are no reports about the oxygen saturation limit
in solid Pb, but it is certainly extremely small and could never be detected [1988Wri]. The liquid phase
exhibits a large miscibility gap.

The accepted Pb-Zr phase diagram (Fig. 2) is taken from the critical evaluation of [1996Ari] later reviewed
by [19990ka]. This diagram is not definitively established due to very limited experimental information.
There is no experimental information regarding the melting temperature of ZrsPb;. This temperature was
estimated to be ~1650°C by [1996Ari]. The value of ~2000°C was accepted by [1986Dal].

Solid Phases

Data pertinent to the PbO-ZrO, section are listed in Table 2.

Three stable perovskite type phases have been found at the ZrPbO5 composition: the orthorhombic low
temperature (up to 231°C) phase is antiferroelectric, the intermediate (from 231 to 234°C) is ferroelectric,
and the cubic high temperature (up to the melting point 7,, = 1570°C) phase is paraelectric [1979Wha]
(Table 2). The paraelectric = ferroelectric = antiferoelectric phase transition temperatures depend on the
oxygen nonstoichiometry 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.

It was under debate for many years whether the room temperature phase of lead zirconate, aZrPbO;(r) is
ferroelectric or antiferroelectric and hence whether the crystal structure belongs to the centrosymmetric or
non-centrosymmetric space group. The crystal structure of the lead zirconate modifications was first
proposed by [1951Saw] and the space group of the antiferroelectric phase was reported to be Pbam or Pba2.
The authors were unable to locate the position of Zr or O ions, or to detect any displacement of the Pb ions
out of the (001) planes. [1957Jon] made a more detailed study. Positions of the Zr and O ions were located
to some extent, but they were not sure if the cations were displaced out of the (001) plane. The structure of
aZrPbOs5(r) has been reinvestigated by [1982Fuj, 1984Fuj]. These authors found a better reliability factor
for space group Pbam than for Pba2. Also [1982Tanl, 1982Tan2] suggested the Pham space group and
determined the oxygen coordinates. In all these crystal studies it was assumed that the structure is fully
ordered. However, according to [1993Gla] aZrPbOs;(r) exhibit a disorder in the oxygen sites, whereas the
Z1Og4 octahedra are considerably more regular. Later [1997Cor] found the true ordered oxygen structure,
while [1998Tes] characterized structure by distortion of the ZrOg octahedra which is smaller then in the
previous study [1993Gla]. The space group Pbam was also confirmed by [1997Cor, 1998Tes]. Moreover,
the disorder in Pb ions displacements along z axis [1997Cor, 1997Sic, 1998Tes, 2000Fuj, 2001Fuj,
2002Fuj, 2003Fujl, 2003Fuj2] and Zr-displacements were observed [1998Yam, 1997Soe]. There is a
possibility, however, that the observed disorder is simply an artifact of pseudosymmetry. Whatever the
space group is, one of the main problems in an accurate structure determination is the strong
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pseudosymmertic character of the Pb and Zr sites and the relatively high scattering factor of the cations
compared to the oxygen anions [1996Cor]. The difficulties to grow high quality large single crystals poses
an additional problem. Thus, questions regarding the existence of polarization and the true crystal structure
of lead zirconate are still open.

The structural instabilities and electronic properties of antiferoelectric aZrPbO5(r) were investigated by
local-density total-energy calculations [1995Sin] using the atomic positions of [ 1982Fuj, 1984Fuj]. Results
of [1995Sin] demonstrated the coexistence of both ferroelectric and antiferoelectric instabilities in lead
zirconate, with a very delicate balance between them and correctly predicted a centrosymmetric Pbam
group as the most stable structure, but a ferroelectric rhombohedral structure was very close in energy.
Based on the new experimental data of [1997Fuj] a reexamination of crystal structure of antiferroelectric
aZrPbOs5(r) using density functional calculation [2002Rod, 2005Joh] showed small, but significant changes
in cation positions compared to [1995Sin]. The relative stability of the antiferroelectric and ferroelectric
phases in lead zirconate was also studied by [1998Ley], where the antiferoelectric dipole configuration was
reported to be energetically more favorable than the ferroelectric one.

There is very little structural information about the paraelectric phase [1951Saw, 1979Koc, 1995Sin,
2001Kwa, 2002A0y]. [1979Koc] found the existence of two phase transitions at 325 and 390°C in cubic
paraelectric lead zirconate. [2002Ao0y] detected the distinct disorder of Pb at twelve sites toward the
neighboring O, which proves the existence of electron hybridization between O and disordered Pb in cubic
BZrPbO5(h,). [2001Kwa] preformed experiments and model calculations reporting the strong indication of
the displacement of Pb in cubic high temperature lead zirconate. The local density calculations by [1995Sin]
showed a very strong instability of the cubic perovskite structure, which involve the changes in Pb-O
distances with substantial hybridization between O and Pb. Results of [2002Rod] are very close to those
obtained by [1995Sin]. Covalent nature of Pb and O bonds is also revealed in first principles study of
[2005Wan].

Many authors reported the presence of a transient phase, yZrPbOs(h;) [1951Saw, 1984Fuj, 1985Ism,
1986Rol, 1989Rol, 1992Fuj, 1998Tes] apart from the orthorhombic antiferroelectric and cubic paraelectric
phases. However, the results and conclusions vary in details. [1951Saw] described the intermediate phase
as antiferroelectric one with the tetragonal symmetry and occurring on cooling only. [1979Wha] reported
the thombohedral symmetry of the ferroelectric transient phase. [1984Fuj, 1992Fuj] supposed that the
intermediate phase has an antiferroelectric character, while [1989Dec, 1982Tan2] reported that the transient
phase has a ferroelectric character. Ferroelectric character of the intermediate phase was confirmed by
dielectric measurements of [1986Rol, 1989Rol]. Authors of [1982Tan2] were the first who determined the
space group of the transient phase as F2mm. At the same time, Rietveld analyses with Pba2 and Pbam
settings made by [1998Tes] gave poor fits with large thermal factors on all atomic sites, what excluded these
space groups.

In the purest samples of ZrPbOj the stability range of the intermediate phase is very narrow. Usually it has
been detected between 230 and 235°C on heating and between 234 and 225°C on cooling. This temperature
range depends on the purity of reagents or solvent used [1979Wha], but within the given class of reagents
also on the preparation conditions [1989Dec]. Effect of preparation conditions, i.e., sintering temperature,
on phase transitions in lead zirconate was also investigated by [2004Pucl, 2004Puc2], while [1996Fes]
reported the effect of the chemical etching on the phase transition and electrical hardening. It was also found
that external DC electric field broadened and stabilized the transient ferroelectricity but that hydrostatic
pressure rapidly removed it [1981Han].

The temperature dependence of permittivity and remaining polarization in monocrystaline and ceramic
ZrPbO5 and the temperature of the phase transitions between ferro-, antiferro-, and paraelectric phases are
influenced by applied electric field and hydrostatic pressure. Under external electric field, ZrPbO5
undergoes a series of phase transitions [1979Fes]. Although many studies have been performed [1981Han,
1978Fes, 1979Fes, 1984Leo, 1985Ism, 1992Shu, 1996Shu] no complete structural analysis of the field
induced phases has been made so far. The lack of structural information on these phases is hindering the
elucidation of the mechanisms of phase transition of this kind. [1984Leo] and [1992Shu, 1996Shu] reported
the existence of a ferroelectric phase arising at room temperature under electric field of about 220 kV/cm.
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The space group of this EFI (Electric Field Induced) phase is Cm2m and its ferroelectric properties are due
to the ordering of Pb displacements relative to the oxygen framework along the polar axis [1996Shu].
Before 1995, there were only few studies focused on the influence of hydrostatic pressure on the phase
transitions in lead zirconate [1981Han, 1985Ujm]. The ferroelectric phase was found to occur only at
pressures less than 26 MPa for monocrystals and 40 MPa for the ceramics [1981Han]. Recently, the
behavior at room temperature and much higher pressures has been studied in terms of structure and
dielectric properties [1994Men, 1999Kob, 1999Furl, 1999Fur2]. [1994Men] performed the high pressure
experiments on the nanocrystalline ZrPbO5 (with grain size of 94 nm). The transition pressure from ferro-
to antiferroelectric as well as from para- to ferroelectric phases was found to be 0.79 and 4.12 GPa,
respectively. [1999Kob] found that the orthorhombic phase (aZrPbO3) transforms into the monoclinic one
with almost no volume change at 37 GPa. This study also suggested a subtle structural change occurring in
the monoclinic phase at about 75 GPa. On the other hand, dielectric constant measurements showed two
anomalies at around 3 and 19 GPa for the polycrystalline samples, which suggested the existence of two
transitions in the orthorhombic phase. Two phase transitions at about 2.3 and 17.5 GPa were confirmed by
[1999Furl, 1999Fur2]. Results of ab initio molecular dynamics and pseudopotencials calculations for the
pressure influence on phase transitions [2002Leu] are in reasonable agreement with experiments. Local
density calculations of [2000Coc] show that all the modes determining the orthorhombic antiferroelectric
phase become more unstable in the range of lattice parameters corresponding to positive pressures.

Quasibinary Systems

The PbO-ZrO, section was first investigated by [1962Ike] and published by [1967Fus]. Decomposition of
cubic BZrPbO;(h,) to tetragonal PZrO, and a liquid phase containing 93 mol% PbO at 1570°C [1967Fus]
was also confirmed by [1981Jac]. A few investigations has been performed in the PbO rich part of
PbO-ZrO, system [1967Fus, 1981Jac, 1967Har] but results are contradictory. [1967Har] reported that
X-ray analysis of the samples PbO + ZrO, in 1:1 molar ratio heated to 1294°C indicated the presence of
Z1Pb0Os3, aZrO,, and aPbO. The last phase had a tetragonal structure of the red aPbO rather than the
orthorhombic structure of the yellow PPbO. This finding was confirmed by [1981Jac] by heating an
equimolar mixture of BPbO and aZrO, up to 955°C, followed by cooling in air and X-ray analysis. This
observation is not in accord with the phase diagram by [1967Fus], but consistent with the assessed phase
diagram by [1999Koo0] which is accepted in the present assessment (Figs. 3a, 3b). A detailed study of the
PbO rich side of the PbO-ZrO, phase diagram is required to check the temperature boundaries and phase
composition of the various phase fields.

Invariant Equilibria

Table 3 lists the three-phase equilibria in the PbO-ZrO, system calculated using the thermodynamic
description of [1999Koo]. The temperatures of the peritectic formation of BZrPbO5(h,), aPbO solid
solution and that of the PbO rich eutectic were measured by [1967Fus] and are reproduced very exactly by
calculations. No other invariant equilibria are known. The temperature of the L + ZrO, = BZrPbO, reaction
was calculated to be 1538°C [1999Koo0], that is lower than experimental value of 1570°C [1967Fus,
1981Jac].

Thermodynamics

Thermodynamic properties of ZrPbO3; were investigated by several groups [1969Hae, 1973Hol, 1979Sch,
1981Jac, 1993Gos, 19960no]. The experimental investigations were mainly performed on the high
temperature cubic modification, 3 (Tables 4, 5 and 6) except the study of [1993Gos] on the low temperature
orthorhombic modification, a. [19960no] measured the heat capacity of single crystals of antiferroelectric
aZrPbOs5(r) in a wide temperature region (from room temperature to 377°C) by AC calorimetry, but have
drawn the curve in arbitrary units. Heat capacity curve showed a sharp change at 231.5°C, due to
transformation into the high temperature modification. [1993Gos] reported the thermodynamic functions
(Cp, S, Hr- Hygg) of the low temperature orthorhombic modification (e) from room temperature to 207°C.
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The low temperature heat capacity data of aZrPbOs(r) are missing. The Gibbs energy of formation of lead
zirconate calculated from the vapor pressure studies (assuming that the vapor phase consists entirely of
monomeric PbO molecules) [1969Hae, 1973Hol, 1979Sch] is inconsistent with the emf measurements
reported by [1981Jac] and the PbO-ZrO, phase diagram, which suggests decomposition of lead zirconate
to tetragonal ZrO, and a liquid phase containing 93 mol% PbO at 1570°C. 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].
Recently, the enthalpy of formation of BZrPbO5(h,) was measured by [2001Ran]. The heat content and
entropy of BZrPbOj3(h,) are not known. Thermodynamic data for the other phases in the O-Pb-Zr system
(liquid, PbO solid solutions, (aZr), (BZr), etc.) are completely missing.

[1999K00] reported the thermodynamic assessment of the PbO-ZrO, system, where ZrPbO3; was modeled
as a stoichiometric compound based on the results of [1981Jac]. However, the only cubic high temperature
phase BZrPbO5(h,) was included in the assessment. The Gibbs energy of cubic lead zirconate was described
as szrpbm = Gh)ppor + Guzron — 4540 — 6767 (J ‘mol™!). The calculated heat capacity
(C,=110.6 + 25102 T—7.8:10° T2 J-mol K™ !), molar enthalpy and entropy for the cubic ZrPbO5 are
presented in Figs. 4 - 6. Figure 7 shows the calculated PbO vapor pressures compared with experimental
data [1979Sch, 1973Hol, 1969Hae]. The standard enthalpy and the Gibbs energy of formation of
BZrPbO5(h,) from elements and its entropy at 298 K, which were calculated using the thermodynamic
description of [1999Ko00] are presented in Table 7.

Notes on Materials Properties and Applications

Because of dielectric, pyroelectric and electro-optical properties lead zirconate ceramics has long been
studied from both physical and technical point of view (Table 8). Especially, lead zirconate thin films have
been studied extensively [1992Wan, 1999Bha, 2000Bae, 2000Bha, 2001Dob, 2004Ste]. Intensive research
work has been carried out on ferroelectric and paraelectric thin films for commercial applications such as
memory devices, infrared detectors and non-linear optoelectronics. Recently, antiferroelectric thin films
[1992Wan, 1999Bha, 2000Bha] have been proposed for the new generations of “smart” systems such as
high charge coupled devices (MEMs) consisting of sensors and actuators. Antiferroelectric materials are
characterized by the antiparallelly aligned adjacent dipoles with zero polarization in equilibrium. The
transformation of antiferroelectric to ferroelectric phase by a sufficient applications of electric field could
be utilized for the high charge coupled devices and transducer applications. In addition, the highly oriented
antiferroelectric ZrPbOj5 thin films were investigated in view of their possible application as a temperature
sensitive element in an alternative bolometer system for fusion devices such as the International
Thermonuclear Experimental Reactor to quantitatively determine the total power of incident radiation over
a wide range of wavelengths [2004Bit, 2004Ste].

Miscellaneous

The E-T phase diagram of lead zirconate and schematic isothermal dependences of the dielectric
polarization on the electric field are presented in Fig. 8 [1978Fes, 1979Fes]. [1989Hau] reported the
thermodynamic theory to model the phase transition and properties of lead zirconate where its free energy
was expressed as a power series of the ferroelectric and antiferroelectric polarization including all possible
terms up to the sixth power and first-order cross-coupling terms and couplings to elastic stress.
Morphologies of thin films and single crystals were also studied. Preferred orientation in ZrPbO; thin films
prepared by sol-gel technique was studied by [2000Bae], while [1992Top] investigated the S type of
twining boundaries in ferro- and antiferro- ferroelectric ZrPbOj crystals.
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Table 1: Investigation of the O-Pb-Zr Phase Relations, Structures and Thermodynamics

References Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1951Saw] Polarization microscopy Single crystals of the antiferroelectric and cubic
X-ray diffraction ZrPbZrPbO4
[19621ke] Solid state reactions PbO to ZrO,, fired at 1150-1200°C, > 850°C for
X-ray diffraction PbO rich compositions, 1300°C for ZrO, rich ones
[1967Fus]  Quenching 1100, 1200 and 1300°C
X-ray diffraction Phase relations in PbO rich side of the PbO-ZrO,
DTA phase digram
[1967Har] Solid state reactions 1290°C, PbO:ZrO, = 1:1
X-ray diffraction
[1973Hol]  Knudsen effusion mass spectroscopy 850 to 1150°C
PbO vapor pressure over the ZrPbO5 + aZrO, and
ZrPbO5 + PbO(l) region
[1979Nur]  Knudsen effusion mass spectroscopy 712 to 1023°C
Pb vapor pressure over the ZrPbO3; + 0ZrO, region
[1979Sch]  Dynamic thermobalance method 400, 450, 650 and 1027°C
(transportation technique) and EMF  PbO vapor pressure over the ZrPbO5 + aZrO, and
measurements ZrPbO5 + PbO(]) region
[1979Wha] X-ray (continuously recording X-ray 20 to 228°C
diffraction) Crystal structure of the antiferroelectric,
ferroelectric and paraelectric ZrPbO5 phases
[1979Koc]  X-ray diffraction 230 and 480°C
Crystal structure of the paraelectric ZrPbO5 phase
[1981Jac] = EMF measurements 527 and 1127°C
PbO potential over the ZrPbO5 + aZrO, region
[1982Fuj]  X-ray diffraction 25°C
Neutron diffraction Crystal structure of the antiferroelectric ZrPbO;
phase
[1982Tanl] X-ray diffraction 25°C
Electron microscopy (JEM, CBED)  Crystal structure of the antiferroelectric ZrPbO5
phase
[1982Tan2] X-ray diffraction 25°C

Electron microscopy (JEM)

Crystal structure of the antiferroelectric ZrPbO4
phase
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References Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1984Fuj]  Neutron diffraction 25°C
Crystal structure of the antiferroelectric ZrPbO;
phase
[1984Leo]  X-ray diffraction 25°C
Crystal structure of the electric field induced
ferroelectric lead zirconate
[1989Dec]  Polarization microscopy 25,460 and 550°C
X-ray diffraction Single crystals of the antiferroelectric and cubic
ZrP b03
[1992Fuj]  X-ray diffraction 230°C
Neutron diffraction Crystal structure of the intermediate ZrPbO5 phase
Rietveld method
[1992Shu]  X-ray diffraction 25°C
Crystal structure of the electric-field induced
ferroelectric lead zirconate
[1993Gos]  X-ray diffraction 127 to 207°C
Gravimetry The molar heat capacity of the antiferroelectric
Differential scanning calorimetry ZrPbOy
[1993Gla]  Polarization microscopy 24°C
X-ray diffraction Crystal structure of the antiferroelectric ZrPbO;
phase
[1994Men] Raman scattering method 25°C
TEM Structure of the pressure-induced phase transition in
nanocrystalline antiferroelectric ZrPbO5 phase
[19960no] AC calorimetry 25 to 377°C
The heat capacity of the single crystals of lead
zirconate
[1996Shu]  X-ray diffraction 25°C
EXAFS Crystal structure of the electric-field induced
ferroelectric lead zirconate
[1996Cor]  X-ray diffraction 25°C
Neutron diffraction Crystal structure of the antiferroelectric ZrPbO;
phase
[1997Fuj]  Neutron diffraction 25°C
Reitveld method Crystal structure of the antiferroelectric ZrPbO;
phase
[1997Sic]  X-ray (XAFS) —100 to 550°C
Crystal structure of antiferoelectric, intermediate
and paraelectric ZrPbO5 phases
[1997Cor]  X-ray diffraction —-173°C
Neutron diffraction Crystal structure of the single crystals of
antiferoelectric ZrPbO5 phase
[1997Soe]  X-ray diffraction 25°C
Single crystals of the antiferoelectric ZrPbO;
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References Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1998Tes]  Pulsed neutron diffraction —253, 25,200 and 235°C
Crystal structure of antiferoelectric, intermediate
and paraelectric ZrPbO5 phases
[1998Yam] X-ray diffraction 25°C
Crystal structure of the antiferoelectric ZrPbO5
[1999Furl] Raman spectroscopy 25°C, pressure up to 30 GPa
Structure and phase transitions of ZrPbO5
[1999Fur2] Raman spectroscopy 25°C, pressure up to 30 GPa
Pressure-induced phase transition in ZrPbO;
[1999Kor] NMR At 25°C, pressure up to 30 GPa
Pressure-induced phase transition in ZrPbO5
[1999Kob]  X-ray diffraction 25°C, pressure up to 75 GPa
Crystal structure and phase transition of ZrPbO5
[2000Fuj]  X-ray diffraction 25 to —188°C
Neutron diffraction (Rietveld Crystal structure of the antiferoelectric ZrPbO5
method) phase
[2001Fuj]  X-ray diffraction 25 to —265°C
Neutron diffraction (Rietveld Crystal structure of the antiferoelectric ZrPbO5
method) phase
[20010st] IR reflectivity measurements 623 to —263°C
Structure of the antiferoelectric ZrPbO5 phase
[2001Kwa] X-ray diffraction 250 to 600°C
Crystal structure of the cubic ZrPbO; phase
[2002A0y] X-ray diffraction 247°C
Rietveld method Crystal structure of the cubic ZrPbO5 phase
[2003Fujl] X-ray diffraction 25 to —265°C

Crystal structure of the antiferoelectric ZrPbO5

Table 2: Crystallographic Data of Solid Phases

Phase/ Pearson Symbol/  Lattice Parameters Comments/References
Temperature Range Space Group/ [pm]
[°C] Prototype
YZrO,_, cF12 61.0 to 66.6 at.%
2710 - ~1525 Fm3m 63.6 at.% at 1525°C
CaF, 62 at.% at 2052°C [1986Abr, Mas2]
a=494.72 [2000Bou]
a =509 [1986Abr]
BZrO,_, tP6 66.5 t0 66.6 at.% O [1986Abr, Mas2]
2377 -1205 PAy/nmc a =359.482 [2000Bou]
Hgl, c=1518.247
a =358.82 [1986Abr]
c=518.82
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Phase/ Pearson Symbol/  Lattice Parameters Comments/References
Temperature Range Space Group/ [pm]
[°C] Prototype
aZrO, mP12 [Mas2, 1986Abr]
<1205 P2/c a=>514.513 baddeleyite [2002Win]
b =520.234
¢ =532.194
B =99.153°
a=>5169 [1986Abr]
b=5232
c=534.1
B=99.15°
BPbO oP8 [1998Ris]
886 - 489 Pbcm a=589.31 massicot [ 1985Hil, V-C2]
BPbO b =549.04
c=475.28
a=561.12 [V-C2]
b =560.91
¢ =499.35
aPbO tP4 [1998Ris, V-C2]
<489 P4/nmm dissolves up to 3.41 at.% Zr
aPbO (7.058 mol% ZrO,) [1999Ko00]
dissloves 4 mol% ZrO2 [1967Fus]
a=397.44 at 25°C [V-C2]
¢ =502.20
* BZrPbO5 (hy) cF* [1967Fus, 1979Wha]
1570 - 234 Fm3m a =415 [1951Saw]
* yZrPbOs3 (b)) cF* - [1979Wha, 1982Tanl, 1982Tan2]
234 -231 F2mm
* aZrPbOs (1) oP40 a =1588.194 at 25°C [1979Wha, 1998Tes]
<231 Pbam b =1178.206
¢ =822.946
* 0ZrPbO5 (1) 0oC10 a=1589.01 at 25°C [1992Shu, 1996Shu]
<234 Cm2m b =589.71 Electric field induced phase
c=413.41
* eZrPbO5 (1I) hR* - [1979Fes, 1996Fes]
<210 R3m Electric field induced phase
* $ZrPbO5 (1II) hR* - [1979Fes,1996Fes]
<20 R3c Electric field induced phase
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Table 3: Invariant Three-Phase Equilibria

Reaction T[°C] Type Phase Composition, (at.%)
Pb Zr o
L + BZrO, = BZrPbO5(h,) 1538 P L 47.504  1.664 50.832
BZrO, 0.0 33.333  66.667

BZrPbOs(hy) 20.00  20.00  60.00

L+ BZerO?’(hz) = oPbO

909.8 p L 49.992  0.0054 50.003

BZrPbOs(h,) 20.00  20.00  60.00

aPbO 44887  3.409 51.704
L= «PbO + BPbO 885.8 e L 49.998 0.0014  50.000

aPbO 47.82 1.45 50.73

BPbO 50.00 0 50.00

Table 4: Thermodynamic Data of Reaction or Transformation

Phase T[°C] Quantity per mole of atoms Comments
H, G: [kJ-mol™']; S: [J'mol K™
0ZrPbO5(r) = BZrPbO5(h,) 231.5 AS=1.65 [19960no0], AC
calorimetry
BPbO + aZrO, = PZrPbOs(h,) 25 AH =524 [1979Sch] derived
AS=19 from EMF
AG=0.5 measurements
BZrPbOs(hy) = aZrO, +Pb(g)+ 712-1023 AH =191.36 + 12.48 [1979Nur],
0.50,(g) mass-spectrometry
0ZrO, + BPbO = BZrPbOs(hy) 527 -1127 AG=-4.54- 6.76:1073 T (+ 0.8) [1981Jac], derived
from emf
measurements
0ZrO, + fPbO = BZrPbOs(h,) 973 AH =-2.63 +4.22 [2001Ran], solution
calorimetry
Table 5: Thermodynamic Properties of Single Phases
Phase Temperature Property per mole of atoms Comments
[°C] H: [Jmol™]; S, G, [Jmol K™
o ZrPbO5(1) 25-207 C,=1845-2244T— 1.045:108 772 (+ 0.23)  [1993Gos] DSC
25 °S=119.7
25-207 Hy— Hygg =47224.35 at T=480 K
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Table 6: Vapor Pressure Measurements

Phase(s) Temperature Range Pressure [bar] Coments
[°C]
BZtPbO4(hy) + aZrO, 712 ppp = 0.188:107 [1979Nur]
785 Ppb = 0.466:1074 mass-spectrometry
832 Ppp=0.912-107
852 ppp = 0.101-1073
872 ppp = 0.152:1073
912 ppp =0.249-1073
935 ppp =0.284:1073
1023 ppp=0.679-1073
BZtPbO;(hy) + aZrO, 1077 Ppoo = 8.10532:107 [1979Sch] dynamic
1061 Ppbo = 6.38543-107* thermobalance method
1029 Ppbo = 3.67096:107
984 Prvo = 1.64153-107
BZrPbO;(hy) + aZrO, 1133 Ppoo = 1.86 1073 [1973Hol] Knudsen
1105 Ppoo = 1.38-1073 effusion
1094 Ppbo = 9-87131:107*
1073 Prbo = 7-34905:107
1053 Ppbo = 2.089-107
992 Ppbo = 548935107
BZrPbO5(hy) + aZrO, 935 Ppbo = 6.70008-107 [1969Hae] Knudsen
923 Ppbo = 5.04917-107 effusion
897 Ppbo = 3.03886:107°
883 Prpo = 2:2327-107°
874 Prvo = 1.67641:107°
862 Ppbo = 1.24062:107°
849 Ppbo = 8.35468:107°
830 Ppbo = 6.94496:107°
826 Ppbo = 506501107

Table 7: Calculated Termodynamic Functions of BZrPbO5(h,) at 298 K

APH [kJ- mol™'] °S [J-mol~!- K71 APG [kJ- mol ']

-1322.960 126.147 —-1360.552

Table 8: Investigations of the O-Pb-Zr Materials Properties

References Method/Experimental Technique Type of Properties

[1979Wha] Inductance-Capacitance-Resistance Dielectric constant

measurements (LCR meter)

[1979Koc] Inductance-Capacitance-Resistance Dielectric constant

measurements (LCR meter)

[1981Han] Inductance-Capacitance-Resistance Dielectric permittivity

measurements (LCR meter)
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References Method/Experimental Technique Type of Properties

[1985Ujm] Inductance-Capacitance-Resistance Electric permittivity
measurements (LCR meter)

[19851Ism] Inductance-Capacitance-Resistance Dielectric permittivity
measurements (LCR meter)

[1986Ro0l] Inductance-Capacitance-Resistance Dielectric and pyroelectric
measurements (LCR meter)

[1989Rol] Polarization microscopy Optic, dielectric and pyroelectric
Inductance-Capacitance-Resistance
measurements (LCR meter)

[1989Cie] Capacitance measurement Dielectric permittivity

[1992Fuj] Inductance-Capacitance-Resistance Dielectric constant
measurements (LCR meter)

[1992Wan] Phase detection technique in transmission mode Electro-optic (thin films)

[1993Rol] Inductance-Capacitance-Resistance Dielectric permittivity
measurements (LCR meter)

[1995Dai] Inductance-Capacitance-Resistance Dielectric permittivity
measurement (LCR meter) Polarization
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Fig. 3a: O-Pb-Zr.

Phase diagram of the

PbO-ZrO, system

Fig. 3b: O-Pb-Zr.
Enlarged view of the

PbO rich region
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