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Microstructural Evolution in Lead Zirconate Titanate (PZT)
Piezoelectric Ceramics

Ching-Chang Chung, Ph.D.

University of Connecticut, 2014

Solid solutions of lead zirconate titanate [PbZr,«TixOs (PZT)] are extensively
used in electromechanical transducers. A maximum in dielectric and piezoelectric
response is observed near the morphotropic phase boundary (MPB) separating
rhombohedral and tetragonal ferroelectric phases. The origin of the enhanced properties
near the MPB remains controversial and has been variously attributed to coexisting
rhombohedral and tetragonal ferroelectric phases, to the formation of nanodomains,
and/or to lower symmetry monoclinic phases. Hence, the phase diagram of PZT in the

region of the MPB remains open to debate.

In this work, dense polycrystalline PZT ceramics prepared by chemical methods
were subjected to different time-temperature histories to investigate the origins of the
two-phase coexistence and to determine the influence of thermal history on structure,
microstructure and dielectric properties. Long annealing (240 hours) above the Curie
temperature (Tc) revealed a slow relaxation process that was manifested in changes of
structural properties. The changes in structural properties were accompanied by changes
in the behavior of the paraelectric to ferroelectric phase transition, the domain structure,
and the extrinsic contributions to dielectric permittivity. The changes in all these
properties were found to show maxima near the MPB. The combined results showed that

PZT ceramics made by a normal ceramic processing were not in their equilibrium state



near the MPB. However, no clear evidence of phase decomposition into an equilibrium
mixture of tetragonal and rhombohedral phases was found. Instead, the changes in
structural and dielectric properties observed on annealing were most consistent with a
stress relief mechanism that provided for the coarsening of the domain structure and

increased domain wall contributions to dielectric properties.

The results provide evidence that the domain structures and electromechanical
properties of PZT compositions near the MPB can be controlled without dopants by
processing using differing thermal histories. In addition, results obtained for un-annealed
PZT ceramics were used to resolve the long controversial issue of tricritical behavior at
the paraelectric to ferroelectric phase transition, to separate intrinsic and extrinsic
contributions to the dielectric response, and to quantify reversible and irreversible domain

wall motion.
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CHAPTER 1

TECHNICAL BACKGROUND

1.1 Ferroelectric Materials

The ferroelectricity was first discovered in Rochelle salt (KNaC4H40¢-4H,0) by
Valasek in 1921 [1, 2]. It is a phenomenon exists in certain materials that exhibit a
spontaneous electric polarization, and this spontaneous electric polarization can be
reversed by an applied electric field. Ferroelectricity only exists in the materials with
certain structures. Twenty-one of thirty-two crystal classes are noncentrosymmetric, and
twenty out of twenty-one of crystal classes with noncentrosymmetric can exhibit the
piezoelectric effect (except the cubic 423). Among the twenty crystal systems that exhibit
piezoelectricity, ten are polar (including 1, 2, m, mm2, 4, 4mm, 3, 3m, 6, and 6mm) and
display pyroelectricity. Only some of these ten crystallographic classes exhibit
ferroelectricity. It is because the electric field that required reorienting the polarization
direction can be higher than the breakdown field of the sample. The relationship between
piezoelectric, pyroelectric and ferroelectric is shown in Fig. 1.1. Therefore, all
ferroelectrics must belong to pyroelectric and piezoelectric classes, but not vice versa.

Two decades after the discovery of ferroelectricity, barium titanate (BaTiO3) was
discovered during World War 11 in 1941 and 1944 in the United States [3], Russia [4],
and Japan [5]. The discovery of ferroelectricity in BaTiO3; ceramics was extremely
important, as it was the first man-made ferroelectric ceramic without the hydrogen bond.

This discovery seduces extensive investigations on ferroelectrics, and lead to several
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critical findings to have a better understanding of ferroelectricity and piezoelectricity
within a decade. These findings were (1) the electrical poling process that aligns the
internal dipoles of the crystallites (domains) within the ceramic and make it to act similar
to a single crystal was found by Gary in 1945 [6] (2) a phenomenological model of
ferroelectrics on the basis of the electromechanical, structural and thermal properties of
BaTiO3; was developed by A.F. Devonshire in 1951 [7]. This approach was based on the
earlier ideas of Landau and Ginzberg, and this Landau-Devonshire-Ginzberg Theory of
ferroelectrics is still most widely used tool to understand ferroelectrics (3) Discovery of
very strong and stable ferroelectric/piezoelectric effects in lead titanate zirconate (PbZr;-
xT1xO3 or PZT) solid solution around 1952 [8]. Because of its outstanding properties, PZT

with various additives has since become the dominant piezoelectric ceramic [9-12].

Pyroelectrics (10)

Figure 1.1 The relationship of piezoelectrics, pyroelectrics and ferroelectrics.
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Both BaTiO3; and PZT are the members of the perovskite family. The perovskite
structure is by far the most important and useful structure in ferroelectrics. In fact, the
majority of the applications utilize materials with the perovskite crystal structure. Most of
the perovskite ferroelectrics have the general formula ABO3 with the high symmetry
m3m point group at high temperature. This structure can be described as a simple cubic
with larger cations (A) occupied at the corner sites, the center site of the cubic cell is
occupied by the smaller cation (B), and oxygen anions are located at the center sites of
the faces [10]. In general, ferroelectric perovskites has a high symmetry cubic
paraelectric phase at high temperature, and transit to a ferroelectric state with a lower
symmetry where some of the atoms are slightly displaced when below the Curie
temperature (Tc). Figure 1.2 shows a PbTiO3 with perovskite structure at (a) above and (b)
below Curie temperature. The PbTiO3; shows a cubic paraelectric phase at the
temperature above Tc. When cooled through Tc, the unit cell distorts by motion of the Ti
atom along one of the <100> directions. The motion lead to the unit cell elongates in the

direction parallel to the Ti displacement and form a tetragonal distortion of the unit cell.

T>Tc T<Tc @ ro*
@ Ti*
e O

(a) (b)

Figure 1. 2 The PbTiOg3 crystal structure (a) above and (b) below the phase transition

between cubic and tetragonal
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Another distinct feature of the ferroelectric behavior of a material is the
polarization-electric field (P-E) hysteresis loop [10]. The polarization of a crystal is the
summation of total dipole moments in each unit cell. In an un-poled ceramic, the total
dipole moments with different directions were cancelled with each other. In a poled
ceramic or a single domain crystal, there will be a net remnant polarization (P;) [13].
There is lots valuable information that can be gained through P-E loop measurement,
such as the saturation polarization (Psa), the net remanent polarization (Py), the
spontaneous polarization (Ps), and the coercive field (Ec) of the ferroelectrics. The
illustrations of the P-E hysteresis loop of (a) an ideal single crystal and (b) a
polycrystalline ceramic were shown in Fig. 1. 3. The Ps is somewhat higher than P, in

ceramics, but is essentially the same as P, in crystal [10].

P };;at\P @

s

L7 @ P, DN
—

@___J_// @

(a) (b)

Figure 1. 3 The P-E hysteresis loop of (a) an ideal single crystal and (b) a polycrystalline

ceramic
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Ferroelectric ceramics are used in a wide range of functional ceramics and form
the materials base for the majority of electronic applications. These applications can be
classified into following categories based on the different properties in a ferroelectric
ceramic [9, 14].

1. Dielectric property: Ferroelectrics which have high dielectric constant over a wide
range of frequency and temperature are ideal for manufacturing commercial
capacitors. In fact, the best product of the year in “Japan Electronic Industry” was
a ferroelectric bypass capacitor for 2.3-GHz operation in mobile digital
telephones [15-17].

2. Piezoelectric property: The piezoelectric property of the ferroelectrics is useful to
apply on the sensors, transducers and actuators.

3. Pyroelectric property: Ferroelectrics can be cooled by applying an electric field to
them under certain conditions is so-called “electrocaloric effect.” This effect is
useful in electrocaloric cooling for mainframes and microelectric motors [18-20].

4. Memory application: Chemically stable and relatively inert ferroelectric crystals
are suitable for making electrically switchable memory devices. Such as
ferroelectric random access memories (FeERAMSs), dynamic random access
memory (DRAM) capacitors [15, 21].

5. Electro-optic application: Since PLZT materials were discovered in late 1960s,
ferroelectrics have been widely used in electro-optic devices such as electro-optic
shutters, linear gate arrays, and color filters [9].

6. The others: The other potential applications based on the ferroelectric

nanostructures, magnetoelectrics and self-assembly [15, 22, 23].
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1.2 Ferroelectric Domains

In the ferroelectric materials, domain structures with uniformly oriented
spontaneous polarization (Ps) are generated when pass through a paraelectric phase to a
ferroelectric phase to minimize the total free energy in the system [24-26]. This energy is
attributed from the electrostatic energy of depolarizing fields (E4) and the elastic energy
associated with mechanical constraints. The regions between different domains are the
domain walls. The wall which separate two adjacent domains can be classified into two
main categories: 180° domain walls and non-180° domain walls. The 180° domain wall
separate two domains with opposed spontaneous polarization direction, and those which
separate the domains with polarization angle differ than 180° are called the non-180°
domain walls. Figure 1.4 shows the formation of 180° and non-180° (90°) ferroelectric

domain walls in a tetragonal perovskite ferroelectric, such as PbTiO3[26].

creation of 90° walls

stress ar ar
“' Cr
—_— a
Ct Ps ¥
cubic . ar ar Cr
ac| phase \++++ + - + -

Ps
ac Cr ?PSEdL —)f

———— -+ -+
creation of 180° walls

Figure 1. 4 Formation of 90° and 180° ferroelectric domain walls in a tetragonal PbTiOs3,

after Damjanovic [26].
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In general, the formation of the 180° domain walls can reduce the electrostatic
energy that created by depolarizing fields. Also, the 180° domain walls are purely
ferroelectrically active which means that they can only excited by electric fields and only
contribute to the dielectric properties of the material [11, 27]. On the other hand, The
formation of the non-180° domain walls can reduce both electrostatic and elastic energies
of the material[13, 28]. And the non-180° domain walls are both ferroelectrically and
ferroelastically active, which means that they can be excited by both electric field and
mechanical force. Therefore, the non-180° domain walls could contribute to both the

piezoelectric and the dielectric properties.

(111)

Figure 1. 5 Schematic representation of the available polarization directions in a

rhombohedral crystal
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The angle between the polarization directions of adjacent ferroelectric domains in
a ferroelectric may vary with different crystal structures. For example, in a lead zirconate
titanate (PbZr,xTixO3) with rhombohedral phase, the polarization develops along the
(111) direction. This provides eight possible spontaneous polarization directions with
180°, 109° or 71° domain walls. Figure 1.5 shows simplified schematics of available
polarization directions in a rhombohedral crystal. Similarly, 180° and 90° domain walls
can be found in a lead zirconate titanate (PbZri4TixO3) with tetragonal phase. The
number and size of the domains were also depending on the external (temperature,
electric and elastic) boundary conditions, local defects, crystal sizes, and sample history

[13].

1.3 Intrinsic and Extrinsic Contribution to Dielectric Response

A ferroelectric ceramic is often subjected to high electric and/or high stress in
electric devices, causing nonlinear dielectric and piezoelectric response. This thesis is
focused on the dielectric nonlinearity [29]. Dielectric responses of ferroelectric ceramics
are dependent on both intrinsic and extrinsic mechanisms. The Intrinsic contribution
relates to the lattice, and is the average response of individual ferroelectric domains in the
ceramic. The extrinsic contributions are the result of existence of the domain walls, the

phase boundaries, and the defect dipoles [30, 31].

The domain structure of a ferroelectric ceramic has a great influence on its
dielectric properties. In order to have a better understanding of domain structure and
domain wall motions in a ferroelectric ceramics, it is important to distinguish between the

intrinsic and extrinsic contributions. There are some common methods to separate out the
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intrinsic properties and extrinsic contribution. These methods are the investigations of the
field amplitude, frequency and temperature-dependent dielectric behavior, hydrostatic,

and ageing time of the ferroelectric ceramic [29].

First method to separate out the intrinsic properties and extrinsic contribution is
the frequency dependent dielectric behavior. This method is based on the fact that the
extrinsic contribution cannot follow the external ac field at high frequencies and does not
contribute to the dielectric/piezoelectric properties. The frequency dependence of
dielectric properties in a ferroelectric ceramic often show a relaxation step at high
frequency range (at around gigahertz frequencies ~10° Hz), which is considered to be
related to the loss of contributions from domain wall vibrations and defects motions. This
particular phenomenon was first mentioned in the early studies on BaTiO3 by Von Hippel
[32], and Poplavko et al. show that the dielectric permittivity relaxation step in a BaTiO3
ceramic can be observed at around 4 GHz, as shown in Fig 1.6 [33]. The dielectric
permittivity at frequencies higher than this relaxation step can be considered purely
attributed by the intrinsic ionic and electronic response in the ferroelectric. Similar
relaxation step of frequency dependence of dielectric permittivity in PZT-based ceramics
were demonstrated by Kersten [34] and Béttger [35]. However, some authors showed the
dielectric constant of BT single crystals also has a strong relaxation step at the
temperature above Curie temperature. Therefore, the origin of the relaxation step has

remained a subject of debates [36-38].

Besides the exact origin of the relaxation step is not clear, the greatest

disadvantage of this method is the fact that the relaxation step in a ferroelectric ceramic
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can be only observed at the very high frequency range. To measure the dielectric

permittivity at gigahertz has some significant practical difficulties.

The second common method is investigating the temperature dependence of the
dielectric properties in the ferroelectrics. The basic idea of this method is that the
extrinsic contributions are frozen out when temperature closes to the OK, and remaining
dielectric permittivity only comes from the intrinsic part. It is because of the extrinsic
contribution part (domain wall and defects motions) to dielectric permittivity is thermally
activated, while intrinsic contribution part is almost temperature independent. Therefore,
the intrinsic contribution can be determined exactly at absolute zero. Once the intrinsic
contribution is determined, the value of the extrinsic contribution can be also derived at

any temperatures.

This method has been used by several authors to distinguish the intrinsic and
extrinsic contributions in ferroelectrics [28-31, 39-42]. A typical result obtained by
Zhuang et al. using this method is shown in Fig. 1.7 [31]. The composition and
temperature dependence of dielectric constants of pure PZT ceramics were measured
from 4.2 to 300 K in this case, and the authors assumed the extrinsic domain wall and
thermal defect motions freeze out at 4.2K. The low temperature dielectric data can be
used to determine intrinsic contribution part and useful for determining coefficients in a

phenomenological theory.

Another similar method was carried out to determine the intrinsic and extrinsic
contributions to the €33, d33 and ds; coefficients of soft PZT ceramics by Zhang et al. [30].

This method was based on the hypothesis that domain wall motions (extrinsic part) do not
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produce volumetric changes, and the intrinsic response does accompany with a change in
the unit cell volume. It means that there will be no the extrinsic contribution to the
piezoelectric hydrostatic coefficient dn. In this case, the authors first measured the
temperature dependence of the piezoelectric hydrostatic coefficient d,. The intrinsic and
extrinsic contributions to the e33, d33 and ds; coefficients were then calculated by utilizing
the relationships between &33, dss, d3; and dp, via the electrostrictive coefficients Q11, Q12
and Qn. The calculated temperature dependence of the dielectric permittivity of a soft-

PZT and a pure PZT were shown in Fig 1.8.

10° 10° 10" 10"
f/lHz

Figure 1. 6 Frequency dependence of dielectric properties of barium titanate ceramics,

after Poplavko et al. [33].
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Figure 1. 7 Temperature dependence of the dielectric permittivity for (a) tetragonal and (b)

rhombohedral PZT ceramics, after Zhuang et al. [31].
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Figure 1. 8 The calculated intrinsic and extrinsic dielectric constant for (a) PZT-500 and

(b) PZT 52/48, after Zhang et al. [30].
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The aging effect of the ferroelectric ceramics is the dielectric, piezoelectric and
elastic properties of a poled ferroelectric ceramics reduce gradually with time. It is known
that the aging effect of ferroelectric ceramics is related to the defects reorientation under
the influence of the local domain polarization, and lead to a reduction of non-180°
domain wall mobility. Therefore, the intrinsic contributions are assumed to be
independent of the aging time based on this concept. The relation of the properties of the

ferroelectrics with aging time can be written as in Equation 1.1:

£(t) = €mtrinsic T € extrinsic(t) , €' () = & extrinsic

d'(t) = d'intrinsic + dextrinsic ), d”(t) = d” extrinsic Equation 1.1

where £'(t) and d’(t) are the time real part, and £”(t) and d”(t) are the imaginary part of
the time dependence of dielectric and piezoelectric properties. It is clear in this equation

that only the extrinsic contributions are the function of the aging time.

Arlt et al. developed a phenomenological model based on the aging time of the
vibrating domain walls, which is related to the extrinsic contribution to dielectric,
piezoelectric and elastic properties [43]. In this method, authors proposed that the ratio of
the imaginary to the real parts of the dielectric should be constant and equal to the loss
tangent (tandg,) relate to the domain vibration mechanism. The relation can be expressed

as in Equation 1.2:

,
€ domain vibration

= tandaomain vibration Equation 1. 2

,,
€ domain vibration
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A linear relationship with a gradient of loss tangent (tandg,) can be observed by plotting
the real vs. imaginary parts of the time dependence dielectric properties, as Fig. 1.9. The
intrinsic contributions to the properties can be obtained by extrapolated the line to the
zero loss, and the extrinsic contribution to the properties can also be determined at any

given aging time.

600 r7 9.6
S
!/ 550 r -6 - 94 =
8T / 8r > NZ
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Figure 1. 9 Time dependence of ¢’r-¢’’, d’-d’’ and s-s "’ relationships for Fe doped hard

PZT ceramics during ageing at 353K, after Arlt et al. [42].
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Figure 1. 10 Schematic view of field dependence of dielectric permittivity in ferroelectric

ceramics, after Hall et al. [43].

1.4 Field Amplitude Dependence Dielectric Properties and Rayleigh Law

Another common method to separate the intrinsic and extrinsic contributions to
the properties of a ferroelectric ceramic is the investigations of ac field amplitude
dependence of the response. Fig 1.10 shows that three different types of dielectric
behavior were identified, depending on the applied field amplitude [44]. At the low field
region, the dielectric permittivity is independent or weakly dependent on the field
amplitude when the applied field below the threshold field (E;). A threshold field is
usually defined as the field amplitude at which the dielectric permittivity is observed to
increase 5% (Aeleg < 5%). The value of threshold field in ferroelectric ceramics can be
considered as the onset point of measurable nonlinearity [45], and it is a function of
composition, ageing time and temperature. The dielectric permittivity and loss were
increased rapidly with field amplitude beyond the threshold field due to increasing of

domain wall mobility or domain switching [29]. Therefore, the extrapolated value of
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dielectric permittivity at zero electric field was attributed by both intrinsic ionic response

and reversible domain wall vibration.

At an intermediate field values, which is beyond the threshold field (E;) and
below the high field region, as shown in the Fig. 10. The dielectric permittivity shows an
almost linear increase with increasing field amplitude, and the e-E relation can be applied
by the Rayleigh law [29]. Rayleigh law was first developed for explaining quadratic
relation between the magnetization M and the applied magnetic field H in ferromagnetic
materials[46]. Later Damjanovic et al. show that an analogous law can be used to
describe the dependence of the dielectric and piezoelectric on the field amplitude in the

ferroelectric ceramics [26, 47-50].

Rayleigh analysis has been applied to a number of interesting ferroelectric
ceramic systems at around MPB compositions. Observed variations in the Rayleigh
coefficient («) will be used to help explain role of crystal symmetry and domain wall
mobility to total dielectric and piezoelectric response. The Rayleigh relations, as shown
in Equations 1.3 and 1.4, can be used to quantify the irreversible extrinsic contributions

to the dielectric properties of ferroelectrics.

€33 = Emir + @y Equation 1. 3

P; = By + aEg Equation 1. 4

where &35 is the dielectric permittivity, &;,;; IS the deformation of the lattice and the
intrinsic reversible domain wall contributions to the dielectric permittivity, a is the
Rayleigh coefficient, P; is the polarization, and Ey is the field amplitude. The first terms

of both equations are the intrinsic part, and second terms are the extrinsic parts.
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In 1942, Neél proposed a theory to explain the physical origin of the Rayleigh law
by analyzing displacements of a single domain wall in a medium containing defects[51].
This gives a better understanding of the definitions of reversible and irreversible domain
wall motions, a schematic diagram of the potential energy of a domain wall as a function
of position in a medium with a random and uniform distribution of potential energy
barriers is shown in Fig. 1.11. The reversible domain wall motion refers to the domain
wall moves around its original equilibrium position within a potential well
surrounding.[52] The average depth of the potential well in the ceramic can be
determined by the threshold field (E;). The domain wall can overcome the energy barrier
and moves to a new position when the external field is sufficiently large, which is so-
called irreversible domain wall motion. The extrinsic irreversible domain wall motion
contribution to the total dielectric permittivity can be determined by the ratio of the

OCE()/ £€33.
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Figure 1. 11 Potential energy of the domain wall in a medium which contains randomly

distributed defects, after Damjanovic [47].

The overall domain structure of a ferroelectric ceramic remains relatively stable in
the remnant polarization state below the coercive field (Ec). The partial domain start
switching and energy landscape is totally changed when the field amplitudes approach to
the coercive field. Therefore, Rayleigh law is no longer suitable for applying on the

ferroelectric ceramics at high field region in Fig 1. 10 [29].

1.5 Lead Titanate Zirconate (PZT)

Lead zirconate titanate, PbZr,4TixO3 (PZT), was discovered by Sawaguchi et al.
[8, 53] around 1952. At room temperature, the solid solution between lead titanate,
PbTiO3 (PT), and lead zirconate, PbZrO; (PZ), presents three different regions. For 0.96

<x <1, PZT presents an orthorhombic antiferroelectric structure (Ao, Pbam), a tetragonal
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phase (Fr, PAmm) is present in the titanium rich (Ti-rich) region of the pseudo-binary
system, and two ferroelectric phases on the zirconium rich (Zr-rich) region, Fryr) and
Frem)- Conventionally these phases are attributed to space groups R3c and R3m,
respectively [54]. In the high-temperature region of the subsolidus phase diagram, it is
believed that there is a complete single phase paraelectric cubic solid solution (P,

Pm3m).
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Figure 1. 12 The dielectric permittivity shows an extrma at MPB in PZT system, after

Haun [55].

PZT ceramics are widely used in electro-active devices and in other technological
applications due to the maximum in the piezoelectric, elastic, and dielectric properties
that occur near the morphotropic phase boundary (MPB) where this solid solution
changes structure as a function of the chemical composition (around x = 0.48) [10, 55].

The composition dependence of dielectric permittivity is shown in Fig. 1.12 [56]. It is
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well known that the increased piezoelectric response and poling efficiency in PZT
materials near the MPB is due to the increased number of allowable domain states (six in
Fr, eight in Fg) near the MPB [57]. In addition, PZT-based solutions have other desirable
characteristics as follows: mechanically strong, chemically inert, relatively inexpensive to
manufacture, high operating temperature, high coupling coefficient, and they can be
easily tailored by adjusting the Zr/Ti ratio, or by introducing dopants to meet the
requirements of a specific application.

Pure PZT has good electromechanical properties for compositions near the MPB,
but it is rarely used in commercial devices. It is always doped with either acceptor
dopants (K*, Na* and Fe®'...etc.), which create oxygen (anion) vacancies and impede
domain wall motion, or donor dopants (La**, W®* and Nb>"...etc.), which create metal
(cation) vacancies and facilitate domain wall motion in the material [10, 58]. With
different types of dopants, the domain mobility and properties of PZT-based materials
can be controlled. Generally, the acceptor doping creates hard PZT while donor doping
creates soft PZT. Hard PZT materials can be subjected to high electrical and mechanical
stresses, and soft PZT materials are typically used when high coupling and/or high charge
sensitivity are important. Table 1.1 shows the characteristics of pure, soft and hard PZTs.
These modified PZT-based materials are widely used in sensors, actuators, and

transducers [9].
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Characteristics of Pure, Soft and Hard PZT Ceramics

Donor-doped (La*, | Acceptor-doped (K*

W, Nb**or Sb*® ) | Na* Fe*® sc*? or Mg*?) PbZroszTlo.s20s

PZT-5A, PZT-5H PZT-4, PZT-8

Table 1. 1 Comparison of the properties of the pure PZT and modified-PZT
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Figure 1. 13 Diffusionless phase diagram of PZT solid solutions [10]

1.6 Phase Coexistence in PZT

The temperature—composition phase diagram for PZT (shown in Fig. 1.13) was
assembled by Jaffe et al. [10] in 1971. The MPB is represented as a nearly temperature-
dependent (vertical) and one dimensional (line) boundary located at the composition x =
0.48 (48 mole % PbTiOs3). The observation of the vertical MPB line in this phase diagram
immediately raised questions about how such a phase boundary could exist. The line
boundary can be only observed when atomic diffusion is fully frozen and the
transformation between phases is diffusionless. If diffusion is not totally frozen in,
according to Gibbs phase rule, it is expected that the lines in this phase diagram should be
replaced by a two-phase region [14]. Despite suggestions of the coexistence of phases at
the MPB as early as 1970 by Isupov [57] and later by Ari-Gur and Benguigui [59, 60],

this picture of the PZT phase diagram remained essentially unchallenged until 1999 when
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a new monoclinic phase (Cn, Ma) was reported by Noheda et al. [61-64]. In their work,
they found that the Ma phase is positioned between the Fr and Fr phase along the MPB at
low temperatures (shown in Fig. 1.14). Thus the phase diagram remains a diffusionless
diagram without phase coexistence around the MPB line.

Extensive new studies were undertaken after the discovery of the intermediate
monoclinic structure by Noheda et al. in 1999. Prior to this, no ferroelectric phase of
symmetry lower than orthorhombic had ever been observed in the perovskite oxides.
Also the conventional Ginzburg-Landau-Devonshire theory of second and weak first
order phase transitions could not account for the appearance of proper ferroelectric states
with symmetries lower than orthorhombic. Proper ferroelectric phase of monoclinic
symmetry are stabilized only when the Landau polynomial is expanded to terms of order

eight [65]. This implies that special conditions are required for forming the monoclinic

phase.
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Figure 1. 14 New PZT phase diagram with a monoclinic phase (shaded area) around the

MPB [63].
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Lattice Parameters (A)

All of the proposed hypotheses of the last 40 years for phase coexistence in PZT

have been classified into five categories: Diffusionless phase diagram, metastable

coexistence, heterogeneity (composition fluctuation), thermal fluctuation (statistical

distribution model), and equilibrium coexistence. Among these categories, the possible

phase diagrams are illustrated for each case. The different cases can be described by how

the unit volumes of the tetragonal and rhombohedral phases vary with composition. This

provides a useful way to interpret experimental results regarding phase coexistence near

the MPB.
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Figure 1. 15 PZT Lattice constant of (a) without phase coexist, (b) metastable coexistence

and (c) equilibrium coexistence.
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1.6.1 Conventional Diffusionless Phase Diagram

As mentioned above the traditional diffusionless phase diagram of PZT cannot be
an equilibrium phase diagram. The variation of the lattice constants with composition
according to this model is shown in Fig. 1.15(a). The phase transformation from
rhombohedral to tetragonal occurs at ¢, ~ 0.48. The volume of Fr phase on the MPB line
is Vr= afcy, and the volume of Fg phase is Vg = ag® (the rhombohedral angle ag > 89.5°).
In the diffusionless phase diagram, the phase coexistence of Fr and Fr does not occur and
the unit cell volume of the solid solution shows a linear composition dependence across
the whole diagram, including in the MPB region [66]. The computed variation of the unit
cell volume has been compared with selected experimental data [64, 67, 68]. Therefore, if
the diffusional process is totally frozen, the volume of Fy phase and Fr phase can be the

same depending on the thermal history.

1.6.2 Metastable Coexistence

A thermodynamic consideration of properties of the PZT ceramics at the MPB
was carried out by Isupov in 1970 [57]. Later he published a series of papers related to
phase coexistence in PZT MPB region and tried to state the conditions for that occurrence
[69-75]. Isupov’s analysis implied that the MPB in the phase diagram of PZT solid
solutions represents a certain extended region with possible metastable coexistence of the
T and R phases. The composition that corresponds to the phase transition is considered to
be a first order transition. Under his assumption that the thermodynamic potentials of the
T and R phases are equal to each other at a concentration x = ¢y, (see Fig. 1.15(b)), the T

phase is stable and the R phase is metastable at x > c,. Conversely, the T phase is
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metastable and the R phase is stable at x < cy,. This is also indicates that the stable and
metastable phases can coexist over a rather wide range of concentrations. The range of
the metastable phase regions is from x = ¢’y to X = ¢ . The illustration of the metastable

coexistence phase diagram is shown in Fig. 1.15(a).

1.6.3 Equilibrium Coexistence

Benguigui et al. [59, 60, 76] and Barbulescu et al. [77] applied the classical
thermodynamics to justify the existence of both Fr and Fg phases. Fig. 1.16(b) shows the
phase diagram as an equilibrium system with the two-phase region between each single
phase according Gibbs phase rule. In their opinion, the two-phase region observed around
the MPB of PZT ceramics arises due to a solubility gap. From this model, the
morphotropic phase change is a first-order transition. Inside the insolubility interval, the
relative amount of each phase is expected to change according to the lever law, while the
chemical composition, the lattice parameters and the physical properties (dielectric
susceptibility, piezoelectric constants) of each phase are independent of the concentration
X in the coexistence range (shown in Fig. 1.15(c)). Therefore, in the two-phase
coexistence region the volume of the Fr phase is larger than that of the F+ phase (Vg >
V1), which is the inverse situation to that seen in the metastable equilibrium coexistence.
Later, Rossetti et al. [66, 78] calculated an equilibrium phase diagram satisfying
the Gibbs phase rule for the PZT system from a low-order Landau expansion in the
approximation of the theory of regular solutions. Miscibility gaps replace the MPB line
and the paraelectric to ferroelectric transition lines of the diffusionless phase diagram.
The width of the miscibility gap increases directly with the value of the mixing parameter.

In their calculation, the PZT solid solution consists of two cubic phases (Pc and P’c) in
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the high temperature region when the interaction parameter (w) exceeds a critical value.
Also, direct thermochemical studies of the equilibrium enthalpies of formation from the
oxides have shown that the PZT system with a large positive mixing energy and exhibits

a tendency towards phase decomposition [79].

1.6.4 Heterogeneity (Composition Fluctuation)

In 1977, Kakegawa et al. [80] claimed the single phase PZT can be obtained by a
“wet-dry combination technique”. By this processing, no coexistence of Fr and Fr phases
was found in any composition range. They claimed that the phase coexistence observed
when using other processing methods was simply due to the PZT system not reaching its
homogeneous state since the diffusion rate of titanium is much higher than that of
zirconium. This causes a change in composition of the perovskite phase and results in a
certain range of compositional distribution. Later, they reported related results aimed at
obtaining and determining the range of heterogeneity in PZT solid solutions [81-85]. The
heterogeneity could be observed by the broadening of (200) peak in XRD which
represents the lattice constant ar as a series of different but close numbers instead of a
constant (shown in Fig. 1.17). This broadened peak could be sharpened by applying a
longer calcination time. Fig. 1.16(c) is a simple illustration of this model. The
coexistence region is due to heterogeneity, and the distribution size of lattice constant ar
determines the range of the heterogeneity. However, the averaged lattice constant is equal
to the one at MPB.

In this model, two-phase coexistence is not recognized. The lattice constant is a
distribution range throughout the whole system. The average lattice constant is the same

as the diffusionless model (see Fig. 1.15(a)), and the volumes of Fr and Fr at MPB are
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equal (Vr=Vr). This model can be differentiated from diffusionless model by comparing

the peak width of the x-ray diffraction reflections.

1.6.5 Thermal Fluctuation (Statistical Distribution Model)

In 1992, Cao and Cross developed a statistical distribution model to describe the
molar fraction change in the region where both phases coexist [86-88]. They assumed the
system had different structures but the same composition. This hypothesis indicates that
the two phases occur due to thermal fluctuations that are quenched in during the cooling
from the paraelectric to the ferroelectric states. The probability of attaining a particular
low-temperature state on cooling from the fluctuating state is proportional to the different
possible domain numbers of Fr and Fg. The illustration of the phase diagram for this
model is shown in Fig. 1.18.

In this model, the composition considered remains the same but with different
structures. The average lattice constant is the same as the metastable coexistence model.
Therefore, the volumes of Fr and Fg at coexistence region are equal (Vs < V1), it implies

that this model is essentially the same as metastable coexistence model.
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Figure 1. 16 . lllustrations of PZT (a) metastable coexistence, (b) equilibrium coexistence
at interaction parameter w =4 [64], and (c) heterogeneity phase diagram.
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Figure 1. 17 lllustration of the peak broadening of (002) reflection due to compositional
fluctuation.
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Figure 1. 18 Illustration of the phase diagram of the thermal fluctuation model.
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A diffusionless phase diagram and the four phase coexistence models have been
carefully assayed. The phase coexistence model of PZT solid solution can be determined
by comparing the volumes between Fr and Fr phases. Among these models, an
equilibrium coexistence model shows the most consistency with the experiment results. It
makes the equilibrium coexistence model become the most suitable candidate for

explaining phase coexistence phenomenon in PZT solid solution.

1.7 Kinetics of Forming PZT Solid Solution

The kinetics of forming PZT solid solutions by the mixed oxide or the sol-gel
methods have been extensively studied since the 1960’s. Table 1.2 shows four possible
reaction sequences in PZT formation from mixed oxides [89-91]. The starting materials
are lead oxide (PbO or P in short), zirconium oxide (ZrO, or Z) and titanium oxide (TiO,
or T). From all of the studies, PbO reacted with TiO, to form lead titanate (PbTiO3, PT in
short) at around 723K, and then PZT was formed due to reaction of ZrO, with PT at
around 923K. Single phase PZT was reached above 1273K. Other phases such as
intermediate PZT composition (PZxT1x) and solid solution of PbO, ZrO, and PbTiO;
(P(ss)) were observed during the PZT formation process. No lead zirconate (PbZrO3) was
observed during the reaction sequence. Among these studies, Biggers et al. observed the
two-phase coexistence in the PZT formation by XRD analysis. The final PZT solid
solution with composition x = 0.40 (PZT 60/40) was formed by the combination of two
PZT solid solutions with different compositions, which were x = 0.50 and x = 0.40 (PZT
50/50 and PZT 60/40) [90, 91].

There are also many studies focused on the formation of PZT solid solution by

sol-gel methods. Wilkinson et al. [92, 93] reported the crystallization Kinetics in
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alkoxide-derived PZT. Their studies showed that PZT exhibits a two-phase coexistence
even under very carefully constrained experimental conditions. Furthermore, the
tetragonal / rhnombohedral ratio observed in alkoxide-derived PZT was very close to that
of the mixed oxide-derived PZT. Hence, a two-phase coexistence in PZT with Fr and Fg
phases with similar phase ratio was observed by both mixed oxide or sol-gel methods. In
contrast, Kakegawa et al. [80, 82] claim that single phase PZT can be obtained by a “wet-
dry method” and a “combination of thermal spray decomposition method with solid-
phase reaction”. However, these methods involve a special series of reactions in order to
avoid forming the two-phase state. This indicates that the single phase state obtained by

these special methods is metastable.

Mori Matsuo Speri Biggers
P+Z+T P+Z+T P+Z+T P+Z+T

l l 1 1

(PT+Z)(ss) PT+P+T+Z PT+P+Z+T PT+P+Z+T

l l 1 1
PZT PT+(PZyT 1) PT+P(ss) PT+P(ss)

l 1 1

PZT PZT PZT

P: othorhombic PbO, Z: monoclinic ZrO,, T: tetragonal TiO,, PT+Z(ss): solid solution of
PbTiO3 and ZrO,, PT: tetragonal PbTiOs3, PZT: PbZr«Ti;-xO3, P(ss): solid solution of
PbO, PbTiO3 and ZrO2: and (PZxT1): intermediate PZT composition

Table 1. 2 Comparative list of reaction sequence in PZT formation from mixed oxide
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1.8 Monoclinic Phase in PZT

Noheda et al. proposed a new monoclinic phase (Cp,) exists in the MPB region at
low temperature, which is acting like a bridge between the tetragonal (Fr) and
rhombohedral (Fr) PZT phases. This observation was based on high resolution
synchrotron x-ray and neutron diffractions measurements [61, 64]. Later, the Noheda et
al. updated the stability for this monoclinic phase (Cm), which is stable at PZT 0.46 < x
<0.51 [62]. The new phase diagram contains a monoclinic phase within MPB region at

low temperature is shown in Fig. 1. 14.

There were extensive discussions , which including both experimentally and
theoretically, on the phase transition mechanism, stability and phase coexistence of this
new found phase in the past decades. These experimental approaches to study the
monoclinic phase in PZT were high-resolution X-ray diffraction (XRD) with Rietveld
analysis [68, 94], Raman-spectroscopy [68, 95], TEM [96, 97] and dielectric
characterizations [98]. In theoretical approaches, first-principle calculations on the PZT
solid solution have not only confirmed the presence of the monoclinic phases but have
also shown that they are responsible for the maximum electromechanical response [99,

100]. The observation of an MPB immediately raised questions that list as follows,

1. The stability of monoclinic phase.

2. The coexistence of monoclinic phases and other phases, and the range of these

coexistence phases.

3. There were several reports question if the monoclinic phase really exists in the
PZT system, and the details will be discussed in the chapter 1.9.

Page | 32



Several authors have been reporting the existence range of a monoclinic phase in
PZT. Ragini et al. were considered two monoclinic phases, Cm and Cc, exist at different
temperature range at near the MPB region, and one of the monoclinic phases (Cm)
coexists with tetragonal phase at the boundary of two phases. In their work, composition
and temperature range of the PZT with monoclinic phase (Cm) was extended to 0.38 < x
< 0.47 at room temperature, which was previously considered as rhombohedral phase
(R3m) [101]. In fact, there is a sharp boundary between monoclinic and tetragonal phases
observed experimentally [64], but no such boundary has been reported between the
monoclinic and rhombohedral phases. In the work of Singh et al., they reported that
monoclinic with space group Cm exist at the composition of 0.40 < x < 0.475 at room

temperature, with no coexistence of phases [102].

There were several interpretations of Rietveld analysis of the neutron powder data,
which indicate that there are more than one monoclinic phases exist at around MPB.
Another low temperature monoclinic phase (Cc) with a doubled cell characteristic of anti-
phase tilting of the oxygen octahedral was first proposed by Ranjan and coworkers [94,
101, 103]. In addition, Frantti et al. concluded that the weak superlattice peaks observed
in the neutron scattering should be attributed to the coexistence of a rhombohedral R3c
phase and a monoclinic Cm phase [68]. However, this conclusion was disputed by other
authors , Noheda et al. [104] and Ranjan et al. [105], who argue that the coexistence
model of Cm and Cc phases was account for the superlattice peak positions. It is
extremely difficult to have a definitive result from Rietveld analysis alone in these
complicated piezoelectric systems. Because of the diffraction methods were unable to

determine the true crystallographic symmetries of these phases due to the resolution limit
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of the diffraction [106]. Cordero et al. also indicated that “it is still controversial whether
superlattice reflections observed in diffraction spectra at liquid He temperatures are due
to rotations of the octahedral, with the monoclinic phase passing from Cm to Cc, or

instead to coexistence of the Cm and R3c structures [107, 108]”.

Furthermore, structural difference between the samples prepared by different methods
was observed in the literatures [106, 109]. Therefore, the structure of the PZT at around

the MPB is rather confusing and without definitive result by far.

1.9 Domain Miniaturization around MPB

The existence of monoclinic phases in PZT, which are usually determined by high
resolution x-ray or neutron powder diffractions, remains a topic of intense debate.
Because of the diffraction results in this complicated PZT system can be easily affected
by small domain sizes, internal stress, and multiple coexisting phases. Thus, it is difficult
to determine lattice parameters and precise phases from the complicated diffraction

patterns.
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Figure 1. 19 Schematic illustrations of diffraction phenomena in the cases of (a) coarse
twins, (b) nanotwins, and (c) coexistence of coarse and nanoscale domains, after Wang
[113]. Where ® is twin variant volume fraction of tetragonal phase and AK(1) is the
Bragg twin peak splitting vectors due to twinning deformation.

Jin et al. developed a theory of an adaptive ferroelectric phase to predict the
microdomain-averaged crystal lattice parameters of this structurally inhomogeneous state
[110, 111]. This theory was based on the adaptive phase model, which was originally
applied to explain an adaptive phase formation a martensitic transformation [112]. An
adaptive state in ferroelectrics is the ferroelectric phase transforms into an
inhomogeneous microdomain state which is macroscopically homogeneous. Based on
this theory, the authors stated that the lattice parameters of the monoclinic phase
calculated using Rietveld refinement were made up of tetragonal nanotwins. In a similar

approach, Wang et al. was able to develop a diffraction theory of nanotwin superlattices
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with low symmetry phases [113, 114]. Wang indicates that “the nanotwin superlattices of
rhombohedral phase with (001) and (110) twin planes diffract incident waves just like
monoclinic M and Mg phases, respectively.” It means that one or more extra diffraction
peaks would be appeared when nanodomains coexist with coarse domains. Such a
diffraction result can be easily misinterpreted as evidence of a new phase. Fig. 1.19
shows the schematic illustrations of diffraction phenomena in (a) coarse twins, (b)

nanotwins, and (c) coexistence of both coarse and nanoscale domains.

In fact, the domains miniaturization due to very low domain wall energy (Y) at
MPB region in PZT system was experimentally observed by TEM [96, 97]. Fig. 1.20
shows TEM results of PZT with different compositions, and it clearly shows that the

domain miniaturized at the MPB region.

5
< 00 nm >

Figure 1. 20 TEM bright field images of typical domain structure of the PZT (a) x = 0.40,
(b) x =0.50, and (c) x = 0.60, after Woodward et al. [95].
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Chapter 2

OBJECTIVES AND THESIS OVERVIEW

2.1 Statement of Problem and Objectives

Solid solutions of lead zirconate titanate [PbZr,4TixO3 (PZT)] are extensively
used in electro-active devices and in other technological applications due to the maxima
in piezoelectric, elastic, and dielectric properties that occur near the morphotropic phase
boundary (MPB) where this solid solution changes structure as a function of the chemical
composition (around x = 0.48) [1-5]. One of most commonly accepted reasons for the
enhanced properties near the MPB is the rhombohedral (R3m) and tetragonal (P4mm)
ferroelectric phases coexist at near the MPB and increases the number of possible
spontaneous polarization directions [6-8]. Phase coexistence is commonly observed near
the MPB in PZT at room temperature. However, the origin of the phase coexistence, the
width of the two-phase region, and the average structure of PZT near the MPB are still

controversial.

In the last 40 years, the origin of two low temperature phases coexists and near
the MPB in the PZT ceramics has been variously attributed to the metastable coexistence
[9, 10], to the heterogeneity and/or the composition fluctuation [11, 12], to the thermal
fluctuation with a statistical distribution model [13, 14], and to equilibrium
coexistence[15-18]. Besides, the coexistence of tetragonal and rhombohedral phases
around the MPB could be also affected by internal stress [19, 20]. Among these
hypotheses, an equilibrium PZT phase diagram with two-phase regions replacing the line

boundaries in the traditional phase diagram was reported by Rossetti et al. [17, 18]. This
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predicted equilibrium phase diagram can be obtained by considering PZT solutions as a
regular solution and combines the conventional Landau-Ginzburg-Devonshire (LGD)
free energy [21] function with a positive enthalpy of mixing [22]. It also suggests the
decomposition occurs by a peritectoid reaction and the miscibility gaps can be extended
to the cubic phase with a sufficient value of the atomic exchange interaction parameter.
Based on this hypothesis, an equilibrium two-phase coexistence can be achieved with a
normal material processing if the diffusional processes are sufficiently fast, and the ratio
between two phases is determined by the lever law. Conversely, if diffusion processes are
not sufficient fast enough, the ratio between the two ferroelectric phases would vary with

different processing conditions and/or cooling rate.

In addition, a large tolerance (£20%) in piezoelectric and dielectric properties of
the commercial PZT-based ceramic is usually observed. This, added to the fact that the
ratio between two ferroelectric phases at near the MPB is not consistent with all literature
data, would lead one to suspect that the PZT ceramics may not able to reach their
equilibrium state after sintering at high-temperature and cooled by natural convection. A
better understanding of the phase equilibria in the PZT ceramic is not only scientifically
interesting, but also technically important. It could provide useful information for the
processing, microstructure control, and structure-sensitive properties of PZT solid

solutions.

In this work, an unusual annealing approach was used to investigate the influence
of thermal history on crystal structure, microstructure, domain structures and the
dielectric properties of un-doped PZT ceramics. Furthermore, it is of interest to see

whether the equilibrium phase mixture can be established by accelerating the diffusional
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processes by applying a higher temperature at above Curie temperature (Tc) to allow for

the atomic redistributions.

The main objectives in this thesis study are:
I.  To determine whether or not diffusional processes are fast enough to establish two
phase equilibrium
II.  To determine the influence of thermal history on the crystal structure,
microstructure and domain structure
I1l.  To determine the influence of thermal history on the energetic of paraelectric to
ferroelectric phase transitions in the PZT ceramics.

IV.  To determine the influence of the structural changes on the dielectric properties

2.2 Thesis Overview

The technical background and literature review (Chapter 1)
The concepts used in this thesis were described in Chapter 1. These are
1. Fundamental knowledge of ferroelectrics, ferroelectric domains and the
introduction to PZT.
2. Different approaches to study and separate intrinsic and extrinsic
contributions to the dielectric property.
3. Literature reviews of current proposed PZT phase diagrams and other

conflicting subjects near at MPB region.
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Preparation and structural characterization of PZT powder and sintered
disks/ceramics (Chapter 3 and 4)

To accomplish the objectives in this work, PZT powders (x = 0.00, 1.00) and
sintered disks (0.10 < x < 0.80) with different compositions were prepared using three
different chemical routes. The structure of PZT powder and sintered disks were
characterized by x-ray diffraction. The quality of the samples was determined by

comparing the structural properties to the literature data.

The paraelectric to ferroelectric phase transitions behavior in the PZT ceramics
(Chapter 5)

Temperature dependence of specific heat (Cp) of the PZT powders (x = 0.00, 1.00)
and sintered disks (0.10 < x < 0.80) was used to study the paraelectric to ferroelectric
phase transitions behavior in the PZT ceramics. The order of the phase transition was
determined by first derivative of C, curves, the transition enthalpies (AH;), and transition
entropies (4S;). The order of the phase transition was then used to find the tricritical

points in the PZT system.

Intrinsic and extrinsic contributions to dielectric constant of as-synthesized PZT
ceramics (Chapter 6)

Intrinsic and extrinsic contributions to dielectric of PZT sintered disks (0.30 < x <
0.70) were studied in this thesis work. There were many reports of contribution
mechanisms to dielectric constant and Rayleigh analysis on the PZT sintered disks and
thin films in the past two decades. However, the composition dependence of Rayleigh
coefficient of the un-doped PZT ceramics across whole system has not been reported so
far.
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Temperature dependence of dielectric property was applied to separate out the
contribution mechanisms to dielectric properties in the un-doped PZT system. The
extrinsic contribution to dielectric is highly related to the domain wall motions, and
different types of the domain wall motions in the PZT system can be quantified by
applying Rayleigh analysis on field dependence of the dielectric behavior. The
composition dependence of Rayleigh coefficient of the un-doped PZT ceramics across
whole system was reported in this thesis work.

Thermal-activated irreversible domain wall motion, which is one of the
mechanisms in the extrinsic contribution to dielectric constant, can be quantified from the

combined result of the dielectric properties at low field and high field.

Anneal experiment (Chapter 7)

PZT sintered disks (0.10 < x < 0.80) were anneal at 923K for 72h, 120h and 240h
to not only determine whether or not diffusional processes are fast enough to establish
two phase equilibrium, but also to determine the influence of thermal history to the
properties of PZT ceramics.

Weight loss measurement was used to determine whether or not lead loss
occurring during the anneal process. Field emission scanning electron microscope (FE-
SEM) was applied to characterize the grain size of the PZT sintered disks (0.10 < x <

0.80) before and after anneal process.

Page | 49



Influence of thermal history on structure, domain structure, dielectric behavior, and
the paraelectric to ferroelectric phase transitions behavior in the PZT ceramics
(Chapter 8 and 9)

The structural, dielectric behavior, and the paraelectric to ferroelectric phase
transitions behavior in the annealed PZT sintered disks (0.10 < x < 0.80) were compare to
the properties before annealing process. Four categories were used to determine the
influence of thermal history on structural properties, which are lattice parameters,
spontaneous strain, phase coexistence, and peak width. Among these, influence of
thermal history on phase coexistence phase provides useful information to determine
whether the un-annealed PZT ceramic is in its equilibrium state, and to test whether the
or not diffusional processes are fast enough to rearrange two phases in the MPB region.

The influence of thermal history on domain structure was characterized by
transmission electron microscopy (TEM). Domain structure evolution by anneal process
was reported in this thesis. The influence of the thermal history on the dielectric
properties at low and high field was also reported. How anneal process effect on

contribution mechanisms and Rayleigh coefficients were discussed.

Conclusion and future work (Chapter 10)
A conclusion of the performed work and basic achievements was reported. Some
suggestions were made for future research to have a better knowledge about the

processing-structural-property relation.
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CHAPTER 3

SYNTHESIS OF PZT POWDER AND SAMPLE PREPARATION

Lead zirconate titanate (PZT) ceramics are chosen as the model system in this
work for investigation of processing-structure-property correlations in piezoelectric
ceramics. The solid solution of lead zirconate (PbZrO3) and lead titanate (PbTiO3) is a
well-known ferroelectric system with wide technological applications. There were many

different reports on synthesis PZT since it was discovered in early '50s.

This work was attempted to explore the processing-structure-property correlations
across the PZT solid solution. Therefore, the composition of the PZT specimen needs to
be carefully determined, and high phase purity of specimen is also needed. To achieve
these requirements, four different approaches to synthesis the PZT powders were carried

out.

3.1 Synthesis of PZT Powder

There are two major routes for synthesis of the ferroelectric PZT ceramics. First
one is the conventional mixed oxide method, which is usually proceeds through a series
of solid state reaction, and reaches completion only at very high temperatures (~1473K).
Although this method is most common process of manufacturing PZT-based materials in
the industry, the high temperature calcination usually leads to inevitable particle
coarsening, the large crystallite sizes, and increased diffusion length for redistribution of
the Zr and Ti cations under low-temperature equilibrium conditions. To reduce the

particle coarsening, multiple steps of ball milling and grinding are necessary to apply on
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the calcined powder. To avoid this problem, wet-chemistry-based routes were used to
prepare PZT powders in this work.

The sol-gel process has been widely acknowledged to be a promising method
because of its uniformity at the molecular level and the low operating temperature
requirement. These features could be potential advantages in this work. The lower
processing temperature reduce the situation of PbO volatilization and the generation of
product phases with smaller crystallite sizes and shorter diffusion distances facilitating
the interchange of Zr and Ti atoms. However, the sol-gel process has obvious limitations
when employed to prepare PZT ceramics in large quantities. There are many different
sol-gel methods to prepare the PZT powder. In this work, author chose two of the most
well-known methods, the alkoxide-derived [1-4] the acetate-derived methods [5, 6], to
prepare the PZT samples. Also, these two methods are the most convenient for us to

obtain the PZT samples in our current laboratory.

PZT powders with different compositions were obtained through three alkoxide-
derived approaches, and one acetate-derived approach. These four different approaches
are listed as follow,

1. Alkoxide-derived PZT powder from Yi’s recipe [1]

2. Acetate-derived PZT powder

3. A commercial alkoxide-based PbZrg s, Tig4g03 (Alfa-Aesar) solution
4. Alkoxide-derived PZT powder from Wilkinson’s recipe [3, 4]

The experimental procedure of these three approaches is shown in Fig. 3.1. The
starting materials in the first approach were lead (I1) acetate trihydrate [Pb(CH3CO,), -

3H,0], zirconium n-propoxide [Zr(OCH,CH,CHs)s], and titanium isopropoxide
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[TI[OCH(CHs)2]4], glacial acetic acid and methanol as the solvents. The starting
materials in second approach were lead sub-acetate [Pb(C,H30,), - 2Pb[OH];], zirconium
acetate [Zr(CH3COOQ),)], and diisopropoxytitanium bis(acetylacetonate) also known as
Tyzor® GBA [(CH3),CHO],Ti(CsH;02)2]. The starting materials in both methods are
dissolved in the solvent in particular sequences. The PZT solutions were slowly dried at

383K until dry gels formed.

PZT powder preparation

Alkoxide-based Acetate-based

solution . solution

Thermogravimetric
analysis
(TGA)

Pyrolyze at
723-923K

Calcine at
873-1273K

J

Figure 3. 1 Experimental flow of PZT powder synthesis
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Prior to any further thermal treatments, a thermogravimetric analysis (TGA)
measurement was carried out to identify the decomposition temperature of the precursors,
to estimate the minimum temperature of product phase crystallization, and to determine
the onset temperature of PbO volatilization. The measurements were carried out by using
a TA Instruments Q500 instrument with 30 - 60 mg of the PZT dry gel. Dry gels were
placed in an uncovered platinum pan and heated from 298 K to 1273 K in air with a
heating rate of 10 K/min. The result of a dry PZT 50/50 (x = 0.50) gel is shown in Figure
3.2. The result suggest that 23.92% organic precursor in an acetate-derived PZT 50/50
dry gel was decomposed completely at 825K and volatilization of the PbO starts at
around 1100K. After determined the pyrolysis and the calcination temperatures by the
TGA measurement, the gels were then carefully pyrolyzed at temperatures in the range of
723K to 923K, and calcined at 873K to 1273K in the platinum crucibles. The PZT
powder was obtained after the calcination process.

A commercial alkoxide based PZT solution with composition x = 0.48 (Alfa-
Aesar) was used to obtained the PZT 52/48 powder at near the morphotropic phase
boundary (MPB). The solution was processed into powder form by following the same

procedure as above.
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Figure 3. 2. Thermogravimetric analysis (TGA) of the PZT dry gel with composition x = 0.50.

Preparation of the alkoxide-derived PZT based on Wilkinson’s recipe

PbZr,TixO3 (x = 0.00, 0.10, 0.15, 0.20, 0.30, 0.40, 0.55, 0.70, 0.80 and 1.00)
precursor solutions were prepared by an alkoxide-derived sol-gel method. The reagents
consisted of lead (Il) acetate trihydrate [Pb(CH3CO,),-3H,0], a 80 % solution of
zirconium n-propoxide [Zr(OCH,CH,CHz3)4] in n-butanol, titanium isopropoxide
[TI[OCH(CHz3)2]4] and anhydrous 2-methoxyethanol (2-MOE). These chemicals were
obtained from Aldrich Chemical Company (Milwaukee, WI) and all manipulations of
titanium and zirconium alkoxides were carried out using transfer syringes to avoid

exposure to moisture.

The lead acetate trihydrate (approximately 0.02 mole) was added in about 60 mL

of 2-methoxyethanol in a three neck flask. The solution was heated to 398K for
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dissolution and dehydration of the lead acetate, and 20 mL of liquid was removed by
distillation. After cooling the flask to 353K, proper amount of zirconium n-propoxide
(~1.00 M in 2-methoxyethanol) and titanium isopropoxide (~1.00 M in 2-methoxyethanol)
stock solutions were added to the solution in sequence. The solution was mixing
overnight at room temperature then brief refluxed, and 40 mL of liquid was removed by
distillation. A water and 2-methoxyethanol mixture solution (1:1; v:v) was used to

hydrolyze the PZT solution.

The PZT solutions were slowly dried at 383K until orange dry gels formed. The
calcination temperatures of dry gels were determined by thermogravimetric analysis
(TGA). The gels were then carefully pyrolyzed at temperatures in the range of 723K to
923K, and PZT powder was obtained after calcining at 873K to 1273K in the platinum

crucibles for two hours.

2"d Alumina crucible

> 15t Alumina crucible
> PbZrO; powder
I > PZT pellets
= i = > Pt foil

Figure 3. 3 Double crucibles setup for sintering dense PZT ceramic
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3.2 Synthesis of Polycrystalline PZT Dense Pellets

The prepared alkoxide-derived PZT powders, based on the Wilkinson’s recipe

and a commercial solution, were mixed with 1 wt% PVA (Polyvinyl Alcohol) additive

solution before made into pellets by applying 5x10° N/m? to a 6mm die. These pellets

were subsequently sintered in a double crucibles setup (shown in Fig 3. 3) at 1473K for 2

hours with a heating rate of 5K/min in a PbO-rich atmosphere by using PbZrO3; powder

as lead source. Densities of the PZT ceramics were list in table 3.1. The densities of all

dense PZT ceramics in this study were larger than 95% theoretical density, except PZT

20/80. The reason of PZT 20/80 (x = 0.80) sintered disks have lower theoretical density

was due to the fact that it has higher spontaneous strain (around 5% structural change in c

direction between cubic to tetragonal phase transition).

sample  x Sample Weight Density Theoretical % of theoretical
b volume (mm?®) (mg) (kg/m°)  density (kg/m?) density

1 0.00 - - - - -

2 0.10 21.85 137.18 7.69 7.97 96.54
3 0.15 21.85 153.54 7.69 7.97 96.54
4 0.20 21.85 168.09 7.69 7.97 96.54
5 0.30 22.08 169.25 7.67 7.98 96.07
6 0.40 21.31 163.41 7.67 7.99 96.04
7 0.48 16.18 126.08 7.79 7.98 97.62
8 0.55 19.17 148.07 7.72 7.98 96.77
9 0.70 21.03 161.82 7.69 7.99 96.28
10 0.80 19.81 145.47 7.34 7.99 91.94
11 1.00 - - - - -

Table 3. 1 Density of dense PbZr; 4 TixO3 sintered disks (0.10 < x < 0.80).
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3.3 Phase Purity

Phase purity of the PZT samples was performed by X-ray diffraction (XRD).
XRD patterns were acquired on a Bruker D5005 and a D8 Advance Bragg-Brentano
diffractometer with CuKa radiation and a scan rate of 4°/minute were employed to study
the crystallographic properties of the as-made PZT powder and dense pellets. Generally,
XRD patterns can be used to determine whether or not the undesirable pyrochlore phase
exists in the PZT. Phase purity is an important factor to tell the quality of the samples.
The existence of the pyrochlore phase is usually caused by off-stoichiometric precursor
solution or the volatilization of PbO during the heating process. Therefore, the presence
of the pyrochlore phase usually refers to the sample quality is poor and the actual

composition maybe quite off to the desired composition.

3.3.1 Phase purity of PZT powder

Four different approaches, three alkoxide-derived methods and one acetate-
derived method, were applied to synthesis the PZT powders in this study. The first
approach in this work was focused on a parametric study of alkoxide-derived PZT
powder by using Yi’s recipe [1]. Different compositions of PZT powder were calcined at
various times and temperatures. The XRD results are shown in Fig. 3. 4. It shows a
pyrochlore phase (marked with red triangle) existing in four different compositions of
alkoxide-derived PZT powder after calcining at 873K for 2 hours. Pyrochlore phase was
also found in all PZT powders with composition x = 0.70 (PZT 30/70) calcined at 873K
for two to 10 hours. A single phase PZT 30/70 powder was obtained after calcining at

1073K for 2 hours, and there is no pyrochlore phase PZT was obtained at around MPB
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Intensity (a.u.)

and Zr-rich regions by this method. This result matches with the reaction sequence in
PZT formation study. All the researches were indicated that a PZT ceramic with single

perovskite structure is easier to form at Ti-rich region than at Zr-rich region.

There are three possible reasons for an existing a second phase in PZT ceramic
with compositions at the Zr-rich region: First is the starting materials are extremely
sensitive to moisture and air, it is difficult to control the stoichiometry without operating
in a dry box. Second is the volatilization of PbO during the calcination process, and third
is the metastable nature of the PZT with compositions at the Zr-rich region, a higher
calcination temperature may need to apply in this method. A list of alkoxide-derived PZT

powders by using Yi’s recipe is shown in Table 3.2.

|  873K2h PZT 30/70 873K PZT 30/70 2h
'y PZT 30/70 173K
MMMM ' 10h ,
deuwwamw . JJ___. J l ll Ak 'JL Ao Ak
PZT 50/50
i s 1073K
PZT 45/55 JMWW
A—JU’MMMM
873K
20 20 40 60 30
29 20 20

(a) (b) (c)
Figure 3.4 XRD patterns of (a) alkoxide-derived PZT powder with different compositions. (b) PZT

30/70 powders calcined at 873K with various time, and (c) PZT 30/70 powders calcined at
different temperatures for 2 hours
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30/70 873 873 2,6&10 N/A N/A pyrochlore

30/70 923 1073 286 N/A N/A Pure phase

Alkoxide-derived 30/70 923 1273 2&6 N/A N/A Pure phase
(Y's recipe) 45/55 8738923  |873,1073& 1273|  2,6&10 648 72,120 &240 pyrochlore
50/50 873%923  |873,1073&1273|  2,6&10 623 72,120 8240 pyrochlore

70/30 8738923  873,1073&1273|  2,6&10 N/A N/A pyrochlore

Table 3. 2 List of alkoxide-derived PZT powders by using Yi’s recipe

However, the PZT powders near at the MPB region contain a pyrochlore phase,
which are not suitable for this study. The PZT 30/70 powder shows a pure perovskite
structure without pyrochlore phase. But PZT 30/70 is considered too far away from the
MPB region and is not proper to use to investigate the redistribution of Zr and Ti atoms
in the PZT solid solution. Therefore, it is necessary to use another method to obtain
single phase PZT.

An acetate-derived method, which starting materials were less sensitive to
moisture and air, was carried out to obtain pure single phase PZT in the second approach.
Different from the first approach, all reagents were assayed by weight loss on ignition at
1073 K to determine the mass yield of their component metal oxides (PbO, TiO,, and
ZrQ,). In the procedure adopted, the as-received Tyzor GBA container was first sealed
with a rubber septum. A quantity of the titanium reagent was then withdrawn by using a
syringe, and its mass was determined after discharge into an Erlenmeyer flask containing
a magnetic stir bar. The required mass of zirconium acetate solution was then calculated
and this mass of solution was mixed with the Tyzor GBA. The mixed cation solution was
diluted with methanol in the weight ratio 1:4 (reagent solution: methanol). After mixing,

the required mass of lead subacetate was dissolved, and the solution was then dried at 383
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K until a dry gel formed. The dry gel was carefully pyrolyzed and then calcined at 1273K
for 2 hours in air. A commercial alkoxide-based PZT 52/48 (Alfa-Aesar) solution was
used in the third approach. Fig. 3.5. shows (a) the commercial solution-derived PZT
52/48 and three acetate-derived PZT with compositions of (b) x = 0.50, (c) x = 0.60, and
(d) x = 0.80 were calcined at 1273K for 2 hours. It shows a significant reduction of the
second phase in the PZT powders derived from the acetate method and the commercial
solution. This is due to the starting materials of this method are less insensitive to
moisture and air, to the volatilization of PbO is not so severe, and/or to the PZT system
can be stabilized at a lower temperature. These PZT powders were used to investigate
the thermal effects on the properties in the PZT system and the origin of the phase
coexistence at around the MPB region. The results of annealed PZT powders will be

shown in the later chapters.

(d) (101) AC- PZT 20/80
(100) 1100
m o k (ix’ ‘Oﬁl (10M-
-
< © k Ac- PZT 40/60
EE AL - A ke gk |
Q
= ||| %) Ac- PZT 50/50
P .
(a) Commercial- PZT 52/48
L /l\ o (L
20 30 20 = =
26

Figure 3. 5 (a) Commercial solution-derived PZT (x = 0.48), and acetate-derived PZT with
(b) x =0.50, (c) x =0.60, and (d) x = 0.80 were calcined at 1273K for 2 h
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An alkoxide-derived method developed by Wilkinson et al.[3, 4] was applied in
the last approach to synthesis PZT powder. In this approach, the PZT stock solutions
were carefully prepared in a three neck flask to prevent not necessary air/moisture contact.
XRD results of the PZT powders prepared by Wilkinson’s recipe were shown in Fig. 3.6.
XRD results show that the PZT powders were pyrochlore phase free, and diffraction
peaks match with the JCPDS database card of PZT. This means that the PZT powders

with high phase purity can be obtained by this method.

According to the XRD patterns, the PZT powders prepared from this method were
in a good quality. Therefore, this method is a good candid for further study in the thermal
effects on structural, thermal and dielectric properties of the PZT solid solutions. In order
to test the dielectric properties of the PZT solid solutions, all powders with different
compositions were pressed into disk shape and sintered at 1473K to form the PZT
sintered disks (or so-called ceramics) except two end members (PZ and PT) of the PZT
system. The pure PT was extremely difficult to make into ceramic form due to its high
spontaneous strain between ferroelectric tetragonal phase and paraelectric cubic phase.
Some of PZ and PT powders were calcined at higher temperature of 1473K for 2 hours
without making into dense ceramic form. In Fig. 3.8, the XRD results of these two end
members show an orthorhombic structure for PZ powder and a tetragonal structure for PT

powder, and their XRD reflections were match perfectly with JCPDS card.
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Figure 3. 6 (a)-(h) XRD patterns of alkoxide-derived PZT (x = 0.00 — 1.00) powders were
calcined at 1273K for 2 h in air

Figure 3. 7 Diameter of a PZT sintered disk was measured by a caliper
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Figure 3. 8 XRD patterns of PZ and PT powders that were calcineded at 1473K for 2

hours.
3.3.2 Phase purity of dense PZT ceramics

The dense PZT ceramics were obtained after sintering at 1473K for 2 hours in a
PbO abundant atmosphere. Picture of a PZT sintered disk (or so-called a dense PZT
ceramic) is shown in Fig. 3.7. The XRD patterns of PZT sintered disks (0.10 < x < 0.80)
were shown in Fig. 3.9. After sintering at 1473K for 2 hours, XRD patterns of the PZT
ceramics show highly crystallized perovskite structure without pyrochlore in every

composition. The structures at the Ti-rich side (x = 0.80 to x = 0.55) show a pure
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ferroelectric tetragonal phase (Fr), and the structures at the Zr-rich side (x = 0.60 to x =
0.10) show a pure ferroelectric rhombohedral phase (Fgr). The composition x = 0.52
which is near the MPB region shows a two phases mixture of tetragonal phase (F) and
rhombohedral phase (Fg), and it is the direct evidence that two-phase coexistence at near

the MPB region which will be discuss more at chapter 3.5.

s Sample Holder 298K
o e x=010 x=0.48
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Figure 3. 9 Powder x-ray diffraction patterns collected on un-annealed sintered disks of
PZT with varying composition (x) showing (a) the rhombohedral compositions with x =
0.10 < x < 0.40 and (b) the tetragonal compositions with = 0.55 < x < 0.80 and a two
phase mixture of tetragonal and rhombohedral phases with x = 0.48. The indexing shown
on the patterns in (a) and (b) is for the rhombohedral (R3m) and tetragonal (P4mm)

symmetries, respectively.
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3.4 Summary

Four different approaches, three alkoxide-derived methods and one acetate-
derived method, were applied to synthesis the PZT powders in this thesis study. The
phase purity of the PZT powders was examined by the x-ray diffraction measurement.
The result shows that the PZT powders without the pyrochlore phase can be obtained
reproducibly from an alkoxide-derived method, which was first developed by Wilkinson
et al. [3, 4]. Another PZT powder without pyrochlore phase was obtained from a
commercial alkoxide-based solution. However, this commercial solution can only
provide one composition (x = 0.48, PZT 52/48), which is definitely not sufficient in this
study. XRD results of the PZT powders obtained from another alkoxide-based method,
which was built by Yi et al., contain the pyrochlore phase in every composition. These
PZT powders with pyrochlore phase are not suitable for this study. Although the
pyrochlore phase was significantly reduce by using an acetate method, but the quality of
the samples were not as good as the alkoxide-derived method that developed by

Wilkinson et al.

Therefore, the alkoxide-derived method that developed by Wilkinson et al. was
used to synthesis all the PZT powders in this study. In order to test their electrical
properties, these PZT powders were then processed into dense ceramic form. XRD
patterns show that the dense PZT ceramics were pyrochlore-free and highly crystallized.
Also, the densities of all dense PZT ceramics in this study are larger than 95% theoretical

density, except PZT 20/80.
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CHAPTER 4

CHARACTERIZATION OF STRUCTURE, MICROSTRUCTURE AND

DOMAIN STRUCTURE

4.1 Structural Characterization

The objectives of this thesis work are trying to investigate the processing-
structure-property relation, and to have a better understand of the origin of two phase
coexistence at near the MPB in the PZT system. To investigate the thermal history effect
on structure properties of the PZT, the structure properties of un-annealed PZT samples
need to be carefully assessed before applying any further heat treatments. The structural
characterization of the un-annealed PZT samples in this study was focused on four main
categories: (1) the lattice parameters, (2) the ferroelectric elastic strain, (3) the phase
coexistence, and (4) the peak width of the PZT ceramics. Each category will be discussed

in this chapter.

Crystal structure of the PZT powders and sintered disks at room temperature was
characterized by the x-ray diffraction (XRD). The diffraction data were acquired at room
temperature using a Bruker D8 Advance diffractometer (CuKa radiation) operating at a
scan rate of 4°/min in an auto-repeat mode that averaged the data from 4-6 scans in the
range of 15° — 90° 20. Higher resolution data were acquired around selected reflections in
step scans using a step size and count time of 0.02° 20 and 3s/step, respectively. To
obtain more precise crystal details for the structural analyses, higher resolution data of the
{111} and {200} reflections were acquired in the step scan mode by using a step size of

0.02° and a count time of 3 seconds per step. The {111} and {200} reflections were then
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analyzed by the software “Peakfit v.4.12” using Pearson VII line profile shape functions

to determine the peak positions, the peak intensities, and the peak widths.

4.1.1 Lattice Parameters

To determine lattice parameters of the dense PZT ceramics, the Si powder was
used to calibrate the instrumental error. Reflection peak angle (26) of the Si powder was
compared to the JCPDS card database, difference in the (220) peak positions of Si
between JCPDS card data base and experimental data was used as the value of the
instrumental error. After calibrating the instrumental error, the {111} and {200}
reflections of the PZT samples were analyzed by the software “Peakfit v.4.12” using
Pearson VII line profile shape functions to determine the peak positions (d-spacing), the
x-ray profile peak breadth (FWHM) and the integrated intensities. Pearson VII
distribution functions have been used for years to approximate the form of diffraction
peaks for a variety of purposes [1-3]. It was found that satisfactory fits could be obtained
without imposing constraints on the fitting parameters as judged by the fact that all
Pearson exponents (shape factors) adopted a value of ~ 2. An example of the profile
fitting results for a PZT 50/50 sample comprised of coexisting Fr and Fr phases is shown
in the Fig. 4.1. In this figure, adequate deconvolution of the tetragonal (002)/ (200) and
rhombohedral (200) peaks could be achieved at the resolution of the x-ray measurements.
Peaks at either ends are the tetragonal (002) and the tetragonal (200), respectively. The

center peak is the rhombohedral (200) peak.
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20

Figure 4.1 X-ray peak fitting results for PZT powder with composition x = 0.48 showing
deconvolution of (002) and (200) reflections for coexisting tetragonal and rhombohedral
phases.

After obtaining the peak positions of the XRD reflections, d-spacing of the PZT

samples were calculated by the Bragg’s Law.

A=2dsin@ Equation 4. 1

where A is the wavelength of incident wave (In this study, the wave length of CuKa
radiation is 0.15418 nm), d is the spacing between the planes in the atomic lattice, and 0
is the angle between the incident ray and the scattering planes. The lattice parameters of
PZT samples with different structures were then calculated according to the relationship

between d-spacing and lattice constants:

1

2 2 27>
Tetragonal : d,,, = {u I—z} Equation 4. 2
a C
R hombohedral :
1 .
1 (h? +Kk? +12)sin? & + 2(hk + kI +Ih)(cos® a —cos ) | 2 Equation 4. 3
A =| 7 3 2
a 1-2cos” o +3cos” o
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where (hkl) is Miller indices of planes, and « is the angle of rhombohedral unit cell.

Fig. 4.2(a) shows composition dependence of the lattice parameters of the PZT
powder (x = 1.00) and sintered disks (0.10 < x < 0.80) at 298 K. PZT went through a
series of phase evolution with increasing titanium content at the room temperature, from
an orthorhombic phase, to the rhombohedral phases, and to a tetragonal phase. Between
the rhombohedral and the tetragonal phases, there is a two-phase coexistence region at
near the MPB. Details of the lattice parameters were listed at table 4.1. In the Ti-rich
region, lattice parameter a has increased with zirconium content from 3.90A to 4.02A (x
=1.00 to x = 0.55) while lattice parameter ¢ remains a similar number (~4.14A), and the
lattice strain c/a ratio has decreased with zirconium content from 1.06 to 1.02. It should
be noted that the pure lead titanate has the highest tetragonality, which makes it
extremely difficult to make a pure lead Titanate dense ceramic. In the Zr-rich region, the
lattice parameter a has decreased with zirconium content from 4.14A to 4.07A (x = 0.10
to x = 0.40). The unit-cell volume () has increased with zirconium content from around
63 A% to 71 A% and shows an essentially linear behavior with composition in the Fig. 4.1
(b). As seen in the figure, the unit cell volume () of this work match with the
theoretically [4] and the experimentally observed continuity in unit cell volume across the
MPB line. Values of the lattice parameters, the volume, and the rhombohedral angle ar
are in a good agreement with literature data [5-7]. It means that the compositions of
samples in this work are very close to desired composition, the composition assessment

will be discussed in the later chapter.
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Figure 4. 2 (a) Crystal lattice parameters of un-annealed PbZr,.4TixO3 powders (x = 0.00,
1.00) and sintered disks (0.10 < x < 0.80) versus composition at room temperature. The

cube root of the primitive cell volume in the tetragonal (P4mm) phase (a'=3/a’c) and the
orthorhombic (Pbam) phase (a''=3/abc/8) are also shown. (b) Corresponding unit cell
volume of the PZT powder (x =1.00) and sintered disks (0.10 < x < 0.80) at 298 K.

4.1.2 Ferroelastic spontaneous strain

Transition from a paraelectric phase into a ferroelectric phase in a ferroelectric
material is usually leads to strong anomalies in dielectric, elastic, thermal, and other
properties, and is accompanied with changes in the dimensions of the crystal unit cell.
The strain correspond to this phenomenon is called the spontaneous strain, which
represents the difference in the dimensions between the ferroelectric and paraelectric unit
cells [8]. The spontaneous strain is also related to the spontaneous polarization, and can

be calculated through electrostrictive coefficients [9, 10]. Composition dependence of the
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spontaneous strain of the PZT ceramics is shown in Fig. 4. 3, and the corresponding
values are also listed at the table 4.1.

The spontaneous strain [(90%-ar)/90°] of the PZT ceramics with rhombohedral
phase (red hollow circle) is depending on the rhombohedral angle (og), which is
increased slightly with decrease zirconium content from 0.0030 to 0.0035. In the
tetragonal phase, the spontaneous strain [(c/a)-1] (green hollow circle) is depending on
the tetragonal distortion (c/a), which is decreased linearly with increase zirconium
content from 0.064 to 0.020. Spontaneous strain of the PZT ceramics with the tetragonal
phase is an order larger than the ones with the rhombohedral phase due to the larger
tetragonal distortion. In the MPB region, there are two different spontaneous strain
systems due to the two phase coexistence of tetragonal and rhombohedral phases.

The same amount of non-180° domain wall motion in a tetragonal phase would
create a greater strain as compared with a rhombohedral phase [11]. In the other words,
the domain wall motion is much difficult in the tetragonal phase than in the rhombohedral
phase. Thus the dielectric constant decreases with increasing titanium content due to

larger spontaneous strain impede the motion of the domain wall.
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Figure 4.3 Composition dependence of spontaneous strains of un-annealed PZT powder (x
=1.00) and sintered disks (0.10 <x <0.80) at room temperature

X Phase Form a(A) bA)orax c(A) QA% (c/a)-1 (90-0)/90

0.00 o? pP 5.85 11.77 8.23 70.82(3)°¢ - -
0.10 R SO 414 89.73° - 70.81(1) - 0.003
0.15 R SO 4.13 89.73° - 70.51(1) - 0.003
0.20 R SO 4.12 89.71° - 70.13(1) - 0.0032
0.30 R sb 411 89.70° - 69.24(1) - 0.0033
0.40 R SD  4.09 89.70° - 68.35(0) - 0.0035
048  R+T SD  4.08 89.72° - 67.83(8) - 0.0031
048 R+T SD  4.06 411 67.83(8) 0.02 -
0.55 T SO 4.02 - 414  67.01(1) 0.03 -
0.70 T SD  3.98 - 414  65.75(1) 0.04 -
0.80 T SD  3.95 - 414  64.75(3) 0.047 -
1.00 T P 3.89 - 414  62.94(1) 0.064 -

8 0: Orthorhombic (Pbam), R: Rhombohedral (R3m /R3c), T: Tetragonal (P4mm)
® P: Powder, SD: Sintered disk
¢ Estimated uncertainty in the least significant digit

Table 4. 1 Crystal lattice parameters (a,b,c,«), unit cell volume, and spontaneous strains
of un-annealed PZT powders (x = 0.00 and 1.00) and sintered disks (0.10 < x < 0.80).
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4.1.3 Phase Coexistence

As discussed in the chapter 1. Based on the conventional diffusionless phase
diagram, most authors claim the diffusional process cannot be fast enough to allow
atomic redistribution to reach establish equilibrium with two phase mixtures of
rhombohedral and tetragonal phases at compositions located near the MPB. The
conventional diffusionless phase diagram with line boundaries cannot satisfies Gibbs
phase rule, it is expected that the lines in this phase diagram should be replaced by two-
phase coexisting regions[12]. The most direct evidence is that diffraction experiments
frequently show the tetragonal and the rhombohedral phases coexisting in a finite
composition range at around the MPB in PZT ceramics [13-16]. It has been reported that
the MPB is not a narrow and vertically straight boundary but a region whose width
depends on the thermal history and synthesis methods. However, there is no agreements
on the definite range of two-phase coexistence region due to several obstacles were
encountered in experimental studies of the phase coexistence in the PZT system. The
width of coexistence region was reported from 1 mole% [17] up to 15 mole% [14].

X-ray diffraction is the most common and direct way to determine the phase
coexistence in the PZT system. Fig. 4.4 exhibits the XRD profile fitting of (002) and (200)
reflections of (a) the PZT 60/40, (b) the PZT 52/48, and (c) the PZT 45/55. 98%
confidence intervals in the parameters of the fits were used as a measure of the relative
errors. At the top of this figure, Zr-rich PZT 60/40 shows a single rhombohedral (200)
reflection and the fitting result for rhombohedral (200) reflection was represented by a
red curve. At the bottom of this figure, Ti-rich PZT 45/55 shows two reflections of

tetragonal (002) / (200) and the fitting results of tetragonal (002) / (200) reflections were
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shown as the green curve. In the middle of this figure, the (002) and (200) reflections of
PZT 52/48 is clear shows the evidence of the Fy - Fgr two-phase coexistence. As
mentioned above in the earlier chapter, the coexistence of the two phases at around MPB

was expected from the thermodynamical considerations.

(200)

(a)

PZT 60/40

Intensity (a.u.)

Figure 4.4. XRD profile fitting of {200} reflections of un-annealed PbZr,,Ti,O3 sintered
disks with the compositions (a) x = 0.40, (b) x = 0.48, and (c) x = 0.55. Red sold lines and
green sold lines are the best fit results by using a Pearson VII distribution functions for
rhombohedral and tetragonal phases, respectively.

4.1.4 Peak Width

The peak width was defined by Full Width at Half Maximum (FWHM) of the
(200) reflections. FWHM is the width of the diffraction peak, in radians, at a height half-

way between background and the peak maximum [18]. There were many factors may
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attribute to the observed peak profile. Such as the instrumental peak profile, the
crystallite size, the different kind of micro-strains, and the temperature. In this study, all
experimental conditions (scan speed, scan step and temperature) remain the same to
reduce the effect of the instrumental and the temperature issues. Therefore, the reasons
causing the peak broadening can be narrow down to the crystallite size and the different

kind of micro-strains.

The peak broadening caused by crystallite size becomes obvious when the size is
smaller than 100nm. However, above a certain size (~0.1 - 1 micron) this type of
broadening is negligible [18]. The sources of non-uniform micro-strains in the PZT
ceramics are mostly from the spontaneous strain caused by the phase transition between
paraelectric and ferroelectric phases, vacancies, domain boundaries and grain surface

relaxation. All these factors can lead to the broadening of the XRD peak.

0.5

(200) Oh

0.4 ¢t

FWHM
o
w

0.2}

00 02 04 06 08 1.0
Mole Fraction of PbTiO3 in PbZrq_y4TixO3

Figure 4.5 FWHM of (200) reflections of PZT sintered disks (0.10 < x < 0.80).
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FWHM of the (200) reflections were shown in Fig. 4.5. The red circles represent
the FWHM of (200) reflection of the PZT with rhombohedral phases, and the blue circles
represent the FWHM of (200) reflection of the PZT with tetragonal phases. The sizes of
the FWHM on the either side are similar, close to 0.23°. The FWHM of (200) reflections
show a jump at around MPB region due to the combination effects of crystallite size and
micro-strains. The PZT at around MPB shows a two-phase coexistence characteristic, and
lead to two spontaneous strains contribute to the PZT at around MPB. However, the
volume fraction of two phases cannot be quantified precisely due to the resolution limits
of the diffractometer at UCONN. The domain structure miniaturize to nano scale could
be another reason to broaden the peak width. This combination effect of crystallite size,
nano domains and micro-strains could be the reason that the FWHM at MPB is almost

double the size than the rest of the compositions.

4.2 Grain Sizes of PZT Ceramics

Grain sizes of the PZT sintered disks were examined by using a JEOL 6335F
Field Emission Scanning Electron Microscope (FE-SEM). A thin gold film was sputtered
on the top of the PZT ceramics to increase the conductivity and reduce charging effects
during the scans. The grain diameters were analyzed by measuring more than 90 grains in
the plan-view SEM images. The grain size is reported as an average of these averages;

the error bar gives the standard deviation.

Fig. 4.6 shows SEM images of the microstructure of PZT sintered disks as a
function of the composition. The surface shows a dense and crackless morphology in

every composition, and the Ti-rich PZTs show a larger averages grain size than the Zr-
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rich PZTs. It may due to the Ti-rich compositions tend to react with the PbO-rich
atmosphere during sintering result in better crystalline structure [19, 20]. The details of
grain sizes were shown in Fig. 4.7 and listed at table 4.2. At Ti-rich, the grain size
decreases with increased zirconium content from 4.38um (x = 0.80) to 3.8um (x = 0.55),
and grain size dramatically dropped to 1.46um at MPB (x = 0.48). The grain sizes of the

Zr-rich PZTs are in the range from 1.01um (x = 0.10) to 3.10um (x = 0.40).

Many researches have been indicated that both mechanical and -electrical
properties are depending on the grain size [21-24]. It is worth noting that the most
striking effects of the grain size, however, are on mechanical rather than electrical
properties. Both flexural strength and Vickers hardness increase dramatically with the

decrease of grain size[25].
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Figure 4.6 SEM images of PZT sintered disks with composition (a) x = 0.80 to (i) x = 0.10.
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Figure 4. 7. Composition dependence of grain size of the PZT sintered disks
(0.10 <x <0.80).

X Grain Size (um) STDEVA
0.00 - -
0.10 1.01 0.10
0.15 1.02 0.25
0.20 3.10 0.57
0.30 1.29 0.19
0.40 3.27 0.52
0.48 1.46 0.70
0.55 3.48 0.63
0.70 3.64 1.10
0.80 4.83 0.66
1.00 - -

Table 4. 2 Grain sizes of the PZT sintered disks (0.10 < x < 0.80).
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4.3 Domain structure of MPB PZT Ceramics

As stated in the chapter 4.1.3, different phases coexist at the MPB region in the
PZT solid solution. Presence of both tetragonal and rhombohedral domains enhanced
dielectric, elastic, and piezoelectric properties at near the MPB. Domain structure of the
PZT plays an important role to its electrical property, and it can be modified by different
additives. In order to precisely control the domain structure, understanding the domain
behavior of the PZT at near the MPB became a critical task. The most common and direct
way to investigate the domain structure of the PZT is the transmission electron
microscopy (TEM) measurement.

In this thesis work, the chemical profile, domain and more structural details were
obtained by using a JEOL 2010 FasTEM. A FEI Strata 400S Dual-Beam FIB instrument
was employed to prepare cross-sectional TEM samples. Domain configurations were
studied using bright field imaging and selected area electron diffraction techniques. The

TEM sample of PZT 52/48 prepared by focused ion beam (FIB) is shown in Fig. 4.8.

mag HV curr WD | det |mode 10 um

3% [8 533 X‘30.00 kV|0.15 nA [ 4.6 mm |STEMII| BF | UConn IMS

Figure 4.8 Cross-sectional TEM sample of the un-annealed PZT 52/48 sintered disk was
prepared by focused ion beam.
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An unique phenomenon has been observed by many authors that the domain (d)
miniaturized due to the vanishing domain wall energy (y) at near MPB (d « +/y) [26-31].
This special phenomenon was also observed in this thesis work. The Fig. 4.9 shows a
bright field TEM image of the un-annealed PZT 52/48 with a curving domain structure in
nanometer scale. The curving domain structure indicates that no preferred polarization
direction at near the MPB region, and it would lead domain miniaturize to at around this

region. The observed average domain width was around 20nm.

Figure 4.9 A bright field image of the domain structure of the un-annealed PZT 52/48
sintered disk.
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As mentioned in the chapter 1.9, one or more extra diffraction peaks would be
appeared when the nanodomains with different phases coexist within microdomains.
Such a diffraction result can be easily misinterpreted as evidence of a new phase, which
makes the average structure of the PZT at near the MPB still controversial. Another
possible way to determine different phases in the PZT system is by analyzing the
chemical composition of individual domain. The domain structure of tetragonal phase has
higher titanium/zirconium ratio than the rhombohedral phase. However, to quantify the
chemical analysis on PZT at MPB region is very difficult due to the limits of beam size.
Also, the average structure and composition may be affected by a high energy focused

beam [31].

4.4 Summary

This chapter is focused on the characterization of structure, microstructure, and
domain structure of the dense PZT ceramics. The analysis of the structural properties was

conducted by using XRD. The observations from XRD analysis are as follows,

1. Lattice parameters of the PZT powders (x = 0.00, 1.00) and sintered disks (0.10 <
X < 0.80) were matching well with the literature data, which indicates that the
compositions of samples in this work were very close to the desired composition.

2. The PZT powders and sintered disks with the rhombohedral phase has much
smaller spontaneous strain than the ones with tetragonal phase.

3. {200} diffraction reflections of the un-annealed PZT 52/48 sintered disk show a

two phase mixture of tetragonal (P4mm) and rhombohedral (R3m) phases.
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4. FWHM of {200} reflections of the PZT sintered disks (0.10 < x < 0.80) show a
jump at around the MPB region due to the combination effects of crystallite size
and micro-strains. The peak width of the PZT sintered disks with compositions

outside of the MPB region was sharing a close value.

Composition dependence of grain size of the PZT sintered disks (0.10 < x < 0.80)
was examined by the SEM measurement. SEM images of surface morphology of the PZT
sintered disks show dense and crackless morphology in every composition, and the PZT
sintered disks with compositions at Ti-rich region show a larger averaged grain sizes than
the ones at Zr-rich region. Domain structure of the PZT 52/48 sintered disk was carried
out by TEM measurement. The bright field TEM image shows the un-annealed PZT
52/48 sintered disk has a curving domain structure in nanometer scale, which indicates no

preferred polarization direction at near the MPB region.
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CHAPTER 5

PHASE TRANSITIONS IN PZT

5.1 Introduction

5.1.1 Thermal Properties of PZT

PZT is one of the most extensively studied piezoelectric materials, which has wide
applications in the various fields. There has been a resurgence of interest for the nature of
the phases and the phase diagram of this technologically important material. The
symmetry and the phase transition sequence near the MPB were found to be much more
complex than previously thought. Different methods were employed to investigate the
phase transition behavior in the PZT system, especially at around the MPB region.
However, the exact crystal symmetry and the nature of phase transition near MPB region
over the whole composition in a wide temperature range remain still unclear and are
currently under intense debate and investigation [1-3]. There are many different ways to
study the behavior of paraelectric to ferroelectric phase transition in the PZT ceramic,

such as temperature dependent structural [4, 5], thermal [6] and electrical properties [7].

In contrast to the studies on the dielectric, structural and electromechanical
properties, there have been few reports on thermal behavior in the PZT systems. Not only
knowledge of specific heat behavior of the ferroelectric materials is important for both
scientific and technological purposes, but also is more suitable for studying the phase
transition behavior than the structural properties test [8]. Because the specific heat (Cp)
integrates over all possible temperature-dependent contributions to the free energy

occurring on the time scale of the measurements. These contributions include the thermal
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evolution of the primary order parameter as well as contributions arising from coupling
with other possible relaxations of the structure. The specific heat is also very sensitive to
the presence of lattice defects that influence the phase transition but may not be clearly

revealed in X-ray diffraction or dielectric permittivity measurements [9].

In this chapter, the experimental results of the specific heat measurements of the PZT
ceramics and the calculation results of the excess entropy and the excess enthalpy were
reported. The specimens studied were well-crystallized, and were carefully prepared by a
sol-gel method. The results showed the existence of two tricritical points in the PZT
system, and provide the possible locations for them. The details of the tricritical points in

the PZT will be carefully discussed in the following sections.

5.1.2 Tricritical Points in PZT

Tricritical behavior, where a phase transition changes from first to second order,
has been observed in a number of ferroelectric materials [10, 11]. Among ferroelectric
perovskites, PZT is of special interest not only because of its outstanding piezoelectric,
elastic, and dielectric properties that occur near the (MPB) [12, 13], but its tricritical
points appear as a consequence of composition variation while in other materials the
tricritical point has been seen by the application of a hydrostatic pressure[14] or by a
variation in chemical composition through ion substitution [15].

The appearance of two possible tricritical points (TCP) in the PZT system has
been reported based on different methods, such as temperature dependence structural [4,
5], thermal and electrical properties [5, 16]. However, the locations of the tricritical

points is still a subject of debate due to several obstacles are encountered in experimental

Page | 92



studies of tricritical phenomena in the PZT system. It is difficult to change the relevant
thermodynamic variables continuously and accurately [7]. Also, the nature of the
transition can be influenced by mircrocrystalline features of the sample [6, 17]. Therefore,
there are distinct differences in the reported compositions at which the tricritical points
occur. The location of one tricritical point on the rhombohedral (PbZrOs-rich) side of the
phase diagram has been variously reported as x = 0.06 [7, 18, 19], x = 0.10 [5], x = 0.22
[4], x = 0.26 [16] and x = 0.45 [20-22] which is close to the MPB. Similarly, a second
tricritical point on the tetragonal (PbTiOs-rich) side of the phase diagram has been
reported as x = 0.72 [5], x = 0.55 [4], x = 0.51 [16] and 0.60 < x < 0.70 [9]. A list of
reported possible compositions for tricritical points in the PZT system is shown in table
5.1.

As mentioned in the previous section, an investigation of the specific heat should
prove particularly advantageous in defining the tricritical behavior in the PZT system.
The details of thermal properties and determination of phase transitions will be reported

in the following sections of this chapter.

Year Author TCP at Fg TCP at F+1 Sample type
1976 Clarke [23] PZT 90/10 - Single crystal
1978  Whatmore [7] PZT 94/6 - Single crystal
1982  Handerek [18] PZT 94/6 - Ceramic
1986 Haun [24] PZT 94/6 ~MPB -

1989 Haun [5] PZT 90/10 PZT 28/72 Powder
1990 Eremkin [4] PZT 78/22 PZT 45/55 Single crystal
1995 Noheda [16] PZT 74/26 PZT 49/51 Ceramic
1997 Pandey [20] PZT 54.5/45.5 - Ceramic
1999 Rossetti [9] - PZT 30/70-PZT40/60 Ceramic

2012 Kim [21] PZT 58/42-PZT55/45 - Single crystal

Table 5. 1 The reported tricritical points in the PZT system in the literature.
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5.2 Specific Heat Measurement

A series of PZT ceramics were made to observe the first- and second-order
transition behavior and to locate the tricritical point in the PZT solid solution. PZT
powders with different compositions x = 0.00, 0.10, 0.15, 0.20, 0.30, 0.40, 0.48, 0.55,
0.70, 0.80, and 1.00 (labeled from 1 to 11) were prepared by a sol-gel method. The PZT
powders (x = 0.10 - 0.80) were then pressed into dense pellet form and sintering at 1473K
in a PbO-rich atmosphere for 2 hours. Because of the experimental difficulties, the PZ (x
= 0.00) and the PT (x = 1.00) were not in ceramic form. PZ and PT powders were
calcined at 1473K for two hours in a PbO-rich atmosphere, and then pressed into dense

pellets form for measuring. More details of PZT synthesis can be found in chapter 3.

A calorimetric investigation was applied by using a Netzsch DSC 404 F1 Pegasus®
high temperature differential scanning calorimeter was used for measuring specific heat
(Cp) and Curie temperature (Tc). Data were acquired at a scan rate of 10K/min with 1
points per degree Kelvin from 323K to 923K, under argon flow with a rate of 50 ml/min.
The specimens were placed in good thermal contact within covered platinum crucibles
and measured after careful calibration of the baseline (standard error~0.053%). Sample
specific heat was computed by the ratio method using the NIST SRM data pertaining to
single crystal sapphire. The measurements were repeated three times on each sample

investigated and the heat capacity data from the three measurements were averaged.
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5.3 Results and Discussions

5.3.1 Specific Heat (C,) and Phase Transitions in the PZT System

The results of the temperature dependence of specific heat (Cp) of PZT ceramics
(303K to 973K) can be divided into three distinct regions, which were shown in Fig. 5.1
(@) Zr-rich region (0 < x <0.30), (b) near-morphotropic region (0.30 < x < 0.55) and (c)
Ti-rich (0.55 < x <1). In the Ti-rich region, the C, shows an identical behavior at low
temperature, far below the transition point, rising from 108 J/[mol-K] at 310K to 118
J/[mol-K] at around 450K. The C, values measured at these temperatures were mainly
contributed by lattice (hard mode). As closing to transition points, the C, for various
samples began to differ and to increase markedly as the transition temperature for each
was approached. The C, of each sample in Ti-rich region shows a distinct peak near the
transition point. The peak values of C, and transition temperatures were dropping with
decreasing x, 286 to 138 [J/mol-K] and 750K to 665K respectively. In the Zr-rich region,
two transition temperatures corresponding to the transition between two rhombohedral
phases (R3c to R3m) and the transition between rhombohedral to cubic phases (R3m to
Pm3m) can be observed in each composition except at x = 0.00. Near the MPB region,
the behavior of phase transition between ferroelectric and paraelectric phases showed a
step-like characteristic phase transition without any significant transition peaks. Lastly, it
was noted that the heat capacity of the cubic phase showed a strong dependence on

composition.
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Figure 5. 1 Relative heat capacity versus temperature of un-annealed PbZr;4TixO3
powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80) in three ranges of
composition (a) 0.00 < x < 0.20 (b) 0.30 < x < 0.40 and (c) 0.55 < x < 1.00. The heat
capacity data were collected on heating. The tick marks on the vertical axes represent
intervals of 50 J/mol-K.

The order of the transition for each sample was characterized by first derivative of
Cp curves, the transition enthalpy (AH;), and the transition entropy (AS;j). The first
derivative curve is useful for examining transitions. In general, sharper the transition
peaks produce the better derivative curves with obvious maximum and minimum
difference. As shown in Fig. 5.2 (a), the samples with strong or weak first-order transition
characteristic (0 < x < 0.30 and 0.55 < x < 1) show a strong and clear peak in their
derivate curves. For the samples with second-order transition (0.30 < x < 0.55), their
peaks in the derivative curves are very weak and unapparent. The first derivative curves

showed sharp symmetric extrema that decreased markedly in intensity on moving away
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from end member compounds with either increasing values of x from x = 0.00 or
decreasing values of x from x = 1.00.

Fig. 5.2 (b) shows how the transition enthalpy (AH;) in various situations was
determined. For the compositions with the strong/weak first-order transition, a linear fit
to C, data at low temperatures (far below from transition temperature) was determined,
and then this fitting-line was extrapolated to the region of the paraelectric to ferroelectric
phase transition. The transition enthalpy (AH;) then can be obtained by integrating the
area of transition peak. For the compositions with second-order transition, this fitting-line
goes all the way to the peak position leaves no area for integration. It means that there
will be no transition enthalpy (AH;) for the samples with second-order transition

characteristic.

In the Ti-rich region, the behavior of phase transition change gradually from a
sharp first-order transition at x = 1.00 to a weak first-order transition with decreasing
titanium content. In the morphotropic region, the C, at near the transition temperatures
shows a step-like characteristic of a second-order phase transition without detectable
transition enthalpy. The behavior of phase transition change gradually from a weak first-
order transition at composition below x = 0.30 to a sharp first-order transition as titanium

content toward to O.

For the phase transition with first-order behavior, the transition temperatures were
determined by the temperature at peak point of the phase transition (Tyeax). The reported
transition temperatures in this work were the averaged value of three individual
measurements, and Tyea Was used as phase transition temperature (T;) for calculating.

The blue circles in Fig. 5.3 represent the ferroelectric to paraelectric and the ferroelectric

Page | 97



to ferroelectric phase transition temperatures (Tep and Tgrg) Of un-annealed PZT powders
(x =0.00, 1.00) and sintered disks (0.10 < x < 0.80) in present work. The ferroelectric to
paraelectric phase transition temperatures (Tgp) increased from 504K to 760K which
matches very well with the ferroelectric to paraelectric phase transition temperatures (Tgp
gafe)) 1N the conventional PZT phase diagram that assembled by Jaffe et al. [12]. The
phase transition temperatures between R3c and R3m phases (Trgr) are also in a good
agreement with literature data. This means that the quality of PZT ceramics in present
work is good and very close to the desired compositions, and the composition assessment
of the PZT ceramics will be discussed in the next section. The details of thermodynamic

parameters are shown in Table 5. 2.

_)\[ x=0.00 P4mm =Pm3m
0.10 x=1.00
0.15
— 020
N e
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~ 0.40 £ x=0.40
~ RS .
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R3m—= Pm3m
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J\f 0.80 R3c->R3m
1 1.00 _"
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Temperature (K) Temperature (K)
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Figure 5. 2 (a) First derivative curves of heat capacity (Cp) versus temperature for un-
annealed PbZr;4TiyO3 powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80). (b)
Heat capacity versus temperature for un-annealed PbZr,4TiyO3 sintered disks with the
compositions x = 0.10, 0.40 and 1.00 measured on heating.
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Figure 5. 3 Transition temperatures of the un-annealed PZT powders (x = 0.00, 1.00) and
sintered disks (0.10 < x < 0.80) (blue circles) superimposed on the conventional phase

diagram.

x . Form Tee (K) Ter(K) ymoy  (@mol)  (mol-K)  (/mol-K)
000 P?* 511+1° - 1.72+0.09° - 3.37 +0.58 ¢ -
010 SD 53141 366+1° 0.86+008 72.2+44° 1612046 0.20+0.04°
015 SD 54741 406+2 036+005 607430 0.66+026 0.150.02
020 SD 57141 406+l 047+005 595415 0822029 0.150.01
030 SD 603+l 3514 0044001 65+40 008003 0.03+0.03
040 SD 63041 - i i i i
048 SD 64641 - i i i i
055 SD 67141 -  011+001 i 0.16 +0.03 i
070 SD 71041 -  0.65+005 i 0.91 £0.25 i
080 SD 73441 -  1.06+001 i 1.44 +0.04 i
100 P 76741 - 1884001 i 2.45 +0.05 i

& P: Powder, SD: Sintered disk
® Standard deviation about the mean
¢ Error propagated using three times the standard deviation in AH; and an estimated absolute error in Ti of

3K

Table 5. 2 Transition temperatures (T;), transition enthalpies (AH;) and transition
entropies (AS;j) acquired on heating for the ferroelectric to paraelectric (FP) and
rhombohedral cell doubling (RR) phase transitions in un-annealed PbZr;4TiyO3; powders
and sintered disks
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5.3.2 Composition Assessment of the PZT Ceramics

Structural, electrical and thermal properties of the PZT solid solution are
extremely sensitive to the compositional variation, especially at near the MPB region. To
study the PZT solid solution, it is essential to have the samples with exceptionally high

quality and accuracy in terms of chemical composition.

The composition assessment of the PZT solid solution was made by comparing
the results of the crystal lattice parameters and the transition temperatures to the
literatures, which were shown in Fig. 4.2 and Fig. 5.3, respectively. The combined
measurements confirm that the composition of the PZT specimens was controlled to
within ~1 mol% of the desired composition, and the result of composition assessment
was shown in Fig. 5.4. The blue circles show the PZT samples’ compositions (x’) were
very close to the desired compositions (x). Thus, the prepared samples in this study were

good quality and close to the desired compositions.

-
o

PbZr, ,Ti,Og

e Q@ Q@
A O o

X' (After Assessment)
o
(V)

0.0

00 02 04 06 08 1.0
X

Figure 5. 4 Composition assessment of the un-annealed PbZr;,TiyO3 powders (x = 0.00,
1.00) and sintered disks (0.10 < x < 0.80).
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5.3.3 Tricritical Points in the PZT System

The data in Fig. 5.1 strongly support previous reports [1, 4, 16] that the PZT
system exhibits two lines of first-order FP transitions separated by a line of second-order
transitions. To further locate the positions of these two tricritical points, the transition
enthalpy and the transition entropy were applied to determine where the order of the

transition changes. The transition enthalpies, AHgr and AHgp, were determined by
integrating the heat capacities [C,(T)] relative to linear background function [C3(T)]
fitted to the data in ranges of temperature T, <T. away from the transitions and

extrapolated to temperatures T, > T, ,

T,
AH, = I[CP(I')—CSCI')]dT . Equation 5. 1
T

The method of determining enthalpies is illustrated on Fig. 5. 2(b). Also, the transition
entropies ( AS,) can be computed ( AS; =AH, /T, ) after transition enthalpies were

determined. The results of transition enthalpies collected on both heating and cooling
measurements were shown in Fig. 5.5(a). From both Zr-rich (0 < x < 0.30) and Ti-rich
regions (0.55 <x < 1) toward to MPB, the transition enthalpies decreases from 1.72 (x = 0)
to 0.47 kJ/mol (x = 0.20) and 1.88 (x = 1.00) to 0.11kJ/mol (x = 0.55) respectively. The
transition enthalpies remain 0 in the MPB region (0.30 < x < 0.55). The transition
enthalpies of the PZT samples were listed in the table 5.2. . The errors for the transitions
temperatures and enthalpies listed in Table 5.2 represent the standard deviations about the
mean value of the three measurements preformed. From this experiment result, it is clear
that two tricritical points exist in the PZT solid solution. The transition was first order
from the end members to the tricritical points, and then a second order region occurs
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across the phase diagram between the tricritical points. By extrapolating between the data
points, two tricritical points were found to occur at around the MPB region (0.30 < x <
0.55). The results matches not only with other experiment observations [4, 16] by
Eremkin et al. (x =0.22 and x = 0.55) and Noheda et al. (x =0.26 and x = 0.51)), but also
match very well with predicted result from low order Landau theory for weak first-order
transitions by Rossetti et al. [1].

The corresponding transition entropies are shown in Fig. 5.5(b). As seen in this
figure, transition entropies decreases linearly with composition from two end
compositions toward to MPB region and reach 0 at two tricritical points. However, the
transition entropy for the composition x = 0.00 is far from the fitting line. This is due to
lead Zirconate (x = 0.00) has an orthorhombic structure (Pbam) at room temperature,
which is quite differ from rhombohedral phase (R3c). Thus, the phase transition was
between orthorhombic phase (Pbam) and cubic phase (Pm3m), which is different from
other compositions at Zr-rich region. The transition enthalpy of the lead Zirconate (x =
0.00) will not considered in the further analysis for the locations of the tricritical points

described below.
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Figure 5. 5 (a) Transition enthalpies versus composition for the un-annealed PZT
powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80) collected in both heating and
cooling measurements. (b) Corresponding transition entropies versus composition
collected in heating measurements. The solid lines shown are least-squares fits to both
sets of data.

The experimental transition entropy data was analyzed using a Landau
polynomial [1, 25]. At high temperatures near the line of Curie temperatures, T.(X), the
truncated 2-4-6 Landau polynomial is asymptotically accurate. For this situation the

excess non-equilibrium free energy, G*®, for weak first-order transitions close to second

order can be written
XS 1 2, 1 s, 16 -
G™ =G(x,T,n,P) = E'%(X)ﬂ' -T.(X)]P +Z B(x,n)P +€COP , Equation 5. 2

where n is a unit vector in the direction of spontaneous polarization P, and P is its

absolute value. The dielectric stiffness is given by the Curie-Weiss law,
A (X)=Ye,C., (X), where C, (x) is the Curie-Weiss constant and &, is the permittivity of

free space. The quartic term in Eq. 5.2 is assumed to have the following form,
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B(x,n) = B,[(X—X,) = (X=X, )(N +n; +ny)] Equation 5. 3

where B, and & are constants and X, and X, are the compositions where the quartic

isotropic and quartic anisotropic contributions to the free energy vanish, respectively.

The coefficient of the sextic term, C,, is taken to be a constant, independent of x, T and n.
After minimizing Eq. 5.2 with respect to n and P, below T.(x) the rhombohedral phase
with n,, ={1/v3,//3,1/¥3} is stable for x<x, and the tetragonal phase with

n,, ={0,0,1} is stable for x> X . Hence, Eqg. 5.3 becomes,

Bol(x—%,) = (x=x,)&/3] if x<x,

) Equation 5. 4
Bol(X—=%p) = (X = X;,)¢] if x>x,

B(X,N,,) ={

It is apparent from Eq. (4) that X, is the composition where the morphotropic boundary
line intersects the line of Curie temperatures, i.e., a triple point with coordinates (X, ,

To(x,,)). Itis further evident that if the FP transitions for the two end members are both

of first order, the constant£ in Eq. 5.4 must adopt a valuel<£<3 .

A tricritical point is defined by the condition that the entire quartic term in by Eq.

5.2 turns out to be zero,
min[B(x,n)]=0 Equation 5.5

It follows from Egs. 5.4 and 5.5 that there is one such point in the rhombohedral phase

having coordinates (x5", T, (xS%)) with

R= XO_Xmé:/3
1-¢/3

X5 Equation 5. 6

and a second such point in the tetragonal phase having coordinates ( x-°, T, (x})) with

Page | 104



Xp = —0__m> Equation 5. 7

From Egs. 5.6 and 5.7 there is one line of second-order FP transitions for X3~ < X < XX
and two lines of first-order FP transitions with x < x5"and x> Xx~. Along the two lines

of first-order transitions, jumps in polarization AP(x) occur at the temperatures To(x),

where the ferroelectric and paraelectric phases are in equilibrium,

B .
AP?(x -|-)__§ (x, eq) Equation 5. 8
4 C,

The jump in polarization can be related to the entropy change at To(x) by taking the
temperature derivative of Eq. 5.2,

0G™® 1 :
P =-S*(x,T,) = > A (X)AP?(x,T,) - Equation 5. 9

To (%)

Equating the jumps in polarization in Egs. 5.8 and 5.9, and associating the excess entropy

with the experimentally measured values — S (x,T,) = AS(X,T.,) results in,

B(x, eq) §AS(X!TFP) .

Equation 5. 10
Co 3 A

In Eq. 5.10 AS(X,T,) = AS;(X) oy, (X) where AS;(X) is the measured transition entropy
reported in Table 5.2 in units of kd/mol, and p,, (X) = M(x)/ o, (X) is the molar density

in which M(x) is the molecular weight and p, (X) is the measured x-ray density. Using

Egs. 5.4 and 5.5 the LHS of Eq. 5.10 becomes
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B, .
LI(x=X,)—(x=x,)&/3] if x<x$*
B(xny,) _]C, ’ " Equation 5. 11

é’[(x Xy) = (X=X, )E] if x> xR

Eqg. (11) predicts that the ratio B(x,n,,)/C, is a linear function of composition. Further,

17 %eq
from Eq. (10), if the transition entropy displays a linear dependence on composition as

shown by the data in Fig. 5.5(b), then the dielectric stiffness A,(x) must also vary linearly
with x. To compute values for the ratio B(x,n,)/C, , the experimental transition

entropies reported in Table 5.2 were inserted in Eqg. (10), together with dielectric

stiffnesses A,(x) taken as the linear interpolation between the measured values for single

crystals of lead titanate [8] and zirconium-rich (x < 0.06) single crystals of PbZr;4TiyO3

[71,

A,(X) =5.66x10°(L—x) +8.70x10°x  (V-m/C-K) Equation 5. 12

The variation of B(x,n )/C with composition is shown in Fig. 5.6(a). In this figure, the

1 eq
semi-filled circles are computed using Eg. 5.10 and the solid lines are the least-squares
fits to the computed values. Two tricritical points, X5° =0.30 and X~ =0.51, can be
found at the intersections of the fitted lines with the horizontal axis, and the triple point,
X, = 0.38, can also be found at the intersection of the two fitting lines. Taking these
values into Egs. 5.6 and 5.7, the values of X, and & were then able to obtain. The

calculated values of x, and & were 0.34 and 1.3, respectively. By substituting these

parameters into Eq. 5.11 the scale factor B,/C,=1.29 + 0.10 was found that best

reproduced the fitted lines shown on Fig. 5.6(a). Using these parameters, the jumps in

polarization along the lines for first-order transitions were predicted by inserting Eq. 5.11

Page | 106



Landau

into Eq. 5.8 and the results are shown on Fig. 5.6(b). For comparison, the jumps in
polarization computed directly from Eq. 5.9 using the experimentally measured entropies
and dielectric stiffnesses are also shown. As the latter computation makes no
assumptions concerning the forms of the quartic and sextic terms, except that they are
independent of temperature, the results shown on Fig. 5.6 verify that the truncated 2-4-6
Landau polynomial of Eq. 5.2 with quartic term given by Eq. 5.3 provides an excellent

approximation for the PZT system at high temperatures near the Curie line.
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Figure 5. 6 (a) The Landau coefficient ratio [B(X,Neq)/Co] of PbZriTixO3 powder (x =
1.00) and sintered disks (0.10 < x < 0.80) versus composition computed using Eq. 5.10.
The solid lines shown represent linear least-squares fits to the data of un-annealed
samples. (b) The jump in polarization at the ferroelectric to paraelectric transition for un-
annealed PbZr;4TixO3 powders (x = 1.00) and sintered disks (0.10 < x < 0.80) versus
composition computed using Eq. (9). The solid lines are computed from Eq. (8) and Eq.
(11) using the Landau parameters of un-annealed samples given in the text.
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5.4 Summary

This chapter was focused on the thermal parameters of the un-annealed PZT
powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80). Thermal parameters of the
PZT samples were studied by a differential scanning calorimeter measurement. The
behavior of the temperature dependent specific heat is very sensitive to the composition
in the PZT ceramics. Therefore, the phase transition behavior in the PZT ceramics can be
tested by specific heat measurement. The observations from the specific heat
measurement are as follows,

1. The Curie temperatures of the PZT powders (x = 0.00, 1.00) and sintered disks
(0.10 < x < 0.80) were determined by the peak point of phase transition, and were
in a good agreement with literature data.

2. The composition of the PZT specimens was controlled to within ~1 mol% of the
desired composition.

3. The order of the transition for each sample was characterized by first derivative of
C, curves, the transition enthalpy (AH;), and the transition entropy (4S;). The
phase transitions are the strong first order phase transition at two end members in
the PZT system, and are the second order phase transition at the MPB region. The
region between two end compositions and MPB area shows a weak first order
phase transition behavior. There will be two tricritical points based on this

observation.
4. Two tricritical points were found to occur at around x5" =0.30 and x¢° =0.51.
The results not only matches with the experimental observations by Eremkin et al.

and Noheda et al., but also match very well with predictions of a truncated 2-4-6

Page | 108



Landau polynomial describing a binary ferroelectric solid solution with two

tricritical points.
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CHAPTER 6

DIELECTRIC PROPERTIES IN PZT

6.1 Introduction

The dielectric property of the PZT ceramics has been extensively studied [1-3].
The dielectric properties can be modified over a wide range by using different dopants or
by different processing conditions [4, 5]. High permittivity PZT-based ceramics are
widely used in different types of capacitors. In order to optimize the performance of these
ceramic devices, it is essential to understand the dielectric behavior of the PZT system at
different conditions (i.e. temperature, composition, and electric field strength). The
dielectric behavior can be varying in a wide range with different conditions. For example,
the dielectric permittivity has a linear relation with the electric field at low level of
applied field, which relation became nonlinear as the applied field increase. Such

nonlinear behavior was so-called dielectric nonlinearity.

It is well understood that dielectric property of the PZT ceramics contains two
mechanisms, which are the intrinsic and the extrinsic contributions [3, 6-8]. The intrinsic
contributions were from the averaged unit cell deformation and single domain response
under an external force. The extrinsic contributions were responsible for the origin of the
nonlinear properties in ferroelectric ceramics, which is one of the limitations for practical
use of these ceramic products. In literature, many ways to separate the intrinsic and the
extrinsic contributions were reported. These techniques were discussed in details in the
chapter 1. To have a better understanding of the different contributions to the dielectric

properties and dielectric nonlinear is not only scientifically interesting, but also
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technically important. For example, the nonlinear properties can be useful in some

applications such as frequency mixers and nonlinear dielectric spectroscopy.

This chapter discusses the dielectric behavior of the PZT system. The temperature,
frequency, and composition dependence of dielectric behavior were investigated at low
electric field. These results were compared to the literature data to check the quality of
the PZT sintered disks. Also, temperature dependence of dielectric behavior of the PZT
sintered disks was used to determine the intrinsic and the extrinsic contributions to the
dielectric permittivity. It offers an overview of the contribution mechanisms to dielectric

properties in the un-doped PZT ceramics.

The field amplitude dependence of the real and imaginary part of the dielectric
permittivity was measured at room temperature, and different types of the domain wall
motions were quantified by using Rayleigh analysis. There were many reports of
Rayleigh analysis on the PZT ceramics [9-13] and thin films [8, 14-16] in the past two
decades. However, the systematically investigations on the composition dependence of
Rayleigh analysis of the un-doped PZT ceramics has not been reported so far. The
Rayleigh analysis of the un-doped PZT sintered disks with the compositions across whole
phase diagram (0.10 < x < 0.80) was investigated, and different types of the domain wall

motions in the PZT system can be quantified.

6.2 Dielectric Property Measurement

In this thesis work, electrical analysis of electrode PZT sintered disks was carried
by a comprehensive dielectric and piezoelectric measurement system at the University of

Connecticut (shown in Fig 6.1). This system consists of a HP Agilent 4282A LCR meter,
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a Delta Design 9023 oven, a HP Agilent 4195A Network Spectrum Analyzer, an Agilent
34401A digital multimeter, a SR830 Lock-In amplifier, a Trek Precision High Voltage
amplifier and a custom-built charge voltage converter. Custom designed software
developed by Paul Moses at the Penn State MRL allows for the interconnection and data
acquisition from the individual measurement systems listed above. The capacitance and
loss were obtained as functions of frequency, ac and dc bias, temperature, and applied
electrical field by this comprehensive system. In this thesis work, the dielectric properties
at low field and strong field were investigated. The details of the dielectric measurement

were discussed in the following sections.

Figure 6.1 The Comprehensive dielectric and piezoelectric measurement system at the
University of Connecticut
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6.2.1 Low Field Dielectric Measurement

The dielectric properties of the PZT sintered disks as a function of composition,
frequency and temperature were investigated at a low electric field (< 1V/cm). The
composition and frequency dependent relative dielectric permittivity and loss tangent
were obtained from capacitances and loss. The capacitances and loss of the dense PZT
ceramics were determined by isothermal frequency sweeps from 100 Hz to 1 MHz under
a field of 0.1 volts using a Hewlett-Packard Agilent 4282A LCR Meter at room
temperature. A dielectric test fixture was used throughout this study for making contacts
to the electrodes, which is shown in Fig. 6.2.

From the measured capacitance data, treatment of the 1mm thick silver paste
electroded plate as a parallel plate capacitor, the relative dielectric permittivity (e;) was
found using the following relation

t, xC
& =—-" Equation 6. 1
Ax g,

where t, is sample thickness, C, is the capacitance, A is the sample area, and & is the

permittivity of free space (&, = 8.854x107** F/m).

Figure 6.2 A picture of dielectric test fixture.
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The temperature dependence dielectric measurement at low electric field were
performed by placing the PZT sintered disk in a fixture and subsequently placed in a
Delta Design 9023 Oven, capable of operating from liquid nitrogen temperatures up to
573K. Capacitance and loss measurements were obtained by isothermal frequency
sweeps from 100Hz to 1 MHz under a field of 0.1 volts using a HP Agilent 4282A LCR
meter in the temperature range of 173K to 473K. The PZT sintered disks were ramped in
temperature at three degree increments and subsequently held at temperature for one and
half minutes prior to each measurement in order to equilibrate the temperature of the
sample with the desired temperature. At each temperature step, a complete frequency
sweep was performed and at each frequency, capacitance and dielectric loss values were
recorded. To accurately measure the sample temperature, the temperature in the oven was
computer controlled via resistance temperature interfaced detector (RTD) connected to an
Agilent 34401A multimeter. The RTD calibration range extended from liquid nitrogen
temperature up to 573K. Fig. 6.3 presents the schematic of the electrical connections for
temperature dependence dielectric measurements. Fig. 6.4 demonstrates an example
result of the frequency and temperature dependence dielectric constant of the PZT 52/48
sintered disk. It shows that this setup could collect huge amount of data at one time, and

provide a wider view to understand the dielectric behavior of the PZT.
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Figure 6.3 Setup of temperature dependence dielectric property measurement.
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6.2.2 Strong Field Dielectric Measurement

Rayleigh analysis on the ac field amplitude dependence of the dielectric and/or
piezoelectric responses is another useful method to quantify the extrinsic contributions to
their properties. Since the intrinsic response can be assumed to be independent of electric
field [6, 17]. ac field dependence of dielectric constant of the PZT sintered disks was
measured using a lock-in technique so that higher electric fields could be applied. In this
approach, a lockin amplifier (SR830, Stanford Research), a custom made voltage
amplifier, and a charge converter were used. The samples with different compositions

were measured at their sub-switching field from 1 Hz to 1 kHz.

6.3 Results and Discussions

6.3.1 Low Field Dielectric Properties

6.3.1.1 Composition Dependence Dielectric Properties

As mentioned in the previous chapters, the PZT ceramics are very sensitive to
composition variation and show pronounced extrema in piezoelectric, dielectric and
elastic properties near their MPB region. Fig. 6.5(a) and 6.5(b) show composition
dependence of dielectric constant of the PZT sintered disks at 1 kHz and 10 kHz,
respectively. Similar to the earliest investigations [1, 18], the dielectric constants at both
frequencies reach a maximum (~700) at around the MPB (x = 0.48). It is well known that
the increased dielectric response in PZT materials near the MPB is due to the increased

number of allowable domain states (six in tetragonal phase (P4mm, Fr), and eight in

Page | 118



rhombohedral phase (R3m, Fg)), low crystallographic anisotropy of polarization and
extrinsic contributions (non-180 domain wall movements) [19] near the MPB.
Comparison of the dielectric constant at two frequencies shows the dielectric constant
decreases slightly with increased frequency at every composition. The details of dielectric
properties were listed at the table 6.1.

Fig. 6.6(a) and Fig. 6.6(b) show the dielectric loss of the PZT sintered disks at 1
kHz and 10 kHz, respectively. A minimum of the dielectric loss was reached at the
composition near the MPB region, and the PZT sintered disks with compositions at Ti-
rich region (Ti-rich PZTs) have higher losses than the ones with compositions at Zr-rich
region (Zr-rich PZTs) at 1 kHz. It is due to the as-synthesized Ti-rich PZTs have a much
higher spontaneous strain than the Zr-rich PZTs. High spontaneous strain leads to create a
higher defect concentrations. The losses of Ti-rich PZTs decrease drastically as the

frequency increased to 10 kHz and/or higher.
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Figure 6.5 Dielectric constant of the PZT sintered disks at (a) 1kHz and (b) 10kHz. Open
circles are the experimental data. Solid lines are guides to the eye
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Figure 6.6 Dielectric loss of the PZT sintered disks at (a) 1 kHz and (b) 10 kHz. Open
circles are the experimental data. Solid lines are guides to the eye

6.3.1.2 Frequency Dependence Dielectric Properties

Dielectric response of the PZT ceramics is frequency dependent. Generally, four
different polarization mechanisms contribute to the dielectric response at frequencies
from high to low are possible for a dielectric material: electronic, ionic, dipolar, and
space charge or interfacial polarization. In this study, the frequency dependence dielectric
properties were tested from the space charge region (1 kHz) to the edge of the ionic

region (1 MHz).

Fig. 6.7 presents the frequency dependence of the dielectric constant of the PZT
sintered disks with varying composition (x) showing (a) the tetragonal compositions with
x = 0.55 — 0.80 and a two phase mixture of tetragonal and rhombohedral phases with x =
0.48 and (b) the rhombohedral compositions with x = 0.10 — 0.40 measured under the

small ac signal of 100 mV. It can be seen that the dielectric constant decrease slightly
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with frequency from 1 kHz to 1 MHz due to the reduced polarization mechanism with
increased frequencies. Dielectric constant of the PZT sintered disks with tetragonal
compositions (Ti-rich) is less frequency dependent with increased Zr content. The
dielectric constant reduced 46% from 1 kHz to IMHz [(& 1x- € 1m)/ € 1x] for the PZT 20/80
sintered disk, and reduced 21% for the PZT 45/55 sintered disk. Frequency dependence
of dielectric constant of the PZT sintered disks with rhombohedral compositions (Zr-rich)
show a similar behavior. The dielectric constant decreases with increased frequencies.
However, dielectric constant of all PZT sintered disks with rhombohedral compositions

show a similar reduction (~ 22%) from 1 kHz to 1 MHz.

Fig. 6.8 shows the frequency dependence of the dielectric loss of the PZT sintered
disks with (a) the tetragonal compositions with x = 0.55 — 0.80 and a two phase mixture
of tetragonal and rhombohedral phases with x = 0.48 and (b) the rhombohedral
compositions with x = 0.10 — 0.40. It can be seen that the dielectric loss tend to rapidly
increase as the frequency decreases close to 1 kHz. Practically, the dielectric properties
are strongly influenced by the presence of moisture, the complexity of the grain
boundaries, grain size and orientation, and ionic space-charge carriers. Thus, this high
loss occurring at low frequency can be related to higher conductivity attributed by ionic
space-charge carriers[20], such as the oxygen vacancies and defects generated during the
ceramic sintering, interface polarization located at grain boundary[21]. At the Ti-rich
region, the loss was less frequency dependent with increased Zr content, and a relaxation
peak (jJump) was observed. The relaxation peak move to lower frequency from 120 kHz

(PZT 20/80) to 90 kHz (PZT 45/55) with increased Zr content. At Zr-rich region, the loss
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behavior is very similar to each composition. The observed loss jump of each

composition occurs at around 80 kHz.

Among all the samples, the dielectric constant and loss of the PZT sintered disk

with composition at MPB (x = 0.48) are nearly frequency independent in this frequency

range. There is no loss peak (jump) was observed in this frequency range.
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Figure 6.7 Frequency dependence of dielectric constant of the PZT sintered disks with (a)
the tetragonal compositions with x = 0.55 — 0.80 and a two phase mixture of tetragonal
and rhombohedral phases with x = 0.48 and (b) the rhombohedral compositions with x =
0.10 - 0.40.
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Figure 6.8 Frequency dependence of dielectric loss of the PZT sintered disks with (a) the
tetragonal compositions with x = 0.55 — 0.80 and a two phase mixture of tetragonal and
rhombohedral phases with x = 0.48 and (b) the rhombohedral compositions with x = 0.10

—0.40.
1kHz 10kHz 100kHz 1MHz
Sample x

€ Loss € Loss € Loss € Loss
1 0.00 - - - - - - - -
2 0.10 308 0.05 236 001 230 0.01 225 0.02
3 0.15 299 0.06 248 0.02 239 0.02 228 0.03
4 020 340 0.06 283 0.05 249 0.09 222 0.07
5 030 342 0.05 301 0.03 283 0.04 268 0.03
6 0.40 327 0.04 277 0.00 273 0.01 267 0.01
7 048 656 0.01 650 0.01 643 0.01 629 0.01
8 055 381 004 331 003 311 0.03 299 0.02
9 0.70 237 0.10 188 0.02 184 0.01 180 0.01
10 0.80 190 0.16 112 0.02 107 0.01 105 0.02
11 1.00 - - - - - - - -

Table 6. 1 Dielectric property of the PZT sintered disks at low electric field.
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6.3.1.3 Temperature Dependence Dielectric Properties

In a polycrystalline system, dielectric constant is depending on both intrinsic and
extrinsic mechanisms. The intrinsic part is mainly due to the lattice, and it is the average
response of the single domains present in the ceramic. The extrinsic contribution is
primarily associated with the motion of the domain walls, phase boundaries, and
displacement of defects [19]. There have been many earlier attempts with different
techniques to investigate the intrinsic and extrinsic contributions to PZT [3, 7, 15, 22, 23].
Among these techniques, the temperature dependence of the piezoelectric and dielectric
properties has been used by several authors to separate the extrinsic and intrinsic
contributions in the ferroelectrics [19, 22, 23]. Because of the extrinsic mechanisms are
mainly attributed from the domain walls and defect dipoles movements, and they are
thermally activated. Therefore, the extrinsic mechanisms can be frozen out at very low
temperatures. The dielectric constant can be written as a summation of the intrinsic and
extrinsic contributions.

Etotal = Ein T Eex Equation 6. 2

where €;,, is the intrinsic contribution to the dielectric constant, and ¢, is the extrinsic

contribution to the dielectric constant

In this study, the frequency and temperature dependence dielectric constant was
measured from 173K to 473K. Unfortunately, the temperature range in this measurement
was not low enough to observe pure intrinsic contributed dielectric constant due to the
limitation of the equipment. Several authors have been reported the dielectric constant of
the PZT ceramic with composition near the MPB is around 350 at low temperature (10K

<), and this value is equivalent to the intrinsic contribution and almost invariant with
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temperature [3, 7]. The intrinsic contributed dielectric constants of Ti-rich (PZT 40/60)
and Zr-rich PZTs (PZT 60/40 and PZT 70/30) were reported 220 and 180, respectively
[3].

Fig. 6.9 presents the temperature dependence of (a) dielectric constant and (b) loss
for the PZT sintered disks with different compositions (x = 0.30, 0.40, 0.48, 0.55 and 0.70)
at 1kHz. The dielectric constants of the PZT sintered disk with the composition at MPB
(x = 0.48) and at Zr-rich region (x = 0.30 and 0.40) show stronger temperature
dependence than Ti-rich PZT sintered disks (x = 0.55 and 0.70) in this temperature region.
Although the precise intrinsic dielectric constant (g;,,) cannot be direct measured by our
current equipment setup, the estimate intrinsic dielectric constant can be obtained by
extrapolating the curves in to OK (shown in Fig. 6.10). The estimate intrinsic dielectric
constants (at OK) and measured temperature dependence of dielectric constant of the PZT
were listed in table 6.2. The estimated intrinsic dielectric constant of the PZT sintered
disk at MPB (x = 0.48) is in good agreement with the literature data [3, 7]. However, the
estimated intrinsic dielectric constants of the PZT sinter disks with the composition at Zr-
rich region (x = 0.30 and 0.40) were slightly lower than literature data. After knowing the
intrinsic contribution part to the dielectric constant, the extrinsic contribution part to
dielectric constant of the PZT with different compositions then can be determined from

Eq. 6.3.

Eor (%) = Z2talEm 5 1) Equation 6. 3

Etotal

The extrinsic contribution to dielectric constant (&,.,) at room temperature as a
function of composition was shown in Fig. 6.11. It indicated that the PZT sintered disks

with composition at MPB (x = 0.48) and Zr-rich regions (x = 0.30 and 0.40) have more
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thermally activated extrinsic mechanisms than the compositions at Ti-rich Region (x =
0.55 and 0.70). There are two possible reasons can be explaining for this. First, the
number of spontaneous polarization directions is larger in the rhombohedral phase (8) as
compared to the tetragonal phase (6) which means that rhombohedral phase has more
non-180 domains than tetragonal phase. Secondly, the higher extrinsic contributions for
the rhombohedral phase are due to the smaller spontaneous strains, and it would lead to a
higher domain wall mobility [9, 12, 24]. By contrast, the tetragonal phase has much
higher spontaneous strain to restrict the domain wall motions. Table 6.3 shows details of
the ., as a function of composition and temperature. The &,, increased with rising
temperature in every composition, especially in the MPB and Zr-rich regions. The
extrinsic contribution part of the PZT sintered disks at the MPB and Zr-rich regions are
around 70% in total dielectric constant at 473K, while the extrinsic contribution part of
the PZT sintered disks with compositions at Ti-rich region has only 40%.

The temperature dependent dielectric property measurement have utilized the
‘freezing out’ of the domain wall contribution to dielectric constant at the low
temperatures as a means of quantifying the intrinsic and extrinsic contributions to the low
field dielectric properties. However, the extrinsic part is very complicated in the PZT
system. It involves interactions between ions, domains, and even different phases.
Therefore, it is very difficult to analysis and quantifies the factors that affect the extrinsic
contributions by only applying the temperature dependent dielectric property
measurement. The Rayleigh measurement can be used to separate different types of

domain wall motion, which will be discussed in next section.
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Figure 6.9 Temperature dependence of (a) dielectric constant and (b) loss of the PZT
sintered disks with different compositions (x = 0.30, 0.40, 0.48, 0.55 and 0.70) measured
at 1kHz.
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Figure 6. 10 Temperature dependence of dielectric constant of the PZT sintered disks
with different compositions (x = 0.30, 0.40, 0.48, 0.55 and 0.70). The intrinsic dielectric
constant can be obtained by extrapolating the curves to OK.
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Broad peaks in dielectric constant versus temperature were found to occur at
around room 298 K for the compositions near the MPB (x = 0.40, 0.48, 0.55) and the
PZT 70/30. This broad peak at the compositions near the MPB could be caused by
internal stress field in the PZT ceramic [7] or effected by a possible low temperature
monoclinic phase [25]. The broad peak in the PZT 70/30 could be the result of phase
transition between two rhombohedral phases (R3m and R3c).

The dielectric losses start increasing rapidly at 350K for Ti-rich PZTs and at
430K for Zr-rich PZTs. The different activation energies for domain wall motion or
defect induced space charge in the tetragonal and rhombohedral samples would possibly

account for these high losses [3].
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Figure 6.11 The extrinsic contribution to dielectric constant (e,,) of the PZT sintered
disks (x = 0.30, 0.40, 0.48, 0.55 and 0.70) at room temperature.
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X 0K 173K 298K 473K

0.70 177 192 212 282
0.55 303 360 368 616
0.48 356 566 656 1125
0.40 159 202 295 575
0.30 146 239 329 658

Table 6. 2 Temperature dependence of dielectric constant of the PZT sintered disks with
different composition (x = 0.30, 0.40, 0.48, 0.55 and 0.70) at 1kHz.

X 173K 298K 473K
0.70 7.81 16.51 37.23
0.55 15.83 17.66 50.81
0.48 37.10 45.73 68.36
0.40 21.29 46.10 72.35
0.30 38.91 55.62 77.81

Table 6. 3 The extrinsic contribution to dielectric constant (&,,) of the PZT sintered disks
with different composition (x = 0.30, 0.40, 0.48, 0.55 and 0.70) at 173K, 298K and 473K.
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6.3.2 Strong Field Dielectric Properties

6.3.2.1 Frequency Dependence Dielectric Nonlinearities

In Figure 6.12 (a) the dielectric constant of the PZT sintered disk with
composition (x = 0.48) was measured as a function of ac electric field at four frequencies
ranging from 1 Hz to 1 kHz, and show linear increase with ac field amplitude. This
indicates that Rayleigh relation Eq. 1.1 can be applied for dielectric constant versus ac
field at every measured frequency. By fitting the data in Fig. 6.12 (a), the reversible (&init)
and irreversible () Rayleigh parameters can be obtained as a function of frequency. The
fitting results for the whole frequency range were plotted in Fig. 6.12 (b). The reversible
and irreversible Rayleigh coefficients decrease linearly with the logarithm of the
frequency, and can be fitted with logarithmic frequency dependence, express as [15]

Einit = €o — e In(w) Equation 6. 4

a=ay—aln(w) Equation 6. 5

where eg, €, ap and a are fitting parameters, ® is equal to 2xf, &j, is intrinsic dielectric
constant and o is irreversible Rayleigh coefficient. The resulting parameters are e, =
684.6818.14, e = 21.42+0.25, a, = 32.53£0.33 and a = 2.55+0.03 (standard error of 95%
confidence). This result indicates that both reversible and irreversible Rayleigh
parameters are frequency dependent. The irreversible Rayleigh parameters decreases with
increasing frequency are due to some of the domain wall motions cannot keep up with

higher frequency.
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Figure 6.12 (a) Room temperature dielectric constant of PZT sintered disk (x = 0.48)
versus ac field amplitude under four different frequencies (1 Hz, 10 Hz, 100 Hz, and 1
kHz) (b) Corresponding initial dielectric constant and Rayleigh coefficient versus
frequency.

6.3.2.2 Composition dependence Rayleigh Coefficient

As shown in chapter 6.3.1.3, the extrinsic mechanisms can be very different
between rhombohedral and tetragonal phases. Fig. 6.13 presents the ac field dependence
of the dielectric constant of PZT sintered disks with different compositions, and all of
them show a linear relationship with field amplitude. Therefore, the Rayleigh relation Eq.
1.3 can be applied for dielectric constant versus ac field at every composition. It is clear
that the PZT sintered disks with the composition in the Zr-rich were much more sensitive
to the ac field amplitude than the ones at the Ti-rich region. At the Ti-rich region, the
extrinsic mechanisms were sensitive to the composition. The extrinsic contributed
dielectric constant was decreasing with increased Ti content in tetragonal phase. It is
because the higher Ti content leads to larger spontaneous strain at tetragonal phase, and
more non-180° domain wall motion would be restricted. In the other hand, the extrinsic
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contributed dielectric constants of the PZT sintered disks at Zr-rich region were not
composition sensitive due to the spontaneous strains at rhombohedral phase are much

smaller.

The Rayleigh coefficient («) and contribution of extrinsic part to dielectric constant
can be obtained by fitting Fig. 6.13. The fitting results were shown in Fig. 6.14 and table
6.4. At Ti-rich region, the a decrease from 25.22 to 1.41 with increased Ti content (x =
0.55 to x = 0.8). At Zr-rich region, the o was less compositional sensitive and vary from
55 to 64. The reasons for rhombohedral phase has much higher extrinsic contribution to
dielectric constant were mentioned in the previous section. It was because the
rhombohedral phase has more domain directions lead to higher non-180° domain wall
concentration, and it has much less spontaneous strains lead to higher domain wall

mobility.

The Rayleigh coefficient of the PZT sintered disks corresponds to their
spontaneous strain was shown in the Fig. 6.15. The compositions in the Zr-rich region
have lower spontaneous strains, and correspond to higher Rayleigh coefficient. Thus, the
Rayleigh coefficient is strongly dependent on the crystal structure and spontaneous

strains.
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Figure 6.13 ac field dependence of dielectric constant of the PZT sintered disks with (a)
the tetragonal compositions with x = 0.55 — 0.80 and a two phase mixture of tetragonal
and rhombohedral phases with x = 0.48 and (b) the rhombohedral compositions with x =
0.10 - 0.40.
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Figure 6.14 (a) Rayleigh coefficients and (b) percentage of irreversible contributed
dielectric constant of the PZT sintered disks (0.10 < x < 0.80) at room temperature. The
open circles are experimental data. The solid lines are guides to the eye.
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Sample X a

1 0.00 -

2 0.10 56.94
3 0.15 56.98
4 0.20 55.69
5 0.30 64.30
6 0.40 60.64
7 0.48 24.97
8 0.55 25.22
9 0.70 4.69
10 0.80 1.41
11 1.00 -

Table 6. 4 Room temperature Rayleigh coefficient of the PZT sintered disks (0.10 < x <
0.80) at 1kHz
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Figure 6.15 The relation between Rayleigh coefficient and spontaneous strain of the PZT
sintered disks (0.10 < x < 0.80).
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6.3.3 Intrinsic and Extrinsic Contributions to Dielectric Property

The combined results of the dielectric properties at low field and high field
provide lots useful information for the investigation of the intrinsic and extrinsic
contributions to dielectric properties. The intrinsic dielectric constant can be determined
by the temperature dependence of the dielectric properties, and extrinsic contributions at
different temperatures can be also obtained. However, the mechanisms of the domain
wall motion in the extrinsic contributions to the dielectric properties are complicated. In
order to separate different types of domain wall motions, the field dependence of the

dielectric properties was carried out.

To combine the results of the temperature and field dependence of
dielectric properties, the Eq 6.2 can be first rewritten into Eq. 6.6 and The Eqg. 1.1 can be
also rewritten into Eqg. 6.7. The extrinsic contributions to the dielectric properties are
majorly consisted with three parts at room temperature, which are thermally activated

reversible domain wall motion, irreversible domain wall motion and defect dipoles.

Etotal = €in T Erev T Eirr T Eder Equation 6. 6

where &:,:q; 1S the total dielectric permittivity at room temperature, &,.,, IS reversible
domain wall motion contributed dielectric permittivity, &;,,- is irreversible domain wall
motion contributed dielectric permittivity, and &4, is dielectric permittivity from the

defect dipoles.

€= Eip + Erey + Egey + AE Equation 6. 7
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The initial dielectric permittivity &;,;; in Eg. 1.1 was consisted with the intrinsic
dielectric permittivity, the reversible domain wall motion contributed dielectric
permittivity, and the dielectric permittivity from the defect dipoles. The thermally
activated ¢;,,- at zero field and can be obtained by subtracting the Eq. 6.6 to Eq. 6.7. And

it gives Eq. 6.8,

Thermally activated &; = € — €33 Equation 6. 8

The dielectric permittivity attributed from thermally activated irreversible domain
wall motion can be determined by the Eq. 6.8. Fig.6.16 shows the &5 is different from
the €;,;:, and the difference between these two is the thermally activated ¢;,,., and the
details of the thermally activated ¢;,,- were listed in table 6.5. The thermally activated ¢;,.,
was almost composition independent at room temperature, which was attributed to the

total dielectric permittivity around 7.5% in average.
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| |
| [ A ([
| .0

| |
I )
1 ) a
| Rayleigh region 1 ©
|
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| |
: ] ngh field region
| |

Etotal _ :

€init : :

E, E, E,

Figure 6.16 The field amplitude dependence of the dielectric permittivity behavior.
Adapted from Hall [26].
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X ERT Einit &ex (%0) Thermal Activated &, (%)

0.70 212 194 16.51 8.49
0.55 368 334 17.66 9.24
0.48 656 621 45.73 5.34
0.40 295 269 46.10 8.81
0.30 329 313 55.62 4.86

Table 6. 5 Different contribution mechanisms to the dielectric permittivity of the PZT
sintered disks (0.30 <x < 0.70).

6.4 Summary

The dielectric behaviors of the PZT sintered disks were characterized at low and strong

field. The observations of temperature, composition, and frequency dependence of the

dielectric behavior at low and strong field were listed as follows,

1.

Composition and frequency dependence of dielectric constant of the PZT sintered
disks has a good agreement with literature data, which indicates the quality of the
PZT sintered disks is good.

The broad peaks in temperature dependent dielectric constant were observed at room
around room temperature. It can be a result of the internal stress relaxation or the
existence of a low temperature phase (monoclinic phase for the compositions near
the MPB region, and low temperature rhombohedral phase, R3c, for the
compositions at Zr-rich region).

The intrinsic and extrinsic contributions to the dielectric permittivity can be

separated from temperature dependence of dielectric behavior measurement. The
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PZT sintered disks with compositions at the MPB and Zr-rich regions have more
thermally activated extrinsic mechanisms than the ones at the Ti-rich region. First
possible reason is the number of spontaneous polarization directions is larger in the
rhombohedral phase (8) as compared to the tetragonal phase (6). Secondly, the
higher extrinsic contributions for the rhombohedral phase are due to the smaller
spontaneous strains, and lead to higher domain wall mobility.

The ac field amplitude dependence of the dielectric behavior can be explained by the
Rayleigh relation. The reversible (&nit) and irreversible («) Rayleigh parameters of
the PZT were frequency dependent, which decrease linearly with the logarithm of
the frequency.

The PZT sintered disks with compositions in the Zr-rich region were much more
sensitive to the ac field amplitude than in the Ti-rich, which were also having higher
extrinsic contributions to the dielectric permittivity. Therefore, the Rayleigh
coefficients of the compositions with rhombohedral phase were much higher than
the ones that with tetragonal phase.

The thermally activated ej; can be obtained from the combined results of the
temperature and ac field amplitude dependence of dielectric behavior, which was

composition independent.
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CHAPTER 7

ANNEAL EXPERIEMENT

7.1 Introduction

In the last 40 years, the origin of two low temperature phases coexists and near
the MPB in the PZT ceramics has been variously attributed to the metastable coexistence
[1, 2], to the heterogeneity and/or the composition fluctuation [3, 4], to the thermal
fluctuation with a statistical distribution model [5, 6], and to equilibrium coexistence [7-
10]. Besides, the coexistence of tetragonal and rhombohedral phases around the MPB
could be also affected by internal stress [11, 12]. Among these hypotheses, an
equilibrium PZT phase diagram with two-phase regions replacing the line boundaries in
the traditional phase diagram was reported by Rossetti et al. [9, 10]. This predicted
equilibrium phase diagram can be obtained by considering PZT solutions as a regular
solution and combines the conventional Landau-Ginzburg-Devonshire (LGD) free energy
[13] function with a positive enthalpy of mixing [14]. It also suggests the decomposition
occurs by a peritectoid reaction and the miscibility gaps can be extended to the cubic
phase with a sufficient value of the atomic exchange interaction parameter. Based on this
hypothesis, an equilibrium two-phase coexistence can be achieved with a normal material
processing if the diffusional processes are sufficiently fast, and the ratio between two
phases is determined by the lever law. Conversely, if diffusion processes are not
sufficient fast enough, the ratio between the two ferroelectric phases would vary with

different processing conditions and/or cooling rate.
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In addition, a large tolerance (£20%) in piezoelectric and dielectric properties of
the commercial PZT-based ceramic is usually observed. This, added to the fact that the
ratio between two ferroelectric phases at near the MPB is not consistent with all literature
data, would lead one to suspect that the PZT ceramics may not able to reach their
equilibrium state after sintering at high-temperature and cooled by natural convection. A
better understanding of the phase equilibria in the PZT ceramic is not only scientifically
interesting, but also technically important. It could provide useful information for the
processing, microstructure control, and structure-sensitive properties of PZT solid

solutions.

In this work, an unusual annealing approach was used to investigate the influence
of thermal history on domain structures and the irreversible domain wall contributions to
the dielectric properties of un-doped PZT ceramics. Furthermore, it is of interest to see
whether the equilibrium phase mixture can be established by accelerating the diffusional
processes by applying a higher temperature at above Curie temperature (Tc) to allow for
the atomic redistributions.

This chapter is focused on annealing procedures the PZT ceramics and the
conditions of the ceramics after annealing. The lead loss, the phase purity, and grain size

of the PZT ceramics will be discussed in this chapter.

7.2 Experimental Procedure

The PZT powders (x = 0.00 and 1.00) and sintered disks (x = 0.10 - 0.80) were

obtained after sintering at 1473K for 2 hours (see details in Chapter 3.). The structure,

Page | 142



phase transition behavior, and dielectric property of as-synthesized PZT samples were
characterized and shown in previous chapters. PZT powders and sintered disks were then
annealing at 923K for 72h, 120h, and 240h in the air. The anneal temperature of the PZT
samples was shown in Fig 7.1, the red crosses represent the anneal temperature
correspond to the compositions of the PZT powders (x = 0.00 and 1.00) and sintered

disks (x =0.10 - 0.80) in the conventional phase diagram.

It should be noted that several additional anneal temperatures (below and above
Curie temperature) were also applied on PZT powders, which were not discussed in this
thesis work. If the anneal temperatures were too low, the diffusional process may too low
to allow the atomic redistribution necessary to establish the equilibrium phase mixture.
Thus, higher anneal temperature is needed to speed up the diffusional process. However,
the severe lead loss in the PZT ceramics would occurs if the anneal temperatures were
too high (> 1123K). Therefore, to choose a proper anneal temperature was critical in this

study.

The properties of the PZT were very sensitive to the processing conditions. The
thermal history of the PZT powders (x = 0.00 and 1.00) and sintered disks (x = 0.10 -
0.80) was shown in Fig 7.2. The PZT precursors were carefully pyrolysis, calcined and
sintered into dense ceramics, and then were annealed at 923K up to 240 hours. The

cooling processes in every step were natural convection cooling.
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Figure 7.1 The anneal temperature of the PZT powders (x = 0.00 and 1.00) and sintered
disks (x = 0.10 - 0.80) (red crosses) was superimposed on the conventional phase diagram.
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Figure 7.2 The thermal history of the PZT powders (x = 0.00 and 1.00) and sintered disks
(x=0.10 - 0.80) in this study.
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7.3 Results and Discussions

7.3.1 Weight Loss Test

One of the major concerns in the anneal process is the lead loss from the PZT
ceramics. PZT and other lead containing ferroelectric materials are prone to lead loss.
This is due to the high vapor pressure of lead oxide above its melting point. Lead loss in
the PZT ceramics will cause compositional non-stoichiometry, which is the primary

technical challenge to produce quality piezoceramic PZT products in the industrial field.

The weight loss measurement of the PZT ceramics was used to determine the lead
loss level. A Mettler Toledo XP105 analytical balance with 0.01mg readability was used
to measure the weight of the annealed samples. The weights of PZT ceramics as a
function of anneal time were shown in Fig. 7.3. The weight loss of all PZT ceramics was

less than 0.01%. It indicates that there was no lead loss during the annealing process.
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Figure 7.3 The sample weight of the PZT sintered disks (x = 0.10 - 0.80) versus anneal
time.
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7.3.2 Thermal effect on Grain Size of the PZT Sintered Disks

The grain size of PZT ceramics were mainly depends on the compositions and
sintering conditions. In general, the grain size of PZT ceramics increases with the
increasing sintering temperatures and sintering time, from submicron to about 10 um [15,
16]. There were several reports indicate the properties of the PZT ceramics were depend
on the grain sizes. However, compare to the mechanical property and piezoelectric
property, the dielectric property of the unpoled PZT ceramic lightly dependent on the

grain size within submicron region at room temperature [16, 17].

The grain sizes of the PZT sintered disks (x = 0.10 - 0.80) before annealing and
after annealing at 923 K for 240 hours were listed in the table 7.1. The results show that
the PZT ceramics were almost independent with anneal time. The grain sizes were stayed
in the similar size after annealing at 923K for 240 hours. Surface SEM images of the
annealed PZT 52/48 sintered disks are shown in Fig. 11. The surface shows a dense
morphology without obvious grain growth as a function of annealing time, and the

average grain size of each specimen is around 1.5um with a standard deviation of 0.7um.

Anneal Time

X 0 240 STDV
0.10 1.01 1.04 0.10
0.15 1.02 1.09 0.25
0.20 3.10 3.04 0.57
0.30 1.29 1.34 0.19
0.40 3.27 3.19 0.52
0.48 1.46 1.53 0.70
0.55 3.48 3.56 0.63
0.70 3.64 3.89 1.10
0.80 4.83 4.64 0.66

Table 7. 1 The grains size of the PZT sintered disks (x = 0.10 - 0.80) before annealing
and after annealing at 923 K for 240 hours.
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UCONN

Figure 7.4. Surface SEM images of the PZT 52/48 sintered disks annealed at 923K for 0,
72,120, and 240 hours.

7.3.3 Thermal Effect on the Phase Purity of the PZT Sintered Disks

The phase purity of the annealed PZT sintered disks was characterized by XRD.
The details of XRD measurement were mentioned in the chapter 3. Fig. 7.5 shows the
XRD patterns of the PZT sintered disks (x = 0.10 - 0.80), which were annealed at 923K
for 240 hours. After annealing at 923K for 240 hours, the XRD patterns show no
pyrochlore structure at any composition. It indicates that the PZT ceramics remain
compositional stoichiometry and no lead loss during the anneal process. Structures of the
PZT sintered disks with compositions at the Ti-rich region (x = 0.80 to x = 0.55) remain a

pure ferroelectric tetragonal phase (Fr), and the ones at the Zr-rich region (x = 0.60 to x =
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Intensity (a.u.)

0.10) also remain a pure ferroelectric rhombohedral phase (Fr). The XRD patterns of as-
synthesized and annealed PZT 52/48 sintered disks were shown in Fig. 7.6. There was
also no pyrochlore phase appear in both as-synthesized and annealed sintered disks. The
XRD patterns of the PZT 52/48 sintered disks as a function of anneal time were shown in
Fig 7.6 (b). Two phase coexistence at the composition x = 0.52 which is near the MPB,
and the volume ratio of these two phase was different with non-annealed sintered disks.
The details of the thermal effect on the phase coexistence will be discussed in the next

chapter.

(a) PZT samples annealed at 923K for 240h (b)
PbZro.90Tio.1003 PbZro 52Tip 4503
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Figure 7.5. XRD patterns of the 240h-annealed PZT sintered disks with varying
composition (x) showing (a) the rhombohedral compositions with x = 0.10 — 0.40 and (b)
the tetragonal compositions with x = 0.55 — 0.80 and a two phase mixture of tetragonal
and rhombohedral phases with x = 0.48.
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Figure 7.6. XRD patterns of the PZT 52/48 sintered disks (a) before and (b) after
annealing at 923K for 240 hours.

7.4 Summary

The anneal process for the PZT powders (x = 0.00 and 1.00) and sintered disks (x
= 0.10 - 0.80) in this thesis work was described. Also, the weight loss, grain size, and
phase purity of the annealed PZT sintered disks (x = 0.10 - 0.80) were discussed in this
chapter. The results of the weight loss test show that no lead loss during the anneal
process. The grain sizes of the PZT sintered disks (x = 0.10 - 0.80) were not changed
much after annealing at 923K for 240 hours. There was no pyrochlore phase appear after
the long anneal process (240 hours), it indicates that the annealed PZT ceramics were still

compositional stoichiometry.
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CHAPTER 8

INFLUENCE OF THERMAL HISTORY ON STRUCTURAL PROPERTY AND

PARAELECTRIC TO FERROELECTRIC PHASE TRANSITION

8.1 Introduction

The morphotropic phase boundary (MPB) is a nearly vertical line in the
traditional temperature-composition phase diagram [1], which separates the tetragonal Fr
and the rhombohedral Fg ferroelectric phases. It was assumed the diffusional process is
not fast enough to allow atomic redistribution to reach establish equilibrium with two-
phase mixtures of rhombohedral and tetragonal phases at compositions located near the
MPB [2, 3]. However, this boundary line should be replaced by a two-phase coexistence
region otherwise it violets the Gibbs phase rule [4, 5]. In fact, the experimental
observations commonly show the two-phase coexistence near at the MPB. The origin and
width of the phase coexistence have been the topics of many investigations and remain
subjects of debate [3, 5-10]. Besides the unclear issues with two-phase coexistence, a new
intermediate monoclinic phase was reported by Noheda et al. [11]. This monoclinic phase
not only renews the research interests in the PZT phase diagram, but also made the

structures near at MPB complicated even more.

Many different hypotheses for two-phase coexistence were proposed in the past
40 years. These were diffusionless [1], metastable coexistence [7, 12-14], heterogeneity
(composition fluctuation) [8, 15, 16], thermal fluctuation (statistical distribution model)
[9, 10], and equilibrium coexistence [4, 5]. Among these hypotheses, Rossetti et al.

predicts equilibrium (diffusional) PZT phase diagram with two-phase regions replacing
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the line boundaries [4, 5]. This predicted equilibrium phase diagram can be obtained by
considering PZT solutions as a regular solution and combines the conventional Landau-
Ginzburg-Devonshire (LGD) free energy function with a positive enthalpy of mixing [17].
It also suggests the decomposition occurs by a peritectoid reaction and the miscibility
gaps can be extended to the cubic phase with a sufficient value of the atomic exchange
interaction parameter. The Diffusional processes are estimated to be sufficiently fast to
achieve two-phase equilibria with a normal material processing. Later, a computer
simulation of coherent domain structures of phase decomposition in PZT near MPB was
proposed by Rao et al. [18]. This model was based on the equilibrium phase diagram and
takes into account the coherency strain energy and electrostatic energy. It exhibits the
domain morphologies with different phase decomposition stages in the PZT. If this
equilibrium phase diagram is valid, then the structure and the properties of the PZT near

at the MPB can be controlled by manipulating the process conditions.

The conditions of the PZT ceramic processing are extremely commercially
important. The ferroelectric properties of the PZT can vary over a wide range of values
with different processing conditions. In this chapter, the long anneal process was applied
to accelerate the diffusional process to reach the phase equilibrium in the PZT system. It
was also used to determine the influence of thermal history on the structure,
microstructure and domain structure. To have a better understanding of the influence of
the thermal history on the structures is essential for strategic processing of new and

improved materials.
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8.2 Experimental Procedure

The PZT ceramics were obtained after sintered at 1473 K for 2 hours. The
processing details were described in chapter 3. The as-synthesized ceramics were then
annealed at 923K for 72h, 120h, and 240h in air. The structure properties of the annealed
ceramics were characterized by XRD measurement. The domain structure as a function
of anneal time was carried out by TEM. The details of the characterization methods have

been described in chapter 4.

8.3 Results and Discussions

8.3.1 Influence of Thermal History on Structure

The structural properties of un-annealed PZT powders (x = 0.00, 1.00) and
sintered disks (0.10 < x < 0.80) were carefully characterized and discussed in chapter 4.
In this chapter, four structural properties of annealed PZT ceramics will be comparing to
those of as synthesized PZT samples. These are the influence of thermal history on the
lattice parameters, ferroelectric elastic strain, phase coexistence, and peak width of the

PZT. The results of annealed ceramics will be discussed in following sections.

The characterization techniques and data acquisition methods were mentioned in
the chapter 4. Weight loss test, phase purity, and grain size of the annealed samples have
been discussed in the previous chapter. These measurements show that there were no

lead loss nor pyrochlore phase exist in the annealed samples.
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8.3.1.1 Influence of Thermal History on Lattice Parameters

The lattice constant and the unit cell volume of PZT sintered disks (0.10 < x <
0.80) as functions of anneal time and composition were shown in Fig. 8.1. The results
show that both the lattice constant and the unit cell volume of the annealed PZT sintered
disks decrease with the anneal time. The red, dark cyan and orange circles in the Fig. 8.1
correspond to the lattice constants of PZT sintered disks after annealing for 72h, 120h
and 240h. All lattice parameters show a marked decrease after annealing at 923K for
120h except for the PZT sintered disks with composition x = 0.10. It should be noted that
the tetragonal phase of the PZT sintered disks with composition x = 0.48 became more
difficult to resolve after annealing at 923K for 120h. Therefore, the lattice parameters of
tetragonal phase were not able to obtain and to show in the Fig. 8.1(a). The changes in
unit cell volume versus composition for the 120h- and 240h-annealed PZT sintered disks
were shown in the Fig. 8.2. After annealing 240 hours, the change in volume of the PZT
sintered disks with compositions near at MPB (x = 0.30 - 0.70) decrease around 0.6%.
The level of volume decreasing became smaller with the compositions toward to two end

members (~0.2%). The detail of the lattice parameters were listed in table 8.1 8.2 and 8.3.

There are two possible reasons for these dimensional changes. The first reason is
the relaxation of the internal stress in the ceramic[19]. This internal stress relaxation
could be caused by removing the oxygen vacancies at grain boundaries and lower the
elastic energy. Result in change of the ratio of two different phases (R3m/P4mm, or Fr/Fr)
and lower the number of domain walls. Indeed, the spontaneous strain of the annealed
PZT sintered disks also show an increase with anneal time. This will be discussed in the

next section. Another less likely reason is the composition changes with annealing time,
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which is usually observed when the heat treatment is above 1073K. This composition
change will accompany with the change in lattice parameters. The composition change in
the PZT ceramics with anneal time is not very likely in this study. It is because the anneal
temperature is 923K, which is almost 200K lower than the start temperature of PbO
evaporation. Also, the weight loss measurement shows no evidence of lead loss during

the anneal process.
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Figure 8.1 (a) Lattice constant and (b) unit cell volume of PZT sintered disks (0.10 <x <
0.80) as a function of anneal time (black circles: as synthesized, red circles: 72h dark
cyan circles: 120h, and orange circles: 240h).
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Figure 8.2. The changes in unit cell volume versus composition for the 120h- and 240h-
annealed PZT sintered disks.

8.3.1.2 Influence of Thermal History on Spontaneous Strain

Composition and anneal time dependent of the lattice distortions of PZT sintered
disks with tetragonal (0.55 < x < 0.80) and rhombohedral (0.10 < x < 0.40) compositions
were shown in Fig. 8.3(a) and 8.3(b), respectively. There were not much change with
anneal time in tetragonal distortions (c/a) of the ceramics with tetragonal phase. Only
about 0.1% increase was observed in the PZT 45/55, which is close to the MPB region.
Among the ceramics with rhombohedral phase, the lattice distortions increase around 5%
with anneal time for the PZT sintered disks with compositions near at the MPB region.
For those compositions away from the MPB region (x = 0.48 and x = 0.40), there were
nearly no change in lattice distortion. The result indicates that the lattice distortion is

more sensitive to thermal history for those compositions near at MPB region.
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The spontaneous strains of the PZT sintered disks (0.10 < x < 0.80) as a function of
anneal time were shown in the Fig. 8.4, which were determined by the lattice distortion of
the samples. In order to have a better view of all the compositions, the spontaneous
strains of the sintered disks of PZT with the compositions x = 0.48 and x = 0.40 (red
symbols) were shifted 0.05 and 0.01, respectively. It is clear that the spontaneous strains
were increased for the compositions near at the MPB region (x = 0.40, 0.48 and 0.55).
More internal stress was relaxed after the long anneal process, especially in those
compositions near at the MPB. The higher level of stress relaxation at MPB region is due
to the fact that the high domain wall density at near the MPB, which is a distorted area in
the crystal structure. The domains are generated during a structural phase transition
(paraelectric to ferroelectric phase transition) to minimize the total free energy. When
elastic energy was relieved by anneal process, the domain formation would favor to the
rhombohedral phase. Because less distorted area was formed by elastic energy, and less
tetragonal domain with high spontaneous strain was needed to compensate the distorted

area. Hence, the spontaneous strains increased the most with anneal time at near the MPB.
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Figure 8.3. (a) Tetragonal distortion (c/a) and (b) rhombohedral distortion (90-ag) of the
PZT sintered disks (0.10 < x < 0.80) as a function of anneal time.
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Figure 8.4. Spontaneous strains of the PZT sintered disks (0.10 < x < 0.80) as a function
of anneal time.
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Sample X a(A) ar a (A) c(A) cla  (c/a)-1 (90-ar)/90

1 0.00 - - - - - - -
2 0.10 4.13(8) 89.72 - - - - 0.003
3 015 4.13(3) 89.72 - - - - 0.0031
4 020 4.12(3) 89.71 - - - - 0.0032
5 030 4.09(8) 89.70 - - - - 0.0033
6 040 4.08(4) 89.69 - - - - 0.0035
7 048 4.07(4) 89.72 4.06(1) 4.11(2) 101 001 0.0031
8 0.55 - - 4.01(5) 4.14(0) 103 0.3 -
9 0.70 - - 3.97(67) 4.13(3) 1.04 0.04 -
10 0.80 - - 3.95(2) 4.13(8) 1.05  0.05 -
11 1.00 - - - - - - -

Table 8. 1 Lattice parameters and spontaneous strains of the 72h-annealed PZT sintered
disks (0.10 <x <0.80).

Sample X a(A) ar a(d) c(A) ca (ca)l (90-a )90
1 0.00 - - - - - -
0.10 4.14(0) 89.73 - - - 0.0030
3 015 4128) 89.73 i ; ; 0.0031
4 0.20 4.11(3) 89.71 - - - 0.0032
5 0.30 4.09(8) 89.70 - - - 0.0033
6 0.40 4.08(1) 89.69 - - - 0.0035
7 048 407(9) 8971 406(1) 411(2) 1.02 0020  0.0031
8 0.55 - - 4.01(4) 4.13(4) 1.03 0.030 -
9 0.70 ; - 3.97(7) 4.13(3) 1.04 0.039 ;
10  0.80 ; ; 3.95(1) 4.13(9) 1.05 0.047 ;
11 1.00 - - - - - - -

Table 8. 2 Lattice parameters and spontaneous strains of the 120h-annealed PZT sintered
disks (0.10 <x <0.80).
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Sample  x a(A) R a(d) c(A) cla (c/a)-1 (90-a.)/90

1 0.00 - - - - - - -
2 010 4.12(9) 8973 - - - - 0.0030
3 015 4.12(9) 8972 - - - - 0.0030
4 020 4.11(8) 8973 - - - - 0.0032
5 0.30 4.098) 8970 - - - - 0.0033
6 0.40 4.08(1) 8968 - - - - 0.0035
7 048 4.07(1) 8974 - - - - 0.0033
8 0.55 - - 4.01(2) 413(7) 1.03 0.031 .
9 0.70 - - 397(6) 4.13(3) 1.04 0.040 -
10  0.80 - - 3.94(9) 4.13(9) 105 0.048 -
1 1.00 - - - - - - -

Table 8. 3 Lattice parameters and spontaneous strains of the 240h-annealed PZT sintered
disks (0.10 <x < 0.80).

8.3.1.3 Influence of Thermal History on Phase Coexistence at MPB

Among the un-annealed PZT sintered disks, two-phase coexistence of tetragonal
and rhombohedral phases was observed in the composition of x = 0.48. This was
discussed in the chapter 4. XRD {200} reflections of the PZT 52/48 as a function of
anneal time were shown in Fig 8.5. It is clear that the {200} reflections of un-annealed
sample (0h) shows an evidence of two phase coexistence. Green and red lines represent
the peak fitting results for the tetragonal and rhombohedral phases, respectively. As the
anneal time increased, the shoulder that contributed from (002)r reflection disappear
gradually. After annealing for 120 hours, the shoulder was very difficult to recognize.
The diffraction result shows that the volume fraction between two phases was obviously
changed by the long anneal process. The volume fraction of Fg phase (Ir/ I+ + Ig) was

around 50% and increase with anneal time. It also indicates that the annealing process
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was able to influence the volume fraction between two phases. This volume fraction

between two phases changed by long anneal process was never reported in the literature.

The influence of anneal process on unit cell volume and spontaneous strain of the
PZT 52/48 was shown in Fig 8.6. It shows that a decrease in the unit cell volume, and an
increase in the spontaneous strain with anneal time. This indicates that the internal
stresses were relieved during the annealing process, which leads to decrease the distorted
area in the crystal. The volume fraction of Fg phase increases with anneal time was due to
the spontaneous strain of rhombohedral phase is much smaller than the tetragonal phase.

Therefore, the system tend to increase the volume fraction of the rhombohedral phase

(b) A

Intensity (a.u.)

Figure 8.5. XRD {200} reflections of the PZT sintered disks with composition x = 0.48
versus anneal time.
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Figure 8.6. The unit cell volume (black circles) and spontaneous strain (blue circles) of
the PZT sintered disks with composition x = 0.48 versus anneal time.

8.3.1.4 Influence of Thermal History on Peak Width

The peak widths of the PZT sintered disks with tetragonal compositions (0.55 < x
< 0.80) were shown in Fig. 8.7. The peak widths of both (002) and (200) reflections of
the PZT 20/80 and the PZT 45/55 decrease with anneal time, while it remained almost the
same in the PZT 30/70. The (200) peak widths of the PZT sintered disks with
rhombohedral compositions (0.10 < x < 0.40) as a function of anneal time were shown in
Fig. 8.8. The peak width of the PZT 52/48 was increased with anneal time, and the peak
widths of the other compositions were decreased with anneal time (except x = 0.10). The
results show that the peak widths of most compositions were decreased after annealing

process, except the PZT 52/48. The peak widths of the PZT 52/48 show a clear increase
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with anneal time, and it can be caused by the phase decomposition or the stress-induced
phase transformation. On the other hand, this result may be misinterpreted because the
reflection peak of the PZT 52/48 after 120 hours was a broaden peak. It was not able to
use two phases (three peaks) to do the peak fitting, only one rhombohedral phase (one

peak) was applied to fit this broaden reflection.

As mentioned in the chapter 4, peak width of a XRD reflection is mainly affected
by instrumental peak profile, crystallite size, domain size, different kind of micro-strains,
and temperature. The peak profile of each sample was acquired under same condition,
and the grain size of each composition was not change with anneal time. Therefore, the
change in the peak width reveals the stress relaxation in the ceramic. The decrease in the
peak width indicates that the non-uniform micro-strains in PZT ceramics were decreasing
with the anneal time, and made the reflections became sharper. This stress relief can be
cause by removing oxygen vacancies from the grain boundaries, reducing the distorted
domain wall area, and the phase decomposition by the long annealing process. Consistent
to the change in the structural properties (unit cell volume, spontaneous strains, and
volume fraction of two ferroelectric phases), the results of peak widths indicate that a

slow stress relaxation occurred during the annealing process.
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Figure 8.7. FWHM of (a) (002) and (b) (200) reflections of the PZT sintered disks with
tetragonal compositions (0.55 < x < 0.80) versus anneal time.
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Figure 8.8. FWHM of (200) reflections of the annealed PZT ceramics with rhombohedral
phase.
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8.3.2 Influence of Thermal History on Domain Structure at near MPB

The investigation of the influence of thermal history on domain structure was
carried out by TEM. Fig. 8.9 shows the domain structure evolution of the PZT 52/48
sintered disk along a [111] zone axis with increased anneal time. Different levels of
domain curving were found in all annealed samples. High level of domain curving
indicates that no preferred polarization direction at MPB, and it would lead domain
miniaturize at around this region. This was domain miniaturize also reported by other
authors [20, 21]. The domain size (thickness) of the un-annealed PZT 52/48 ceramic was
around 10nm with high level of domain curving morphology. The TEM result shows the
domain size increases, and the level of domain curving decreases with anneal time. This

domain coarsening by different thermal histories has never been reported in literature.

In the literature, many authors relate grain size to the grain size [22], domain wall
energy [23-25]. There was no obvious change in grain size of the PZT ceramic during the
anneal process. Thus, the domain coarsening cannot be caused by grain growth during the
annealing process. There are two possible reasons/mechanisms for the domains
coarsening by anneal process. First possible reason is the internal stress relief of the
system. The annealing process can reduce the internal stress by removing oxygen
vacancies and relieving intergranular stress, the total elastic energy in the sintered disks
were then lowered at above Tc. Thus, less domains need to be formed to relieve the
elastic energy created during the paraelectric to ferroelectric phase transformation. This
will lower the domain wall density and coarsen the domain structure. Also, the tetragonal

phase has much higher spontaneous strain than rhombohedral phase. This explains the
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observation of volume fraction of Fr phase increases with anneal time in XRD

measurement.

The second possible reason is the phase decomposition occurs during the anneal
process. The observation of domain coarsening match very well with the computer
simulation result of phase decomposition of PZT which reported by Rao et al. [18]. Their
simulation model demonstrates the different stages of phase decomposition in the PZT
50/50, which shows the evolution of the nanoscale domains of tetragonal and
rhombohedral phases. The simulation results of phase decomposition at early stage and
end stage were shown in Fig. 8.10 (a) and (b), respectively. At early stage of phase
decomposition, the domain structures of both tetragonal and rhombohedral phases were
randomly distributed in a nanoscale without fully decomposed. This simulated domain
morphology was the result of considering the coherency strain and, in particular, the
electrostatics of polarization at near the MPB region. Fig 8.10(b) shows the later stage of
phase decomposition, the both tetragonal and rhombohedral domains coarsen with time.
By comparing the experimental TEM results to the simulation results, the domain
structure of un-annealed PZT 52/48 sintered disks has a good agreement with the
simulation result of phase decomposition at early stage. The 240h-annealed PZT 52/48
sintered disks has similar domain structure with the simulation result of phase
decomposition at end stage. The bright field TEM images have shown evolution of the
domain structure with anneal time in the PZT 52/48 sintered disks, and the reason can be

stress relief, phase decomposition or both.

The TEM results suggest that domain structures of PZT compositions near the

MPB can be controlled without dopants by processing under different thermal histories.
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As mentioned earlier, the ferroelectric properties of the PZT ceramics were strongly
dependent on their domain structures. Therefore, this observation provides greatly useful

information for the processing, microstructure control, and structure-sensitive properties

of PZT solid solutions.

Figure 8.9. TEM bright field images of the sintered disks of PbZri,TiO3; with the
composition x = 0.48 as a function of anneal time (a) Oh, (b) 72h, (c) 120h, and (d) 240h.
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Figure 8.10. Computer simulation of domain structures of phase decomposition in PZT
near MPB. (a) Two-phase morphology at early stage of decomposition (simulation time t
= 1), (b) coarsened morphology (t = 30), and 0 (c) Close-up look of a portion of the
phase-coexisting multi domain microstructure shown in (b). Color scale shows the
composition profile: tetragonal phase in red (x = 0.77) and rhombohedral phase in blue (x
= (0.38), after Rao et al.

8.3.3 Influence of Thermal History on Paraelectric to Ferroelectric Phase Transition

Paraelectric to ferroelectric phase transition behavior of un-annealed PZT
powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80) was discussed in chapter 5.
The influence of thermal history on phase transition will be reviewed by comparing
difference in phase transition behavior between as-synthesized and 240h-annealed PZT
ceramics. As mentioned in chapter 5, specific heat measurement was applied to study the
paraelectric to ferroelectric phase transition behavior. The influence of thermal history on
specific heat, phase transition and latent heat of the PZT ceramics will be discussed in

following sections.

It should be noted that the specific heat measurement is a very sensitive to the
conditions of the samples. After measuring the specific heats of the as synthesized PZT

ceramics, theses powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80) were
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annealed at 923K for 240 hours. The purpose of using the same samples was to eliminate
unnecessary complicating factors, such as different sample weight or vacancy

concentration, which can be affecting the final results.

8.3.3.1 Influence of Thermal History on Specific Heat

Fig. 8.11 shows the specific heat of the PZT powders (x = 0.00, 1.00) and sintered
disks (0.10 < x < 0.80) before (black) and after (orange) annealing at 923K for 240 hours
as functions of composition and temperature. At the temperatures far away (below/above)
from transition point, the specific heat behavior of the annealed samples was similar to
those without annealing process. As closing to transition points, the phase transition
peaks showed different level of change in shape between the as synthesized samples and
annealed samples. After the anneal process, the phase transition peaks of the
compositions that distance from MPB region only show a minor difference in shape. The
phase transition peaks of most of compositions were sharpen after anneal process. There
were two possible reasons for this peak sharpening. The first reason was the oxygen
vacancies diffused to grain boundaries and reducing the internal stress during annealing
process, the system with lower concentration of defects would show a stronger/sharper
phase transition peak. The second reason that caused transition peak became shaper was a
smaller distribution in composition about the mean value after anneal process. Among all
compositions, the phase transition peak of PZT 52/48 showed a clear sharpening after the
anneal process. The influence of thermal history on phase transition behavior of PZT
52/48 will be discussed in details at later section.

The phase transition temperatures of both un-annealed (blue circles) and 240h-

annealed (orange circles) PZT powders (x = 0.00, 1.00) and sintered disks (0.10 < x <
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0.80) were shown in Fig. 8.12. The paraelectric-ferroelectric phase transition
temperatures of 240 hours annealed PZT ceramics increased from 503K to 760K which
matches very well with phase transition temperatures before annealing and the (Tep (saffe))
in the conventional PZT phase diagram that assembled by Jaffe et al. [1]. Also, the phase
transition temperatures between R3c and R3m phases were unchanged with anneal time.
The values of phase transition temperatures were listed in details at table 8.3 and 8.4.
Phase transition temperatures of all samples were unchanged by annealing, indicating that
the average composition does not change by annealing at 923K for 240 hours. The results
show anneal process sharpen the phase transition peaks without changing their average
compositions. This observation can be explained by the stress relief in the PZT ceramics
during the anneal process. The sharpening of the phase transition became more obvious
for those compositions near the MPB region. It could be the combined mechanisms of the
stress relief and the redistribution of the zirconium and titanium atoms to a more uniform
composition. However, the results indicate that the phase decomposition did not occur
during the long annealing process. This is because the transition peak would broaden or
split if the phase decomposition was occurred during the annealing process.

The method used to determine the order of phase transition between paraelectric
and ferroelectric phase was mentioned in chapter 5. The order of phase transition of
annealed sample showed a similar behavior to the as synthesized ceramics. The order of
phase transition of samples with compositions away from the MPB region (0 < x < 0.30)
and 0.55 < x <1) show strong or weak first-order transition characteristic, and the samples

near at the MPB region have a step-like second-order transition characteristic. The order
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of the phase transition of the PZT powders (x = 0.00, 1.00) and sintered disks (0.10 <x <
0.80) were not changed much with the anneal time.

The transition enthalpies measured on heating of the PZT samples before and
after annealing were shown in Fig. 8.13 (a). Outside of MPB region, all latent heats of the
annealed PZT samples were slightly decreased after annealing for 240 hours. However,
the difference was within error. The transition entropies of the annealed also slightly
lowered after anneal process (see Fig. 8.13 (b)). Although the second-order phase
transition at MPB region became sharper after anneal process, the latent heat and excess
entropy remains zero. Therefore, the locations of two tricritical points did not affected by
the long annealing process. The values of these thermodynamic parameters were list in

table 8.3 and 8.4.
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Figure 8.11. Relative heat capacity versus temperature of PZT powders (x = 0.00, 1.00)
and sintered disks (0.10 < x < 0.80) before (black) and after (orange) in three ranges of
composition (a) 0.00 < x < 0.20 (b) 0.30 < x < 0.40 and (c) 0.55 < x < 1.00. The heat
capacity data were collected on heating. The insets show the first derivative of the heat
capacity versus temperature curves. The tick marks on the vertical axes represent
intervals of 50 J/mol-K.
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Figure 8.12. The Curie temperature of the PZT powders (x = 0.00, 1.00) and sintered
disks (0.10 < x < 0.80) before (blue) and after (orange) annealing at 923K for 240 hours.
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Figure 8.13. (a) Transition enthalpies and (b) transition entropies of PZT powders (x =
0.00, 1.00) and sintered disks (0.10 < x < 0.80) versus composition before annealing
(black circles) and after (orange circles) annealing at 923 K for 240 hours. The heat
capacity data were collected on heating. The solid lines are least-squares fits to the data
collected in both heating and cooling measurements.
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X Tonset(K) Tpeak(K) I:R(HT)‘FR(LT) (K) LHeating (kJ/mOD ASXS(H) (J/moI-K)
0.00 505 511 - 1.72 £ 0.184 3.37+ 0.159
0.10 521 531 366 0.86 +0.164 1.61 £ 0.154
0.15 547 547 406 0.36 £ 0.091 0.66 £ 0.146
0.20 571 571 406 0.47 +0.110 0.82 £ 0.140
0.30 603 603 351 0 0
0.40 630 630 - 0 0
0.48 646 646 - 0 0
0.55 662 671 - 0.11 +0.013 0.16 +0.119
0.70 702 710 - 0.65+0.118 0.91+0.114
0.80 726 734 - 1.06 £ 0.018 1.45+0.110
1.00 761 767 - 1.88+0.019 2.45+ 0.105

Table 8.4. Thermodynamic parameters of un-annealed PZT powders (x = 0.00, 1.00) and

sintered disks (0.10 < x < 0.80).

Frem-Frm

X Tonset(K) Tpeak(K) LHeating (kJ/moI) ASXS(H) (J/moI-K)
0.00 503 510 - 1.57 +0.032 3.115733598
0.10 520 531 365 0.56 + 0.024 1.071651731
0.15 546 546 405 0.31 £0.022 0.559848901
0.20 571 571 406 0.24 +0.014 0.417209982
0.30 603 603 349 0.019 + 0.005 0.031279104
0.40 630 630 - 0 0
0.48 645 645 - 0 0
0.55 661 671 - 0.13+0.012 0.198718457
0.70 700 710 - 0.51 £ 0.023 0.735093857
0.80 727 733 - 1.00 +£0.083 1.380302751
1.00 760 766 - 1.64 +0.151 2.160402895

Table 8.5. Thermodynamic parameters of 240h-annealed PZT powders (x = 0.00, 1.00)

and sintered disks (0.10 <x < 0.80).
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8.3.3.2 Influence of Thermal History on Phase Transition at MPB

Among all the compositions, the temperature dependence of specific heat
behaviors of the Oh, 72h, 120h, 240h, and 360h-annealed PZT 52/48 sintered disks were
carefully studied. The specific heat versus temperature for the PZT 52/48 ceramics with
different anneal time (0-360 hours) was shown in Fig. 8.14. As synthesized and annealed
PZT 52/48 ceramics showed different levels of sharpness of step-like second order phase
transition behavior. To quantify the level (sharpness) of the second order transition, a
method was applied by determining the difference between the Curie temperature (T¢)
and the transition end temperature (Teng). The Curie temperature and the transition end
temperature were determined by the onset temperature and end temperature of the

specific heat curve, which were analyzed by NETZSCH Proteus® Software.
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Figure 8.14. Specific heat versus temperature for the PZT 52/48 ceramics with different
anneal time (0-360 hours)
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Fig. 8.15 shows Curie temperature of the PZT 52/48 does not change with anneal
time. It indicated that the average composition was not change by anneal process. The AT
become higher after annealing for 72 hours and then declined with additional annealing
(shown in upper part of Fig 8.15), which means that after annealing 72 hours the PZT
tend to become a sharper second-order transition. As mentioned above, the peak
sharpening in the PZT 52/48 was more obvious than other compositions. This is believed
that the un-annealed (Oh) PZT 52/48 contains two phases and phase rearrangement with
anneal time occurred, which is also match with the observation in XRD analysis.
Therefore, mechanisms of stress relief and two phases rearrangement by anneal process

were attributed to larger level of transition peak sharpening in the PZT 52/48 ceramic.
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Figure 8.15. The Curie temperature and the AT (sharpness) of the PZT 52/48 ceramic as a
function of anneal time.
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8.4 Summary

Two hypotheses were proposed to explain the change in structural properties and
domain structure, which were phase decomposition and stress relief. The first hypothesis
is phase decomposition model, direct thermochemical studies of the equilibrium
enthalpies of formation from the oxides have shown that the PZT system with a large
positive mixing energy and exhibits a tendency towards phase decomposition. Therefore,
an equilibrium two-phase coexistence can be observed if the diffusional process was fast
enough. However, results of temperature dependence of specific heat of the annealed
PZT samples were not support with the prediction of phase decomposition. The phase
transition between paraelectric and ferroelectric phases was sharpening after long
annealing process, which indicated that phase decomposition did not occur during the

long annealing process.

The second hypothesis is stress relief. In this hypothesis, large elastic energy was
accumulated during the normal ceramic processing. It is well known that the formation
non-180° domain wall can eliminate the elastic energy. Higher elastic energy leads to
form more domain walls in the system. At near the MPB, the domain can be formed with
either tetragonal or rhombohedral phases to compensate the elastic energy. More domain
with tetragonal phase is expected if the PZT ceramic at MPB with a high elastic energy.
The stress can be relieved at above Tc by annealing process and toward to an equilibrium
state. Stress relief hypothesis has a good agreement with overall observations in this

work.
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The influence of thermal history on the structure, domain structure, and

paraelectric to ferroelectric phase transition can be summarized as follows,

Influence of Thermal History on Structural Properties

e All lattice parameters decrease with anneal time at both tetragonal and
rhombohedral phases except for the PZT 10/90. The volume change of the PZT
shows a maximum at the compositions near at MPB.

e The maximum change of the spontaneous strains after the long anneal process
occurs at the compositions near at the MPB increased.

e The volume fraction of Fg phase (Iz/I++Ig) in the PZT 52/48 was around 50% and
increase with anneal time. It indicates that the diffusional process was fast enough
to redistribute the atoms and influence the volume fraction between two phases.

e The maximum change of the diffractions peak width of PZT ceramics after the
long anneal process occurs at the PZT 52/48. The diffractions peak widths of

other compositions decrease with anneal time.

Influence of Thermal History on Domain Structure
e The TEM result shows the domain coarsens and the level of domain curving
decreases with anneal time.
e The TEM results suggest that domain structures of PZT compositions near the
MPB can be controlled without dopants by processing under different thermal

histories.
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Influence of Thermal History on Paraelectric to Ferroelectric Phase Transition

Phase transition temperatures of all samples were unchanged by annealing,
indicating that the average composition does not change by annealing at 923K for
240 hours.

As closing to transition points, phase transition peaks of the annealed samples
showed different level of sharpening in shape compare to the as synthesized
samples. Among all compositions, a maximum change in transition peak occurred
at the PZT 52/48.

Phase transition temperature of the PZT 52/48 did not change with anneal time,
and the second-order transition behavior became sharper as anneal time increases.
This indicated that no phase decomposition was occurred during the long
annealing process.

The results of XRD analysis and specific behavior of PZT 52/48 show that two
mechanisms attributed to the sharpening of the second-order transition behavior,

these were stress relief and phase redistributions.

The combined results showed that PZT sintered disks made by a normal ceramic

processing were not in their equilibrium state near the MPB. However, no clear evidence

of phase decomposition into an equilibrium mixture of tetragonal and rhombohedral

phases was found. Instead, the changes in structural and thermodynamical properties

observed on annealing were most consistent with a stress relief mechanism.
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CHAPTER 9

INFLUENCE OF THERMAL HISTORY ON DIELECTRIC PROPERTY

9.1 Introduction

The dielectric properties of the PZT ceramics were extremely sensitive to their
structure, microstructure, domain structure and defects concentration. The influence of
thermal history on structure, microstructure and domain structure was discussed on the
previous chapters. This chapter is focus on the influence of structural change on dielectric

properties.

Temperature, frequency, and composition dependence of dielectric behavior of
72h-, 120h-, and 240h-annealed PZT sintered disks (0.10 < x < 0.80) were investigated at
low electric field (0.1V). These results were compared to the low field dielectric
properties of the un-annealed PZT sintered disks, and provided the information of how
thermal history affects the low field dielectric behaviors of the PZT ceramics. The field
amplitude dependence of dielectric behavior of annealed PZT sintered disks (0.10 < x <
0.80) were measured at room temperature, and the influence of thermal history on

different types of domain wall motion was quantified by using Rayleigh analysis.

The influence of thermal history on dielectric behavior of the PZT sintered disks
will be discussed at following sections. The results provide not only scientifically
important, but also industrially valuable for properties control during the ceramic

processing.
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9.2 Experimental Procedure

Methods of dielectric characterization at low and strong field were mentioned in
the chapter 6. All dielectric tests on the annealed PZT sintered disks were operated under

same condition as the un-annealed PZT ceramics.

9.3 Results and Discussions

9.3.1 Influence of Thermal History on Low Field Dielectric Property

In this section, the influence of thermal history on composition, frequency, and
temperature dependence of low field dielectric behavior of annealed PZT sintered disks

will be discussed and compared to the result of the un-annealed samples.

9.3.1.1 Influence of Thermal History on Composition Dependence of Dielectric

Property

The composition dependence of dielectric constants of annealed PZT sintered
disks at different anneal time (Oh, 72h, 120h, and 240h) were shown in Fig. 9.1, and the
values of dielectric properties of annealed PZT sintered disks were listed in table 9.1 and
9.2. All PZT sintered disks (except x = 0.10) showed different levels of increase in
dielectric constant after annealing process. In order to simplify the discussion, only 240h-
annealed PZT sintered disks were used to compare to un-annealed samples in the

following discussion.

Fig. 9.2 shows composition dependence of dielectric constant of un-annealed and
240h-annealed PZT sintered disks at (a) 1k and (b) 10 kHz. The comparison between all

the compositions, the dielectric constant of the annealed PZT sintered disks with
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compositions near at the MPB region (x = 0.40, 0.48 and 0.55) increased most after
annealed at 923K for 240 hours. The increased value and percentage in dielectric constant
were shown in Fig. 9.3, and the values were listed in table 9.3. For the compositions close
to MPB region (x = 0.40, 0.48 and 0.55), their dielectric constant increased 11% to 36%
after 240 hours annealing process. For the compositions away from the MPB region (x =
0.15, 0.20, 0.30 and 0.70), their dielectric constant increased 1.2% to 6.5% after 240
hours annealing process. To be noted that dielectric constant of the PZT 20/80 sintered
disks (x = 0.80) increased 14% after annealing at 923K for 240 hours. At the same time,
the dielectric loss of PZT 20/80 sintered disks reached an unacceptable high value of 0.44.
This high loss was because of reduced density in annealed PZT 20/80 sintered disks.
Small cracks were formed after this ceramic, which has high spontaneous, experienced
few times of phase transitions. Therefore, the dielectric behavior of the annealed PZT

20/80 sintered disks was not included in discussion.

Dielectric properties of the PZT ceramics enhanced after anneal process (from 15
minutes up to 8 hours) in ferroelectric ceramics [1-3] and thin films [4-6] were reported
in literature. Most accepted explanations for the enhancements in the properties were the
elimination of the excess PbO at grain boundaries by lead evaporation and the removal
oxygen vacancies in the grains that formed during the sintering. The dielectric constant
was then increased by reducing undesirable second phase or by increasing the domain
wall mobility (removing the defects). However, these explanations were not enough to
interpret the fact that the dielectric constant increased most at the MPB region. Thus, the
mechanisms of stress relief must be taken into account to proper explain this unique

observation.
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Dielectric Constant, 55

Composition dependence of dielectric loss of un-annealed and 240h-annealed
PZT sintered disks (0.10 < x < 0.80) at 1k and 10 kHz were shown in Fig. 9.4. The loss
decreases with anneal time was found in most of the compositions, except for three end
members (x = 0.10, 0.15 and 0.80). The loss was lower after long anneal process can be
explained by a reduction in concentration of oxygen vacancy, and the stress relief in the
PZT sintered disks. For the compositions close to pure PZ, the loss increased after anneal
process might due to the vaporization of very little lead (Pb). For the PZT 20/80 sintered

disks, the reason was mentioned above.
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Figure 9.1. Room-temperature dielectric constant versus anneal time for the sintered
disks of PZT in two ranges of composition (a) 0.48 <x<0.80 and (b) 0.10<x<0.40at 1
kHz.
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Figure 9.2. Composition dependence of dielectric constant of un-annealed sintered disks
of PZT (0.10 < x < 0.80) (black circles) and change in the dielectric constant after
annealing at 923K for 240 hours (orange circles) at (a) 1 kHz and (b) 10 kHz.

Oh 72h 120h 240h
Sample X

g Loss g Loss g Loss g Loss

1 0.00 - - - - - - - -
2 0.10 308 0.05 289 0.06 247 0.08 234 0.08
3 0.15 299 0.06 322 0.05 308 0.06 311 0.08
4 0.20 340 0.06 381 0.04 326 0.04 355 0.04
5 030 342 0.05 366 0.05 380 0.04 375 0.03
6 040 327 0.04 366 0.04 369 0.04 363 0.04
7 0.48 656 0.01 713 0.01 729 0.01 734 0.01
8 055 381 0.04 521 0.03 532 0.03 518 0.03
9 0.70 237 0.10 276 0.08 252 0.08 252 0.11
10 0.80 194 0.16 223 0.36 251 0.48 223 0.44

11 1.00 - - - - - - - -

Table 9.1. Low field dielectric property of PZT sintered disks with different annealing
time (Oh, 72h, 120h, and 240h) at 1 kHz.
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Oh 72h 120h 240h

Sample X

€ Loss € Loss € Loss € Loss
1 0.00 - - - - - - - -
2 0.10 236  0.010 240 0.024 192 0.022 183 0.025
3 0.15 248  0.019 264 0.014 259 0.014 254 0.022
4 0.20 283  0.048 335 0.010 283 0.007 313 0.005
5 0.30 301 0.029 313 0.012 334 0.005 331 0.006
6 0.40 277  0.004 317 0.006 323 0.009 316 0.006
7 0.48 650 0.004 704 0.006 721 0.006 725 0.007
8 0.55 331 0.027 476 0.002 485 0.002 478 0.002
9 0.70 188 0.016 228 0.004 204 0.007 206 0.012
10 0.80 114  0.024 138 0.113 127 0.238 109 0.230
11 1.00 - - - - - - - -

Table 9.2. Low field dielectric property of PZT sintered disks with different annealing
time (Oh, 72h, 120h, and 240h) at 10 kHz.
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Figure 9.3. (a) Increased dielectric constant and (b) increased dielectric constant in
percentage of the PZT sintered disks of (0.10 < x < 0.80) after annealing at 923K for
240h.
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Loss

72h 120h 240h
Sample X As Ag/gy, (%) As Ag/gy, (%) As Ag/gy, (%)

1 0.00 - - - - - -

2 0.10 -9 -3.82 -52 -22.06 -65 -27.58
3 0.15 14 5.64 0 0.00 3 1.21
4 0.20 39 11.47 -14 -4.26 15 4.54
5 0.30 4 1.01 24 6.72 19 5.25
6 0.40 39 11.86 42 12.91 36 11.01
7 0.48 57 8.64 73 11.14 78 11.96
8 0.55 140 36.62 151 39.68 137 35.98
9 0.70 39 16.48 15 6.36 15 6.48
10 0.80 29 15.13 57 29.34 29 14.70
11 1.00 - - - - - -

Table 9.3. Increase in dielectric constant of the PZT sintered disks of (0.10 < x < 0.80)
after annealing at 923K for 72h, 120h, and 240h.

0.25 0.20
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Mole Fraction PbTiO, in PbZr, Ti O, Mole Fraction PbTiO, in PbZr, ' Ti O,

Figure 9.4. Composition dependence of dielectric loss of un-annealed sintered disks of
PZT (0.10 < x <0.80) (black circles) and change in the dielectric constant after annealing
at 923K for 240 hours (orange circles) at (a) 1 kHz and (b) 10 kHz.
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9.3.1.2 Influence of Thermal History on Frequency Dependence of Dielectric

Property

Frequency dependence of dielectric constant of un-annealed and 240h-annealed
PZT sintered disks (0.10 < x < 0.80) was shown in Fig. 9.5 (a) and (b), respectively. The
dielectric constants of all PZT sintered disks were decreased slightly with frequency from
1 kHz to 1 MHz due to the reduced polarization mechanism with increased frequency.
PZT sintered disks with composition of x = 0.48 were most frequency independent
among all compositions before annealing process, the dielectric constant only decreased
4.1% from 1k to 1IMHz. The other compositions showed 18%~44% decrease in dielectric
constant from 1k to 1IMHz. The dielectric constant of most PZT sintered disks became
less frequency sensitive in this frequency range (1 kHz to 1 MHz) after annealing at
923K for 240 hours, except three end members (x = 0.10, 0.15 and 0.80). The difference
in dielectric constant between 1 kHz and 1 MHz of un-annealed and 240h-annealed PZT
sintered disks were shown in Fig. 9.6, and the values were listed in table 9.4. Compare
Fig. 9.6 to Fig 9.4 (a), both plots showed a similar behavior. It implies that the frequency
dependence of dielectric behavior of PZT ceramics was close related to their loss
mechanism. For those compositions with lower dielectric loss after anneal process (x =
0.20 to 0.70), their dielectric constant also became less sensitive to the frequency.
Conversely, the dielectric constant became more sensitive to the frequency for those
compositions with higher dielectric loss after anneal process (x = 0.10, 0.15 and 0.80).
The dielectric constant became less sensitive to the frequency was due to the lower
concentration of defects after annealing for a long period of time, and lead to a lower

amount of ionic space-charge carriers [7].
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Frequency dependence of dielectric loss of un-annealed and 240h-annealed PZT
sintered disks (0.10 < x < 0.80) were shown in Fig. 9.7 (a) and (b), respectively. The
dielectric loss of all PZT c sintered disks, both before and after anneal process, tends to
rapidly increase as the frequency decreases close to 1 kHz. The reason for this
phenomenon has been mentioned in chapter 6.3.1.2. Therefore, the loss usually increases
more rapidly at low frequency for those ceramics contain higher concentration of defects.
The behaviors of dielectric loss were similar to their behaviors of dielectric constant.
Comparison between un-annealed and 240h-annealed PZT sintered disks, the dielectric
loss of most PZT sintered disks became less frequency sensitive in this frequency range
(1 kHz to 1 MHz) after annealing at 923K for 240hours. This means that the long
annealing process lower the concentration of defects (i.e. oxygen vacancy, distorted
area/domain walls and defects generated during the ceramic sintering) in most of the
compositions. The frequency dependence of dielectric properties of 240 hours annealed

PZT sintered disks were list in table 9.5.
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Figure 9.5. Frequency dependence of dielectric constant of (a) un-annealed and (b) 240h-
annealed PZT sintered disks (0.10 < x < 0.80).
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Figure 9.6. Dielectric constant difference between 1 kHz and 1 MHz versus composition
for the sintered disks of PZT (0.10 < x < 0.80) before (black circles) and after annealing
at 923K for 240 hours (orange circles) at room temperature.

X Oh 240h
0.10 26.95 28.63
0.15 23.75 26.05
0.20 34.71 14.93
0.30 21.64 15.20
0.40 18.35 16.25
0.48 4.12 5.31
0.55 21.52 9.27
0.70 24.05 19.44
0.80 44.74 58.74

Table 9.4. Dielectric constant difference (e1-e1v)/€1« (%) between 1 kHz and 1 MHz of
un-annealed (Oh) and 240h-annealed PZT sintered disks (0.10 < x < 0.80).
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Figure 9.7. Frequency dependence of dielectric constant of (a) un-annealed and (b) 240h-
annealed PZT sintered disks (0.10 < x < 0.80).
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1 kHz 10 kHz 100 kHz 1 MHz
Sample X

€ Loss € Loss € Loss € Loss
1 0.00 - - - - - - - -
2 0.10 234 0.09 183 0.03 175 0.01 167 0.01
3 0.15 311 0.08 254 0.02 242 0.002 230 0.004
4 0.20 355 0.04 313 0.01 308 0.01 302 0.02
5 0.30 375 0.03 331 0.01 325 0.01 318 0.03
6 0.40 363 0.04 316 0.01 310 0.01 304 0.01
7 0.48 734 0.01 725 0.01 715 0.01 695 0.01
8 0.55 518 0.03 478 0.002 474 0.002 470 0.02
9 0.70 252 0.11 206 0.01 204 0.003 203 0.002
10 0.80 223 0.44 109 0.23 95 0.04 92 0.01
11 1.00 - - - - - - - -

Table 9.5. Frequency dependence of dielectric properties of 240h-annealed PZT sintered
disks (0.10 <x <0.80).

9.3.1.3 Influence of Thermal History on Temperature Dependence of Dielectric

Property

The frequency and temperature dependence dielectric properties of 240h-annealed PZT
sintered disks (x = 0.30, 0.40, 0.48, 0.55 and 0.70) was measured from 173K to 473K.
The results were compared to the dielectric properties of un-annealed PZT sintered disks.
Temperature dependence of dielectric constants of un-annealed and 240h-annealed PZT
sintered disks at 1 kHz were shown in Fig. 9.8 (a) and (b), respectively. The dielectric
constants of the PZT sintered disks with composition at MPB (x = 0.48) and Zr-rich region (X
= 0.30 and 0.40) show a stronger temperature dependence than the compositions at Ti-rich

region X = 0.55 and 0.70) with or without annealing in this temperature region.
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The estimate intrinsic dielectric constants of the PZT sintered disks were obtained by
extrapolating the curves to OK. The intrinsic dielectric constants of un-annealed and 240h-
annealed PZT sintered disks at 1 kHz were list in the table 6.2 and 9.6, respectively. The
intrinsic dielectric constant of each composition did not significantly change after annealing at
923K for 240 hours. However, the dielectric constants of annealed ceramics were higher than the
as synthesized ceramics at elevated temperatures. This means that the influence of anneal process
was mainly on the extrinsic contribution to dielectric properties, which is primarily associated
with the motion of the domain walls and phase boundaries and displacement of defects [1]. This

result matches with the alteration of domain morphology that was observed in TEM.

Broad peaks in temperature dependence of dielectric constant curves were found to occur
at around 298 K for both un-annealed and 240h-annealed PZT sintered disks. The broad
peaks in the PZT sintered disks with composition x = 0.48 and 0.70 were faded after annealing
at 923K for 240 hours. Conversely, the broad peaks in the PZT sintered disks with composition
x = 0.30, 0.40 and 0.55 were sharpen after long anneal period. It is still not clear that the broad
peaks of the compositions close to the MPB observed were caused by the low temperature
monoclinic phase (Ma) [8] or simply by the stress relief mechanism [9]. But the broad peaks in
the PZT 60/40 and the PZT 70/30 sharpening with anneal time were match with the specific heat
results. The long anneal process also sharps the phase transition peaks in the specific heat

measurement.

The ¢,, of the un-annealed and 240h-annealed PZT sintered disks (x = 0.30, 0.40,
0.48, 0.55 and 0.70) at room temperature was shown in Fig. 9.9. The extrinsic contribution to
dielectric constant of all compositions had different level of increasing after annealing for 240

hours. The combined results of the influence of thermal history on structural properties and phase

transitions implied the increase in extrinsic contribution was due to the stress relief (i.e. defects,
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distorted area, and internal stress between different phases). For all compositions, the long anneal
process allowed the oxygen vacancies diffuse to the grain boundaries or out of the ceramic, and
lead to an increasing in domain wall mobility. At the MPB (x = 0.48), the {200} diffraction
results indicate that phase tend to transform into rhombohedral phase during the anneal process.
The increase in phase fraction of rombohedral phase would also lead to a higher extrinsic
contribution. Because of the rhombohedral phase have more polarization states than the
tetragonal phase. Among all compositions at room temperature, the PZT 45/55 had largest

increase in extrinsic contribution. It increased from 17.6% to 36.5% after annealed at

923K for 240hours. The values of intrinsic (e, ) and extrinsic contributions (e, in %) to

dielectric constant at room temperature (e.;) were listed in table 9.7.
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Figure 9.8. Temperature dependence of dielectric constant of (a) un-annealed and (b)
240h-annealed PZT sintered disks (x = 0.30, 0.40, 0.48, 0.55 and 0.70).
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X 0K 173 K 298 K 473 K

0.70 174 221 244 356
0.55 322 485 507 726
0.48 362 618 734 1128
0.40 161 290 371 737
0.30 152 286 401 775

Table 9.6. Temperature dependence of dielectric constant of the 240h-annealed PZT
sintered disks (x = 0.30, 0.40, 0.48, 0.55 and 0.70).

O 2 2 2 2 2
02 03 04 05 06 0.7 0.8

Mole Fraction PbTiO, in PbZr,  Ti,O4

Figure 9.9. Extrinsic contributions to the dielectric constant versus composition for the
PZT sintered disks (0.10 < x < 0.80) before (black circles) and after (orange circles)
annealing at 923K for 240h. Errors were standard propagated errors by using an
estimated uncertainty in the dielectric constant of £10.
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Oh 240h
X
ain 8RT sex (%) 8in SRT 8ex (%)
0.70 177 212 16.51 174 244 28.69
0.55 303 368 17.66 322 507 36.49
0.48 356 656 45.73 362 734 50.68
0.40 159 295 46.10 161 371 56.60
0.30 146 329 55.62 152 401 62.09

Table 9.7. The intrinsic (g, ) and extrinsic contributions (g, in %) to room temperature

dielectric constant () of PZT sintered disks (0.30 < x < 0.70) before and after annealing
at 923K for 240h..

9.3.2 Influence of Thermal History on Strong Field Dielectric Property

9.3.2.1 Influence of Thermal History on Frequency Dependence of Dielectric

Nonlinearities

The PZT sintered disks with composition at the MPB (x = 0.48, or PZT 52/48)
was selected for investigating the frequency and ac field amplitude dependence of
dielectric behavior. Fig. 9.10 shows the dielectric constants of the PZT 52/48 sintered
disks with different anneal time (0-240 hours) were measured as a function of ac electric
field at four different frequencies (1, 10, 100 and 1kHz). The dielectric constant of the
annealed PZT 52/48 sintered disks became more sensitive to the ac field amplitude, and
reaches a maximum after annealed for 120 hours. A higher sensitivity to ac field
amplitude indicates a higher domain wall mobility or larger number of polarization

directions or both. Fig. 9.10 also shows the ac field dependence of dielectric constants
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decrease with increasing frequency. This is because of some of the domain wall motions

cannot keep up with higher frequency.

Fig. 9.11 shows the initial dielectric constant and irreversible Rayleigh
coefficients of the annealed PZT 52/48 sintered disks decrease linearly with the logarithm
of the frequency, which matches with the Rayleigh law [10]. The frequency dependence
of initial dielectric constant and Rayleigh coefficients follows the Eq. 6.4 and 6.5, which

are expressed as

Enit = €0 — eIn(w) Equation 6. 9

a=ay—aln(w) Equation 6. 10

The fitting parameters eq, e, ap and a of the PZT 52/48 sintered disks with different
anneal time were listed in table 9.8. The 120h-annealed PZT 52/48 sintered disk has
highest fitting parameters, which was the most sensitive to the frequency. The frequency
dependence dielectric behavior was changed by anneal process. It indicates that the
domain morphology of the PZT 52/48 sintered disks was changed after a long period of

anneal treatment, which was also match the observed domain revolution in TEM images.
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Figure 9.10. ac field amplitude dependence of dielectric constant of the PZT 52/48
sintered disks that annealed at 923K for (a) Oh, (b) 72h, (c) 120h, and (d) 240h under four
frequencies (1 Hz, 10 Hz, 100Hz and 1 kHz).
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Figure 9.11. (a) The initial dielectric constant (reversible) and (b) Rayleigh coefficient
(irreversible) of the PZT 52/48 sintered disks with different anneal time (Oh, 72h, 120h,
and 240h).

Anneal Time (h) e, e a, a
0 684.68 21.42 32.53 2.55
72 698.14  23.15 58.63 6.00
120 906.60  70.22 124.17 18.98
240 765.03  29.22 47.28 4.09

Table 9.8. Fitting parameters in Eq. 6.4 and 6.5 of the PZT 52/48 sintered disks with
different anneal time (Oh, 72h, 120h, and 240h).
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9.3.2.2 Influence of Thermal History on Composition Dependence of Rayleigh

Coefficient

It was found in the temperature dependence of dielectric constant that the intrinsic
dielectric constant did not change much with the long anneal process. This means that the
enhanced dielectric constant after anneal process was mainly contributed from the
extrinsic part, which is close associated with the motion of the domain walls. The temperature
dependence of dielectric constant measurement can only separate out the intrinsic and
extrinsic contributions to dielectric constant. To further investigate the mechanisms in the

extrinsic contributions to dielectric constant, Rayleigh analysis is needed.

Fig. 9.12 shows the ac field dependence of dielectric constant of un-annealed (Oh-
), 72h-, 120h- and 240h-annealed PZT sintered disks (x = 0.30, 0.40, 0.48, 0.55 and 0.70)
at 1 kHz. It is clear that PZT sintered disks with compositions at Zr-rich region (x = 0.30
and 0.40) were more sensitive to the ac field amplitude than the ones with compositions
at Ti-rich region (x = 0.55 and 0.70) with or without anneal treatment. This is because the
sintered disks with compositions at Ti-rich region has much higher spontaneous strains
than the ones with compositions at Zr-rich region (x = 0.30 and 0.40), and their high

spontaneous strains obstruct the domain wall motions.

Dielectric constants of the PZT sintered disks were enhanced after the long
annealing process. The Rayleigh coefficients of all samples were obtained by fitting the
ac field dependent dielectric constant curves in Fig. 9.12. The Rayleigh coefficient of all
annealed PZT sintered disks were shown in Fig. 9. 13(a) and listed in table 9.9. It shows
that Rayleigh coefficients were slightly change with anneal time in most of compositions,
except PZT 52/48. Rayleigh coefficient is an indicator of the irreversible domain wall
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motions, and the higher value means the domain wall is easier move to next position ( to
overcome the potential energy around it). Fig. 9.13 (b) shows the difference in Rayleigh
coefficient of PZT sintered disks with different anneal time. Only the PZT sintered disks
with composition x = 0.55 and 0.48 have shown an increase in Rayleigh coefficient after
long annealing process (240h). The other compositions barely changed the value. The
initial dielectric constants (einit) of the PZT ceramics as function of anneal time were
shown in Fig. 9. 14. The initial dielectric constants of PZT sintered disks increase with
anneal time. This is because the extrinsic contributions to dielectric constant increases
with anneal time. To be noted that the initial dielectric constant is not the same as the

intrinsic dielectric constant.

Among all the compositions, Rayleigh coefficient of the PZT 52/48 sintered disks
had a significant change with anneal time (seen Fig. 9.15). It reached a maximum after
annealing for 120 hours, and this value is close to the ones at single rhombohedral phase.
The increase in Rayleigh coefficient of the PZT 52/48 sintered disks with anneal time
was due to the phase fraction rearrangement between tetragonal and rhombohedral phases
through phase decomposition. The previous XRD results also reveal the volume fraction
of rhombohedral in the PZT 52/48 sintered disks increase with anneal time. The Rayleigh
coefficient of the PZT 52/48 sintered disks declined after 240 hours annealing process.
The initial dielectric constant of the PZT 52/48 sintered disks also increases with anneal
time (seen Fig. 9.15). Around 12% increase in initial dielectric constant after 240 hours
annealing. Because the overall extrinsic contribution to dielectric constant was increased
with anneal time. The Rayleigh analysis shows both initial dielectric constants (reversible

domain wall motion) and Rayleigh coefficients (irreversible domain wall motion) of the
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PZT ceramics were affected by anneal process. The Rayleigh coefficient reach a
maximum at 120 hours and start to decline, it point out that the proper thermal history
can enhance the dielectric property of the PZT, over or less heat treatment can hugely

effect on the final results.
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Figure 9.12. ac field amplitude dependence of dielectric constant of the Oh-, 72h-, 120h-,
and 240h-annealed PZT sintered disks in two ranges of composition (a) 0.30 < x < 0.48
and (b) 0.60 <x<0.70 at room temperature
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Figure 9.13. (a) The Rayleigh coefficients («) and (b) Aa (@annea-ton) Of the Oh-, 72h-,
120h-, and 240h-annealed PZT sintered disks at room temperature.

« Oh 72h 120h 240h
a a Aa a Aa. a Aa.
0.30 64.3 62.01 -2.3 68.48 4.18 64.59 0.29

0.40 60.64 59.15 -1.49 61.8 1.16 60.09 -0.55
0.48 24.97 38.45 13.48 59.22 34.25 34.62 9.65
0.55 25.22 20.97 -4.24 23.56 -1.66 27.49 2.28
0.70 4.69 4.39 -0.3 3.89 -0.8 5.14 0.45

Table 9.9. Room temperature Rayleigh coefficient of the Oh-, 72h-, 120h-, and 240h-
annealed PZT sintered disks at 1 kHz
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Figure 9.14. The initial dielectric constants (&init) of the PZT sintered disks as function of
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Anneal Time (hour)

anneal time.
Oh 72h 120h
X
Einitial Einitial Az (%) Einitial Ag (%) Einitial Ag (%)
0.30 324 381 18 428 32 445 37
0.40 252 333 32 350 39 361 43
0.48 617 624 1 671 9 690 12
0.55 306 483 58 503 64 484 58
0.70 194 217 12 198 2 209 8

Table 9.10. Initial dielectric constant of the Oh-, 72h-, 120h-, and 240h-annealed PZT

sintered disks at 1 kHz.
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Figure 9.15. Rayeligh coefficient and increased initial dielectric constant of the PZT
52/48 sintered disks as a function of anneal time.

9.4 Summary

The observations of the influence of thermal history on temperature, composition,
and frequency dependence of the dielectric behavior at low and strong field were listed as

follows,

1. The dielectric constant of all PZT sintered disks (except x = 0.10) at low field
(0.1V) increases with anneal time, and increase most for those compositions near
the MPB region (x = 0.40, 0.48, and 0.55).

2. The dielectric loss decreases with anneal time was found in most of the

compositions, except for three end members (x = 0.10, 0.15, and 0.80).
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. The dielectric constant of most PZT sintered disks became less frequency
sensitive in this frequency range (1 kHz to 1 MHz) after annealing at 923K for
240 hours, except three end members (x = 0.10, 0.15, and 0.80).

. The intrinsic dielectric constant of each composition did not significantly change
after annealing at 923K for 240 hours.

. The extrinsic contribution to dielectric constant of all compositions had different
level of increasing after annealing for 240 hours. Among all compositions at
room temperature, the PZT sintered disks with composition x = 0.55 had largest
increase in extrinsic contribution. It increased from 17.6% to 36.5% after
annealed at 923K for 240hours.

. The initial dielectric constant and irreversible Rayleigh coefficients of the
annealed PZT 52/48 sintered disks decrease linearly with the logarithm of the
frequency, which matches with the Rayleigh law.

PZT sintered disks with composition at Zr-rich region were more sensitive to the

ac field amplitude than the ones at Ti-rich region with or without anneal treatment.

. The initial dielectric constants of PZT sintered disks increase with anneal time.

. The PZT sintered disks with composition x = 0.48 and 0.55 have shown an
increase in Rayleigh coefficient after 240 hours anneal process. It had a
significant increase from 25 (Oh) to 59 (120h) in PZT 52/48 sintered disks. The

other compositions were barely changed the value.
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CHAPTER 10

CONCLUSIONS AND FUTURE WORK

10.1 Summary of Key Observations

This thesis intended to study the influence of thermal history on structure,
microstructure, domain structure, phase transitions, and dielectric behavior of PZT
sintered disks across whole system. The characterization results of the un-annealed PZT
sintered disks were not only used as references for those after annealed, but also provided
new information about the tricritical behavior and the dielectric properties in the PZT
solid solution.. The properties of annealed PZT sintered disks were used to study the
influence of thermal history on PZT ceramics. The key observations in this thesis study

were divided into following categories,
Preparation and structural characterization of PZT powder and ceramics

The PZT powder and ceramics with different compositions (x = 0.00 - 1.00) were
successfully synthesized by an alkoxide-derived sol-gel method. The structural properties
of PZT sintered disks (0.10 < x < 0.80) were characterized by x-ray diffraction, and the
reflections were carefully analyzed by peak fitting software. The key observations in the

structural characterization of PZT powder and sintered disks are listed as follows,

1. Lattice parameters and unit cell volumes of the un-annealed PZT powders (x =
0.00, 1.00) and sintered disks (0.10 < x < 0.80) have a good agreement with the
literature data. The unit-cell volume (Q) has increased with zirconium content

from around 63 A® to 71 A% and shows an essentially linear behavior with
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composition. This means the composition of PZT specimens were very close to
desired composition.

. Spontaneous strain of the PZT sintered disks (0.10 < x < 0.80) with tetragonal
phase (0.55 < x < 0.80) is an order larger than those with rhombohedral phase
(0.10 < x <£0.40) due to the larger tetragonal distortion. The spontaneous strain of
the PZT sintered disks with rhombohedral phase [(90°-ag)/90°] is increased
slightly with decrease zirconium content from 0.0030 to 0.0035. The spontaneous
strain of the PZT sintered disks with tetragonal phase [(c/a) - 1] is depending on
the tetragonal distortion (c/a), which is decreased linearly with increase zirconium
content from 0.064 to 0.020.

. {200} XRD reflections of the PZT 52/48 (x = 0.48) sintered disks show the
evidence of the two-phase coexistence of tetragonal and rhombohedral phases (Fr
and Fg).

. The XRD peak width (FWHM) of PZT 52/48 sintered disks was almost double
the size than the rest of the compositions.

. TEM bright field image of as synthesized PZT 52/48 sintered disks shows a

curving domain structure in nanometer scale (~20nm).

Paraelectric to ferroelectric phase transition behavior in the PZT ceramics

The temperature dependence of specific heat behavior was used to study the

paraelectric to ferroelectric phase transition behavior in the as-synthesized PZT sintered

disks. The order of the transition for each sample was determined by first derivative of C,

curves, the transition enthalpy (4AH;), and the transition entropy ((4Si). The key
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observations in the paraelectric to ferroelectric phase transition behavior in the un-

annealed PZT sintered disks are listed as follows,

1. The Curie temperatures of the PZT sintered disks were in a good agreement of the
literature data. The ferroelectric to paraelectric phase transition temperatures
increased from 504K to 760K with increase titanium content. Besides lattice
parameters, thermodynamic parameters also show the composition of the PZT
specimens is controlled to within ~1 mol% of the desired composition.

2. The PZT sintered disks near at MPB region (0.30 < x < 0.48) have a second-order
phase transition behavior, while those outside the MPB region have either a weak

or a strong first-order phase transition behavior.
3. Two tricritical points were found to occur at around x5 =0.30 and X% = 0.51,

The results match with the experimental observations and prediction based on

Landau theory in the literature.
Dielectric behavior in the PZT ceramics

Dielectric behavior of the as-synthesized PZT sintered disks was characterized by
a comprehensive dielectric and piezoelectric measurement system at the University of
Connecticut. The results have provided new information about contribution mechanisms
to dielectric constant, especially in irreversible Rayleigh coefficient. The key

observations in the dielectric behavior of PZT sintered disks are listed as follows,

1. Composition dependence of dielectric constant of PZT sintered disks was in a

good agreement with literature data, which reached a maximum at near MPB.
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. Among all the samples, the dielectric behavior of the PZT sintered disks at MPB
(x = 0.48) was nearly frequency independent in the frequency range from 1 kHz to
1 MHz.

Intrinsic and extrinsic contributions to dielectric constant were determined by
extrapolating the temperature dependence of dielectric constant to OK. The
intrinsic constant reach the maximum at MPB (x = 0.48). The PZT sintered disks
with composition at MPB (x = 0.48) and Zr-rich region (x = 0.30 and 0.40) have higher
thermally activated extrinsic mechanisms than the ones with composition at Ti-rich

region (X = 0.55 and 0.70), which were around 49% and 17%, respectively.

. All PZT sintered disks show a linear relationship with ac field amplitude at an
intermediate field. PZT sintered disks with rhombohedral phase have higher
Rayleigh coefficient (a) and irreversible extrinsic contribution to dielectric
constant than those with tetragonal phase. At Zr-rich region (0.10 < x < 0.40), a
was less compositional sensitive and vary from 55 to 64. At Ti-rich region (0.55 <
X <0.70), a decrease from 25.22 to 1.41 with increased Ti content

Rayleigh coefficient of the PZT sintered disks was strongly correlated with their
crystal structure and spontaneous strains.

. The dielectric permittivity attributed from thermally activated irreversible domain
wall motion (&;y) was determined by the combined result of the temperature and
ac field amplitude dependence of dielectric behavior. The thermally activated &,
was almost composition independence, which attributed to the total dielectric

permittivity around 7.5% in average.
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Influence of thermal history on structure

To test whether or not the un-annealed PZT sintered disks are at their equilibrium
states, PZT sintered disks were annealed at 923K for 72h, 120h, and 240h. The structure
properties of annealed ceramics were then characterized by XRD. The key observations

in the thermal effect to structure property are listed as follows,

1. Lattice parameters and unit cell volume of all annealed PZT sintered disks
decrease with anneal time. The maximum change in unit cell volume after
annealing for 240 hours was occurred at the composition x = 0.48, which was
around 0.6%.

2. The maximum change in the spontaneous strains after the long anneal process was
also occurred at the compositions near at the MPB (x = 0.40 and 0.48), which
was increased around 5%.

3. Volume fraction of rhombohedral (Fgry phase (Iz/It+Ig) of the un-annealed PZT
52/48 sintered disks was around 50%, and it was increased with anneal time.

4. The maximum change of the diffractions peak width of PZT sintered disks after
the long anneal process occurs at the composition x = 0.48, which was increased

from 0.43 to 0.53.
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Influence of thermal history on domain structure

Domain structure has significant influence on electrical properties of the PZT
sintered disks. In the industry, electrical property of a ferroelectric is usually controlled
by modifying its domain structure through different additives. In this study, the domain
structure evolution as a function of anneal time was investigated by TEM. The key

observation in the thermal effect to domain structure are listed as follows,

1. TEM bright field images show the domain structure of PZT 52/48 sintered disks
coarsens from 15nm (Oh) to 100nm (240h), and the level of domain curving
decreases with anneal time.

2. The observation of domain coarsening match very well with the computer
simulation result of phase decomposition of PZT ceramics which reported by Rao

et al.

Influence of thermal history on paraelectric to ferroelectric phase transition behavior

The phase transition behavior between paraelectric and ferroelectric phases of
annealed PZT powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80) was
investigated by specific heat measurement. Thermodynamic parameters of annealed
ceramics, such as phase transition temperatures, transition enthalpies, and transition
entropies, were compared to un-annealed powders and sintered disks. Also, influence of
thermal history on the order parameter was studied. The key observation in the thermal
effect to phase transition behavior between paraelectric and ferroelectric phases are listed

as follows,
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Phase transition temperatures of all samples were unchanged by annealing,
indicating that the average composition does not change (within 0.4%) by
annealing at 923K for 240 hour.

Phase transition peaks were sharpening with anneal time. Among all compositions,
a maximum change in transition peak occurred at the composition x = 0.48, which
is right on the MPB.

Outside of MPB region, latent heats and excess entropies of all annealed PZT
ceramics were slightly decreased after annealing for 240 hours. However, the
decrease amounts were within error.

. At phase transition region, temperature dependent specific heat curves were
sharpen after long annealing process.

Long annealing process did not change the locations of two tricritical points.

Influence of thermal history on Dielectric behavior

Influence of thermal history on structure, microstructure, and domain structure

were discussed. The processing-structure-property relation can be built by investigating

the dielectric property of annealed PZT sintered disks (0.10 < x < 0.80), since they are

very sensitive to their structural properties. The key observations in thermal effect to

dielectric properties are listed as follows,

10. The dielectric constant of all PZT sintered disks increases with anneal time, and

increase most for those compositions near the MPB region (x = 0.40, 0.48 and
0.55), their dielectric constant increased 11% to 36% after 240 hours annealing

process.
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11.

12.

13.

14.

The intrinsic dielectric constant all PZT sintered disks did not significantly
change (within 6.5%) after annealing at 923K for 240 hours.

The extrinsic contribution to dielectric constant of all PZT sintered disks had
different level of increasing after annealing for 240 hours. Among all
compositions at room temperature, the PZT sintered disks with composition x =
0.55 had largest increase in extrinsic contribution. It increased from 17.6% to
36.5% after annealed at 923K for 240 hours.

PZT sintered disks with compositions at the Zr-rich region (0.10 < x < 0.40) were
more sensitive to the ac field amplitude than the ones with composition at Ti-rich
region (0.55 < x < 0.80) with or without anneal treatment, which means that their
Rayleigh coefficients would be higher.

The PZT sintered disks with composition x = 0.48 and 0.55 have shown an
increase in Rayleigh coefficient after 240 hours anneal process. It had a
significant increase from 25 (0Oh) to 59 (120h) in PZT 52/48 sinter disks. The

other compositions (x = 0.30, 0.40, and 0.70) were barely changed the value.
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10.2 Conclusions

Conclusions were made based on the key experimental observations listed above.
Conclusions can be divided into two major parts. The first part of conclusions is focus on
the sample preparation and characterization results of un-annealed PZT ceramics. The

second part is focus on the influence of thermal history on PZT ceramics.

Preparation of Un-annealed PZT Powders and Ceramics

To investigate phase equilibria in the PZT system and thermal effect on their
properties, PZT powders (x = 0.00, 1.00) and sintered disks (0.10 < x < 0.80) were
successfully synthesized using an alkoxide-derived sol-gel method. Comprehensive
characterization results of crystal structure, domain structure, paraelectric to ferroelectric
phase transition, and dielectric behavior of the un-annealed PZT powders (x = 0.00, 1.00)
and sintered disks (0.10 < x < 0.80) were reported in this thesis. These characterization
results of the un-annealed PZT powders and sintered disks were not only used as a
baseline to investigate the influence of thermal history on PZT ceramics, but also provide
new findings about the location of tricritical points and dielectric properties in the PZT

solid solution.

Tricritical Behavior in the PZT Solid Solution

The nature of phase transition is unclear in the PZT solid solution. The locations
of the tricritical points is still a subject of debate due to several obstacles are encountered
in experimental studies of tricritical phenomena in the PZT solid solution. There are
distinct differences in the reported compositions at which the tricritical points occur. In

this thesis work, the order parameter of paraelectric to ferroelectric phase transition of un-
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annealed PZT solid solution across whole phase diagram was determined by its specific
heat behavior. The specific heat results clearly revealed two tricritical points located at
around x = 0.30 and x = 0.51. Finding two tricritical points in the PZT system by

analyzing their specific heat behaviors has never been reported.

Intrinsic and Extrinsic Contributions to Dielectric Permittivity in the PZT ceramics

Intrinsic and extrinsic contributions to dielectric permittivity of un-annealed PZT
sintered disks were separated by measuring temperature dependence of dielectric
permittivity. Spontaneous strain is much smaller in the PZT sintered disks with
rhombohedral phase than the ones with tetragonal phase. Also, there are more
polarization directions in rhombohedral phase than tetragonal phase. This means the
domain wall mobility of a PZT sintered disk with rhombohedral phase would be much
higher than a PZT sintered disk with tetragonal phase. Consequently, the fraction of
extrinsic contributions is greater in the rhombohedral phase than in the tetragonal phase.
PZT sintered disks with rhombohedral phase showed an averaged 49 % extrinsic
contribution to total dielectric constant at room temperature, while PZT sintered disks

with tetragonal phase only showed 17% extrinsic contribution to total dielectric constant.

The amount irreversible extrinsic mechanism was calculated by application of
Rayleigh law. Comprehensive Rayleigh coefficients were collected and showed strong
correlation with the crystal structure and spontaneous strains. PZT sintered disks with
rhombohedral phase also have higher Rayleigh coefficient («) and irreversible extrinsic
contribution to dielectric constant than those with tetragonal phase. This can be

interpreted as a result of greater non-180° domain wall mobility in the rhombohedral
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phase. Similar variations in extrinsic contributions with different crystallographic phases
were reported earlier for dielectric response in PZT ceramics and thin films. However,
systematic studies on the correlation between Rayleigh coefficients and spontaneous

strains of PZT ceramics across whole system have never been reported.

Influence of Thermal History on PZT Ceramics

To test the hypothesis of phase decomposition phase and thermal effect on
properties in the PZT system, the PZT powders (x = 0.00, 1.00) and sintered disks (0.10 <
X < 0.80) were then annealed at 923K for 72h, 120h and 240h. The influence of thermal
history on properties of PZT powders and sintered disks were observed and carefully
analyzed. X-ray diffraction studies showed that long (10 days) annealing at temperatures
above the Curie line resulted in changes in the unit cell volume, the spontaneous strain,
the volume fractions of ferroelectric rhombohedral (Fr) and tetragonal (Fy) phases, and
the peak width of {200} reflections. These changes were highest at around MPB. Based
on the observations, there was no clear evidence of phase decomposition in the PZT solid
solution during the long annealing process. The phase decomposition model was failed to
explain the sharpening of specific heat curves at transition after annealing process. On the
other hand, the stress relief mechanism was able to interpret all observation results. The
decrease in unit cell volume with anneal time was due to less distorted domain wall area
were formed after annealing, which was also shown in the TEM images. The increase in
spontaneous strain was due to lower internal stress in the annealed ceramics. The elastic
energy was relived after annealing process, it lead to the change in the phase fraction of

ferroelectric phases in the XRD results.
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This special stress relief mechanism can be explained as follows. Large elastic
energy was accumulated during the normal ceramic processing. It is well known that the
formation non-180° domain wall can eliminate the elastic energy. Higher elastic energy
leads to form more domain walls in the system. At near the MPB, the domain can be
formed with either tetragonal or rhombohedral phases to compensate the elastic energy.
More domain with tetragonal phase is expected if the PZT sintered disks at MPB with a
high elastic energy. In the annealed PZT sintered disks, some elastic energy was relieved
by anneal process at 923K. Consequently, less distorted domain wall area and more

domains with rhombohedral phase were formed.

The changes in structural properties and domain structure were accompanied by
changes in the paraelectric to ferroelectric phase transition and dielectric properties. The
long anneal process also affected on the nature of the paraelectric to ferroelectric phase
transition. The phase transition temperature of annealed PZT samples were remain the
same, but the reduced distorted domain wall area resulted in phase transition peaks

sharpening and latent heats reducing after annealing at 923K for 240 hours.

Systematic changes in relative dielectric permittivity, extrinsic contribution
mechanism to dielectric constant and Rayleigh coefficent were observed. The dielectric
constant of all PZT sintered disks increases the most for those compositions (x = 0.40,
0.48 and 0.55) near the MPB region. This was due to stress relieved by the annealing
process changed the volume fractions of the ferroelectric phases and the domain wall
mobility. A quantitative determination of thermal effects on Rayleigh coefficient, which
is an indicator to irreversible domain wall motion, was carried out. It was observed a

significant increase from 25 (0Oh) to 59 (120h) in PZT 52/48 sintered disks after annealing
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at 923K for 240 hours, because of phase redistribution and increase in domain wall

mobility.

Based on overall observations, the un-annealed PZT sintered disks at around MPB
were not in their equilibrium state. The volume fractions of ferroelectric phases and
domain morphologies of the PZT sintered disks were changed by a stress relief
mechanism. These changes accompanied by changes in the domain structure, the
paraelectric to ferroelectric phase transition, and electrical properties. In particular,
systematic changes in extrinsic contributions to dielectric constant were observed. This
means that structure, domain structure and dielectric property of the PZT sintered disks at
near the MPB were extremely sensitive to their thermal history. These results suggest that
domain structures and dielectric properties of the PZT ceramics with compositions near
the MPB can be controlled without dopants by processing under different thermal
histories. The reported results in this thesis study developed a very useful processing-

structure-property relaiton for PZT ceramic processing.
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10.3 Future Plan

In addition to the work in this study, the work list as follows would provid more
informationto allow to fully understand the influence of thermal history on PZT,
especially in relation of elastic energy and formation of the phase coexistence. The

suggestions for future research are listed as follows,

Further studies of current observed phenomenon:

1. Synchrotron diffraction: Synchrotron diffraction concentrates the intensity into a
fine well-defined near-parallel x-ray beam, which offers better resolved
diffraction pattern. It can be useful for separating out the diffraction peaks that
contributed from two ferroelectric phases, and provide a better way to determine
volume fractions of two ferroelectric phases.

2. TEM: Domain structure evolution of PZT 52/48 sintered disks (MPB) as a
function of anneal time had been observed by TEM measurement. If possible, to
obtain the domain structure evolution of PZT sintered disks outside of MPB
region (with pure tetragonal phase and pure rhombohedral phase) as a function of
anneal time, this would provide enough information to help developing
processing-domain structure relation across PZT system.

3. Piezoelectric property: Influence of thermal history on piezoelectric property was
not discussed in this thesis study. A certain change in piezoelectric property with
anneal time is expected, since it is highly dependent on domain structure.

4. Defects study: By annealing the specimens at 923K in oxygen flow to investigate

how the system behaves under a different atmosphere. Electrical measurements
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would be applied on this study to show the loss or the conductivity of the PZT
specimens with different heat treatments under oxygen atmosphere

5. Investigation of internal stress effects on the volume fraction of the two
ferroelectric phases (tetragonal and rhombohedral) in the PZT with compositions
at near the MPB: Influence of the internal stress on the structural properties can be
investigated by pulverizing a PZT sintered disk into powder form. The diffraction
results of the PZT powder can be treated as stress-free condition, and then

comparing to the diffraction results of the PZT sintered disk (stressed condition).

The influence of thermal histories on PZT with different anneal temperatures

The observations in this thesis were only a slice of the phase diagram of PZT
solid solution. Annealing ceramics at different temperatures provide useful information
for testing the phase equilibria and establishing a comprehensive processing-structure-
property relation.

1. Anneal at a higher temperature (T > 923K): The observations in this thesis study
suggest the dielectric property was enhanced by a very slow (up to 10 days)
relaxation mechanism at 923K in PZT system. However, to enhance dielectric
property by annealing for a long time is not practical in industry. To accelerate
this relaxation process a higher anneal temperature is needed.

2. Anneal at a lower temperature (T < Tc): Although a slower relaxation rate at
lower anneal temperature is expected, but it is useful for studying the kinetics of

this relaxation mechanism.
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