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Relaxor characteristic of the solid solution (1-x)BaTiO3-(x)Bi(Zn1/2Ti1/2)O3 (BT
BZT) was investigated in this research. X-ray diffraction technique and Raman spectroscopy
revealed the crystal structure of BT-BZT at various compositions. For compositions with
x ≤ 0.08, the solid solutions exhibited clear tetragonal symmetry and transitioned to pseudo-cubic
symmetry as the content of BZT increased. The dielectric permittivity exhibited a transformation
from a sharp phase transition to the relaxor-like behavior as the concentration of BZT increased
with the onset at composition of 0.92BT-0.08BZT. The polarization as a function of electric field
(P-E) of these solid solutions also exhibited the same trend. The BT-rich compositions showed a
normal ferroelectric P-E response with a decrease in loop area as the BZT content increased. The

composition of x = 0.08 exhibited a pinched hysteresis loop and with a further increase in BZT
content, the P-E response was characterized by slim loops.
Phase formation of BT-BZT was also studied in order to investigate the optimum
processing parameters. The result showed that the formation mechanisms of BT-BZT were
different than what was observed in BT. However, addition of BZT accelerated the reaction of the
BaCO3 species and increasing the diffusion kinetics associated with densification and reduced the
calcination and sintering temperatures by ~200°C compared to unmodified BaTiO3. This system
provides an example of the important and often overlooked role of additives in the calcination,
phase evolution, and densification processes, and provides insight into mechanisms that may be
further exploited in this and other important materials systems.
Heat treatment, a common tuning properties method, was operated on 0.9BT-0.1BZT.
Sintered ceramics were subjected to a series of thermal anneals at temperatures of 900, 1000,
1100 and 1175°C for 50 hrs. A slightly observable change in the crystal structure of as-sintered
and annealed samples was observed by using XRD technique. However, SEM images showed a
clear evidence of grain growth when the ceramic was annealed up to a temperature of 1175°C.
The relaxor-like dielectric behavior exhibits no significant differences between as-sintered and
post-annealed ceramics. The samples showed slim loops of polarization as a function of electric
field with no dramatic shifts observed at various annealing temperatures. These annealing results
can be concluded that the grain size does not significantly affect the dielectric properties, instead,
the origin of the dielectric response is linked to the electrical heterogeneous structure of 0.9BT
0.1BZT.
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CHAPTER 1
Introduction

Research in electronic ceramics has been continuously providing a number of new
materials and technology developments for industrial and commercial applications. Among these
applications, relaxor ferroelectric perovskites materials have received a great deal of attention and
been chosen for a variety of practical uses such as electromechanical actuators, transducers,
capacitors, etc. because of their excellent properties which include high dielectric permittivity and
large electrostriction coefficients. However, these early applications were usually promoted by
the use of materials consisting of highly toxic components such as lead. In order to replace lead
component materials, modified barium titanate (BaTiO3) ceramics is one of the major candidates
to be investigated. Recent papers in the literature have demonstrated the potential of BaTiO3
Bi(Zn1/2Ti1/2)O3 (BZT) solid solutions for applications in harsh environments because of their
robustness under both high electric fields and high temperatures. With a dielectric permittivity
greater than 1000 that behaves linearly and with a low dielectric loss at applied electric fields
values as high as 100 kV/cm, BT-BZT has great potential for use in high energy density
capacitors. Moreover, the electrical resistivity of BT-BZT at high temperatures above 300C
fulfills the requirements for many high temperature devices.
Capacitor materials for high energy density applications are a topic of great research
interest. While fossil fuel has been a major energy source for more than a century, it is now
widely recognized that production of these fuels in the future are limited, while world energy
demand is still increasing. Therefore, alternative sources of clean energy or renewable energy are
currently being developed. Although renewable energy, especially, solar energy and wind power
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have been promoted as the highest potential future sources, there are some drawbacks such as low
density and time dependence of production. Therefore, the development of materials and devices
for the storage of energy and power have become a critical issue. Batteries and capacitors are the
most common and are both attractive for storing energy in term of electricity because of their
compactness in size and ease of use. In addition, high energy density capacitors which possess a
high power density are still required in some specific applications, such as electric-powered
vehicles, electric weapon systems, etc. Due to these requirements, materials based on BT-BZT
perovskites are clearly relevant for further study.
While there are many studies focused on property improvement, fundamental studies are
critical to provide a deeper understanding of this material. This work is therefore focused on the
following critical aspects of BT-BZT:
1. The relaxor properties of BT-BZT solid solutions in the composition range
near the ferroelectric-relaxor phase transformation,
2. The perovskite phase formation of BT-BZT solid solutions, and,
3. The effects of heat treatment on the dielectric properties of BT-BZT ceramics.
These studies should provide some valuable information to aid in future investigations
and to enable further property optimization.
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CHAPTER 2
Background

2.1 Perovskite Structure
Most of the useful ferroelectrics and relaxor ferroelectrics are stabilized in the perovskite
structure, such as barium titanate (BaTiO3), lead titanate (PbTiO3), lead zirconate titanate (PZT),
lead lanthanum zirconate titanate (PLZT), and sodium niobate (NaNbO3) [1, 2, 3]. Perovskite is a
name of the group of materials that have a chemical formula ABX3, where X usually is oxygen in
ferroelectric materials. This structure is named after the mineral calcium titanate (CaTiO3), which
is the first-discovered perovskite material [1, 2]. The perovskite structure can be regarded as a
cubic close-packed arrangement. The structure can also be considered as an FCC-derivative
structure where the larger A cation and oxygen together form an FCC lattice. The smaller B
cation occupies the octahedral site in this FCC array and has only oxygen as its nearest neighbors.
In simpler terms, the general crystal structure of perovskite is a primitive cube, with the A-larger
cation in the corner, the B-smaller cation in the body center of the cube, and the oxygen in the
center of the cube faces, which is demonstrated in Figure 2.1a. one a larger scale, the perovskite
structure can be visualized as a three-dimensional network of BO6 octahedra, which is shown in
Figure 2.1b. For perovskites with cubic symmetry, the coordination number of the A-site cation is
12 and the B-site cation is 6.
Cation sites in the perovskite structure can tolerate an enormous range of compositional
modifications as long as charge neutrality is maintained. The A-site cation in the perovskite
structure can be either a monovalent, divalent, or trivalent metal. The corresponding B-site cation
can host a pentavalent, tetravalent, or trivalent ion, respectively. Examples for the A1+B5+O3
family are KNbO3 and NaNbO3. The most interesting family is probably A2+B4+O3, which
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includes the extensively studied perovskites PbTiO3, and BaTiO3. The last family is A3+B3+O3,
which includes compounds such as BiScO3 and BiFeO3.

A-site cation

B-site cation
Oxygen

(a)

(b)

Figure 2.1 The cubic ABO3 perovskite-type unit cell.

Not only can a single cation be modified with substitution to both the A and B sites, but
multiple ions substitutions can also be formulated, which leads to complex perovskites such as
(Na1/2Bi1/2)TiO3, Pb(Co1/4Mn1/4W1/2)O3, Pb(Mg1/3Nb2/3)O3, and Pb(Zn1/3Nb2/3)O3 [3, 4]. Because a
large number of substitutions in perovskites are possible, a model for the stability limit of the
perovskite structure was developed by Goldschmidt [5]. The structural stability can be described
by calculations of a tolerance factor (t) as equation 1 shows:

ቯቫ

ዪዑ ቝ ዪዟ
ዝቕዪዒ ቝዪዟ ቚ

………………..1)

RA, RB, and RO, are denoted as the radii of the A and B cations and the O anion, respectively.
This constant is used as a measure of the degree of structural distortion compared to the ideal
cubic perovskites. Generally, the tolerance factor should be within the range of 0.8  t  1.05 for
the stability range of the perovskite structure [6-8]. If the tolerance factor is equal to 1, then the
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perovskite structure is an ideal cubic. In addition, tetragonal symmetry or hexagonal symmetry
will be assumed when the tolerance factor is greater than 1. Rhombohedral, monoclinic, and
orthorhombic symmetries are predicted when the tolerance factor is smaller than 1 [1, 9].
The stability of the perovskite structure in a material is predicted not only by the tolerance
factor, but also by the electronegativity difference between substituent cations and anions. This
factor describes the ionic character of bonding in the compound. Greater differences in
electronegativity result in a more stable perovskite structure because of the higher degree of ionic
bonding [10, 11]. The electronegativity difference (EN) is given as equation 2:

ዞቆ ቫ

ሽዑቖዟ ቝ ሽዒቖዟ ቚ
ቕ

………………..2)

2.2 Dielectric Behavior
A dielectric is an electrical insulator that can be defined as a material with a high
electrical resistivity that can store electrical energy through the polarization of dipoles [12]. When
a dielectric is placed between parallel conductor plates and an electric field (E) is applied, the
electric charges do not flow through the dielectric but instead displace from their equilibrium
positions. The positive charges shifts toward the applied electric field while the negative charges
move in the opposite direction, leading to the creation of dipole or a polarization (P) within the
dielectric. The polarizability of the dielectric can be expressed by a number called the dielectric
constant (K) or relative permittivity (ሄ ). A relationship between the electric field and polarization
can be expressed through equation 3:

P = (ሄ – 1) ቓ E

………………..3)
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ቓ is denoted as the permittivity of free space or vacuum, which is equal to 8.854 x 10-12
F/m. The dielectric permittivity, relative permittivity, or dielectric constant is a parameter to
describe the efficiency at which the dielectric material stores charges between the parallel
electrodes through comparing the dielectric material to those with identical electrodes separated
by vacuum. This is generally the ratio between the material permittivity  in farads per meter and
that of free space 0. Therefore, the dielectric permittivity itself is dimensionless. With alternating
voltages, the dielectric permittivity is also a complex number that consists of real (in phase) and
imaginary (out of phase) components, which is given by equation 4:

ዺ = ቁ + iቁቁ

………………..4)

The real component of the complex permittivity represents the energy storage in the
dielectric materials while the imaginary component represents the energy loss, which caused by
either resistive leakage or dielectric absorption. However, energy loss in dielectric is generally
expressed by the ratio of the imaginary component to the real component ( ቁቁ/ቁ), and is called
dielectric loss or loss tangent (tan ), given by:

tan  =

ሐሐ
ሐ

………………..5)

The loss tangent is often used to determine how “lossy” the material is. In general, the
material is said to be an excellent dielectric if tan  is very small. From a practical stand point, the
dielectric constant is an important parameter for capacitor application. It corresponds to the
capacitance of materials through the following equation:
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C=

ዼ ቋ ቤ
ዶ

………………..6)

Where C is capacitance expressed in Farads (F), A is the electrode area (m2), and d is
distance between electrode (m).
The field-induced polarization in a dielectric is governed by various types of
mechanisms. They are generally categorized into four main mechanisms corresponding to
different frequency ranges and can be summarized in Figure 2.2.

Space charge
Dipole
Ionic
Electronic

Polarization Mechanisms

Figure 2.2 Polarization mechanisms of dielectric materials.

Four main mechanisms of dielectric polarization are initially described from high
frequency to low frequency as follows:
1. Electronic polarization: This polarization occurs due to the distortion of the electron
cloud surrounding an atom. This mechanism persists in all materials, at all temperatures,
and at frequencies up to approximately 1015-1017Hz.
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2. Ionic polarization: This mechanism occurs because the ions, both negatively and
positively charged ions, displace from their equilibrium positions when the electric field
is applied. The positively charged ions move toward the electric field and the negatively
charged ions move in the opposite direction, leading to the existence of dipole moments.
The ionic polarization is usually active up to frequencies of approximately 1012-1014Hz.
3. Dipole polarization: This polarization originates from permanent molecular size dipoles.
Unlike electronic and ionic polarizations, which show the resonance process at certain
frequencies, this mechanism exhibits relaxation at the frequencies of 107-1010Hz because
of its size as well as the interactions between dipoles. The dipole polarization relaxation
also depends on temperature, pressure, and chemical surroundings.
4. Space-charge polarization: This polarization is due to the trapping of charge carriers at
interfaces of inhomogeneous microstructures. This mechanism is often observed as
charge carriers trapped at grain boundaries within polycrystalline ceramics when an
external electric field is applied, resulting in charge separation within the grains. This
mechanism corresponds to low frequencies.

2.3 Ferroelectricity
Ferroelectrics are polar materials that possess the following two qualifications: a
spontaneous polarization that arises in the absence of an externally applied electric field and an
ability of that polarization to be re-oriented by the applied electric field. Ferroelectricity was first
discovered by Valasek in 1921 in Rochelle Salt (NaKC4H4O6.4H2O) [13]. The spontaneous
polarization in the ferroelectric materials is due to the separation of the positive and negative
charges in the crystal, resulting in the crystal structure’s distortion. Most ferroelectric materials
exhibit a structural phase transition starting from a high-temperature non-ferroelectric phase,
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which is called a paraelectric phase, into a low-temperature ferroelectric phase. Some
ferroelectrics also exhibit several phase transitions while the temperature further decreases. An
example of phase transition is demonstrated in BaTiO3 which is shown in Figure 2.3. When
temperatures are above 123.6 C, the crystal structure of BaTiO3 retains cubic symmetry, and
there is no spontaneous polarization. In this phase, BaTiO3 cannot exhibit the ferroelectric
behavior. When the temperature is below 123.6 C, a crystal distortion of BaTiO3 occurs which
leads to positive and negative charge separation. Therefore, BaTiO3 retains tetragonal symmetry
and will exhibit ferroelectricity. Additional phase transitions occur at temperatures of 0 C and 
90 C, where the crystal structure will become orthorhombic and rhombohedral [6].

Paraelectric phase
123.6oC

Ferroelectric phase

Figure 2.3 Unit cell of the ferroelectric phases transition of BaTiO3 [6].
The temperature of the phase transition from the paraelectric phase into the first
ferroelectric phase is called the Curie temperature, Tc. Above the Curie temperature, the
temperature dependence of dielectric permittivity will follow to the Curie-Weiss law, shown in
equation 7:
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Where C is the Curie constant. The phase transitions of BaTiO3 can be observed in the
temperature dependence of the dielectric permittivity as shown in Figure 2.4. Moreover, the
spontaneous polarizations within ferroelectrics are usually not uniformly aligned in the same
direction throughout the whole crystal. The areas in the ferroelectric crystal that have the same
spontaneous polarization orientation are defined as ferroelectric domains. The regions between
domains that possess different orientations are called domain walls. Ferroelectric polarizations in
the domains can be re-oriented by an applied electric field and result in domain wall motion.
When the electric field is applied to the ferroelectric ceramics, the domains prefer to align in the
direction of the external field and grow at the expense of the other domains unfavorably oriented.
The application of strong electric fields can result in the reversal of polarization in the domain,
known as domain switching [2, 14]. As seen in Figure 2.5, both 180 and 90 domain switching
can be obtained.

Rhombohedral

Tetragonal

Cubic

Orthorombic

Figure 2.4 Dielectric permittivity of BaTiO3 single crystal as a function of temperature [2].
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E

Ps

180° domain switching
Ps

90° domain switching
Ps

Ps

E

Figure 2.5 Schematic of 90 and 180 domain switching induced by an electric field above the
coercive strength (E  Ec) [15].

The ferroelectric behavior is also characterized by the measurement of polarization at the
function of the applied electric field (abbreviated as P-E loop). Because of domain switching,
ferroelectrics exhibit a non-linear polarization dependence on electric field as seen in a hysteresis
loop, which is shown in Figure 2.6.
At the beginning, with zero applied electric field, the spontaneous polarization in
ferroelectrics is randomly aligned in all directions results in zero net polarization. When a small
electric field is applied, the polarization increases linearly with the amplitude of the electric field
because the electric field is not strong enough to generate any domain switching. The crystal will
behave as a normal dielectric material (paraelectric). This behavior corresponds to the segment
AB of P-E loop shown in Figure 2.6. After that, as the electric field strength is still increased, a
number of the domains with an opposite polarization direction will switch and re-orient toward
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the electric field direction and induce domain wall motion. This mechanism produces a rapid
increase in polarization (segment BC). A saturation state is reached (CD) when all the domains
are aligned as much as possible in the field direction. At this saturation state, appropriately
oriented crystals will be composed of a single domain. When the electric field is decreased, the
polarization will decrease (as shown in segment DE), but does not go back to zero. The remaining
polarization that still aligns in the previous electric field direction is called a remnant polarization
(Pr). The extrapolation of the linear segment DE of the hysteresis loops back to the polarization
axis and represents the value of the spontaneous polarization (Ps) in the case of an appropriately
oriented, fully poled crystal.

Figure 2.6 A typical ferroelectric hysteresis loop [14].

The remnant polarization in a crystal will be finally removed when the electric field is
applied in the opposite direction and reaches a certain value (at point F in the Figure 2.6). The
applied electric field that can switch the polarization of the ferroelectric back to zero is called the
coercive field (Ec). After that, an increase of the field in the negative direction will cause an
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alignment of the dipoles in this direction, and the cycle may be completed by once again
reversing the field direction. Finally, the relation between P and E becomes a hysteresis loop. An
ideal hysteresis loop is symmetrical, which means +Ec = -Ec and +Pr = -Pr. However, the
coercive field, spontaneous polarization, remnant polarization, and shape of the hysteresis loop
depend on many factors, such as charge defects, mechanical stress, conditions of preparation, and
temperature.

2.4 Relaxor Ferroelectrics
In many complex perovskite solid solutions, the dielectric response exhibits
abnormalities that differ from normal ferroelectrics. In particular, their phase transitions are
diffuse rather than exhibiting a sharp peak. These materials are usually distinguished from normal
ferroelectrics as relaxor ferroelectrics, or relaxors. Figure 2.7 illustrates the dielectric response of
a well-known relaxor ferroelectric material (Pb(Mg1/3Nb2/3)O3, PMN) with a diffuse phase. This
transition temperature is more appropriately called Tm instead of Tc and depends on frequency
measurements. Since they were first discovered in 1954 by Smolenskii et al.[16, 17], relaxor
ferroelectrics have been the subject of many research report, both in fundamental and applied
studies, because of their excellent dielectric and electromechanical properties, which are wellsuited for applications such as electromechanical actuators, transducers, and sensors.
Relaxors possess the following main features: a significant frequency dependence of the
dielectric permittivity, an absence of both spontaneous polarization and structural-macroscopic
symmetry breaking, and a ferroelectric-like response arising after field cooling to a low
temperature. The differences between normal ferroelectrics and relaxor ferroelectrics are
summarized as the following, which is illustrated in Figure 2.8.
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Figure 2.7 Temperature and frequency dependence of the dielectric properties of a relaxor
ferroelectric (PMN) [2].

As shown in Figure 2.8, the P-E loop of the normal ferroelectrics is nearly square shaped
and exhibits a large remnant polarization in contrast to relaxors that exhibit a slim loop and a
small value of remnant polarization. This indicates that the polarization of relaxors decays into
submicroscopic nano-domain at zero-field rather than maintaining the macroscopic long-range
ordered domains. As the temperature increases, the saturation and remnant polarizations of the
normal ferroelectric decreases and vanishes at the phase transition temperature, Tc, which
indicates that there are no polar domains in existence above Tc. On the other hand, the fieldinduced polarization of the relaxors smoothly decreases and maintains its existence up to above
the transition temperature, Tm. In addition, the dielectric permittivity of normal ferroelectrics
exhibits a sharp and narrow peak at Tc that is frequency independent. Above Tc, the dielectric
permittivity follows the Curie-Weiss law, which is a linear relationship of

ቔ

ሐ

versus T as shown

below:

ዼቁ =

ዛ
ዬዬይ

………………..8)
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However, the relaxors exhibit a very broad peak and a strong frequency dependence,
which is seen in both Tm and ዿዳሊ . The dielectric permittivity maxima, ዿዳሊ , decreases and shift
to higher temperatures with an increased measurement frequency. Above Tm, the relationship
between dielectric permittivity and temperature deviates from the Curie-Weiss law.

(a)

(b)

(c)

Figure 2.8 Comparison between normal ferroelectrics and relaxors [18].
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2.4.1 Characteristics of Relaxors
There have been several models proposed in order to describe the dielectric behavior of
relaxors. At the beginning, Smolenskii and Rokov [19] attempted to describe the broad transition
peak by using the Gaussian distribution. In this model, they included the diffuseness parameter 
in the equation as shown:

ዼቁዿዳሊ = ዼቁ exp

ዬዬይ ቚቍ
ቕቍ

………………..9)

Where  is the diffuseness parameter, and the value of  quantifies the width of the
diffuse phase transition. However, this model is not well-fitted to the experimental data due to the
exponential term. Kirilov and Isupov proposed another model, which is based on the concept that
the material compositional fluctuations lead to the diffuse phase transition [20]. This model
seemed to be appropriate for the experimental data and has been utilized by many studies. The
diffuseness parameter can be determined by the following equation:

ራሐዷያሂ
ራሐ

ቫኒቤ

ዬዬዷ ቚቍ
ቕቍ

………………..10)

While equation 10 is satisfactory to explain the diffuse phase transition in several
relaxors data, it still does not apply to many works that also deviate from the Curie-Weiss law
[21]. It appears that this model is only capable for ferroelectric relaxor materials that exhibit a socalled “complete diffuse phase transition” [22]. Furthermore, the values of ቁዿዳሊ and Tm that were
obtained from the fitting curve of this equation are in disagreement with experimental values. In
reality, the diffuse phase transitions of relaxors exhibit different degrees of diffuseness between
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the range of what would be characterized as a “complete diffuse phase transition” and a “sharp
phase transition.” Therefore, the following power law was developed and proposed in order to
parameterize the diffuseness of the phase transition [23].

ራሐዷያሂ
ራሐ

ቫኒቤ

ዬዬዷ ቚሡ
ቕሪሡቍ

;ኒ ተ ዺ ተ ናቚ

………………..11)

The parameter  is defined as the degree of dielectric relaxation, and the value of the
critical exponent can vary from  = 1 for a purely normal ferroelectric to  = 2 for a “complete
diffuse phase transition” or a purely relaxor material. These parameters are determined directly
from the slope and intercept of a ln (ቁዿዳሊ /ቁ) versus ln(T-Tm) plot.
Even though other attempts have been developed to characterize the diffuse phase
transition the models above, they have yet to become the most accepted and utilized by many
researchers. They are well-matched to the experimental dielectric data at temperatures higher than
Tm. However, they still lack an explanation of the dielectric behavior of the relaxors in the
dielectric dispersion region at the temperature near Tm. Another empirical description was later
proposed by Santos and Eiras as shown [22]:

ራሐዷያሂ
ራሐ

ዬዬዷ ሴ
ቚ
ሐ

ቫኒቤ

………………..12)

Here, the parameters Δ and ξ in this equation have similar meanings to  and  in
equation 11, respectively. The value of Δ indicates the width of the diffuse transition peak. The
value of ξ = 1 corresponds to the normal ferroelectric transition, and ξ = 2 corresponds to the
complete diffuse phase transition. The value of ξ between 1 and 2 indicates an intermediate state
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or incompletely diffuse phase transition with a certain degree of diffuseness. Clearly, this model
is more general and more suitable to describe a variety of behaviors between normal ferroelectrics
and pure relaxors. In addition, the dielectric behavior, and especially the frequency dispersion
region around Tm, can be well-fitted to the experimental data.

2.4.2 Existence of PNRs
There are three essential factors that underpin the occurrence of relaxor behavior, the
existence of lattice disorder, the existence of polar nano-regions (PNRs) at temperatures above
Tm, and the location of these regions within a highly polarizable host lattice. The lattice disorder
(i.e. compositional disorder, also called chemical, ionic, or substitutional disorder) is generally
induced by different ions, either isovalent or aliovalent ions, on crystallographically equivalent
sites in both stoichiometric and non-stoichiometric perovskite compounds.
The following characteristics have been discussed as a framework for relaxors. At very
high temperatures, relaxors exhibit a non-polar paraelectric phase, which is similar to the
paraelectric phase observed in normal ferroelectrics. This is because the thermal fluctuations are
large which leads to a lack of dipole moments. Upon cooling, polar regions on a nanometer scale
appear with random dipole directions. This temperature is called the Burns temperature, TB, and is
usually far above the maximum point of dielectric permittivity, Tm. The evidence for PNRs was
observed in the optical index of refraction (n) as a function of temperature, which shows the
linear relationship at T > Td. At temperatures below TB, the refractive index deviates from
linearity because of the presence of local spontaneous polarizations within the PNRs. Later, the
existence of PNRs was confirmed by diffuse neutron and X-ray scattering experiments around the
reciprocal lattice points, which is shown in Figure 2.9. [24] Apparently, the deviation from the
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Curie-Weiss law of dielectric permittivity as a function of temperature occurs at around the same
temperature, TB.

Figure 2.9 Temperature dependence of refractive index (n), unit cell volume (V), and reciprocal
dielectric permittivity of lead magnesium niobate (PMN) [24].

2.4.3 Phase Transitions in Relaxors
At TB, the relaxors transform from the paraelectric phase into the ergodic relaxor state
and these polar regions are very dynamic. This transformation cannot be considered as a
structural phase transition because there is no change of crystal structure in the macro-scopic
scale. However, the occurrence of polar nano-regions (PNRs) significantly affects the materials’
behavior. Upon further temperature decrease in temperature, there are two possibilities. First, the
size of PNRs increases slightly while the number of PNRs significantly increases. Also, their
dynamics slow down. At a low enough temperature, T  Tf (Tf is called the freezing temperature),
the number of PNRs dramatically decreases, but in contrast the PNRs size exhibits a sharp
increase. The likely mechanism for this size increase is because of the merging of smaller PNRs
into a larger one, as shown in Figure 2.10. Below Tf, the number of PNRs remains practically the
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same at any temperature. They become frozen, hence, this regime is called the non-ergodic state
[25]. In addition, the ferroelectric phase can be introduced into the relaxor material within the
non-ergodic state by applying a strong electric field. Another possible situation is that the PNRs
continuously grow with decreasing temperature and become large on the order of macroscopic
scale. These macro-domains percolate the whole sample, and then the sample spontaneously
develops into a ferroelectric state from an ergodic state at the transition temperature, Tc. At this
point the non-ergodic state no longer exists in this case. These two possibilities depend upon the
nature of the relaxor material.

Figure 2.10 Average size of PNRs, as a function of temperature in PMN crystal [25].

However, the situations described above represent the general schematic behavior of
relaxors without considering that influence of a biasing electric field, or zero-field cooling. If a
strong enough external electric field is applied while cooling, the ferroelectric phase can be
irreversibly transformed from the ergodic state at the Curie temperature, Tc, which is close to Tf.
The existence of the non-ergodic state disappears. This is because the external applied electric
field re-orients these PNRs and increases their correlation length, leading to a cancellation of the
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influence of the intrinsic random fields that exist within relaxors. Hence, long-range ferroelectric
order exists. This is usually called a field-induced nano- to macro-domain transition. From the
ferroelectric phase region, once the temperature reaches Tc, relaxors can also be transformed back
into the ergodic state upon heating. The summary of relaxor dielectric properties is illustrated in
Figure 2.11. Figure 2.11a is the regular zero-field cooling dielectric permittivity as a function of
temperature for relaxors. Figure 2.11d illustrates the field-induced ferroelectric phase by applying
the sufficiently large electric field. Figures 2.11b-c schematically illustrate the behavior of the
dielectric response under the influence of intermediate electric fields [26, 27].

a)

b)

c)

d)

Figure 2.11 Illustration of the dielectric response of relaxor materials as a function of
temperature at varying field levels: a) zero-field biased, b) and c) are intermediate field biased
cases, and d) strong field biased [28].
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2.4.4 Origin of PNRs
Even though the existence of PNRs as an essential ingredient in relaxor materials seems
to be generally accepted, the origins of their occurrence are not conclusively understood. There
have been many different approaches to explain their formation. It seems that whatever can lead
to lattice disorder, e.g., size differences or charge differences of substitutional cations, causes the
nucleation of PNRs. For example, a highly-cited model based on canonical relaxors such as lead
magnesium niobate, Pb(Mg1/3Nb2/3)O3 (PMN), has been proposed by Davies and Akbas [29]
acknowledges the critical role of heterovalent B-site cations. This model is called the “random
site” model and is shown schematically in Figure 2.12. The origin of the PNRs is closely related
to charge inhomogeneity within materials. In this case, the inhomogeneity is caused by the
heterovalent B-site cations Mg2+ and Nb5+. These charge inhomogeneities create nanoscale
chemically ordered regions embedded within a disordered matrix. The ordering scheme includes
two B site sub-lattices with one occupied solely by the Nb5+ ion and the other occupied by a
random distribution of Mg2+ and Nb5+ cations with ratio 2:1. The chemically ordered regions are
believed to be the origins of the quenched random fields. These fields are randomly oriented and
inhibit the formation of a long-range dipole ordered state in PMN. Instead, they promote the
nucleation of PNRs at temperatures below the Burns temperature. These initial PNRs are weakly
correlated and highly dynamic. They can be freely re-oriented by an external electric field.
During cooling, the interaction among PNRs becomes stronger such that the PNRs’ size increases
and their dynamics slow down. The broad distribution of their size, random interaction, and
distribution of dynamics leads to a broad dielectric peak versus temperature.
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Figure 2.12 Chemically ordered region within the disordered matrix in PMN perovskites [29].

2.5 Vulgel-Fulcher Relationship
While the Burns temperature can be obtained by determining the deviation of the
dielectric permittivity from the Curie-Weiss law, the Vulgel-Fulcher equation is used to
characterize the relaxation characteristics of these relaxor materials. It is especially used to
estimate the freezing temperature and activation energy of the PNRs [30]. The Vulgel-Fulcher
equation is shown below:

ቡ = ቡቓ exp (ዽ

ዝያ
)
ዬ
ዒ ዷ ዬደ ቚ

………………..13)

Where Ea is the activation energy, f is the measurement frequency, f0 is the attempt
frequency, kB is the Boltzmann constant, Tm is the temperature of the dielectric maximum, and Tf
is the freezing temperature of the PNRs. The Vulgel-Fulcher relationship is applicable to those
relaxors that behave analogously to dipole glasses with polarization fluctuations above the static
freezing temperature.
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2.6 Dielectric Strength (Breakdown Strength)
The dielectric strength is an important characteristic to be considered in the dielectric
properties of high performance dielectric ceramics. It is used to indicate the ultimate electric field
limit of the dielectric materials. There are three main breakdown mechanisms, such as electrical
breakdown strength, thermal breakdown strength, and discharge breakdown strength.
Electrical breakdown strength is also known as the intrinsic breakdown. It occurs when a
large enough electric field (about 106-107 V/cm) is applied to the dielectric material. These high
field levels are sufficient to ionize the constituent ions within the materials and leads to an
avalanche effect due to the increasing number of electrons in the system. Thermal breakdown
occurs when the materials are subjected to high frequency alternating electric fields for a long
period of time. Energy from the applied electric field can be lost and transformed into heat. The
heat will cause an increase in dissipation factor in the material and ultimately the material will
retain more heat. When the heat has accumulated past a critical point catastrophic breakdown will
occur. The last breakdown mechanism, discharge breakdown, is similar to the electrical
breakdown, but usually results from a flaw within the dielectric material. When the electric field
is applied, the electric flux density at the sharp edge of the flaw is greater than in the rest of the
dielectric material and leads to discharge leakage through the dielectric ceramic [5, 12, 28].
The dielectric breakdown strength of the materials is the property that depends on the
compositions, microstructure, and testing environment, for example, the roughness of the
materials’ surface, the ceramics’ density, and sample thickness. Therefore, the dielectric strength
can be improved by controlling these factors.
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2.7 Power and Energy Density
Power density of materials is the rate at which work is performed or energy is converted
per unit volume [29]. This characteristic indicates the speed at which the materials can deliver
electrical energy. Capacitors typically have power density values of about 103-106 W/m3 which
means they can discharge in less than 1 second while batteries, which are used as electrical
energy storage devices as well, have power density values of about 0.15 W/m3 and they
consequently need more than 1000 seconds to discharge [2]. The energy density factor describes
how much energy can be stored per unit volume. The energy stored on the capacitor device can
be written as shown in equation 14. When expressed in terms of materials properties the energy
storage is shown in equation 15:

U=

ይ
ዮሁዾሇዿዷ

=

ዛዮ ቍ
ቕ

ቋ ሐዝ ቍ
ቕ

………………..14)

..........................15)

Where U is the energy stored on the capacitors. V in equation 14. is the electrical potential. C is
the capacitance of the capacitor. Volume in equation 15 is volume of the dielectric material. E is
the electric field which is applied to the material. ቓ is the permittivity of vacuum and ቁ is the
permittivity of the dielectric materials. The above equations presume linear dielectric
mechanisms, whereas in many dielectric materials the permittivity is a strong function of the
electric field.
The energy density in dielectric materials can also be represented in terms of the shaded
blue area in the P-E data which is shown as Figure 2.13. Unfortunately, ferroelectric ceramics
have low energy density at high field because of their hysteresis behavior, while the linear
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dielectric materials have low polarization. In order to increase the energy density, according to
equation 15, the dielectric constant of the materials and, particularly, the dielectric strength
should be enhanced. Moreover, materials which exhibit linear P-E response and have high
polarization are most suitable to obtain high energy density.

a)

b)

Figure 2.13 P-E response of a) ferroelectric materials and, b) linear dielectric materials.
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2.8 Literature Review
Barium titanate, BaTiO3 (BT), has been extensively studied in the field of
electroceramics for more than 60 years due to its excellent properties that include high chemical
and mechanical stability, high dielectric permittivity, low dielectric loss, and easiness of
preparation. Moreover, these investigations have demonstrated a high potential for BT to be used
in a variety of applications such as capacitors, PTC thermistors, piezoelectric devices, and
pyroelectric devices. This can be accomplished by tailoring the ferroelectric transition
temperatures and controlling the defect chemistry in these materials. Especially in recent years,
the interest of using BT-based materials for electrical applications has been increasing due to the
establishment of Restriction on the Use of Certain Hazardous Substances in Electrical and
Electronic Equipment (RoHS) [31]. The RoHS, therefore, limits lead use, which has been a
“magic” element leading to materials with unique properties for a wide range of applications in
the electroceramics field. Hence, the modifications of BT with end members based on Bi-based
perovskites have been studied by many researchers.
In the era which was dominated by lead-containing materials, the solid solutions of lead
titanate (PbTiO3 or PT) with Bi-based perovskites have been previously investigated to find
possible alternatives to Pb(Zr1/2Ti1/2)O3, PZT. Among of PT-BiMO3 solid solutions, PT
Bi(Zn1/2Ti1/2)O3 (PT-BZT), PT-Bi(Zn1/2Zr1/2)O3 (PT-BZZ), PT-Bi(Zn1/2Sn1/2)O3 (PT-BZS), PT
BiFeO3 (PT-BF) and PT-Bi(Zn1/3Nb2/3)O3 (PT-BZN) were found to exhibit unique electrical
properties and in fact the tetragonality was enhanced compared to pure PT [32-34]. Other solid
solutions, such as PT-Bi(Mg1/2Ti1/2)O3 (PT-BMT), with an end member with a similar tolerance
factor as PT-BZT, were generally shown to have a decrease in tetragonality as the Bi-based
perovskites were added leading to the lower of Tc [35, 36]. Furthermore, a pseudo-cubic phase
was detected when the concentration of BiMO3 was increased above a certain amount. Davies et
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al. reported that PT-BZT exhibited a most dramatic enhancement in tetragonality. Their
investigations showed that a single phase (x)PT-(1-x)BZT solid solution could be successfully
synthesized with compositions between x = 1 to 0.6. The room temperature XRD data, illustrated
in Figure 2.14, shows that the tetragonality increased as the concentration increased which can be
seen in the increased splitting of the {200} peak reflections leading to the increase of c/a ratio.
These XRD results are in good agreement with the dielectric property data that showed an
increased Tc as the concentration of BZT increased, as shown in Figure 2.15. The highest
tetragonality composition, x = 0.6, exhibited a Tc as high as 700C.

Figure 2.14 XRD patterns of (x)PT-(1-x)BZT solid solution at room temperature [32].

29

Figure 2.15 Dielectric permittivity vs temperature in the (x)PT-(1-x)BZT system [32].

Solid solutions of BT with BiMO3 perovskite end members, where M represents cations
that can be either single or charge-balanced pairs of metals, such as Fe3+, In3+, Sc3+, (Mg1/2Ti1/2)3+,
(Ni1/2Ti1/2)3+, or (Zn1/2Ti1/2)3+, have been investigated [37-42]. Based on the results of these
investigations, the phase transformations and dielectric properties of these materials are all
remarkably similar. The crystal structures typically change from tetragonal to pseudo-cubic
symmetry for compositions with decreasing BT content; which also links to a correlated change
in dielectric behavior. A change in the dielectric properties from the normal ferroelectric to
relaxor-like behavior was also observed. However, there are significant variations in the solubility
limits of these compounds. An investigation of BaTiO3-BiScO3 (BT-BS) solid solution properties
reported by Ogihara et al. showed that the solubility limit of (1-x)BT-(x)BS was at about x = 0.4.
The crystal structure changed from tetragonal to pseudo-cubic symmetry at a composition around
x = 0.05-0.075 that was also in agreement with the dielectric properties. The dielectric
permittivity response as a function of temperature showed the changes in behavior from a sharp
phase transition to relaxor-like behavior at around the same composition. For compositions with x
≥ 0.1, the solid solutions showed Vulgel-Fulcher behavior with an activation energy Ea ~ 0.1-0.2
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eV which is about an order of magnitude larger than in PMN. The high value of Ea suggested that
the relaxor-like behavior of BT-BS is influenced by weak coupling of neighboring PNRs, which
inhibits the formation of long range ordered macro-domains [39]. Therefore, this could be
expected to explain the relaxor-like behavior in all BT- BiMO3 solid solutions including the BT
BZT material that is the focus of the present study.
Among the BiMO3 perovskites, Bi(Zn1/2Ti1/2)O3 (BZT) seems to be the most effective end
member for modifying the properties of BT because it has the highest reported tetragonality, with
a maximum c/a ratio of 1.211, even though it is an unstable perovskite compound under ambient
conditions [43]. A solid solution of BaTiO3-Bi(Zn1/2Ti1/2)O3 (BT-BZT) was first successfully
synthesized and reported by Huang et al.[40] They studied the solubility limits and dielectric
properties of this binary compound and found that the solubility limit of BT-BZT was close to the
composition containing ~34% of BZT. The dielectric behavior of (1-x)BT-(x)BZT exhibited a
sharp phase transition with BT-rich compositions before transitioning to relaxor-like behavior
when the content of BZT was approximately greater than 10%. With these relaxor-like
compositions, the polarization as a function of electric field—the P-E behavior—exhibited
pseudo-linear slim loops with a dielectric permittivity greater than 1000 that persisted to high
electric fields up to ~100kV/cm. These properties indicate the high possibility of using this solid
solution in high energy density applications.
In addition, Raengthon et al. also reported the success of developing high temperature
capacitor materials from BT-BZT solid solutions. That investigation shows that the material
possesses a high dielectric permittivity for 80BT-20BZT greater than 1000 while the dielectric
loss remained below 2% up to temperatures as high as 335C [44].
While electrical and electromechanical properties of materials have recently been a major
interest, the study of processing parameters, especially reactions and intermediate phases, is also

31

important and very critical from a manufacturing standpoint. There have been many reports of
these concerns about lead-based perovskites [45-49]. Nevertheless, there have been few reports
on non-lead-based perovskites. In addition, during the synthesis of Bi-based perovskites, a
number of intermediate phases such as the pyrochlore or fluorite structure have been often
observed. The pyrochlore structure, generically represented as A2B2O7, is extremely tolerant to the
substitution on both the A and B cation sites as well as vacancies on either site. However,
Bi2Ti2O7 has not been found to be a stable phase at the relevant sintering temperatures [50-51].
Instead, a Bi4Ti3O12 layered perovskite phase and either Bi2Ti4O11 or Bi12TiO20 have been often
observed [52-56]. Not only has the existence of the Bi4Ti3O12 as the intermediate phase been
observed by Patterson et al. and Zhang et al., but it also has been found as a secondary phase in
simple perovskite systems with Bi concentrations beyond the solubility limit [57-58].
In order to develop the multilayer ceramic capacitors for industry, the investigation of
grain size effects on the materials properties, especially crystal structure and dielectric properties,
is essential. High dielectric permittivity materials with ultra fine grains are generally required for
thinner dielectric layer that can increase volumetric efficiency and reduce cost of production.
Extensive studies on grain size effects of perovskite materials have been investigated by many
research groups in both lead-containing and lead-free materials. Lead magnesium niobate,
Pb(Mg1/3Nb2/3)O3 or PMN, has been given the most attention of lead-containing materials for
capacitor application because of its giant dielectric constant. Shrout et al. reported the
investigation of grain size effect on the dielectric behavior of PMN and 0.93PMN-0.07PT, as
shown in Figure 2.16 and 2.17, respectively[59, 60]. The dielectric properties of both samples
exhibited a decrease in dielectric permittivity with the reduction in grain size. They suggested that
the origin of this dielectric grain size dependency was the presence of a low polarizability phase
boundary. Generally, the volume fraction of low polarizability second phases increases with
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decreasing grain size leading to the decrease of the overall dielectric permittivity. The origin of
the low polarizability phase may be due to either a thin layer of a secondary phase on the order of
1-2 nm located around the grain boundaries or the presence of effective surface tensional stresses
from sample processing.
In contrast to lead-containing materials investigations, BT ceramics have also been
studied and it was found that the mechanism for the dielectric permittivity changes due to the
effect of grain size are different than in the observation for PMN-based ceramics. Over the grain
size range from 0.8 m to 50m, the dielectric permittivity increased with decreasing grain size.
Buessem et al. explained that this increase in the dielectric permittivity is a direct result from the
contribution of residual stresses in each grain, which caused a substantially increase in domain
density [61]. With a further decrease in grain size below 0.8 m, a decrease in dielectric
permittivity was observed. Uchino et al. suggested that the decrease in the dielectric permittivity
could be because of the surface tension stress of the small particles [62]. The BT grain size at
about 0.8 m seemed to be the optimum value that exhibited the maximum dielectric permittivity
as shown in Figure 2.18 [63]. Even though grain size dependence of the dielectric permittivity in
lead-containing materials and lead-free materials seem to exhibit different behavior it is clearly
shown that grain size of materials is a significant factor and must be understood for optimization
of the materials’ properties.
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Figure 2.16 Grain size effect on the dielectric permittivity of PMN [59].

Figure 2.17 Grain size effect on the dielectric permittivity of 0.93PMN-0.07PT at 100Hz [60].
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Figure 2.18 Grain size effect on the dielectric permittivity at room temperature
of BT-based ceramics [63].
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CHAPTER 3
Materials and Methods

3.1 Materials Preparations
In this research, the solid solution of (1-x)BT-xBZT perovskite ceramics where x = 0.00
0.15 were prepared by a conventional solid state synthesis technique. The reagent carbonate and
oxide powders which were used in this research are listed in Table 3.1. The sample preparations
are described as the following:

3.1.1 Batching
In order to make a 20g batch of the (1-x)BT-xBZT solid solution, the concentration of
chemical powders were stoichiometrically calculated and weighed according to the desired
composition. They then were mixed in 100% ethanol and yttrium-stabilized zirconia (YSZ)
milling media in a polyethylene (Nalgene) bottle. The solution was vibratory milled for 6 hours
followed by drying in a low temperature oven at 80C for at least 12 hours. The dried powder was
collected and grinded with an alumina mortar and pestle in order to ensure that the mixed powder
was homogeneous.
Table 3.1 Carbonate and oxide powders used in this research.
Compound

Purity

Supplier

BaCO3

99.8%

Alfa Aesar

Bi2O3

99.9%

Sigma Aldrich

TiO2

99%

Sigma Aldrich

ZnO

99.9%

Alfa Aesar
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3.1.2 Calcination
Dried powders were calcined at elevated temperatures for a certain amount of time based
on either processing details gleaned from the literature or determined empirically. In general, the
calcination temperature range that was used in this research was 920 - 970C with a 4 hour
soaking time at which the reaction was completed and the pure perovskite phase was obtained.
The calcination process was performed in an air atmosphere with a heating and cooling rate of
5C/min controlled by programmable furnace. The dried powders were contained in a closed
alumina crucible for the calcinations. After calcination, the calcined powders were again milled in
ethanol and YSZ media for 6 hours to eliminate particle agglomerations and to obtain fine
calcined powder. The calcined slurries were finally dried and ready for the next processing step.

3.1.3 Sintering
The calcined powders were mixed with 3 wt% polyvinyl butyral (PVB) as a binder and
then uniaxially cold pressed at 150 MPa to form a disc shaped pellet with a diameter of about
12.7 mm and a thickness of about 1.4 mm. The pellets were placed on a bed of powders of the
same composition in closed alumina crucible in order to preserve the volatilable precursors and
maintain the stoichiometry of the pellets. Binder burnout was carried by heating up to 400C at a
heating rate of 5C/min and soaking for 3 h. Finally, the green pellets were sintered in closed
crucibles at about 1200-1350°C for 2 h at a heating rate of 3°C /min and a cooling rate of
5°C/min. More details of specific sintering temperatures used for each composition can be found
in the next few chapters.
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3.1.4 Electrodes
Prior to electrical property characterization, the sintered pellets were polished to obtain
parallel surfaces, to eliminate the chemically inhomogeneous surfaces due to the exposure of
volatile elements during the sintering process, and to reduce thickness of the pellets to about 1
mm. Silver electrodes then were pasted on both circular surfaces of the pellets. Finally, the
electrode pastes were fired at 700C for 30 minutes at a heating and cooling rate of 5C/min.

3.2 Material Characterization
3.2.1 Structural Characterizations
X-ray diffraction (XRD) was used to characterize the crystal structure and identify phases
of both calcined powders and polished sintered pellets for each composition. The diffraction
patterns were collected at room temperature using a Bruker AXS D8 between 20-80 2 at a step
size of 0.01 2 and a scan speed of 10/min by using Cu K radiation and LynxEyeTM high
speed detector. Slow speed scanning with the scan speed of 0.5/min was performed in some
studies to better identify peak splitting and peak distortion.
To complement the XRD data used for the phase transformation study, a Raman
spectroscopy technique was employed. Unpolarized Raman spectra obtained by a Renishaw inVia
micro-Raman spectrometer. A 514.5 nm line from an Ar laser at a power of 1 mW was focused
onto a ~2 m spot that was used to excite the samples. Raman spectra were recorded in the 50
1000 cm-1 range at room temperature.
In the phase evolution study, in-situ high temperature XRD experiments were performed
using a Scintag PAD X diffractometer (Thermo Electron Inc.; Waltham, MA). This
diffractometer was equipped with a sealed-tube source (Cu Kα, λ = 0.15406 nm), an incidentbeam mirror optic, a Peltier-cooled Ge solid-state detector, and a Buehler hot-stage with Pt/Rh
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heating strip and surround heater. The Scintag instrument power settings were 40 kV and 30 mA,
and fixed slits were employed. Temperature calibration was performed using thermal expansion
behavior of known materials (e.g., alumina) and calibrated to ±5°C. Samples were heated in a
static air environment atop Pt foil on an Al2O3 setter using a 20 °C/min ramp rate to the desired
analysis temperature. Diffraction patterns were collected over a scan range of 20-60° 2θ at a stepsize of 0.05° 2θ and a count time of 3 s.

3.2.2 Electrical Properties Characterizations
Dielectric properties of samples were carried out by using an Agilent 4284A LCR meter.
In order to perform dielectric measurements as a function of temperature, the measurement was
investigated by using a low temperature furnace Delta 9023 (Delta Designs Inc) to control
temperature using liquid nitrogen. The capacitance and loss tangent (tan ) were collected over a
wide temperature range of -150-200C upon cooling with frequencies of 25 Hz to 1 MHz. The
cooling rate of 2C/min was used in this study.
The polarization behavior (i.e. the P-E hysteresis loop) was measured by using a
Precision Premier II ferroelectric test system (Radient Technologies). The measurement was
performed by applying the electric field as high as 90-125 kV/cm at a frequency of 1 Hz. The P-E
data as a function of temperature was also carried out by using the low temperature furnace Delta
9023 at elevated temperatures up to 150C. The samples were equilibrated at the measurement
temperature for an hour prior to the measurement.
AC impedance spectroscopy at elevated temperatures was investigated by using a
Solatron SI 1260A equipped with a Solatron 1296A (Solatron Analytical). The samples were
placed in a high temperature measurement cell (NorECS Probostat). The AC impedance
spectroscopy was measured with the frequencies range of 10-1-106 Hz at the temperature range of
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250-500C. Prior the measurement at each measuring temperature the samples were soaked for an
hour at the measurement temperature to allow the samples to reach equilibrium. Data were
collected by using the SMaRT impedance measurement software.
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4.1 Abstract
The single phase solid solutions of the (1-x)BaTiO3-(x)Bi(Zn1/2Ti1/2)O3 (BT-BZT) where
x = 0.02-0.15 were prepared in order to investigate dielectric properties. Crystal structure of
samples was obtained by using an x-ray diffraction technique and Raman spectroscopy. For
compositions with x ≤ 0.08, the solid solutions exhibited clear tetragonal symmetry and
transitioned to pseudo-cubic symmetry as the content of BZT increased. The dielectric response
exhibited a sharp phase transition within the BT-rich region and the composition 0.92BT
0.08BZT was characterized by the onset of relaxor characteristics. As the concentration of BZT
increased, the phase transition exhibited broader and more diffuse behavior. The polarization as a
function of electric field (P-E) of these solid solutions also exhibited the same trend. The BT-rich
compositions showed a normal ferroelectric P-E response with a decrease in loop area as the BZT
content increased. The composition at x = 0.08 exhibited a pinched hysteresis loop and with
further increase in BZT content, the P-E response was characterized by slim loops.
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4.2 Introduction
BaTiO3 (BT) is a well-known material that has been widely studied with numerous
modifications for various applications, such as capacitors, thermistors, pyroelectrics, and
piezoelectrics [1-4]. One of these modifications involves doping BT with Bi which can act as a
sintering aid and also behaves as a donor dopant on the Ba site [5-6]. In addition, Bi-based
perovskites are good candidates to replace Pb based materials[7-9], which have recently been a
significant concern because of its toxicity[10-12]. Bismuth compounds are of great interest due to
the similar electronic structure of Bi3+ to Pb2+ [13-15]; therefore, the solid solutions of BaTiO3
Bi(Me’Me”)O3 such as BaTiO3-BiFeO3, BaTiO3-BiScO3, BaTiO3-Bi(Mg1/2Ti1/2)O3, BaTiO3
Bi(Zn1/2Ti1/2)O3, or BaTiO3-Bi(Ni1/2Ti1/2)O3, have been investigated by a number of researchers
[16-19, 21-22]. Based on available reports of these materials, the dielectric and piezoelectric
properties are often significantly different than their Pb-based counterparts. In many cases, as the
Bi-perovskite content increases the perovskite crystal structure changes from a tetragonal to a
pseudo-cubic phase. This phase transition is also accompanied by a change of the dielectric
properties from a normal ferroelectic to relaxor-like behavior. Ogihara et al. first reported the
properties of BaTiO3-BiScO3 solid solutions and explained that the relaxor-like behavior of not
only BaTiO3-BiScO3 but also other BaTiO3-Bi(Me’Me”)O3 systems could be a result of weak
coupling between nano-polar clusters [18].
In a previous work, solid solutions of the (1-x)BaTiO3-(x)Bi(Zn1/2Ti1/2)O3 were studied by
Huang et al. [19-20]. Preliminary results on BT-BZT compositions have shown great potential
for high performance capacitors for power electronics applications such as electric-powered
vehicles, electric weapon systems, and others. These applications require electrical energy storage
along with high power density, which is typical found in dielectric-based capacitors. Moreover,
this material has also shown great promise for high temperature capacitor applications with a high
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permittivity and a linear dielectric response with low dielectric loss that persists to high
temperature (>300°C). Huang et al. studied the phase transitions and dielectric properties in solid
solutions over the composition range x = 0.00 to 0.34 and observed a transition from tetragonal to
rhombohedral (or pseudo-cubic) symmetry at approximately x  0.10. As the concentration of
BZT increased beyond this transition, the dielectric maximum became very diffuse and the
transition temperature decreased. However, their preliminary investigation of the BT-BZT solid
solutions involved only a few compositions. In this paper, BT-BZT compositions near this
transition will be analyzed in detail to fully characterize the transition between normal
ferroelectric behavior to relaxor behavior.

4.3 Experimental Method
(1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3 (BT–BZT) ceramics where x = 0.02-0.15 were prepared
by a conventional solid state synthesis technique. Reagent grade oxide powders of Bi2O3 ( ≥
99.9%), ZnO (≥ 99%), TiO2 (≥ 99.9%), and BaCO3 (≥ 99.5%) were batched for the desired
stoichiometric composition and mixed in 100% ethanol. The solution was then vibratory milled
with yttrium-stabilized zirconia media for 6 h. After drying at 80C, the powder mixture was
calcined in closed crucibles at 950°C for 4 h followed by additional milling and drying. The
calcined powders were mixed with a 3 wt% polyvinyl butyral binder and then uniaxially cold
pressed at 150 MPa into 12.7 mm diameter pellets. After binder burnout at 400°C for 3 h, the
green pellets were sintered in closed crucibles at 1200°C for 2 h at a heating rate of 3°C /min and
a cooling rate of 5°C/min. The crystal phase and lattice parameter of the solid solutions were
determined by x-ray diffraction (XRD) (Bruker-AXS D8). The XRD data were compared to
unpolarized Raman spectra obtained by a Renishaw inVia micro-Raman spectrometer. A 514.5
nm line from an Ar laser at a power of 1 mW was focused on a ~2 m spot that was used to
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excite the samples. Raman spectra were recorded in the 50-1000 cm-1 range at room temperature.
More details can be found in Miao et al. [23].
In order to investigate the dielectric properties, the samples were polished to obtain
smooth and parallel surfaces and a thickness of approximately 0.6 mm. A silver electrode paste
(Heraeus C1000) was then applied and fired at 700°C for 30 min. An Agilent 4284A LCR meter
was used to measure the dielectric properties of the solid solutions over a wide temperature range
upon cooling with frequency of 25 Hz to 250 kHz. Polarization hysteresis measurements (P-E)
were obtained at a frequency of 1 Hz using a ferroelectric test system (Radiant).

4.4 Results and Discussion
The room temperature x-ray diffraction patterns of (1-x)BaTiO3–xBi(Zn1/2Ti1/2)O3 (BT
BZT) where x = 0.05-0.15 are shown in Figure 4.1. Single-phase perovskite was obtained for all
compositions which is in good agreement with previous work [19]. Figure 4.1d shows peak
splitting in the {200} reflection for compositions with x ≤ 0.08 which corresponds to tetragonal
symmetry (P4mm). The tetragonality (c/a ratio) decreased as the BZT content increased which
can be observed by the merging of the {200} peaks. For compositions where 0.08 < x ≤ 0.15, the
structure stabilized into pseudo-cubic symmetry. According to the XRD data, a transition between
the tetragonal and pseudo-cubic phases is believed to be at the composition close to x = 0.08. The
lattice parameters calculated from the XRD data by fitting {200} peaks assuming a tetragonal
phase (0.00 ≤ x ≤ 0.08) or a pseudo-cubic phase (0.08 < x ≤ 0.15) are illustrated in Figure 4.2. As
the concentration of BZT increased, the tetragonality in the solid solution decreased which is
consistent with the decreasing tolerance factor, t (t = 1.062 and 0.94 for pure BaTiO3 and
Bi(Zn1/2Ti1/2)O3, respectively, which were calculated by using effective ionic radii from ShannonPrewitt [24]; a 12-fold coordinated radius of Bi3+ was taken from Ref. [25]). For compositions
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with pseudo-cubic symmetry, the lattice parameter increased as the content of BZT increased.
The lattice parameter data by Huang et al. [19] indicated a gradual decrease in the lattice
parameter over a much wider range of compositions up to x = 0.35. The increase observed over
the narrow range of compositions in this study is likely due an expansion of the unit cell due to
the occurrence of the phase transition near room temperature.

(a)

(b)

(c)

(d)

Figure 4.1 XRD patterns of compositions in the (1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3 system.
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Figure 4.2 Lattice parameter as a function of BZT concentration.

The room temperature Raman spectra as a function of the BZT concentration are shown
in Figure 4.3. The BT-BZT solid solutions with large mole fractions of BZT (i.e. large x)
presented only broad modes. At the composition x = 0.08, the mode near ~ 278 cm-1 began to
evolve a characteristic shoulder at lower wavenumbers. As the BZT content decreased, modes at
303 and 720 cm-1 sharpened which is characteristic of a tetragonal (T) distortion as in the endmember BaTiO3. Broad character of the mode around ~770 cm-1, the intensity of which increases
with x, indicates disordered system [26]. The evolution of characteristic spectral features is
consistent with the change in long range order observed in the XRD data.
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Figure 4.3 Evolution of Raman spectra as a function of BZT concentration.

The dielectric permittivity as function of temperature is illustrated in Figure 4.4.
According to Figure 4.4a, pure BaTiO3 ceramic showed three distinct transition temperatures at
approximately -90, 5, and 124C. However, when 2% of BZT was introduced into the BT-BZT
solid solutions the tetragonal-to-orthorhombic transition at 5 C dramatically decreased to
approximately -100 C. In addition, the transition peak at -90C corresponding to the
orthorhombic-to-rhombohedral transition shifted below the minimum measurement temperature.
However, the cubic-to-tetragonal transition exhibited only a small decrease in temperature. In
addition, the magnitude of the relative permittivity decreased at TC. As the content of BZT
increased, the tetragonal-to-orthorhombic transition shifted below the minimum measurement
temperature suggesting that the tetragonal phase was stabilized over a large range of temperature
by the addition of BZT. Additionally, a significant downward shift in the cubic-to-tetragonal
phase transition temperature was observed up to compositions with x < 0.09. As the phase
transition shifted to lower temperatures, the dielectric constant at Tc also decreased. It is noted that
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even though the dielectric permittivity response looks broad compared to pure BT in Figure 4.4a,
the lack of any significant frequency dispersion in the vicinity of the dielectric maximum is
clearly indicative of a paraelectric-ferroelectric phase transition up to compositions with x = 0.07.
The onset of a broader dielectric response was observed for the x = 0.08 composition with strong
evidence of dispersion near the transition in the vicinity of room temperature.

(a)

(b)

Figure 4.4 Dielectric permittivity as a function of temperature at a measurement frequency of 1
kHz for (1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3, where (a) 0.00 ≤ x ≤ 0.08, and (b) 0.08 ≤ x ≤ 0.15.

Upon further increase in BZT content (x > 0.08), the dielectric response begins to take on
strong relaxor characteristics. Figure 4.5 clearly illustrates the relaxor behavior of the dielectric
response at multiple frequencies from the solid solution composition of 0.89BT–0.11BZT.
Moreover, the dielectric constant at Tmax decreased with increasing BZT content (Figure 4.4b). It
is noted that for the relaxor compositions, the term Tmax is used to identify the temperatures at
which the dielectric constant is maximum. Above x > 0.09, Tmax remained relatively constant at 
45°C. However, it was difficult to determine Tmax values from the real part of dielectric constant
because the dielectric maximum became very broad. Therefore, Figure 4.6 includes Tmax
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determined from both the real part and imaginary part of the dielectric constant at 10 kHz as a
function of composition for (1-x)BT-(x)BZT solid solutions. The difference between the Tmax
values obtained via these two methods increased as the BZT content increased. This is a
consequence of the fact that the phase transition became increasingly diffuse for x > 0.08. In
general, the phase transitions observed from the dielectric data are in good agreement with results
obtained from XRD data. However, it should be noted that the XRD data was obtained at room
temperature, therefore the symmetry below room temperature is unknown for compositions with
x > 0.08. Based all of the data in this work and related work, tetragonal symmetry is presumed
below the phase transition temperature for these compositions.

Figure 4.5 Dielectric permittivity and dielectric loss as a function of temperature of
0.89BaTiO3 –0.11Bi(Zn1/2Ti1/2)O3.
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Figure 4.6 Compositions dependence of Tmax of (1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3,
where 0.00 ≤ x ≤ 0.15, at a frequency measurement of 10 kHz.

The degree of diffuseness of the dielectric phase transition can be obtained via the
following equation [27].

ሑዷ
ሑ ዸሀዬቚ

ዬዬዷ ዸቚ ሴ
ሿ
ሐ

ቫ ኒቤቝ

ኒ ተ ህ ተ ናቚ

…………(1)

The value of ξindicates the character of the phase transition, where ξ= 1 corresponds to
a normal first-order ferroelectric phase transition and ξ = 2 represents the complete diffuse phase
transition. The parameter of Δrepresents the degree of diffuseness of the transition peaks. The
parameter Tm which was used in this equation was obtained from the real part of dielectric
permittivity. The parameters Δ and ξ were derived from the dielectric data at 10 kHz for
(1-x)BT-(x)BZT solid solutions and shown in Figure 4.7. Generally, the ξparameter increased as
the concentration of BZT increased which indicates the onset of relaxor behavior. In addition, the
value of Δalso increased with increasing BZT concentration. It is noted that even though the
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value of both parameters for the composition 0.93BaTiO3–0.07Bi(Zn1/2Ti1/2)O3 seem to exhibit
relaxor behavior, as shown in Figure 4.8 the dielectric phase transition still maintains an
identifiable transition with a frequency dispersive character. The higher degree of diffuseness and
stronger relaxor character can be explained by the increased cation disorder due to the
substitution of Bi onto the A-site and Zn onto the B-site.

Figure 4.7 Relaxor diffuseness parameters as a function of BZT concentration at a frequency
measurement of 10 kHz.

Figure 4.8 Dielectric permittivity and dielectric loss as a function of temperature of
0.93BaTiO3 – 0.07Bi(Zn1/2Ti1/2)O3.
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It is anticipated that the substitution of these cations created isolated clusters of nano
polar regions with only weak coupling between the neighboring clusters, leading to difficulties in
the establishment of long-range dipole formation. The weak coupling between neighbor clusters
in this material was confirmed by fitting the dielectric permittivity as a function of temperature
data with a Volgel-Fulcher model [28-29]. This is expressed by the following equation.

ቷ ቫ ቷቓ ኦኹ ኃዽ

ዝያ

ኇ

ዒ ኊዬዷያሂ ዬደ 

……..…(2)

where  is the measured frequency of the loss tangent maximum, 0 is the attempt jump
frequency, Ea is the activation energy, kB is Boltzmann’s constant, and Tf is the freezing
temperature which corresponds to the minimum limit of thermal energy to allow dipolar cluster
dynamics within the relaxor.
The fitting parameters of the relaxor compositions at x = 0.13 and x = 0.15 and similar
perovskites are listed in Table 4.1. Vogel-Fulcher fits were applied to the compositions with x =
0.09 to 0.11 but the values obtained from the fits for the ω0 parameter were unphysical. Unlike
PMN, the value of calculated activation energy from these compositions is larger by about one
order of magnitude. These large values of activation energy imply to a weak interaction between
isolated clusters [18, 31]. In addition, it is interesting to note that the activation energy of (1
x)BT-(x)BZT exhibited a constant value independent of the concentration of BZT which is in
good agreement with published values for the similar system (1-x)BT-(x)BS. Moreover, this
weakly-coupled relaxor behavior has been observed in many other solid solutions based on
BaTiO3-Bi(Me’,Me”)O3 [16-19, 21-22].
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Table 4.1. Activation energy, attempt frequency, and freezing temperature obtained from the fit to
Volgel-Fulcher model for various perovskite materials
System
(1-x)BT-(x)BZT (this study)
(1-x)PMN-(x)PT

(1-x)BT-(x)BS

x
0.13
0.15
0
0.07
0.1
0.2
0.25
0.1
0.2
0.3
0.4
0.5

Ea (eV)
0.16
0.16
0.076
0.061
0.046
0.019
0.017
0.24 ± 0.02
0.26 ± 0.01
0.24 ± 0.01
0.25 ± 0.01
0.26 ± 0.01

0 (Hz)
5.33 x 1011
5.15 x 1011
1.00 x 1013
3.7 x 1014
2.4 x 1012
4.1 x 1012
3.4 x 1012
5.5 x 1013
3.2 x 1013
9.4 x 1012
1.1 x 1013
2.0 x 1013

Tf (K)
109
108
220
284
296
350
384
100 ± 6
96 ± 3
121 ± 1
147 ± 3
160 ± 2

Reference
Viehland [28]

Ogihara [18]

The polarization hysteresis data at room temperature for (1-x)BT-(x)BZT are shown in
Figure 4.9. With increased BZT content, the remnant polarization (Pr) and the coercive field (Ec)
decreased. The normal ferroelectric hysteresis loop indicative of domain switching disappeared
when the content of BZT was reached x = 0.08. Rather than normal hysteresis behavior the
sample exhibited strongly pinched loops with negligible remanent polarization. The hysteresis
data for x = 0.08 (Figure 4.9d) was measured at room temperature which was right in the vicinity
of Tmax. Thus, this behavior is likely indicative of a relaxor-to-ferroelectric phase transition.
Under a high electric field, a ferroelectric macro-domain state can be induced in the ceramic
sample at a temperature slightly above the phase transition, and as the electric field approached
zero during the hysteresis measurement the induced macro-domain state disappeared.
Furthermore, as shown in Figure 4.10 the pinched hysteresis behavior can also be observed in the
composition 0.93BT-0.07BZT at an elevated temperature of 50 C which directly corresponds to
the higher transition temperature shown in Figure 4.4a.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4.9 P-E hysteresis measurement on (1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3 ceramics obtained at
room temperature; where x = 0.05 - 0.15.
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(a)

(b)

(c)

(d)

Figure 4.10 P-E hysteresis behavior of 0.93BaTiO3 – 0.07Bi(Zn1/2Ti1/2)O3 ceramic at different
measurement temperature points, (a) 40C, (b) 45C, (c) 50C, and (d) 55C.

With further increase of BZT content, the polarization hysteresis data exhibited slim
loops (Figure 4.9e–Figure 4.9i). The slim loops became more linear as the BZT content increased
and the high-field dielectric permittivity, which can be obtained from the slope, decreased as the
BZT content increased as illustrated in Figure 4.11a. The changes in the hysteresis behavior for
different BZT contents can be related to a decreased Tmax as shown in Figure 4.4. Moreover, the
disappearance of the normal ferroelectric hysteresis loops at x > 0.08 is due to the downward shift
in Tmax to below room temperature as well as the increased disorder in the structure due to Bi 3+
additions on the A-sublattice and Zn2+ additions on the B-sublattice.
The hysteresis loops in Figure 4.9 clearly indicate that the onset of saturation is a strong
function of composition. The saturation field defined as the point at which the low-field
permittivity transitions to the high field permittivity was obtained by intersecting the linear fits as
shown in the inset. The results of this analysis are plotted in Figure 4.11b. For compositions with
x < 0.08 this transition in permittivity corresponds to domain saturation. For relaxor compositions
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with x > 0.08, this dielectric saturation is the result of the transition from nano-domain to microdomain (Etrans) structure. The data shows that as the BZT concentration increased, the transition
field increased. This suggests that the increased disorder introduced by the addition of Bi3+ and
Zn2+ inhibits the formation of long range dipole order.

(a)

(b)
Figure 4.11 a) High-field and low-field dielectric permittivity at room temperature of
(1-x)BaTiO3 – xBi(Zn1/2Ti1/2)O3, where 0.05 ≤ x ≤ 0.15,
b) Etrans at room temperature from P-E responses at different compositions.
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By comparing the present results and other BT-based relaxors such as BaTiO3-BaZrO3 to
canonical relaxors such as PMN, there is still some controversy about whether they are
qualitatively different or similar [32-33]. Though the dielectric spectra exhibits strong similarities
such as the frequency dependence and broad dielectric maximum, some authors have pointed to
heat capacity measurements and Raman spectroscopy in order to highlight the important
differences between BT-BZ relaxors and PMN [33-35]. Moreover, in PMN it is known that longrange order can be induced by field cooling from the high temperature paraelectric state whereas
in BT-BZ relaxors and the present material this has not been observed [34, 36].

4.5 Conclusion
The compositional dependence of the properties of (1-x)BT-(x)BZT solid solutions (x =
0.02-0.15) was studied. Through analysis of systematic trends in the crystal structure data and
dielectric properties a transition from tetragonal symmetry to pseudo-cubic symmetry was
identified at the composition 0.92BT-0.08BZT. Dielectric measurements revealed that the
addition of a small amount of BZT resulted in dramatic shifts in the characteristic phase
transitions of BT. Moreover, as the BZT concentration increased the dielectric spectra became
significantly broader and assumed relaxor-like characteristics as the composition reached
x = 0.08. The increased diffuseness and strong relaxor behavior can be attributed to increased
cation disorder due to the substitution on A-site by Bi3+ and on the B-site by Zn2+. This disorder
inhibits the formation of long-range dipole order due to weak coupling between the neighboring
nano-polar clusters. These results were confirmed in the polarization hysteresis data showing a
significant transition in behavior at the composition of 0.92BT-0.08BZT. The high-field dielectric
permittivity decreased with an increased of the concentration of BZT and the dielectric response
became pseudo-linear at the highest BZT concentrations. This analysis of the fundamental
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ferroelectric to relaxor transition observed in this solid solution will help guide future work in
exploiting this materials promising dielectric properties for high energy and high temperature
applications.
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5.1 Abstract
Materials based on BiMO3-modified BaTiO3 have been shown to exhibit a number of
attractive electrical and electromechanical properties. In addition, many of the materials in this
broad family exhibit reduced sintering temperatures for densification as compared to pure
BaTiO3. We report here a study of the phase evolution and sintering behavior of Bi(Zn1/2Ti1/2)O3
modified BaTiO3 materials from low-cost mixed oxide/carbonate precursor powders. By
accelerating the reaction of the BaCO3 species and increasing the diffusion kinetics associated
with densification, Bi(Zn1/2Ti1/2)O3 additions reduce the calcination and sintering temperatures by
~200°C compared to unmodified BaTiO3. This system provides an example of the important and
often overlooked role of additives in the calcination, phase evolution, and densification processes,
and provides insight into mechanisms that may be further exploited in this and other important
materials systems.
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5.2 Introduction
Modifications to BaTiO3 with BiMO3-type perovskite end members, where M represents
any number of single or charge-balancing pairs of transition metals such as Fe, Sc, In, Zn+Ti,
Mg+Ti, and others, have received increasing attention in recent years in efforts to find
replacements for Pb-containing materials, particularly for applications requiring high-operating
temperatures. BaTiO3 itself is the prototype ferroelectric, exhibiting large permittivity (ε r>1000),
reasonably large and easily switchable spontaneous polarization, and high mechanical quality
factor. Much of the incredible success of the multilayer ceramic capacitor (MLCC) industry has
been directly related to the ability to tailor the dielectric properties of BaTiO 3-based materials
through extensive chemical modifications designed to broaden the phase transitions across
application-relevant temperature ranges, improve the temperature stability of dielectric properties,
and compensate for processing atmosphere induced point defects.
Currently, application drivers are pushing for higher operating temperature capabilities
while environmental policies increasingly limit the use of Pb-containing materials. Thus, finding
ways to increase the maximum operating temperature of BaTiO3-based materials has become an
important area of research. Perovskites with Bi-additives have been studied nearly as long as
BaTiO3 itself [7,8] and in fact, Bi-containing additives were part of the trade secrets of high
voltage ceramic capacitors developed in the 1970s. However, the pioneering work of Eitel et al.
was the first study that systematically investigated a variety of BiMO3 perovskite end member
systems with the goal of increasing operating temperature capabilities [9]. Since then, a number
of studies [10-15] have demonstrated the impressive properties, both electrical and
electromechanical, that can be obtained from this family of materials, often without any
additional compensatory doping and/or process optimization. One of the more intriguing aspects
of these systems (and one that is often noted in casual conversations among researchers working
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on these materials, but not often reported in modern literature) is how resilient they appear to be
to relatively large changes in processing parameters that would, in many other electroceramic
systems, result in dramatic changes in electrical properties. Confirmation of this resiliency comes
from inspection of the widely varying processing parameters with similar resulting relaxor
behavior reported by multiple groups across the world working with, in particular,
Bi(Zn1/2Ti1/2)O3 or Bi(Mg1/2Ti1/2)O3 modified BaTiO3. While the near-ambient properties are
indeed similar for Bi and Zn (or Mg) doped BaTiO3, the dielectric behavior above 250°C appears
to be highly processing and chemistry sensitive. Insensitivity to processing conditions is attractive
from a manufacturing standpoint because of relaxed process-control requirements, but
understanding the underlying mechanism(s) is critical to optimize the performance, particularly at
high temperatures, through a mechanistic understanding of phase and microstructure evolution.
It is well known from both bulk polycrystalline and thin film studies that the stability of BaCO3
(and related oxycarbonate derivatives) is critical during the processing of BaTiO3-based materials
in air [16-18]. In addition, during the synthesis of Bi-based perovskites, a number of intermediate
or secondary phases have been observed, often exhibiting a pyrochlore or fluorite structure. The
pyrochlore structure, generically represented as A2B2O7, is extremely tolerant to substitution on
both the A and B cation sites as well as to vacancies on any or all of the sites. In the Pb-based
analogues, pyrochlore phases can either be unavoidable but manageable transient intermediate
phases [19-21] or deep thermodynamic minima from which the perovskite phase cannot be
recovered through thermal means alone [22]. Importantly, despite the frequent observation of
intermediate pyrochlore phases in the processing of bismuth-based perovskites, Bi2Ti2O7 has been
found not to be a thermodynamically stable phase at relevant sintering temperatures [23-24].
Instead, the majority of the Bi2O3-TiO2 phase diagram consists of mixtures of the Aurivillius
family Bi4Ti3O12 layered perovskite phase and either Bi2Ti4O11 or Bi12TiO20 [25-29].
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The Bi4Ti3O12 phase has been observed as a secondary phase in simple perovskite
systems with Bi concentrations beyond the solubility limit [30-31] and as a transient intermediate
phase during the mixed-oxide processing of Bi- and Ti-containing perovskite materials [32].
Given the importance of intermediate phase development and solid state reactions among
precursors to the phase, chemical distribution, and properties of the resultant ceramics, detailed
study of the reactions involved in the processing of materials in the BaTiO3-BiMO3 systems is
needed. In this work, we focus on the BaTiO3-Bi(Zn1/2Ti1/2)O3 (BT-BZT) system, and in
particular, the effects of BZT additions on the phase formation and densification relative to pure
BaTiO3.
Huang et al. studied the solubility limit and dielectric properties of this binary solid
solution [12]. They observed that the solubility limit of BT-BZT was approximately ~34% BZT
as determined by ex situ powder diffraction. The phase transition associated with the BaTiO3
Curie temperature (TC) was also shown to decrease in temperature and sharpness with increasing
BZT additions up to ~10% [12-13]. Materials with >10% BZT substitution exhibited relaxor
behavior with broad, frequency-dependent maxima in both relative permittivity and loss, a slim
Polarization vs. Electric Field response, and large field-stable permittivity values which can
exceed 1000 even under electric fields exceeding 100kV/cm. Very similar phase stability and
electrical properties have been reported for BT-BMT ceramics [31].

5.3 Experimental Method
In this study, solid solutions of 0.80BT–0.20BZT, 0.85BT–0.15BZT, and pure BT were
prepared by a conventional solid-state method. Commercially available powders of Bi2O3 (≥
99.9%), ZnO (≥ 99.9%), TiO2 (≥ 99%), and BaCO3 (≥ 99.8%) were used as starting materials. The
powders were subjected to x-ray diffraction (XRD), weighed in the appropriate stoichiometric
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amounts, mixed in 100% ethanol, vibratory or ball milled with yttrium-stabilized zirconia media
for 6 h, and then dried in 75°C ovens. Some powders were separated at this point for in situ
diffraction experiments; the rest of the powders were calcined in covered crucibles followed by
additional milling and drying.
Two different XRD techniques were used to track phase evolution of the bismuth and
zinc doped dielectric powders. Diffraction patterns of the 0.85BT-0.15BZT and BT specimens
were collected at room temperature using a Bruker-AXS D8. In situ high temperature XRD
experiments were performed using a Scintag PAD X diffractometer (Thermo Electron Inc.;
Waltham, MA). This diffractometer was equipped with a sealed-tube source (Cu Kα, λ = 0.15406
nm), an incident-beam mirror optic, a peltier-cooled Ge solid-state detector, and a Buehler hotstage with Pt/Rh heating strip and surround heater. Scintag instrument power settings were 40 kV
and 30 mA, and fixed slits were employed. Temperature calibration was performed using thermal
expansion behavior of known materials (e.g., alumina) and calibrated to ±5°C. Samples were
heated in a static air environment atop Pt foil on an Al 2O3 setter using a 20 °C/min ramp rate to
the desired analysis temperature. Diffraction patterns were collected over a scan range of 20-60°
2θ at a step-size of 0.05° 2θ and a count time of 3 s. Typical collection time for each scan was
~40 minutes.
Powders calcined to 900°C (BT-BZT) or 1100°C (BT) and found to be phase-pure were
mixed with 3 wt% polyvinyl butyral binder and consolidated into discs under 150 MPa uniaxial
pressure. The green pellets were heated to 400°C for 3 h in a covered Al 2O3 crucible for binder
burnout, and then ramped at 3°C/min to a sintering temperature between 500°C-1400°C with a 2
h hold time at and a cooling rate of 5°C/min. The radial shrinkage of each pellet was measured
after sintering. Pellets for dilatometer measurements were consolidated under 100 MPa uniaxial
pressure and then pressed to 350 MPa under isostatic pressure. These green pellets underwent
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binder burnout and 10°C/min sintering in a dilatometer using Al2O3 push rods. All processing and
characterization steps were carried out in air.

5.4 Results and Discussion
As a baseline for comparison, XRD patterns of BT powders after cooling from different
calcination temperatures are illustrated in Figure 5.1. At a calcination temperature as low as
500C, as shown in Figure 5.1a, the XRD data of the calcined powders showed no changes
compared to the XRD pattern of the reagent powders, which is not shown here. Only BaCO 3 (B)
and TiO2 (T) peaks were observed which matched JCPDS file numbers 00-045-1471 and 00-021
1272, respectively. The perovskite BaTiO3 phase (*) initially appeared after calcination at 600 C,
with the dominant reflection attributed to the (110) peak at 2  31.5. The progression of the
calcination reactions with increasing calcination temperature is evidenced by the gradual decrease
of intensity of the BaCO3 (B) and TiO2 (T) reflections as intensities of the BT (*) reflections
increased. After calcination at 950C, the reflections from the BaCO3 (B) and TiO2 (T) phases
could not be seen in the XRD data.
There have been prior reports of the co-existence of a Ba2TiO4 phase [33-34] as a
secondary phase in the formation of BT. This phase can be seen in the data in Figure 5.1a from
the peak at 2  28.5 over temperature range of 700-950C. However, it is clearly seen in Figure
5.1b that multiple phases coexist (@) over this range in calcination temperatures. Therefore, a
slow scan XRD at an increment of 0.001 and a scan speed of 0.5 per minute was carried out
from 2 = 23 to 33 in order to identify the multiple phases. Interestingly, a BaTi2O5 phase (X),
matched with JCPDS file number 00-034-0133, was initially observed at calcination temperatures
between 700-800 C, as shown in Figure 5.1c. As the temperature increased, two polymorphs of
the stoichiometry Ba2TiO4 were observed over temperature range 750-950C. The first phase
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(W), which was seen between 750-900C, is matched with JCPDS file number 01-072-0135, and
the second (M), matched with JCPDS file number 00-038-1481, was seen between 850-950C.
Finally, the complete tetragonal perovskite phase of BT, matched with JCPDS file number 01
081-2204, was observed after cooling from a calcination temperature of 1100C.
According to the XRD data, the reaction sequence of the phase formation in BT can be
represented by two reactions as follows;

BaCO3 + 2TiO2

ቚቓቓቛቓቓ ዛ

ቐዺዺዺዺዺዺቍ BaTi2O5 + CO2
ቚቓቓቛቓቓ ዛ

BaTi2O5 + BaCO3 ቐዺዺዺዺዺዺቍ 2BaTiO3 + CO2

and

2BaCO3 + TiO2
Ba2TiO4 + TiO2

ቚቘቓቜቘቓ ዛ

ቐዺዺዺዺዺዺቍ Ba2TiO4 + 2CO2
ቚቘቓቜቘቓ ዛ

ቐዺዺዺዺዺዺቍ 2BaTiO3

Intensity (A. U.)

Intensity (A. U.)
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(b)

Intensity (A. U.)

(a)

(c)
Figure 5.1 X-ray diffraction patterns of calcined BT powder after various calcination
temperatures, B = BaCO3 (orthorhombic), T = TiO2, * = perovskite phases, @ = multiple phases,
X = BaTi2O5, W = Ba2TiO4, M = Ba2TiO4 , S = BaCO3 (rhombohedral, stabilized).
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For comparison to the phase evolution of pure BaTiO3, Figure 5.2 shows the XRD
patterns of 0.85BT-0.15BZT powders after cooling from 2 h holds at various calcination
temperatures. As with pure BT, the XRD data for the 500C calcined powder showed no evidence
of the onset of phase changes. The phases that existed at 500°C included BaCO3 (B), Bi2O3 (i),
TiO2 (T) and ZnO (Z) reagent phases which correspond to JCPDS file numbers 00-045-1471, 00
041-1449, 00-021-1272, and 00-036-1451, respectively. It should be noted that even though the
ZnO peaks are not clearly visible in Figure 5.2a due to low atomic number and relatively small
volume fraction, the main peak (100) at 2 31.7 is visible upon closer inspection (Figure 5.2b).
The perovskite phase (*), identified from the (110) reflection at 2  31.5 as shown in Figure
5.2a, was first observed after calcination at 600C, the same temperature at which it was first
observed for pure BaTiO3. However, phase-pure BT-BZT perovskite was obtained at a
calcination temperature of 900C, which is 200C lower than for the case of pure BT.
No evidence of intermediate BaTi2O5 or Ba2TiO4 phases was observed in the BT-BZT
calcination studies; instead, a number of intermediate Bi-containing phases (collectively
identified by # in Figure 5.2a) were present. A slow scan XRD was investigated again from 2 =
23 to 33 and the results are illustrated in Figure 5.2b. After a low calcination temperature of
600C, a pyrochlore phase Bi4Ti3O12 () (JCPDS file number 00-035-0795) and a weak unknown
phase identified as (π) were observed in the data. Their peak intensities decreased as the
calcination temperature increased, finally disappearing within the detection limits of XRD at
temperatures of 700C and 800C, respectively. Another pyrochlore phase with the stoichiometry
Bi1.74Ti2O6.624 () was observed at 650C. The volume fraction of the Bi1.74Ti2O6.624 () phase, as
inferred from the intensity of the (311) peak at 2  28.6, increased with an increase in the
calcination temperature until it suddenly decreased after a calcination temperature of 850C. By
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increasing the temperature further, the Bi1.74Ti2O6.624 () phase disappeared within the detection
limits of XRD. In addition, an unexpected perovskite phase based on BaBiO3 (), with a strong
peak at 2  29 was detected after calcination at 850C. The existence of this mixed-Bi-valence

Intensity (A. U.)

phase seems abnormal and inconsistent with the previous observed phases.

(a)

(b)

Figure 5.2 X-ray diffraction patterns of calcined 0.85BT-0.15BZT powders after various
calcination temperatures. B = BaCO3, T = TiO2, i = Bi2O3, Z = ZnO, * = perovskite phases,
# = multiple phases,  = unknown,  = Bi4Ti3O12,  = Bi1.74Ti2O6.624 , and  = BaBiO3.

To further investigate the curious phase evolution of the BT-BZT materials, two
additional studies were conducted. Focusing on the rather distinct differences observed between
the sample calcined for 2h at 800C and the one calcined for 2h at 850C, powders of 0.85BT
0.15BZT were calcined at a temperature of 850C for various soaking times ranging from 30
minutes to 6 hours. In addition, in situ diffraction studies were carried out during heating of
0.80BT-0.20BZT powders from 25C to 850C.
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Figure 5.3 illustrates the XRD patterns of mixed 0.85BT-0.15BZT powders following
calcination at 850C for various soaking times. Peaks that suggest residual precursor species
(BaCO3, Bi2O3, and TiO2) are clearly seen after 30 minutes at 850C; their intensities gradually
decrease with extended calcination times but persist even after 1.5 hours at 850C. Evidence of a
pyrochlore phase Bi1.74Ti2O6.624 (~30° 2) was also clearly present in the early stages, but the
intensity of this peak decreased as the calcination time increased, and its presence was no longer
observed after calcination for 6 hours. An alternate hypothesis for the peak at ~30° 2θ is the
persistence of Bi2O3 in a chemically stabilized high temperature form (JCPDS 01-080-894).
Pyrochlore formation would be consistent with the lead-based analogous compounds, and would
indicate that the Bi1.74Ti2O6.624 phase is an intermediate phase that reacts with the remaining
precursors in order to form the resultant perovskite BT-BZT solid solution.
A peak at ~26.7 appears early in the calcination studies at 850°C, but gradually
disappears as BaBiO3 appears with increased calcination times. This peak can be indexed as a
(002) reflection from a BaCO3 orthorhombic cell with ~1% tensile strain, but unambiguous
identification is not possible from this data alone.
The phase fraction of BaBiO3, a perovskite that exhibits a mixture of Bi3+ and Bi5+
valence states, reached its maximum concentration after 2 hours of calcination time but then
decreased following longer calcination times. This BaBiO3 supercell perovskite exhibits cell
contraction that is likely due to Bi substitution on the Ba site and possibly even Zn occupancy on
the Bi site. This phase was labeled BaBiO3 (ss) in Figure 5.3 to denote the strong possibility of a
Bi-rich and Zn containing phase.

Intensity (A. U.)
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(a)

(b)

Figure 5.3 X-ray diffraction patterns of 0.85BT-0.15BZT powders after calcination at 850C for
various times. B = BaCO3, T =TiO2 or Ba0.2Bi0.8TiO2.5, i = Bi2O3, S = potential BaCO3,
* = perovskite phases,  = Bi1.74Ti2O6.624 or Bi2O3 (stabilized), and  = BaBiO3 (ss).

While these ex situ studies permitted laboratory measurement with excellent signal to
noise resulting from high sampling statistics, they may not have captured actual phase evolution
because unquenchable phases and reactions outside of the calcination process are unobservable at
room temperature. Thus, complementary in situ diffraction data were also collected during
heating of the mixed powders, and are shown in Figure 5.4. Many of the minor phases observed
in the ex situ diffraction studies are not observed here because they formed during cooling of the
ex situ samples or, presumably, because the reduced counting statistics in the in situ experimental
conditions prevents them from being observed above the background. The overall phase
evolution and progression, however, is consistent between the two data series. The precursor
powders began to react somewhere around 500C, apparently starting with the decomposition of
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Bi2O3 and the formation of one or more bismuth titanate species (i.e., Bi4Ti3O7 and/or
Bi1.74Ti2O6.624) before the BaCO3 began to degrade above 700C, the same temperature at which
the BaCO3 began to degrade in the pure BaTiO3 system. In the BT-BZT system, there was no
evidence of the presence of BaCO3 after 2 hours of calcination at 900C, while in pure BaTiO3,
faint BaCO3 peaks persisted until calcination at 950C. More importantly, however, BT-BZT
samples were completely single phase to the resolution of our diffraction after calcination at
900C for 2 hours (or 850C for 6 hours) whereas pure BaTiO3 required heating to at least
1100C for 2 hours for elimination of all detectable secondary phases. Formation of intermediate
phases that are closely related to the perovskite structure (e.g., Bi4Ti3O12, BaBiO3) presumably
lowered the energy barrier for this final conversion, and may help to explain the reduced
temperatures required to achieve single phase perovskite BZT-modified materials.
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Figure 5.4 Diffraction patterns from in situ measurements. Two Bi2O3 phases were identified:
(M) room temperature monoclinic, and (H) a high temperature form. Continuity of peaks also
enabled the identification of the S peak from Figure 5.3 as BaCO3.

In addition to providing confirmation of the general phase evolution observed via the ex
situ studies, these in situ measurements enabled the unambiguous identification of the peak at
~26.7 as a BaCO3 (002) reflection. BaCO3 undergoes a reversible phase transition from the low
temperature orthorhombic (Pmcn) form to the high temperature rhombohedral (R3m) form around
811C

35)

which is associated with a 2.8% change in volume. Both this transition strain and the

highly anisotropic thermal expansion (visible in Figure 5.4) are concentrated along the c axis of
the BaCO3 unit cell. From the in situ data, it can be seen that the peak in the vicinity of 27 at
500C is clearly the BaCO3 (002) peak. We speculate that the reverse transformation (BaCO3,
rhombohedral

to BaCO3,

orthorhombic)

is hindered during cooling for the powders used for ex situ
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measurements. It is also possible that any partially-reacted BaCO3 species is mechanically
strained after cooling due to interdiffusion during the formation of the other observed phases, all
of which have significantly lower coefficients of thermal expansion than either BaCO 3 phase.
Upon cooling from 850C, one or both of these factors result in an orthorhombic BaCO3 unit cell
which is expanded by roughly 1% along the c axis, leading to a diffraction peak at 26.7 2θ, as
seen in Figure 5.3.
Another important feature of these data is that the persistence of BaCO3 promotes the
formation of bismuth rich (relative to the target perovskite composition) compounds. These
bismuth-rich intermediate compounds must thermally degrade in the presence of reactive barium
compounds to produce the targeted terminal perovskite composition. The formation of phasepure Bi- and Zn- co-doped BaTiO3 is therefore a complex multistep reaction sequence. The
aforementioned energy barriers that contribute to Bi-rich compounds appear to be strongly linked
to the relatively slow decomposition of BaCO3. Keeping in mind that even materials that appear
to be single phase via XRD may exhibit non-random cation distribution(s), it is also speculated
that these intermediate phases may play a role microstructure development within sintered
ceramics of these materials.
Analogous to the diffraction studies, densification of these materials was studied using
two complementary approaches. Cylindrical pellets of BT and 0.85BT-0.15BZT were sintered for
2 hours at different temperatures, and their shrinkage following this treatment was monitored
through geometric measurements. In addition, dilatometry experiments were carried out on
BaTiO3 and 0.80BT-0.20BZT pellets for in situ monitoring of shrinkage during the sintering
process. Data from these combined studies are summarized in Figure 5.5.
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Figure 5.5 Linear shrinkage of pure BT and BZT-BT measured though ex-situ measurement of
shrinkage after 2 h soak times at different temperatures (dotted line) and through in-situ
measurement of shrinkage through dilatometry (solid line).

From the ex situ shrinkage measurements, it is clear that the addition of BZT into BT has
the effect of lowering the sintering temperature by approximately 200 to 300C. While the
sintering temperature of BT is about 1400C, 0.85BT-0.15BZT samples reached full density at
temperatures as low as 1100C. The shapes of the shrinkage curves for both materials are very
similar. It is interesting to note that the onset of sintering in the 0.85BT-0.15BZT composition
occurred at 600°C. Given that the XRD data on the starting powder indicated phase pure pseudocubic perovskite, the low temperature shrinkage may be indicative of the influence of a glassy or
poorly crystalline phase. From the in situ dilatometer data, it is similarly clear that the BT-BZT
sample densified at a significantly lower temperature than the pure BaTiO3, though the
temperature difference is not quite as large as in the ex situ situation. While evidence of
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densification does start to appear in the dilatometer data as low as ~720°C, the densification rate
remains low until >800°C. The additional low-temperature shrinkage observed in the ex situ data
with a 2 hour hold may be indicative of a small amount of liquid phase-induced consolidation
rather than extensive solid state diffusion.
Given the prevalence of intermediate phases in the BT-BZT system, further studies were
carried out to investigate the stability of the pseudo-cubic perovskite, once formed, at these
intermediate temperatures. After the calcined BT-BZT powders were found to be single phase,
they were re-heated, both ex situ after consolidation into pellets (0.85BT-0.15BZT) and in situ in
powder form (0.80BT-0.20BZT) to investigate the stability of the (pseudo)-cubic perovskite
phase in the BT-BZT system. Figure 5.6 illustrates the XRD patterns collected at room
temperature of 0.85BT-0.15BZT pellets sintered at temperatures between 550-900C. No
noticeable changes were observed in the diffraction patterns, even after extended annealing at
temperatures corresponding to the presence of secondary phases observed during the calcination
process. Moreover, lattice parameters of these samples, obtained using Cohen’s method combined
with a least squares method, are shown in Figure 5.7. A lack of any significant change in lattice
parameter with sintering temperature also supports the stability of the cubic perovskite phase that
was initially formed after calcination at 850C for 6 hours.

Intensity (A. U.)
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(a)

(b)

Figure 5.6 X-ray diffraction patterns of 0.85BT-0.15BZT pellets after sintering at 550-900C

Figure 5.7 Lattice parameter values of 0.85BT-0.15BZT pellets after sintering at various
temperatures between 550-1200C.
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Fully calcined 0.80BT-0.20BZT powders were also reheated in powder form on the
diffractometer hot stage, and no further changes in structure or phase content were observed upon
heating to 850C, consistent with the ex situ studies. Collection of this temperature-dependent
data also enabled tracking of the lattice parameter from 25C to 850C, shown in Figure 5.8,
which reveals a constant coefficient of thermal expansion of 12.4ppm/C over this temperature
range.

Figure 5.8 Lattice parameter values of the single-phase perovskite 0.80BT-0.20BZT powder after
calcination collected during re-heating and showing a constant CTE = 12.4ppm/C.

5.5 Conclusion
Intermediate phases strongly influence the phase development of BaTiO3-based materials
formed from oxide and carbonate precursors. Additions of Bi(Zn1/2Ti1/2)O3, already known to
produce ceramics with relaxor dielectric characteristic and attractive voltage- and temperaturestability of dielectric response, dramatically change the sequence and species of intermediate
phases formed during calcination. The end result is that powders can be formed which are single
phase by XRD at 850°C, more than 200°C lower than pure BaTiO3 from the same starting
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powders. In addition, densification of pellets formed from these powders began and completed
~200°C below comparable BaTiO3 parts.
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6.1 Abstract
High-K dielectric materials based on 0.9BaTiO3-0.1Bi(Zn1/2Ti1/2)O3 were obtained via
solid state processing techniques. Sintered ceramics were subjected to a series of thermal anneals
at temperatures of 900, 1000, 1100 and 1175°C for 50 hrs. X-ray diffraction results revealed that
there was a slight observable change in the crystal structure after the long thermal annealing
process; however, SEM showed clear evidence of grain growth when the ceramic was annealed
up to a temperature of 1175°C. The dielectric permittivity as a function of temperature exhibited
relaxor-like behavior with no significant differences between as-sintered and post-annealed
ceramics. The samples showed linear dielectric behavior as a function of electric field. Also, there
were no dramatic shifts observed at various annealing temperatures. While there is evidence of
heterogeneous microstructures in these materials, with these annealing results it can be concluded
that the grain size does not significantly affect the dielectric properties of 0.9BT-0.1BZT. Instead,
the origin of the dielectric response is linked to the presence of nano-scale features.
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6.2 Introduction
Recent emerging applications and devices; including power portable or micro-flight
system, electric-powered vehicles, electric weapon systems, and high power devices in electrical
grid, require electrical energy storage conditions that are not met by existing materials and
technologies. Dielectric-based capacitors store charges through electronic polarization which
leads to high power densities and fast discharge times; however, the energy densities are
generally limited in such devices. This work is focused on the development of a new dielectric
material that has the potential for significant increase in the stored energy density [1,2].
The energy density (U) of a linear dielectric is expressed by

U=

ቋ ዼ ዝ ቍ
ቕ

………………..(1)

where ቓ is the permittivity of free space, ሄ is the relative permittivity, and E is the
electric field. Thus, to achieve the energy densities approaching 100 J/cm3 dielectric materials
must operate at the fundamental limits of permittivity and breakdown [2]. Conventional
approaches to this technical challenge include utilizing ferroelectric or antiferroelectric materials
with permittivities in excess of 1000. However, these nonlinear materials derive their high
permittivity from domain contributions that saturate at relatively low fields, ultimately resulting
in limited energy densities.
Recent investigations into the binary perovskite BaTiO3-Bi(Zn1/2Ti1/2)O3 system has
shown great promise for high energy density applications [3]. With addition of 10 mol%
Bi(Zn1/2Ti1/2)O3 to the common ferroelectric tetragonal perovskite BaTiO3, the ceramic
transforms to a pseudo-cubic perovskite. More importantly, the dielectric response of this ceramic
is nearly linear with only slight deviation at fields approaching 100 kV/cm. This combination of a
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high permittivity (K > 1000) at high fields is uncommon amongst linear dielectrics [3]. These
high E-field properties are believed to be enabled by a high sintered density and a high insulation
resistance. Since it is reported that thermal heat treatment can be applied to alter the
microstructure (and thus electrical behaviors) of ceramic materials [4], it is the aim of this present
work to examine the influence of such treatments on the dielectric and ferroelectric properties of
0.9BaTiO3-0.1Bi(Zn1/2Ti1/2)O3 ceramic in an effort to improve its high E-field performance and
provide a better understanding of the underlying mechanism behind the dielectric response in this
system.

6.3 Experimental Method
Ceramic of a composition 0.9BaTiO3−0.1Bi(Zn1/2Ti1/2)O3 (0.9BT-0.1BZT hereafter) was
synthesized by conventional solid state reaction method. Reagent grade oxide powders of Bi 2O3(
≥ 99.9%), ZnO( ≥ 99%), TiO2( ≥ 99.9%), and BaCO3( ≥ 99.5%) were batched in stoichiometric
amounts and vibratory milled with ethanol and yttrium-stabilized zirconia media for 6 h. The
dried powders were calcined in crucibles at 950°C for 12 h followed by additional milling and
drying. The calcined powders were mixed with a 3 wt% polyvinyl butyral binder and then
uniaxially cold pressed at 150 MPa into 12.7 mm diameter pellets. Following binder burnout at
400°C for 3 h, the pellets were sintered in sealed crucibles at 1200°C for 2 h [3]. The sintered
pellets were also subjected to a series of thermal annealing at temperatures between 900, 1000,
1100 and 1175°C for 50 hrs.
For phase determination, x-ray diffraction (XRD) (Bruker-AXS D8) was utilized in the
2θ scan range of 20°–70° using as-sintered and post-annealed ceramics. Prior to characterize
microstructure by using Scanning Electron Microscope (SEM), both the as-sintered and postannealed samples were well polished to obtain smooth and parallel surfaces. After polishing, the
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ceramics were thermal etching at 1100°C for 10 minutes. Quanta 600 FEG SEM was used to
obtain microstructure of both the as-sintered and post-annealed ceramics. To investigate the
temperature dependence of the relative permittivity, a silver electrode paste (Heraeus C1000) was
applied and then fired at 700°C for 30 min. Polarization hysteresis measurements (P-E) were
obtained at a frequency of 1 Hz using a ferroelectric test system (Radiant). An Agilent 4284A
LCR meter was also used to measure the dielectric properties over a wide temperature range with
frequency of 25Hz to 250 kHz.

6.4 Results and Discussion
Figure 6.1 shows XRD patterns of as-sintered and post-annealed BT-BZT ceramics at
room temperature. Single-phase perovskite was obtained for all ceramics with pseudo-cubic
symmetry. Slow-scanned peaks of the (001), (110), and (111) reflections were also were obtained
to confirm the structure of as-sintered and post-annealed BT-BZT ceramics. They are shown in
Figure 6.1b. As reported in our previous investigation, this composition is close to a
morphotropic phase boundary (MPB) [3]. Most importantly, it is clear that there is an observable
change in the crystal structure after the long thermal annealing process.
The microstructural features of the as-sintered and post-annealed samples are revealed in
polished cross sections in the SEM micrographs, as displayed in Figure 6.2. The ceramics
exhibited very little porosity which is confirmed by density measurements. The as-sintered
ceramics of BZT-BT are typically ~97% of theoretical density. It is also evident that the grain
size remained rather constant at about 3 m for as-sintered and post-annealed ceramics up to
temperature of 1100C. After annealing at 1175C, however, a significant degree of grain growth
occurred with most grains growing to approximately 5 m in size.
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(a)

(b)
Figure 6.1 XRD patterns of as-sintered and post-annealed 0.9BT-0.1BZT ceramics.
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as-sintered

post-annealed at 900C

1000C

1100C

1175C

Figure 6.2 SEM micrographs of 0.9BT-0.1BZT ceramics.
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Figure 6.3a shows the dielectric permittivity as a function of temperature for an assintered 0.9BT-0.1BZT ceramic at frequencies of 25 Hz to 250 kHz. As compared to normal
ferroelectric BaTiO3, it is clear that with the addition of BZT the phase transition became more
diffuse with a significant degree of dispersion. Also, the temperature dependence of the relative
permittivity shows a similar trend for both as-sintered and post-annealed ceramics. Figure 6.3b
illustrates the comparison of the dielectric response for the as-sintered and post-annealed
ceramics at 1 kHz. As the thermal treatment was applied to a 0.9BT-0.1BZT ceramic at a
temperature of 900-1100C for 50 h, the permittivity at Tmax decreased. When the annealing
temperature reached 1175C the permittivity at Tmax reverted to the value for the as-sintered
ceramic. The low temperature permittivity was unchanged. The origin of the non-systematic trend
of permittivity at Tmax changes is likely due to oxygen loss on heating at high temperatures >
1100C [5, 6]. This may be represented by the simple defect equation:

O2

½O2 + 2e-

………………..(2)

Ceramic specimens heated to high temperatures near 1200C (i.e. the sintering conditions
and the highest annealing conditions) become oxygen deficient which results in the generation of
electrons through the ionization of the resultant oxygen vacancies. It should be noted that the
amount of the oxygen loss should be small; hence, the concentration of retained free electrons is
not enough to produce a significant increase in the conductivity. This is consistent with the XRD
data which shows the small shift in the lattice parameter. The oxygen loss at high temperatures is
reversible upon cooling in air and, with limited oxygen diffusion kinetics, produces an electrically
heterogeneous microstructure. Ceramics annealed at lower temperatures re-oxidize and exhibit a
more homogeneous electrical structure and the permittivity at T max consequently decreased.
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Therefore, the electrical structure within the samples became heterogeneous while cooling and
this leads to the increases of the permittivity at Tmax. The temperature dependence of the dielectric
behavior of 1175C post-annealed sample is similar to the behavior of as-sinter sample even their
grain sizes are significantly different. Therefore, the grain size does not have a significant affect
or might have only small effect to the dielectric properties of 0.9BT-0.1BZT solid solution. The
majority of the properties changes are thus tied to the oxygen loss mechanism.
In order to confirm this mechanism that influences the dielectric properties an impedance
spectroscopy measurement was performed. The samples that were post-annealed at 1000C and
1175C were selected as the representatives of the electrical homogeneous and heterogeneous
samples, respectively. Impedance spectroscopy data for these materials is shown in Figure 6.4.
Figure 6.4a displays the frequency dependence of the imaginary impedance (Z”) and the
imaginary modulus (M”) at temperatures ~400C. It clearly shows that the post-annealed at
1000C sample possesses a different conduction mechanism than the post-annealed at 1175C
sample. A nearly complete overlap of Z” and M” curves for the 1000C post-annealed sample
indicates that there is only one conduction mechanism within the microstructure while the
deviations seen in the 1175C post-annealed samples reveal more than one mechanism
influencing the conduction behavior. Furthermore, the normalization plots of Z” over the
temperature range of 250-500C for both samples shown in Figure 6.4b are in a good agreement
with this conclusion. A coalesced single peak from the different temperature measurements of the
1000C post-annealed sample confirms that this sample possesses an electrical homogeneous
structure. In contrast, two peaks are clearly detected in the 1175C post-annealed sample. The
low frequency peak can be attributed to the conductivity of the oxygen-rich grain boundary which
gradually disappears as the temperature increases.
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(a)

(b)
Figure 6.3 (a) Dielectric permittivity as a function of temperature of as-sinter ceramic at various
frequencies, and (b) Dielectric permittivity as a function of temperature at 1 kHz of as-sinter and
post-annealed 0.9BT-0.1BZT

100

post-annealed at 1175C

post-annealed at 1000C

(a)

post-annealed at 1175C

post-annealed at 1000C

(b)
Figure 6.4 (a) Frequency dependence of imaginary impedance (Z”) and imaginary modulus (M”)
(b) Normalization plot of imaginary impedance (Z”).

The phase transition of 0.9BT-0.1BZT, which exhibits a temperature dependence of the
dielectric behavior like the relaxor ferroelectric, can be quantified by the diffuseness parameter
(ሾ) which can be obtained from the following expression [7],
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ሑዷ
ሑ ዸሀዬቚ

ዬዬዷ ዸቚ ሴ
ሿ
ሐ

ቫ ኒቤቝ

ኒ ተ ህ ተ ናቚ ………………..(3).

The diffuseness parameter for all the samples in this work was approximately ሾ100.

The Arrhenius plot, which is expressed by equation 4, has usually been used to explain
relaxation behaviour.

 = 0 exp[-Ea/kBTmax]

………………..(4)

Where is the measured frequency of the permittivity maximum, 0is related to the
attempt jump frequency, Ea is the activation energy, and kB is the Boltzmann’s constant [10,11].
However, because of the intrinsic assumption built into the Arrhenius equation that the dipoles
become dynamic for all temperatures above absolute zero (0 K) it is not quite precise in many
cases, especially in the case of recently discovered relaxor materials. It is often assumed that the
dipoles become dynamic at a certain temperature above 0 K, which is defined by the freezing
temperature Tf. In this case, the dielectric relaxation should follow a Vogel-Fulcher model [12,
13] which can be expressed by the following equation.

 = 0 exp[-Ea/kB(Tmax -Tf)]

………………..(5)

The Vogel-Fulcher plot of the as-sintered 0.9BT-0.1BZT sample is illustrated in Figure
6.5. The permittivity data show an excellent fit to the Vogel-Fulcher model with R2 ~ 0.998 for
all compositions. The parameters derived from this fit are listed in Table 6.1.
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Table 6.1 Activation energy and attempt jump frequency obtained from the fit to the VogelFulcher Model for as-sintered and post-annealed 0.9BT-0.1BZT samples
Samples

Ea (eV)

0 (Hz)

Tf (K)

As-sintered

0.38

2.2 x 1015

138

900C annealed

0.67

5.9 x 1018

74

1000C annealed

0.49

5.4 x 1016

109

1100C annealed

0.30

8.2 x 1013

152

1175C annealed

0.32

2.8 x 1014

153

Figure 6.5 The inverse frequency of the dielectric maximum as a function of Tmax for as-sintered
0.9BT-0.1BZT sample. The solid line is fitted to the Vogel-Fulcher model.

Figure 6.6a shows the polarization hysteresis behavior at various annealing temperatures.
It is seen that while there are no dramatic shifts observed, the high-field permittivity slightly
decreased as the annealing temperature increased up to 1100C. The slope again slightly
increased as the annealing temperature reached 1175C. This is consistent with the permittivity at
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Tmax observed in Fig. 6.3b. While some changes in the dielectric response were noted, these
changes were relatively minor despite a dramatic increase in grain size. This fact suggests that
the anomalous dielectric response is not tied to microstructural features and instead are linked to
nano-scale defects that were unaffected by the annealing conditions.

Figure 6.6 (a) polarization-field (P-E) data as a function of annealing temperature, and
(b) temperature dependence of P-E loops for 0.9BT-0.1BZT ceramic.

It is also of interest to examine the temperature dependence of this behavior. As shown in
Fig. 6(b), the polarization response was investigated up to 150C. While there is some additional
saturation, low dielectric losses were maintained and the permittivity at 80 kV/cm is more than
1000. This demonstrates that the unique dielectric response of material is maintained up to at least
150C.

6.5 Conclusion
The influence of thermal heat treatment on the structural and dielectric properties of
0.9BaTiO3-0.1Bi(Zn1/2Ti1/2)O3 ceramics were investigated. The ceramics were annealed at various
temperatures of 900°C, 1000°C, 1100°C and 1175°C for 50 hrs. There was no observable change
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in crystal structure after the long annealing processes were applied; however, grain growth
occured when the ceramic was annealed at a temperature of 1175 °C which was revealed by
SEM. The temperature dependence of the dielectric permittivity exhibited relaxor-like behavior
with a decrease in the permittivity at Tmax for post-annealed ceramics at temperature of 900°C,
1000°C, and 1100°C. Then, the dielectric permittivity at Tmax increased when the annealing
temperature increased to 1175°C. These changes in dielectric permittivity resulted from oxygen
reduction while the ceramic samples soaked at temperatures above 1100°C and re-oxidized
within grain boundary region while cooling. This caused an electrically heterogeneous structure
within the samples. The samples show linear dielectric behavior as a function of electric field (P
E hysteresis). Also, these are consistent with the dielectric permittivity behavior observed in the
temperature dependence of the dielectric permittivity at various annealing temperature. It can be
concluded that grain size does not significantly effect the dielectric properties of 0.9BT-0.1BZT.
The small changes in the results cause by the nano-scale defects such as oxygen vacancies.
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CHAPTER 7
Summary and Future Work

7.1 Summary
In this research, the investigation of BT-BZT perovskite compositions has been separated
into 3 parts, the dielectric properties as a function of composition, the phase evolution of BT-BZT
at the relaxor compositions with a BZT concentration of 15%, and the effect of thermal heat
treatment on the dielectric properties of 0.9BT-0.1BZT.
First, the compositional dependence of the properties exhibited systematic trends in the
crystal structure data and dielectric properties. A transition from tetragonal symmetry to pseudocubic symmetry was detected at the composition 0.92BT-0.08BZT. This composition also
corresponded to the transition in dielectric behavior from a normal ferroelectric to relaxor-like
response. For compositions with lower BZT concentrations, dielectric measurements revealed
normal ferroelectric behavior with a sharp ferroelectric-paraelectric phase transition, however, the
addition of a small amount of BZT resulted in dramatic shifts in the characteristic phase
transitions of BT. As the BZT concentration increased to levels greater than 8% the dielectric
spectra became significantly broader and more dispersive; so-called relaxor-like behavior. The
strong relaxor behavior can be explained by the increase of lattice disorder due to cation
substitution on the A-site and B-site by Bi3+ and Zn2+, respectively. This disorder destroys the
long-range dipole order formation due to weak coupling between the neighboring nano-polar
clusters. The polarization hysteresis data also are in a good agreement with the dielectric
measurements. The transition was observed at the composition of 0.92BT-0.08BZT. The highfield dielectric permittivity decreased with an increase in the concentration of BZT and the
dielectric response became pseudo-linear at the highest BZT concentrations.
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The P-E hysteresis data revealed a clear pseudo-linear character that persisted to high
electric fields at the composition with 15% BZT. Hence, the 0.85BT-0.15BZT composition was
selected for further study about the phase evolution compared to the host perovskite, BT.
Intermediate phases strongly influenced the phase development of BT from oxide and carbonate
precursors. However, the addition of BZT dramatically changed the sequence and type of
intermediate phases formed during calcination. None of the phases typically observed during BT
formation was observed, instead the intermediate phases included bismuth pyrochlore-based
compounds. Interestingly, the resultant single phase perovskite BT-BZT was formed at a
temperature more than 200°C lower than for pure BaTiO3 from the same starting powders. In
addition, BT-BZT shows complete densification of pellets at a temperature ~200°C less than pure
BT.
The influence of thermal heat treatment on the structural and dielectric properties of 0.9BT
0.1BZT ceramics was also investigated. The composition 0.9BT-0.1BZT was annealed at various
temperatures of 900, 1000, 1100 and 1175°C for 50 hrs. The crystal structure was characterized
by XRD however there were no observable changes in the crystal structure after the long
annealing processes. However, significant grain growth was observed by using SEM when the
ceramic was annealed up to a temperature of 1175 °C . The dielectric properties exhibited
relaxor-like behavior with a decrease of the permittivity at T max for post-annealed ceramics at
temperatures of 900 °C, 1000 °C, and 1100 °C. Then, the dielectric permittivity at Tmax increased
when the annealing temperature increased to 1175 °C. These subtle changes in the dielectric
permittivity were caused by the formation of a heterogeneous electrical microstructure which was
a direct result of oxygen loss during processing at temperatures above 1100 °C. Moreover, these
dielectric properties are fully consistent with the P-E hysteresis data which links to the dielectric
permittivity at high electric fields. Thus it can be concluded that grain size does not have a
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significant effect on the dielectric properties of 0.9BT-0.1BZT. The small changes observed in
these experiments were caused by the nano-scale defects such as oxygen vacancies.

7.2 Future work
The study of the effects of heat treatments on BT-BZT ceramics revealed that the
microstructure of BT-BZT solid solution did not measurably influence the dielectric properties.
Instead, point defects are assumed to be the major contributor to the material’s properties.
Therefore, more in-depth investigations of the defect chemistry are needed to explore the
mechanisms that are ultimately responsible for BT-BZT’s unique characteristics. According to
the study in Chapter 6, the experiments were carried out under the ambient conditions so that it
can be considered as an uncontrollable oxygen reservoir. In addition, oxygen has been considered
as an important player of defect chemistry in similar oxide materials. Thus, the heat treatment
investigation under controlled oxygen partial pressure environment of BT-BZT is clearly critical.
Besides oxygen, there are also other defects that can be associated to the anomalous properties.
Impedance spectroscopy is the main tool to interrogate these defect species to help develop a
comprehensive model for the dielectric response of BZT-BT. Three compositions, including the
ferroelectric phase, the phase boundary, and a relaxor-like phase, should be explored in
comparison. It is expected that these compositions would provide valuable information to explain
the origins of the behavior associated with PNRs formation. Moreover, synthesis of single
crystals of BT-BZT is also a great experimental challenge. Single crystals have been
acknowledged to have superior properties compared to polycrystalline ceramics because of the
absence of grain boundaries. Hence, they have been selected for many studies in order to
eliminate grain boundary influences. Furthermore, since single crystals of BT have been
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successfully synthesized the proposed study for BT-BZT single crystals should give a high
possibility of success.
Even though the literature showed that the solubility limit of BZT in BT is about 34%, ,
the unstable BZT was successfully synthesized under high pressures and high temperature
conditions. It is clear that both BT and BZT possess tetragonal symmetry, however, some
compositions of the BT-BZT solid solutions surprisingly exhibit pseudo-cubic symmetry and
show relaxor-like behavior. In addition, there are still wide composition regions undiscovered.
The properties of these unstable compositions are still completely unknown. Therefore, the
synthesis of these unstable compositions as well as the known stable compositions should be
performed under high pressures and high temperature conditions and their electrical properties
investigated.
There were reports of the findings in another similar solid solution i.e. BaTiO3
Bi(Mg1/2Ti1/2)O3 (BT-BMT) that show similar behavior to the dielectric properties of BT-BZT
materials. In general, properties enhancements of materials can be developed by doping or mixing
two different materials. Nevertheless, because of the smaller ionic radii of Mg2+ the solubility
limit of BMT in BT is greater than BT-BZT. In addition, Mg2+ has a more stable valence state
than Zn2+ and is not as volatile during processing which should lead to a better resistivity.
Therefore, the addition of BMT into BT-BZT solid solutions might enhance the solubility limit of
Bi-based perovskites and increase the electrical resistivity while still exhibiting linear dielectric
behavior.
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