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ABSTRACT

Barium titanate ferroelectric ceramic which lies in the class of functional
ceramics was the first ceramic material discovered in the mid-1940s in which ferroelectric
behavior was observed. It has better ferroelectric properties, chemical and mechanical
stability. It belongs to perovskite group (ABO;) and consists of a corner-linked network of
oxygen octahedral, creating an octahedral cage (B site) and the interstices (A sites). Ti'"
ions occupy the B site while Ba>* ions occupy the A site. The ability of displacement of the
central Ti*" ion is the cause of the reversibility of polarization which results in ferroelectric
hysteresis loop under the application of external AC electric field. It undergoes a structural
phase transition from a high temperature paraelectric phase into a low temperature
ferroelectric phase. The temperature of the phase transition is called as the Curie
temperature (T.). The phase transition of ferroelectrics often leads to strong anomalies in
dielectric, elastic, thermal and other properties of the materials, among which dielectric
variation before and after a phase transition is the most significant and thus usually used as
an indication of the phase transition. The properties of BT can further be modified, in order
to design a composition with desired properties, by suitable substitution and better control
of processing parameters. Compositional fluctuation can be done by substitution of cations
(aliovalent or isovalent) at both A and B site. Substitution of ions at different sites can
modify the properties upto a great extent, which makes it an important electronic material
that has a wide range of industrial and commercial applications, such as high dielectric
constant capacitors, piezoelectric sonars or ultrasonic transducers, pyroelectric security
sensors, medical diagnostic transducers, electro optic light valves and ultrasonic motors. In
the present work, following compositions were prepared and processed using conventional

solid state reaction route:

Isovalent ion substitution:
Ba; xPbyx Zr¢ 10Ti9.9003 (0<x<0.20, in steps of 0.05)

Bag g0Pbg 20Z1xT1;.xO3 (0<x<0.10, in steps of 0.02)

Bay 30.xCaxPbg 20 Zro.10Ti9.9003 (0<x<0.30, in steps of 0.10)



Aliovalent ion substitution:
Bay 30.xSmxPbg 20 Z1¢.10T10.0003 (0<x<0.01, in steps of 0.0025)

Bay so-xLaxPbg .20 Z10.10T10.9003 (0<x<0.01, in steps of 0.0025)

The research work carried out for this Ph.D. thesis has been divided in six chapters as
summarized below briefly: -

The high dielectric constant of barium titanate (BT) and BZT-based electroceramics
is responsible for selecting such materials for capacitor fabrication. Such materials have
potential applications practical devices due to their good structural, electrical and
ferroelectric properties. The properties can be tailored to suit specific requirements by
molecular engineering using substitutions for both Ba site and Ti site. Due to this reason
these materials have attracted the attention of many researchers. The introduction and
importance of the BT based ceramics is discussed in Chapter 1. Out of the different
methods of preparation of ceramics solid state reaction route was adopted since it’s an
easy, cheap and high yielding method. Chapter 2 mainly focused on the experimentation
regarding the synthesis and characterization. Synthesis and characterization of
BaZry 10Tip900; 1s discussed in Chapter 3. The effect of Two-stage sintering is also
discussed in this chapter. Substituents like lead for Ba results in the increase in tetragonal
to cubic phase transition temperature (Curie temperature) and decrease in room
temperature dielectric constant. The temperature dependence of dielectric constant of lead
substituted materials found to be better in comparison to pure barium titanate and undoped
barium zirconate titanate. Substituents like zirconium for Ti results in the decrease in Curie
temperature of the material, while increases the room temperature dielectric constant. It
was interested to investigate the effect of Pb>", Ca* and Zr*" on various physical properties
of BaTi9Zrp.1003 ceramics. The investigated structural, electrical and ferroelectric
properties are discussed in Chapter 4. Owing to their special electronic configuration,
aliovalent ions can act as donor as well as acceptors depending upon the amount of
substitution. La>" and Sm®" ions act as softener for a very small amount of substitution. An
investigation on the structural, electrical and ferroelectric properties of material
composition BaggoPbg20Z10.10Ti9.0003 substituted with La®" and Sm®" up to 1 mol% is
shown in Chapter 5. Chapter 6 includes the conclusion and summary of the results and

significance of the ceramics prepared.
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Chapter 1

Introduction

This chapter includes a brief introduction about electroceramics which includes dielectric,
ferroelectric and piezoelectric materials. Barium titanate is the most investigated
ferroelectric material due to its large number of applications like Multi Layered Ceramic
Capacitors (MLCC), actuators and PTCR. Still there is a large scope for further
investigations and improvements in its properties as the properties extensively depends on
the substitution and processing techniques used. Recent developments on the substituted
barium titanate are reviewed here. Emphasis is on the discussion on the effect of
substitution on the structural, electrical and ferroelectric properties of substituted barium

titanate which is the subject of investigation in the present thesis.



1.1 Background

There are approximately 100 elements, each possessing a unique electronic
configuration determined by its atomic number Z, and the spatial distribution and energies of
their electrons. These can be classified as metallic, gaseous, or nonmetallic elemental solids.
A very few of them are used in their pure form; most often they are alloyed or reacted with
other elements to form engineering materials. The later can be broadly classified as metals,
polymers, semiconductors, or ceramics. Each class has its distinctive properties that reflect
the differences in the nature of the bonding. In metals, the bonding is metallic in nature,
where delocalized electrons provide force that holds the positive ions together. Polymers
consist of very long C-based chains to which other organic atoms and molecules are attached.
Semiconductors are covalently bonded solids which includes Si, Ge, GaAs, CdTe, and InP.
The presence of strong covalent bonds holding semiconductors together make their
mechanical properties quite similar to those of ceramics which are brittle and hard. Ceramics
can be defined as solid compounds that are formed by the application of heat, and sometimes
heat and pressure. Due to the large number of chemical, electrical, biological, and
mechanical properties of ceramics, they are used extensively in many domestic and industrial
applications. In the electronic and manufacturing industries, which require materials
sustaining extremely high temperatures and corrosive environments, high-tech ceramics play

important role [1-4].

Ceramics are different from glasses and single crystals as they are composed of an
aggregate of randomly oriented crystallites intimately bonded together to form a solid and
have anisotropic character and are polycrystalline materials. All the crystals, existing in

nature, can be grouped into seven crystal systems as shown in figure 1.1.
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Depending on the symmetry elements, these seven crystal systems can be subdivided
into 32 point groups, where a point group is a combination of symmetry elements. Out of
these, only 21 belong to non-centrosymmetric classes. All but one are piezoelectric, means
they exhibit electrical polarity when subjected to stress. Again out of 20 piezoelectric crystal
classes, 10 possess a spontaneous polarization, which is temperature dependent and these are
known as pyroelectric materials. There exists a subclass of pyroelectric materials, which have

two or more orientation states of polarization in the absence of an electric field. The



polarization in these materials can be switched from one state to other with the application of
an electric field and are known as ferroelectric materials. The area of interest in the present
work is related to substituted barium titanate ferroelectric ceramics, which are a highly
specialized class of materials, termed as electroceramics. Their properties are predominantly

controlled by their composition, microstructure and processing methodology.

1.1.1 Introduction to Ferroelectricity

Ferroelectricity discovered by P. Seignette in 1921 is one of the fastest-growing fields
of Solid-State Physics. It has been also called Seignette electricity, as Seignette or Rochelle
salt was the first material found to show ferroelectric properties. Unfortunately, the Rochelle
salt loses its ferroelectric properties if the composition is slightly changed, which made it
rather unattractive for industrial applications [5]. In 1945, ferroelectric behavior was reported
in BaTiO3 which is a material of stable perovskite type, which is one of the fundamental
crystal lattice structures. The main applications are high dielectric constant capacitors,
piezoelectric sonar and ultrasonic transducers, radio and communication filters, pyroelectric
security surveillance devices, medical diagnostic transducers, stereo tweeters, buzzers, gas
ignitors, positive temperature coefficient (PTC) sensors and switches, ultrasonic motors,
electrooptic light valves, thin-film capacitors, and ferroelectric thin film memories. Several

excellent articles on the history of ferroelectricity have been written [6-8].



1.1.2 General Features of Ferroelectrics

1.1.2a Definition

The materials which possess the spontaneous polarization even in the absence of an
electric field and the direction of spontaneous polarization can be changed by an applied
electric field are called ferroelectric materials and this phenomena of switching of
polarization is called ferroelectricity [9]. According to the nature of chemical bonds,
crystalline ferroelectrics may be classified into four types:

(1) Tungston Bronze (PbNb,Og)

(11) Pyrchlore (Cd:Nb,O5,

(ii1))  Layer Structure (BisTi30;5)

(iv)  Oxygen Octahedral {BaTiO3, PZT, PLZT, PMN, (Na,K)NbO3}

Most of the useful ferroelectrics, such as barium titanate (BT), barium zirconate
titanate (BZT), barium strontium titanate (BST), lead titanate (PbTiOs), lead zirconate
titanate (PZT) and potassium niobate (KNbOs), have perovskite structure. Perovskite is the
mineral name of calcium titanate (CaTiOs3). A brief explanation about ferroelectric materials

with perovskite structure is given in the next section.

1.1.2b Perovskite Crystal Structure

Its simplest structure is cubic, which is the high temperature form for many mixed
oxides of ABO; type, where A is a large radius cation, which occupies the empty sites
between O, octahedra, while B is a small radius cation, which occupies the center of the

octahedron, formed by O, ions.
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Figure 1.2. A cubic ABOj perovskite-type unit cell

Most perovskite-type ferroelectrics are compounds with either A*'B*'0;* or
A""B 057 type formula. The structure is also very tolerant to cation substitution to both A
and B sites of lattice, and hence may lead to more complex compounds, such as
(K12Bi12)TiO3, Pb(FexTa; 2)03, Pb(Mg)3Nb,/3)Os3, and Pb(Zn,;3Nb,/3)O3 [10,11]. The most
important member of the tetragonal phosphates is potassium dihydrogen phosphate
(KH,PO4), commonly abbreviated as KDP. But in Rochelle and KDP, ferroelectricity is
present at low temperatures due to their 7, points, +23 and -150 °C, respectively. Thus for
study of the ferroelectric effect, these crystals are ideal materials. However, from the device
application point of view, water solubility, low 7¢ points, and low polarization values are
limiting factors [12,13]. In 1945, when ferroelectric behavior was observed in barium titanate

(BaTiOs), due to its perovskite structure, better ferroelectric properties, chemical and



mechanical stability, barium titanate (BT) became one of the most extensively studied
ferroelectric material, it was considered not only as a model system for ferroelectricity, but
also for practical applications. In addition, it also exhibits ferroelectric properties at and
above room temperature and can be easily prepared and used in the form of polycrystalline
samples [14].

Ferroelectricity is characteristics of compounds with distorted perovskite structure.
The distortion of oxygen octahedra, leading to ferroelectricity is shown in figure 1.2.There
exits a characteristic temperature known as Curie Temperature (T.), below which the
perovskite unit cell is non-centrosymmetric and at T > T., perovskite unit cell becomes
symmetric and the material is in paraelectric state. The explanation of transition temperatures

is given in the next section.
1.1.2¢ Ferroelectric Phase Transitions

In most cases, ferroelectrics have a transition temperature called, the Curie points, Tk.
For temperature T>T,, the crystal does not exhibit ferroelectricity, while for T<Tc it is
ferroelectric. On decreasing the temperature through Curie point, a phase transition from a
non-ferroelectric phase to a ferroelectric phase occurs. If there are more than one ferroelectric
phases, the temperature at which the crystal transforms from one ferroelectric phase to
another is called the transition temperature. Near the Curie point or phase transition
temperatures, properties including dielectric, elastic, optical, and thermal constants show an
anomalous behavior. The temperature dependence of the dielectric constant above the Curie

point (T>Tc) in most ferroelectric crystals is governed by the Curie- Weiss law [15-17].

&=L
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where ¢ is the permittivity of the material, €, is the free space permittivity, C is the Curie
constant and T, is the Curie-Weiss temperature. The Curie-Weiss temperature T, is, different
from the Curie point T.. There are three types of phase transitions on the basis of behavior of
dielectric constant with temperature; first order, second order and diffused phase transition
(relaxor behavior). These are shown in figure 1.3. For first order transitions, T, < T, while
for second order phase transitions, T, = T [17]. The order of the phase transition is defined
by the discontinuity in the partial derivatives of the Gibbs free energy (G) of the ferroelectric
at the phase transition temperature [18]. For the nth-order phase transition, nth-order

derivative of G is a discontinuous function at the transition temperature.
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Figure 1.3. Schematic temperature dependence of the dielectric permittivity (¢) and
spontaneous polarization P for (a) a first-order, (b) a second-order ferroelectric and

(c) a relaxor ferroelectric [18]

Thus, spontaneous polarization and strain change continuously at the phase transition

for a ferroelectric with the second order phase transition, and are discontinuous at the phase



transition temperature for first-order ferroelectrics. Many ferroelectrics show diffuse phase
transition behavior. These ferroelectrics are known as relaxor ferroelectrics. General property
changes with ferroelectric phase transitions and are summarized in figure 1.3, schematically.
The dielectric anomaly is not a definite proof of ferroelectricity, which is normally confirmed

by hysteresis loop.

1.1.2d Ferroelectric Domains and Hysteresis Loop Behavior

Ferroelectrics possess regions with uniform polarization called ferroelectric domain.
With-in a domain all the electric dipoles are aligned in the same direction. There may be
many domains in a crystal separated by interfaces called domain walls [19]. A single domain
can be obtained by domain wall motion, which can be possible, by the application of an
electric field. A very strong field could lead to the reversal of the polarization in the domains
known as domain switching. Thus, the most distinguishing feature between pyroelectric and
ferroelectric material is that the direction of the spontaneous polarization in ferroelectrics can
be switched by an applied electric field. The polarization reversal can be observed by
measuring the ferroelectric hysteresis [20] as shown in figure 1.4. The starting point is
assumed to be at A. As the electric field strength is increased, the domain starts to align in the
positive direction, giving rise to rapid increase in the polarization (curve A). At very high
field levels, the polarization saturates. The polarization does not fall to zero when the
external field is removed. At zero external fields, some of the domains remain aligned in the
positive direction hence the crystal will show a remnant polarization P,. The crystal cannot be
completely depolarized until a certain field is applied in the reverse direction. The external
field needed to reduce the polarization to zero is called the coercive field strength, E.. If the

field is increased further to more negative value, the direction of polarization flips and hence



a hysteresis loop is obtained. The value of spontaneous polarization Py, is obtained by

extrapolating the curve of saturated polarization at point C, onto the polarization axis [20].
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Figure 1.4. Ferroelectric (P-E) hysteresis loop

1.1.2¢ Poling

As the ceramics are polycrystalline material and posses no net polarization and hence
can be used for applications exploiting its piezoelectric or pyroelectric properties. In order to
put the materials for practical applications, domains are aligned in one direction by applying
high electric field. This process is called poling. In this process, a high electric field is
applied on the ferroelectric ceramic samples to force the domains to reorient in the direction
of the applied electric field. Poling is possible only in ferroelectric materials and the various
poling steps are shown in figure 1.5. Before poling, the ferroelectric ceramic does not possess
any piezoelectric and pyroelectric properties because of the random orientation of the
ferroelectric domains in the ceramics. For domain reorientation, a poling field must be
applied on the sample and maintained for certain duration of time. As crystalline anisotropy

and coercive field, E, of the ferroelectric materials decreases with the increase in poling
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temperature. Thus, for a given field and poling time, better domain rearrangement results at

higher temperature, but lower than T . Also, with increasing temperature, space charges,

which act against domain motion, decreases in ceramic materials. However, when the poling
temperature is too high, problems arise as the electrical conductivity increases and the
consequent increase in leakage current would result in sample breakdown during the poling
process. For poling the sample is heated to a suitable temperature and high d.c. electric field
is applied for an hour. Then sample is allowed to cool to room temperature in the presence of
applied and field is removed at room temperature. After poling, a remnant polarization and
remnant strain are maintained within the material, and it starts exhibiting piezoelectric and

pyroelectric effects [21].

Unpoled

Figure 1.5. Poling of a ferroelectric material
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1.1.3 Piezoelectricity

Piezoelectricity, a property possessed by selected group of material as discussed in
section 1.1, was discovered in 1880 by Jacques and Pierre Curie during their systematic study
of the effect of pressure on the generation of electrical charge by crystals, such as quartz,
zincblende, and tourmaline. The name “piezo” is a Greek word, meaning, “pressure,” hence;
piezoelectricity is the generation of electricity as a result of a mechanical pressure [22]. It
follows that a piezoelectric material develops a potential across its boundaries when
subjected to a mechanical stress (or pressure), called direct piezoelectric effect. This property
is exploited to make sensors. Conversely, when an electric field is applied to piezoelectric
material, a mechanical deformation takes place. This is called converse piezoelectric effect
and the material can be used to make actuator. Thus the piezoelectric material can be used as
sensor and actuator both and hence often called as smart material. These materials are being
used extensively in smart systems, which consist of a sensor, actuator and control system.
Ferroelectricity is a subgroup of piezoelectricity. It is a linear effect that is related to the
microscopic structure of the solid. The microscopic origin of the piezoelectric effect is the
displacement of ionic charges within a crystal structure. In the absence of the external stress,
the charge distribution within the crystal is symmetric and the net electric dipole moment is
zero. However, when an external stress is applied, the charges are displaced and the charge
distribution is no longer symmetric. A net polarization develops and results in an internal

electric field. A material can only be piezoelectric if the unit cell has no center of inversion.
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1.1.3a Piezoelectric Parameters and Relations

A piezoelectric ceramic is anisotropic in nature i.e. their physical properties are
different in different directions. A piezoelectric can be represented by different constants that
relate to both the direction of applied mechanical or electrical force and to the directions
perpendicular to the applied force. Consequently, each constant has two subscripts that refer
to the directions of two related quantities. The direction of positive polarization usually is
made to coincide with the z-axis of a rectangular system of X, Y, Z axes [Figure 1.6].
Direction X, Y, Z is represented by the subscripts 1, 2, or 3, respectively, and shear about one

of these axes is represented by the subscripts 4, 5, or 6, respectively.

o,

Figure 1.6. Direction of force affecting a piezoelectric element

Two effects are operative in piezoelectric crystals. The direct effect (designated as a
generator) is identified with the phenomenon whereby electrical charge (polarization) is

generated from mechanical stress, whereas the converse effect (designated as a motor) is

13



associated with the mechanical movement generated by the application of an electrical field.
The basic equations that describe these two effects in regard to electric and elastic properties

arc

D= dE+ £E (generator) w12

5=sfT+dE (motor) ..1.3

where, D is dielectric displacement (or polarization), T is stress, E is electric field, S is strain,
d is piezoelectric coefficient, s is material compliance (inverse of modulus of elasticity), and

¢ 1s the dielectric constant. The superscript indicates a quantity held constant: in the casez,

stress is held constant, which means that the piezoelectric element is mechanically
unconstrained, and in the case of sE, the electric field is held constant, which means that the

electrodes on the element are shorted together.

1.1.3b Piezoelectric Charge Coefficient (d)

All the properties like D and S are directional quantities, e.g. d3; indicated that this
piezoelectric charge coefficient relates to the generation of polarization (direct effect) in the
electrode perpendicular to 3 or vertical direction and to the stress mechanically applied in 1
or lateral direction; ds3 indicates the polarization generated in the 3 direction when the stress
is applied in the 3 direction. They are related as:

D; = d;;T, (direct effecty .. 1.4

S; =dgzE, (converse effect) weenllS
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The d coefficients are numerically equal in both equations. The d coefficients are usually
expressed as x10™? Coulomb/Newton C/N for direct effect and x10"* m/V for converse

effect.

1.1.3¢ Hydrostatic Charge Coefficient (d,)
It corresponds to the effect of development of charge when a pressure is applied on
the material. Hydrostatic charge coefficient (d, ) is related to d,, and d,, piezoelectric charge

constants by the relation

d =d,+2d,, .16

and is measured in (C/N) units.

1.1.3d Piezoelectric Voltage Constant (g)

It gives the electric field produced by a stress in a piezoelectric material. Its usual
units are meter volts / Newton and ‘g’ constant is related to the ‘d’ constant by the
permittivity

g=d/(eg) . Py
where g is called the piezoelectric voltage coefficient, & and ¢ are the dielectric constant of
the material and permittivity of the free space, respectively. Corresponding to d,; and d,,

piezoelectric constants, there exist g, and g,, piezoelectric voltage coefficients.

High ‘g’ constant is desirable in materials intended to generate voltages in response to a

mechanical stress, as in a phonograph pickup.
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1.1.3e Hydrostatic Voltage Coefficient (g, )

It gives the field produced by a pressure. It is related to the g., and g, piezoelectric

charge coefficients by the relation
g, = 8,1 2g, ...1.8

and its usual units are meter volts/Newton.

1.1.3f Electromechanical Coupling Factor (k)

The electromechanical coupling factor (kss, ks; and kp) represent the mechanical
energy accumulated in a ceramic or crystal and is related to the total electric input (or vice
versa). It is defined as the square root of the ratio of energy output in mechanical form to the
total input electrical energy. These electromechanical coupling factors are material constants
and they depend on degree of poling for piezoelectric ceramic. Electrical poling has little
effect on these coupling factors, for relaxor material but they do get affected by reverse
poling process. These coupling factors can be calculated for each individual vibration mode
by using the resonant (f; or f,,) and anti-resonant frequencies (f, or f,) from any immittance
plots (Z" vs frequency or Y" vs frequency or € vs frequency) and the application formula for

ceramic disc are shown here [23,24]

o _ =)
eff £2
e ...1.9
KZ = z.suw
i ...1.10
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k3, = 0.5(1 — o) xk; .. 111

F 4
ki = k33 = rxCot(r) rxtan (E —r) wherer = (xxf,)/(2f.) 112

Where ket 1s the effective electromechanical coupling coefficient, k, is the planar or radial
mode coupling coefficient, k3, is the coupling coefficient for length wise vibration (direction
of vibration is perpendicular to the direction of polarization) and ks3 (or ki) is the coupling
coefficient for longitudinal or thickness vibration (direction of vibration and polarization is
same). These electromechanical coupling factors are commonly used as a figure of merit for
piezoelectric materials. High values of k values are most desirable and constantly sought in

new materials.
1.1.4 Barium Titanate Based Ceramics

Lead based and barium based perovskites are known to show strong ferroelectricity.
Among these, BaTiOs is the most investigated ferroelectric material, which reveals many
aspects of ferroelectricity. Discovered in 1940’s, Barium titanate has been an interesting
material as it is chemically and mechanically stable and shows ferroelectricity at and above

room temperature. The detailed understanding of these materials was given by Cochran [25].
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1.1.4a Crystal Structure

o
Barium titanate is a ferroelectric material with a Curie temperature (120 C) at which

the phase transition from the cubic paraelectric phase (above Curie temperature) to the
tetragonal ferroelectric phase (below Curie temperature) occurs. It has perovskite-type

structure and has the general chemical formula ABO,, where O is oxygen, A represents a

cation with a larger ionic radius (Ba) and B a cation with a smaller ionic radius (Ti). Being a
larger ion Ba occupy A site whereas B site occupied by smaller Ti ion. Many ions satisfying

conditions of radii and charge valence can replace the A and B-site ions.

1.1.4b Phase Transition in BaTiO;

(4]
Below the 120 C Barium Titanate under goes through a displacive transition to a

tetragonal with point group 4mm. This is a polar phase with a spontaneous polarization along
the tetragonal C axis, which is parallel to the <100> direction of the original cubic cell,
making the material a ferroelectric at room temperature (Figure 1.7 b). The tetragonal phase
of barium titanate has been the subject of most of investigations since the phase is
structurally simple and also stable at room temperature. At lower temperatures, it undergoes

two more structural transitions, which are in the ferroelectric state with different polar axis.

0
Around 5 C, the polar axis changes into the face diagonal and the structure becomes

orthorhombic (Figure 1.7 ¢). At—90 C, the polar axis again changes to body diagonal and the

structure remains in the rhombohedral phase below this temperature (Figure 1.7 d) [13].
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Figure 1.7. Phase transition in BaTiO3
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1.1.4¢ Effect of Substituents in BaTiO;

A lot of research activity has been driven by the need for improved materials with
enhanced properties, and to a great extent the required improvements have been achieved by
careful optimization to enhance a desired property through appropriate substitutions and,
modifications in the processing conditions. Much of the earlier reported studies emphasize
that the observed changes in the BaTiO; based compositions depend on both: substitution
and the composition, and accordingly different types of behaviour have been noticed in some
of the binary systems derived from BaTiOs. Isovalent dopants are commonly used to alter Tec
and the lower temperature orthorhombic/tetragonal [O/T] and rhombohedral /orthorhombic

[R/O] phase transition temperatures, hereafter referred as Tor and Two respectively. A-site

()

doping with cations of the same valence as Ba causes the Curie temperature T, (120 C in
BaTiO;) to either decrease (Sr substitution) or increase (Pb substitution), without any
significant broadening of phase transition. With B-site doping, the ferroelectric domains,
which are associated with a cooperative off-centre displacement of Ti*" ions in their TiOg
octahedra are disrupted, which often leads to a broadening of transition peak at Tec. Partial
replacement of titanium by tin (Sn ), Zirconium (Zr) or hafanium (Hf ) generally leads in
reduction in Te.

Amongst all the compositions investigated so far Ba(ZryTi; )O3 (BZT) has attracted a
lot of interest. An increase in the Zr content induces a reduction in the average grain size,
decreases the dielectric constant and provides greater stability and lowers the leakage current

level.
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Figure 1.8. Dependence of Curie temperature of BaTiO;

upon various additions

Zr is found to play an interesting role here because a different character of dielectric
response with respect to the ferroelectric-to-paraelectric phase transition can be achieved by

the substitution of Zr for Ti in BaTiO;. The Zr*" (0.72A) ion is chemically more stable than
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the Ti4+(0.6OA) and high dielectric constant values of this material make it useful for device
application. BZT is the solid solution of BaTiO; and BaZrO3 [Ba(Zr4Ti;x)Os] and has been
identified as one of the most attractive compositions for dielectric applications in multilayer
ceramic capacitor (MLCs ) applications [26]. The effect of some A and B-site isovalent
dopants on the phase transition temperatures are summarized in Fig.8. A-site doping with
Sr?* results in decrease of both Tec and Tor whereas Tro is unaffected. Tc increases linearly
with Pb>" substitution, however Ca*" doping has negligible effect upto ~10 mole %. The
behavior observed with Sr** doping is normally explained as a cation size effect, whereby the
smaller ionic radius of Sr*" compared to Ba®" stabilizes the cubic polymorph, thus decreasing
Tec. The effect of A-site doping with Pb** or Ca*" on Te, however, cannot be explained on the
basis of cation radii. Although many isovalent A-site dopants are effective in displacing or
“shifting” Tc they do not have a dramatic effect on the value of &y, and on the profile of
de/dT. The introduction of isovalent cations on B-site, however, can have significant effect
0N Emax and de/dT. Common B-site dopants such as Zr*" and Sn*' causes a linear decrease in
Tec, whereas both To/r and Tg/o increase. The reduction in Tcis essentially accompanied by an
increase in €nay, but with continuous substitution €.,x decreases and becomes increasingly
broad. This behavior is commonly called as “pinching” and it’s attributed to the coalescence
of the three phase transition temperatures at a certain dopant amount and thus overlaps of

three permittivity maxima associated with the individual phase transition [21].
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1.2 Substituted Barium Titanate (BaTiO;) — A literature survey

F.W. Perry and G.A. Hutchins investigated the compositional inhomogeneity of
(Ba,Pb)Ti0O; crystals [27]. In the year of 1971, Yu. N. Venevtsev studied a ferroelectric
family of barium titanate ceramics [28]. Brajer and Kulscar showed that increasing Zr
content increases the orthorhombic-tetragonal phase transition temperature, while tetragonal-
cubic phase transition temperature decreases [29,30]. The first observation on the influence
of Zr content on the rhombohedral-cubic phase transition temperatures was reported by
Hellicar and Verbiskaja et al. for Zr contents of >15% [31,32]. Other authors have assumed a
coexistence of both the orthorhombic and tetragonal phase within a small temperature
interval at the Curie point T.. Hennings et al. gave an explanation of the temperature
characteristics of the permittivity. This observation leads to a change from first order to
second order transitions at low zirconium contents. Further increase in the amount of Zr
results in a stimulated broadening of the dielectric constant versus temperature curve. This
phenomenon is due to the increased sensitivity of the ceramic, relative to local structural
transitions in the vicinity of the T¢, which leads to a distribution of curie maximum and, thus,
a broad resulting envelope. This phenomenon is called a diffuse phase transition (DPT) and
appears for zirconium content of >13 % [33]. Recently, many researchers have concentrated
on studying the normal ferroelectric to relaxor behavior of BZT ceramics. Due to its low
leakage current it proved to be an important material for micro-electro-mechanical systems
(MEMS) [34-36]. Yu et al. reported the ferroelectric relaxor behavior in Ba(Ti;Zry)O3
(x=0.30) ceramics and its dielectric properties in the temperature range from -123 to 177°C.
Thus, for higher value of x > 0.25 it shows relaxor behavior that is useful for capacitor

application [37]. H. Kishi et al investigated the effect of substitution of rare earth and Mn on
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dielectric properties of barium titanate ceramics. The lattice parameters and electrical
resistivity results indicated that La ions occupied A sites and Ho ions occupied both A and B-
sites. In the case of Ho-Mn substituted samples, the decrease in lattice parameter and a shift
of the Curie point to high temperatures by re-oxidation treatment were observed in the range
in which Ho ions predominantly occupy B-site (act as acceptors) [38]. D. Makovee et al [39]
and T. Wang et al [40] studied PTCR effect in highly donor doped barium titanate and
dielectric characteristics and tunability of barium stannate titanate respectively.
Microstructure and electrical properties of porous (Ba,Sr)TiO; ceramics were investigated by
K. Park et al [41]. The crystalline structure of the porous (Ba,Sr)TiO; ceramics was strongly
dependent on the oxygen content. X.M. Chen et al studied the effect of Ca substitution on the
dielectric and their field dependence of (Ba;x,Cay)TiO3 ceramics. The barium titanate based
solid solution with tetragonal structure was obtained for x = 0.1 and a tetragonal to cubic
phase transition was observed with increasing x since CaTiOs-based solid solution phase
with cubic structure appeared for x = 0.3 and became the major phase for x = 0.7. The
dielectric constant decreased with increasing x, while the dielectric loss and temperature
dependence are significantly suppressed [42]. Studies on the dielectric properties of Ba;.
S1xTi03 ceramic solid solutions have shown that the compositions with x < 0.8 exhibited
normal ferroelectric behavior while a relaxor characteristic was observed in the SrTiO;
region (x > 0.8) [43, 44]. Effect of bismuth doping on the dielectric properties of Ba;.
S1xTi03 ceramics were investigated and a relaxor behavior was observed. The degree of
diffuseness and the relaxation increases as x increases [45]. Tunable microwave device
application such as electronically tunable mixer, delay lines, filters and phase shifters,

demand low dielectric constant (g); large tunability K= ((&x0)- Erx(app))/Er0), low loss
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tangent (tand); and good thermal stability. Currently the most studied solid solution
includes (Ba, Sr) TiO; with some additives such as MgO, MgTiOs or Al,Os, but their
reproducibility, as well as their stability needs to be improved [46-48]. Zhai et al.
reported that BZT could be a promising material for microwave frequency application in
thin film forms which is grown by sol-gel process on Pt-coated silicon substrates [49].
Other researcher also presented the tunability of Ba(Zr(,Tipg)O3 by sol-gel process on
the basis of grain size. According to them as the grain size decreases, the maximum
dielectric constant and transition temperature both decrease and fine grain samples
showed a better relaxor behavior. They followed the Vogel-Fulcher relation which is a
typical characteristic of a relaxor, and determined the activation energy (£, = 0.032 eV),
Tvrk = 253.2K, and v, = 2.63x10"*Hz. The value of tunability and tano was 82% and
0.0034 respectively [50]. Electrical properties and relaxation characterizations for
undoped and ZnO-doped Ba(Ti;xZrx)O; have been studied via complex impedance
measurements. The results suggest that the grain interior Zn>" substitute Ti*" and serves as an
acceptor dopant [51]. Shrabanee Sen and R.N.P. Choudhary studied that for polycrystalline
samples of Ba;_4CaySngosTip.9503 the resistance decreases with the increase in temperature
[52]. Structural and electrical properties of cerium Ba(Ti;xZrx)Os thin films with the mole
fraction of x = 0.2 had been investigated by Won Seok Choi et al. The dissipation factor and
the leakage current were lower in Ce-doped BZT thin films [53]. The effect of the mole
concentrations of precursor solution on the microstructure and dielectric properties of sol-gel
deposited BaZrj35Tip 65053 thin films have been investigated by Zhai Jiwei et al. The BZT
thin film showed a very stable and highly insulative characteristic against applied field. Thus

they are better than barium strontium titanium films for application in tunable microwave
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devices [54]. The polycrystalline samples of Ba;SryZrj0sTip9sO3 have good electrical
properties in the range of 31-500°C. The imaginary part of the complex impedance as a
function of frequency shows Debye-like relaxation in the materials. Bulk ac conductivity
varies with frequency and shows that the compounds exhibit Arrhenius-type of electrical

conductivity [55,56].

In literature (table 1.1) it is found that barium titanate (BT) is useful as a
dielectric material for capacitor applications and for tunable devices. Earlier reported
works have been mostly focused on ceramics substituted at either A-site (e.g., Pb, Ca, La
and Sm) or B-site (Zr, Sn, Mn and Nb). Barium titanate based ceramics with
simultaneous substitutions are very rare in the past work. Especially, earlier
investigations with substitutions of Zr have not been systematically correlated with the
accompanying structural changes, and have been rather commonly investigated for the
changes in the dielectric properties. In the study of electroceramics, doping is an effective
way to further improve the properties and since no reports are available in the literature
on further doping in the BZT system, an attempt has been made in the present thesis to
investigate the influence of some selected dopants in the BZT system. In the present
thesis a systematic study has been taken up to investigate the structural, electrical and
ferroelectric properties for the BZT based ceramics with simultaneous substitution on the

both sites.
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Table 1.1 Literature survey on BaTiOs and BaZrTi; O3 ceramic

Sr. Authors Major Method Dielectric Ferroelectric and
No. Observations Composition
properties piezoelectric
P, d3; and
(“’C/ cmz)’ kP
E.
(kV/em?)
1. Henning et Studied ¢'-temp Conventional, Normal to - -
al.” (1982) characteristic for | BaZr,Ti; O3, 0<x0.25. relaxor
capacitor Emphasis on dielectric behaviour
application properties
2. Yu et al. Prepared Conventional,BaTig 7 5000 10 4.3
(2002) composition to Z19300s, (175K)
see relaxor
behaviour
3. Tang et al. Tunable Sol-gel technique, 1800, 5000 & - -
(2004) application with | BaZry,TipsOs, 7500
effect of grain
size and got
(k)=82% (60um)
4. Boyeong Woo | Preparation of Hydrothermal, Relaxor -- --
Leeetal.”’ BaZr,Ti; O3 by BaZr,Ti;O; behavior
(2005) the hydrothermal
process from
peroxo-
precursors
5. X.P. Jiang et Relaxor behavior | Conventional, Relaxor - -
al.>® and tunability in BaZry35Tip6503 behavior
(2006) BaZro35Tio.6503
ceramics
6. H.Y. Tian et Structural and Conventional, Normal - ds3; 180
al.” piezoelectric Hf doped barium ferroelectric
(2007) properties titanate propeties 315
7. Y. Wang et Structural and Hydrothermal, 8000-15000 - -
60 . .
al. dlelectr.lc Nb-Zn co-doped
(2007) properties of Nb- Ba(Ti,Zr)0s
Zn co-doped ’ ’
Ba(T1,Zr)O;
ceramics
8. Shan et al. Studied structural | Conventional, 16000-1200 - -
(2007) properties of Ba(Zr25Ti0.75)03+x Y203
Y3+ doped BZT
& explain site
occupancies with
doping
9. Reddy et al Prepared BZT10 | Conventional, 25000-9000 - -
(2007) with Ho and BaZl’()_loTio_goo3 with Ho
studied its g'- substitution
temp variation
10. T. Badapanda | Phase formation Conventional, Relaxor -- --
etal. and dielectric BaTi.75Z102503 behavior

(2009)

study of Bi
doped
BaTig.75Zr0.2503
ceramics
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1.3 Objectives of the Present Work

Present work entails the following objectives: -
» A barium titanate composition substituted with zirconium (BZT) would be identified
for studies.
» To synthesize identified BZT composition with varying amount of substituents e.g.
Pb, Sm and Ca.
» To characterize systematically the materials for physical, structural and electrical
properties (dielectric, ferroelectric and piezoelectric) and,

» Composition-structure-property relationships in synthesized titanate materials.
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Chapter 2

Experimental Aspects

This chapter presents a brief background on the methods of sample preparation and
characterization techniques used for studying various properties (such as structural,
dielectric, ferroelectric and piezoelectric) of BaZry 19Tig.900O3 doped ceramic. The details on
experimental techniques and the characterization equipment used in the present work are
presented in this chapter. Synthesis of ceramic by conventional solid state reaction method

is described.



2.1 Introduction

Ferroelectric ceramics are important electronic materials that have wide range of
industrial and commercial applications. The performances of ferroelectrics are closely
related to the ways they are processed because synthesis methods play an important role
in determining the microstructural, electrical and optical properties of ferroelectric
ceramics. Therefore it is important to understand the various processes take place
during material synthesis. Various routes have been developed to synthesize
ferroelectric ceramics. For the present work, conventional solid state route was adopted.
This requires high calcination and sintering temperature resulting in loss of lead,
lithium due to their high volatilities, thus affecting the microstructure and subsequently
the electrical properties of the ferroelectric materials [1-3]. So study of calcination and
sintering temperature is very essential. The electrical characterization of ferroelectric
ceramics includes electrical conductivity, dielectric constant and tangent loss, ferroelectric
hysteresis loop and piezoelectric properties etc. Discussion on each one of the processes
and the parameters is presented in following sections. Also a brief description about the

synthesis and characterization parameters adopted for the material synthesis is given.

2.1.1 Synthesis of materials (Solid state reaction method)

A number of techniques (conventional and non-conventional) are normally used to

synthesize ceramic materials [4]. Some of them are listed below:
1) Hydrothermal synthesis

i) Spray drying techniques
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ii1) Wet chemical methods
iv) Sol-gel route
v) Solid State reaction route

Solid state route has been adopted for the material synthesis for the present work
which is a conventional and simplest way to prepare ceramic material compositions of
required shapes and electrical properties with cost effectiveness. Usually, polycrystalline
materials are prepared by the solid state route, since it is better, cheaper and productive
[5].The various steps used in solid state reaction route are shown below in the form of flow

chart.
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Figure 2.1. Flow- Chart for conventional solid state route
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2.1.2 Raw Chemicals and Ball Milling

Chemical composition is only one aspect of the specification of raw materials. Raw
materials are evaluated on the basis of their purity and particle size. Impurities of raw
materials affect the reactivity as well as the dielectric and conductive properties of the fired

ceramics, and through these the piezoelectric properties [6]. One aspect of the composition
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that is difficult to specify exactly is the moisture content. It depends on the ambient
humidity, the method of storage and particle size. In this solid state methodology of
preparation, the metal oxides/carbonates of analytical grade (AR grade) were taken as
starting materials. The raw materials used for the present work were BaCOs;, PbO, ZrO,,
TiO,, La;03;, Smy;0O; and CaCO;. These oxide materials were weighed in desired
stoichiometric ratio and ball milled for mixing the raw materials, eliminating aggregates
and/or reducing the particle size. The ball mill used for the present work was conventional
ball milling shown in figure 2.2. Here maximum speed goes upto 80 r.p.m. This can reduce
the particle size to 1-10 pm range [5]. High density zirconia balls and distilled water were
used as milling media. For all the samples the ball milling was done for 16 hours followed
by drying at 130°C. After that dried powder was subjected to calcination [7] (see 2.1.3).
The calcined powder was again ball milled for 8 hours to reduce the particle size which

enhances the densification during sintering (see 2.1.5).

Figure 2.2. Conventional ball milling
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2.1.3 Calcination

Solids usually do not react at room temperature and in order to facilitate the
reaction, they are heated to higher temperature. Solid-state reaction is usually slow because
during the reaction, a large amount of bonds break, and the ions migrate through a solid
unlike gas phase. The limiting factor in a solid state reaction is usually diffusion. So the rate-
controlling step in a solid-state reaction is the diffusion of the cations through the product
layer. Calcination causes the constituent solids to interact by inter diffusion of their ions
and so reduces the extent of the diffusion that must occur during sintering in order to
obtain a homogeneous body. It can therefore be considered to be part of the mixing
process. The calcination conditions are important factor controlling shrinkage during
sintering [5]. In general, four physical processes are involved in the calcination of the raw
materials: (i) Linear expansion of the particles (< 4OOOC) (i1) Solid phase reaction (400-
750°C) (iii) Contraction of product (750-850°C) and (iv)Grain growth (>850°C).
Synthesis of the phase of a compound takes place by solid-phase reaction, which involves
the chemical reaction through atomic diffusion among grains at temperature below the
melting points of the raw materials [8]. It also helps in removing the unwanted gases
(CO; in case of carbonates) and products during the decomposition of the constituent
compounds. Usually, the calcination temperature is chosen high enough to cause
reaction, but low enough to facilitate subsequent grinding. In the materials, having
volatile constituents, the calcination temperature must be kept low enough to avoid loss

of the volatile parts.

36



2.1.4 Compaction

After calcination, the powders are ball milled again for better homogeneity. Further
it is compacted to the desired shape by several compaction techniques. Generally, an
organic binder is incorporated into the powder, for giving sufficient strength to dry shapes,
so that handling between shaping and sintering may not be difficult. One of the most
important requirements of the binder is that it should be possible to remove the binder from
the pressed shapes without any disruptive effect. For the present work, dilute solution of

polyvinyl alcohol (PVA) was used as binder.

The following techniques can be used in forming ceramic powders into a desired shape:

Uniaxial (Die) Pressing
e Isostatic Pressing

e Injection Molding

e Extrusion

o Slip Casting

e Gel Casting

e Tape Casting

Among these different shaping techniques uniaxial pressing was used for the present work
shown in figure 2.3. Uniaxial pressing is carried out in a die with movable top and bottom
punches shown in figure. It is used for giving small simple shapes to the calcined powder.
A cavity is formed at the bottom in lower portion. This cavity is filled with free flowing
granulated powder and then it is struck with the top of the die. With the help of the top-

punch, pressure in the range of 10 ton/sq.in is applied. A lot of care at various levels of
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mixing is needed while using this pressing technique, as samples prepared by this

technique show the mechanical cracks after sintering.

Powder pressing

e ALl stagse Compnetion

Figure 2.3. Uniaxial pressing

2.1.5 Sintering

Sintering converts a compacted powder into a denser structure of crystallites joined
to one another by grain boundaries shown in figure 2.4. During sintering, at an appreciable
temperature, the atomic motion is more violent and the area between grains in contact
increases due to the thermal expansion of the grains and finally only one interface between
two grains remains. This corresponds to a state with much lower surface energy. In this
state, the atoms on the grain surfaces are affected by neighboring atoms in all directions,
which results in densified ceramic [9]. At the beginning of the sintering process, the lattice
distortion and internal strain are reduced by atomic diffusion which is called as ‘the

recovery processes. With further increase in temperature, a recrystallization process takes
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place through atomic diffusion. During recrystallization, new crystal nuclei form and grow
at grain boundaries and in other regions inside the grain with higher free energies.
Meanwhile, some grains grow by swallowing up other smaller grains. In the
recrystallization stage, grain growth is usually realized through the motion of grain
boundaries. In general, higher the sintering temperature, larger the grains would grow, as
the grain growth is caused by atomic diffusion, which increases with the increase in
sintering temperature. Since, the grain growth is caused by atomic diffusion, a higher
sintering temperature and a larger hold time would result in larger grains and result in
highly densed ceramics [10]. The oxide ceramics should be sintered in an oxidizing
atmosphere or in air. Further, in ferroelectric ceramics containing lead, evaporation of PbO
takes place above 800°C and creates a Pb vacancy which affects the material properties
considerably [11]. Thus in order to avoid lead loss, sintering is done in a closed and lead
rich atmosphere.

The factors that affect sintering process are

1. Temperature.

2. Green density.

3. Uniformity of green microstructure.

4. Atmosphere.

5. Impurities

6. Size distribution.

7. Particle size.

A programmable high temperature resistive furnace using silicon carbide heating elements

was used to sinter the ceramic samples. The working area (inside heating zone) is 12"
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Depth x 6” Height x 6” Width and maximum operating temperature is 1550 °C. The sensor
used to measure temperature is a R-type thermocouple. A conventional sintering furnace
was used for the present work shown in figure 2.4. In conventional heating, the cycle time
is often dominated by slow heating rates that are chosen to minimize steep thermal

gradients, which in turn minimize processing induced stresses.
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Figure 2.4 a) Grain growth during sintering and b) sintering furnace
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2.2 Characterization

The samples prepared by conventional solid state reaction technique were
characterized for their structural, dielectric, ferroelectric and piezoelectric properties. The

description about characterization techniques are given below:
2.2.1 Density

In the majority of electrical applications sintered ceramics are required to have
minimum porosity i.e. maximum density. From the application point of view properties
reach their optimum values at the highest density, while porosity in excess of 25-30%
allows the ingress/entrance of moisture leading to many serious problems. However, there
are cases where porosity is desirable: for example, in humidity and gas sensors and where
thermal shock resistance is of overriding importance. Keeping in view the application
potential of these materials for electrical/piezoelectric devices, the compositions developed
in this work have been optimized to obtain a maximum density. For all the samples

experimental density was measured by Archimedes principle shown in figure 2.5.
According to this principle
d =W /(W-W ) g/cc A
Where W, and W,, is the weight in air and water respectively.
For this, the sample was weighed in air and then it was attached to very thin thread and

immersed in water to determine W,,.

With the help of unit cell volume, theoretical or X-ray density (d;) was calculated using

the relation,
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d,=(Z.M)/N.V) g/c 022

where Z is the number of molecules in a unit cell and is equal to 1 for the present system,
M is the molecular weight of the compound, N is the Avogadro’s number value and V' is the

volume of unit cell.

H

Figure 2.5. Density measurement by Archimedes principle

After calculating X-ray density (d;), experimental density (d.,), relative density was

calculated using the relation

P=[(d,-d_)/d,]x 100 (%) ...2.3

Where (100 — P) gives percentage densification or relative density (dej).
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2.2.2 X-ray Diffraction (XRD)

X-ray crystallography is a method of determining the arrangement of atoms within
a crystal, in which a beam of X-rays strikes a crystal and diffracts into many specific
directions. For diffraction applications, only short wavelength x-rays (hard x-rays) in the
range of a few angstroms to 0.1 A (1 keV-120 keV) are used. Because the wavelength of x-
rays is comparable to the size of atoms, they are ideally suited for probing the structural
arrangement of atoms and molecules in a wide range of materials. The energetic x-rays can
penetrate deep into the materials and provide information about the bulk structure [12-
13].From the angles and intensities of these diffracted beams, a crystallographer can
produce a three-dimensional picture of the density of electrons within the crystal. From this
electron density, the mean positions of the atoms in the crystal can be determined, as well
as their chemical bonds, their disorder and various other information. The basic principle
emphasizes that for a fixed wavelength (A), the constructive interference occurs for a fixed
set of an inter planer spacing (d) and at an incidence angle (0) shown in figure6. According
to Bragg’s condition of diffraction:

nA=2d sin0. .24

For a cubic system, the inter planar distance (d) is given by

1 W +k*+77

d’? a’ .25

Combining the above two equations we get a relation, which predict the diffraction angle

for any set of planes, For any set of planes, for a given ‘A’ if the following condition is
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satisfied, we can calculate the h,k and 1 values for at different Sin0 and find out the unit cell

parameter.
Sin?0 = (b4 10+ 1
9= ) .26

Similarly, the relation for a tetragonal and orthorhombic system is

2 2 2 2
sin=% (25 +5) 2.7
2 2 2 2
Sinzﬂ=%(5+%+i_z) .28

For the present work, XRD patterns were recorded using Bruker, D-8 Advance model at
room temperature. Cu-K, (A = 1.54056 A) radiations were used for recording the
diffraction pattern. The diffraction angle, 20[] was varied from 20° to 70°. All the Lattice
parameters (‘a’ and ‘a’) were calculated using the standard formula (2.5) and Powder X

software.

[eidend =-1a7 Beam
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Figure 2.6. Bragg diffraction condition
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2.2.3 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a raster
scan pattern. The electrons interact with the atoms that make up the sample producing
signals that contain information about the sample's surface topography, composition and
other properties such as electrical conductivity. For the present study, this technique has
been used to study the grain size of the ceramic samples. The micrographs also help in
studying and identifying the porosity and uniformity of the samples. Microstructural study

for the fractured surfaces of the studied samples was done using SEM (ZEOL).

2.2.4 Dielectric Properties

Ferroelectric materials are also good dielectrics. For most of the applications of
ferroelectric materials, the relative dielectric constant (¢) and dielectric loss (tand) are
important practical parameters and dielectric properties provide a great deal of information

about the suitability of the material for various applications.

The dielectric constant (g) is the ratio of the capacity of a condenser with that of a
condenser capacity in vacuum. It is a measure, therefore, the amount of electrical charge a
given substance can withstand at a given electric field strength.

The capacitance (C) for a parallel plate capacitor with air being the medium between plates
is given by:

C=¢g) At .29
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Where g is the permittivity of free space and is equal to 8.854 x 102 F/m, A is the area of
electrode and t is the separation between two parallel plate electrodes. When a dielectric
(electrical insulator) is inserted between the plates, the capacitance of the capacitor is
increased by a factor € which is called the dielectric constant of the dielectric material.
Therefore, for a parallel plate capacitor with a dielectric between the capacitor plates, the

capacitance (C) is given by:

C=egoA/t ...2.10

Thus the energy stored in a capacitor of a given volume at a given voltage is increased by
the factor of the dielectric constant when the dielectric material is present. For an
alternating electric field, the dielectric constant can be expressed in terms of real and

imaginary quantities as:
&r = Ereal - iSimag G201

Where, &, is the real component of the dielectric constant, in phase with the applied field.
Eimag 1S the imaginary component and is 90° out of phase with the applied field, caused by
either resistive leakage or dielectric absorption. For normal substances, the value of ¢ is
low, usually under 5 for organic materials and under 20 for most inorganic materials.
Generally, ferroelectric ceramics have much higher &, typically several hundreds to several
thousands [14]. In the present study the dielectric constant (¢) was measured as a function
of frequency and temperature. Dielectric constant (¢) was determined from measured value

of capacitance.

46



The charging current in an ideal dielectric leads the applied voltage by 90° shown in figure
2.7. However, in real dielectrics, in addition to the charging current associated with the
storage of electric charge by the dipoles, a loss current must also be considered. The loss
current arises from the long-range migration of charges, e.g., dc ohmic conduction and the
dissipation of energy associated with the rotation or oscillation of dipoles [6]. As the
dielectric is not loss free, it is generally represented by a complex quantity. The total
current in the real dielectric is a complex quantity which leads the voltage by an angle (90-
d), where 9 is called the loss angle. Dielectric loss (tand) also known as dissipation factor is
defined as tand = €imag/€real. For present study measurement of capacitance and loss tangent
(tand) of the materials were done as a function of ac frequency (20Hz to 1MHz) at room
temperature. These were carried out using Agilent 4284A LCR meter while; measurements
with temperature from (30°C to 300°C) were carried out by using Agilent 4263B LCR
meter interfaced with a PC and programmable temperature controller which is shown in
figure 2.8. The dielectric constant (¢) of the materials at different frequencies were
calculated using the relation ¢ = ¢ C,/5A4, where 4 is the area of the electrode, ¢ is the
thickness of the material, C, is the capacitance measured in parallel mode and &, is the

permittivity of the free space (8.854x10™'% F/m).
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Figure 2.8. Experimental Setup for dielectric of ac measurement system

2.2.5 Ferroelectric Properties

Ferroelectric domains are the regions of the material with uniformly oriented
spontaneous polarization. A very strong field could lead to the reversal of the polarization
in the domain, known as polarization (or domain) switching. This dynamic characteristic of
a ferroelectric domain is anisotropic and depends on temperature and on the applied

electric field [14-15]. The polarization reversal takes place by the growth of existing
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antiparallel domains, by domain-wall motion and by nucleation and growth of new
antiparallel domains [16-17]. The observation of hysteresis loops (e.g., with a modified
Sawyer-Tower circuit [18]) is frequently used for the identification of ferroelectrics is
shown in figure 2.9 and figure 2.10 represents the ferroelectric tracer used in present study.
The system consists of PC, software, programmable voltage source (up to 3 kV) and
silicone oil bath. The set up is shown in figure 2.10. For measurement, specimen is kept in
a spring-loaded jig and immersed in silicon oil. The loop is recorded by the system and the

software computes all the parameter e.g. Ps, Py E.and Ep,x.

+
Ferroslectric QJ{_
sample = —

Q1

—

A.C. Power

[ o S

Figure 2.9. Schematic of modified sawyer-Tower circuit
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Figure 2.10. Experimental setup for ferroelectric hysteresis measurement system

2.2.6 Poling

Poling is a process during which a high electric field is applied on the ferroelectric
ceramic sample to force the domains to reorient in the direction of the applied electric field.
The poling is possible only in ferroelectric materials and poling steps are shown in figure
2.11. Before poling, the ferroelectric ceramic doesn’t possess any piezoelectric and
pyroelectric properties owing to the random orientation of the ferroelectric domains in the
ceramics. For domain reorientation, a poling field must be applied on the sample and
maintained for a certain length of time. For a given field and poling time, better domain
rearrangement results at higher poling temperature. This happened because with the
increase in poling temperature, crystalline anisotropy and coercive field, Ec, of the
ferroelectrics decreases.  Also, with increasing temperature, space charges, which act

against domain motion, decreases in the ceramic.
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Figure 2.11. Poling steps of a ferroelectric material

However, when the poling temperature is too high, problems arise as the electrical
conductivity increases and the consequent increase in leakage current would result in
sample breakdown during the period of poling. After poling, the electric field is removed
and a remnant polarization and remnant strain are maintained in the material, and the
sample starts exhibiting piezoelectric and pyroelectric effects [6]. In the present study the
sample, immersed in oil, was heated to 150°C and an electric field ~ 25 kV/cm was applied
and was kept for 1hr. After that the sample was allowed to cool by switching off the heater

in applied electric field and the field was removed at room temperature.
2.2.7 Piezoelectric Properties

Piezoelectric charge coefficients, d,, and d,, were measured using Piezometer

system of Concord Electroceramics Ind., India. shown in figure 2.13.

Conventionally, d,; is defined as charge per unit force, both in the direction of polarization

of a piezoelectric material i.e.
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d,,=(0D,)/(0T,), 212
where D is the dielectric displacement vector and T is the applied stress vector.
Most powerful measurement of the strength of the piezoelectric effect is the
electromechanical coupling factor k, which reflects the efficiency of a material. It gives us
the measure of the part of the applied electrical energy converted into mechanical energy or

vice-versa and measured by the resonance—antiresonance method using impedance-

frequency data [19].

Mechanical energy converted into electrical energy

K =

Input Mechanical energy

or

Electrical energy converted into mechanical energy

Input electrical energy

Jerye] 100
— Ir/_,—'—\-\.\_\_‘lll «+ i
g' 106K ; ]
=k
D 0m o
", { { e
& 100 I 20
LY
10 &0
1 100

Figure 2.12. Resonance and antiresonance frequencies of a piezoelectric material
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Figure 2.13. Piezoelectric Measurement set-up
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Chapter 3

Synthesis and Characterization BZT (10/90)

The chapter includes study of structural, dielectric and ferroelectric properties of modified
BZT (10/90) electroceramics which is the subject of investigation in the present thesis. The
effect of two-stage sintering on the structural, electrical and ferroelectric properties of BZT

is also discussed.



3.1 Introduction to BZT:

Solid solutions of BaTiO; and BaZrO; (BaTi.,Zr,O;, or BTZ) have been
established as one of the most important compositions for dielectrics in multilayer ceramic
capacitors (MLCs). The high permittivity of the BaTiO; ceramic is increased more by the
addition of zirconium. The dielectric behavior of BaTi;..Zr,O5; ceramics has been discussed
widely in the literature. In the mid-1950s, Brajer [1] and Kulscar [2] showed that, as the
zirconium content increases, the orthorhombic— tetragonal phase transition increases and
the tetragonal- cubic phase transition decreases. The first dependence of the phase
transition temperatures on the zirconium content was shown by Kell and Hellicar [3].
Verbitskaja et al. [4] reported a direct rhombohedral— cubic phase transition for zirconium
contents of, 15%. Other authors have assumed a coexistence of both the orthorhombic and
tetragonal phases within a small temperature interval at the Curie point (7¢). The latter has
been confirmed via detailed investigation [5]. In addition, a broadening of this temperature
range of coexisting crystal structures, relative to decreasing zirconium content, and a
subsequent separation of the structural phases, relative to further decreases in the amount of
zirconium, was observed. Hennings et al. [5] gave an explanation of the temperature
characteristics of the permittivity. Calorimetric measurements at the 7¢ value showed a
clear decrease in the latent heat, disappearing at a zirconium content of, 10%. This
observation leads to a change from first-order to second-order transitions at low zirconium
contents. Further increases in the amount of zirconium results in a stimulated broadening of
the C(7) curve. This phenomenon is due to the increased sensitivity of the ceramic, relative
to local structural transitions in the vicinity of 7¢, which leads to a distribution of Curie

maxima and, thus, a broad, resulting envelope. This phenomenon is called a diffuse phase
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transition (DPT) and appears at zirconium contents of, 13%, according to Hennings et al.
[5] in regard to the dielectric properties, great importance is given to aging by investigators.
Aging is known as the change—generally, a decrease—in electric parameters (permittivity,
loss factor) in the absence of any electrical or mechanical stress. In poled ceramics, aging
occurs in the form of a constriction or shifting of the hysteresis along the field axis by the
internal field [6]. Those aging effects commonly can be reversed completely by heating at
temperatures greater than 7¢. The explicit aging behavior of ferroelectric ceramics is
dependent on several experimental parameters (temperature, frequency, field amplitude,
electrical conditions, etc.), as well as material parameters (composition, dopants, grain size,
thermal treatment, etc.). Generally, aging is assumed to be caused by the decreasing
mobility of the domain walls, which obviously leads to a decrease in the permittivity (g)
and loss factor (tand) with time. Pinning of the domain wall can be achieved via two
different mechanisms: (i) migration of the domain walls to defects, where they get pinned
in extensive potential minima [7,8], or (ii) diffusion of defects to the domain walls, thereby
decreasing their electrostatical and mechanical energy [9,10]. Arlt and co-workers [11-13]
developed the volume model, which involves the alignment of defect dipoles. The
alignment of electrical-defect dipoles, which consist of oxygen vacancies and acceptors, in
the environment of the volume polarization leads to clamping of the domain walls.

Thus, several authors studied the effect of Zr on different properties in BaZr,Ti; O3
but there has been no single study correlating all the properties. Yu et al. [14-15] studied
the piezoelectric and strain properties in the range of x = 0-0.3 for ceramic and in single
crystal for x = 0.05 and 0.08. Moura et al. [16] has recently observed the polarization vs

electric field behaviour of BaZr,Ti; O3 for x = 0.05, 0.10 and 0.15. Nanakorn et al. [17]
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also studied its dielectric and ferroelectric properties in ceramic for x = 0.02, 0.05 and 0.08.
Maiwa et al. [18] studied the dielectric and electromechanical properties for x= 0.10
prepared by conventional and spark plasma sintering. Yu at al. [15] measured highest value
of remnant polarization (22 pC/cm?) in the orthorhombic state for (110) directions. Moura
et al. [16] obtained maximum value of polarization for its rhombohedral state (x = 0.15).
Further more, the Electrical properties of the BT-based ceramics depend strongly on the
microstructure as well as composition. The microstructure of BT can be controlled by two
approaches. First one is by using additives to prohibit the grain growth for obtaining highly
dense ceramics, while the other is using the novel processing technique to modify the
microstructure. Numerous studies on the sintering of barium titanate and thermal expansion
of similar materials have been reported in the literature [19-24]. Substitution of other ions
for host cations at the A or B site in BaTiO; perovskite cell leads to remarkable changes of
its characteristics [25]. By adding oxide groups of softeners, hardeners and stabilizers one
can modify it. Softeners (donors) reduce the coercive field strength, elastic modulus and
the aging effects and increase the permittivity and dielectric constant and mechanical
losses. Doping of hardeners (acceptors) gives higher conductivity, reduces dielectric
constant and increases mechanical quality factor and aging effect [26]. As other BT based
systems, Barium Zirconate Titanate (BZT) solid solutions are also electric field- tunable
dielectrics with potential use in devices for wireless communications as variable capacitors,
phase shifters and voltage-controlled oscillators [27]. The ferroelectric properties of BZT
are largely dependent on the amount of Zr substitution [28].

In this work a study on the structural, dielectric and ferroelectric properties of

BaTig.90Z19.1003 ceramic is carried out to explore their properties and applications. All
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samples were prepared by conventional solid state reaction method. Sintering was done at
four different temperatures (1200, 1250, 1300, 1350°C for 4h) with a uniform heating rate
of 5°C/min. Effect of Two-stage sintering on various properties of the BZT ceramics is also

discussed.

3.2 XRD analysis of BZT (10/90)

The X-ray diffraction patterns for BZT calcined at 1000°C and sintered at 1200,
1250, 1300 and 1350°C for 4 hrs are given in Figure 3.1. For calcined BZT powder, some
extra peaks of BaO.ZrO, can also be observed along with the peaks indicating the
formation of perovskite BaTiOs. This is due to the chemical stability of the Zr*" ion as
compared to Ti*". The solubility can be enhanced by activating the reaction which can be
done either by calcinations at some higher temperatures or sintering at high temperature
until one get the single phase. In the present study, BZT powder calcined at 1000°C was
further sintered at four different temperatures from 1200 to 1350°C. A different kind of
reaction mechanism with many intermediate components was observed. BZT with
perovskite rhombohedral phase was formed at 1350°C.

3.3 Scanning Electron Microscopy (SEM)

Figure 3.2 shows the scanning electron micrographs (SEM) of BZT (10/90) sintered
at four (1200, 1250, 1300 and 1350°C) different temperatures. The SEM measurements
were carried out on cross sectional part of the freshly broken samples. As it is very difficult
to remove the porosity in case of ceramic samples prepared by oxides and carbonates but it
can be controlled by changing processing parameters. In the present case the average grain

size increases with increasing the sintering temperature.
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Figure 3.1(a). XRD patterns of BZT (10/90) sintered at different temperatures
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Figure 3.2 SEM micrographs for BZT sintered at different temperatures
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3.4 Dielectric Properties

3.4.1 Variation of Dielectric Constant and tangent loss with frequency

Dielectric properties under the application of low alternating field were studied by
using Agilent 4284A LCR meter. Figure 3.3 shows variation of dielectric constant (¢) and
tangent loss (tand) over a frequency range (20Hz to 1MHz) for the ceramic samples
sintered at different temperatures. Variation of ¢ and tand with frequency of the applied
field shows a general trend as that for any ferroelectric. € and tand decreases with increase
in frequency and becomes approximately constant for frequencies greater than 10 kHz. A
higher value of the dielectric constant at low frequency is due to the presence of all types of
polarizations (i.e., electronic, ionic, dipolar, interfacial, etc.) in the material samples near
room temperature. Since electronic polarization dominates over all other polarizations at
higher frequencies, the value of dielectric constant decreases with increase in frequency
[38]. Large dispersion in & and tand can be observed for BZT samples sintered at
temperatures lower than 1350°C. The high value of dielectric constant at lower frequencies
is attributed to the effect of heterogeneity of the samples like pores, impurities and grain

structure etc [39].
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Figure 3.3 Variation of € and tand with frequency

63



3.4.2 Variation of € and tano with temperature

Figure 3.4 shows the variation of € with temperature in the range of 30°C to 160°C
at four different frequencies (100Hz, 1, 10 and 100 kHz). Dielectric maxima peaks can be
observed at a certain temperature ‘Tp,,x" showing the ferroelectric to paraelectric transition.
In case of BZT samples sintered at temperature lower than 1350°C, a small hump in the
dielectric vs temperature graph can also be observed. This corresponds to the ferroelectric
to ferroelectric transition (orthorhombic-tetragonal; T,.). In barium titanate based ceramics,
lower transition temperatures orthorhombic/tetragonal ‘Toi’ and
rhombohedral/orthorhombic ‘T,.,” occurs at 0°C and -90°C respectively. Substitution of
chemically stable and larger zirconium ‘Zr*" for smaller titanium ‘Ti*"* affects the various
transition temperatures in different fashions. It increases ‘T,.” and ‘T, at a rate of 7°C
and 18°C per mol % respectively where as decreases Tpax at a rate 5.3°C per mol% [37].
Due to its larger ionic radius, Zr*" ions need higher energy to get activated for diffusion.
This can be done by increasing the sintering time or temperature. In the present case, small
hump in dielectric constant and T, approaches each other as the sintering temperature
increases. Finally one can observe only one dielectric peak at 92°C for BZT sample
sintered at 1350°C as per literature. This can be attributed to the increase in diffusivity of
Zr*" ion with increase in sintering temperature. As the sintering temperature increases more
and more Zr*" ions get fit into the Ti-site and increase the unit cell volume and lattice
parameter. Also the B-O bonds get weaken resulting in decreased stresses and finally

decreases the Tyax from 128°C to 92°C.
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The room temperature dielectric constant increases with increase in sintering temperature
upto 1300°C while decreases for sample sintered at 1350°C. This is due to the shifting of
lower transition temperature T, towards higher temperature. Increase in gy,,x can be related
to increased grain size [40]. Figure 3.5 shows the comparative dielectric behavior of BZT

sintered at different temperatures under low alternating field of frequency 100 kHz.
3.5 Ferroelectric Properties

The PE loops recorded for BZT samples sintered at different temperatures are
shown in figure 3.6. Various ferroelectric parameters like coercive field (E.), remenance
(P;) and maximum polarization (Py.) are given in Table 3.1. It was observed that E.
decreases as sintering temperature increases whereas P, and P, increases with increase in
sintering temperature. All this can be attributed to the increase in grain size with increase in
sintering temperature. Because for finer grains (grain diameter around 1.5pm), under the
same electric field, the absolute value of the strain decreases and the hysteresis becomes
smaller [40]. This is explained by the increase in coercive field for 90° domain rotation
with decreasing grain size. The grain boundaries “pin” the domain walls and do not allow
them to move easily. For BZT ceramics sintered at 1200 and 1250°C grains are very small,
thus they have comparatively larger E.. The increase in P; and Py,,x may be due to the
development of multidomains inside the grains as the grain size increases. Also the
diffusion of Zr to the lattice site is enhanced as the sintering temperature increases. Thus
the compositional in-homogeneity decreases with increase in sintering temperature, which

results in better ferroelectric properties.
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Table 3.1. Ferroelectric properties of BZT sintered at different temperatures

Sintering
Temperature 1200 1250 1300 1350
(°C)

E. (kV/cm) 1.6 1.53 1.50 1.18
P, (nC/cm?) 0.71 1.50 2.07 2.90
Poax (0C/cm’) 6.96 9.83 10.45 12.44
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Figure 3.6 PE hysteresis loops for BZT (10/90) sintered at different temperatures
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3.6 Two-stage Sintering of BZT (10/90)

The electrical properties of the BT-based ceramics depend strongly on the
microstructure as well as composition. The microstructure of these ceramics can be
controlled by two approaches. First one is by using additives to prohibit the grain growth
for obtaining highly dense ceramics, while the other is using the novel processing
technique to modify the microstructure. Numerous studies on the sintering of these
ceramics and thermal expansion of similar materials have been reported in the literature
[41-43]. Being a simple and low-cost technique the two-stage technique is opted for the
fabrication of the BaZrg¢Tip9O3 ceramics. The effect of two-stage sintering on
densification, microstructure, dielectric and ferroelectric properties of the ceramics is
investigated along with the comparison to the normal sintering technique. Normal sintering
was done in alumina crucibles at temperature 1350°C with a heating rate of 5°C/min. In
two stage sintering, sintering was done firstly at 1150°C (t;) and then followed by different

firing temperature (t;) 1350°C. The two sintering profiles are shown in figure 7 (a)-(b).

(a) (b)

t

t

v
v

Time (hrs) Time (hrs)

Figure 3.7 (a) First Sintering Step (b) Second Sintering Step
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3.6.1 Effect on Structural Properties

Samples prepared by normal and two stage sintering were subjected to X-ray
diffraction analysis in order to confirm single phase formation. Figure 3.8 shows the X-ray
diffraction patterns for both the samples and confirms the pure perovskite phase with
rhombohedral structure. The crystallite size of the polycrystalline samples was calculated
from the FWHM (B;/,) of the predominant reflections in the XRD pattern using Scherrer’s
formula:

P = 0.89M/( Bi2c0s0)
The values of lattice constant (a), broadening (B,2) and crystallite size (P) for both samples

are given in table 3.2 for comparison. Microstructural features of normally and two stage

sintered samples are shown in figure 3.9.
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Figure 3.8 XRD patterns for normally and Two-stage sintered BZT (10/90)
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Table 3.2 Structural and electrical parameters of normally and two-stage sintered samples

Parameters Normal sintering Two-stage sintering
1350°C 1150/1350°C

Lattice constant, a (A) 3.9808 3.9839

FWHM, B, (degrees) 0.8272 09191

Particle size (A) 104 94

X-ray density (g/cc) 6.25 6.24

Experimental density (g/cc) 5.49 5.85

Relative density (%) 87.8 93.8

T. (°C) 92 82

& 1912 2036

Emax 7748 7884

tand, 0.045 0.019

tandmax 0.036 0.030

Y 1.78 1.59

E.(eV) (T<T,) 0.42 0.45

E.(eV) (T>T,) 0.67 0.90

3.6.2 Effect on Dielectric Properties
Variation of dielectric constant at four different frequencies (100 Hz, 1, 10 and 100 kHz)
with temperature for normally and two stage sintered samples is shown in figure 3.9. Both

the samples show dielectric dispersion at low temperatures and large dispersion for
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normally sintered sample was observed as compare to that for two stage sintered sample.
For both the samples, dielectric constant first increases with increase in temperature,
reaches to a maximum value at Curie temperature and then decreases with further increase
in temperature indicating ferroelectric-paraelectric phase transition. Comparison of
dielectric constant and tangent loss at 100 kHz is shown in figure 3.10. From figure, it is
clear that two stage sintering results in enhanced room temperature dielectric constant.
Also, there is improvement in tangent loss value for two stage sintered sample as shown in
figure 3.10. Figure 3.11 shows the frequency dependence of dielectric properties for both
the samples. The dielectric constant decreases with increase in frequency and this decrease
is rapid for lower frequency region because as the frequency increases, ionic and
orientation polarizations decrease. The variation of tangent loss with frequency shows
similar dispersion as that of dielectric constant with frequency. Values of T., room
temperature dielectric constant (g;), dielectric maxima (&yax) and maximum dielectric loss

(tandy,ax) for both samples are given in table 3.2.
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Figure 3.11. Variation of ¢ and tand with frequency at room temperature
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The ac conductivity (c,.) of both samples at different temperatures was calculated from the
dielectric data using the relation:

Oac = £€,tAN0

where o is angular frequency and g, is the permittivity of free space. The temperature
dependence of o, at 100 kHz is shown in figure 3.12. It exhibits an increase in conductivity
with increase in temperature up to T, which may be due to increase in polarizability and
above T, there is a fall in o, data which indicates a typical behavior of the dc component
in the conductivity [44]. The activation energy (E,) required for charge conduction was
obtained by Arrhenius relation

Oac = G0eXp(-Eo/kT)

Where o, is temperature independent constant and k is Boltzmann constant. The values of
activation energy of both samples are given in table 3.2. The degree of diffusiveness for
both the samples was calculated using the formula

In(1/e-1/emax) =y In(T-T;) + a

where, €max 18 the value of dielectric constant at T, The value of y lies between 1 and 2,
where v = 1 is for ideal Curie-Weiss behavior and lies between 1 and 2 for diffused phase
transitions [14, 45]. The calculated values of y are given in table 3.2 and it is observed that

vy is small for two stage sintered sample i.e. degree of disorderness decreases.
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Chapter 4

Synthesis and Characterization of Substituted BZT 10/90

Ceramics

BZT 10/90 ceramics substituted with Pb”", Zr*" and Ca’" were synthesis by conventional
solid state reaction method. Samples were sintered at 1300°C and subjected to XRD and
SEM analysis to get structural information. The prepared samples were also studied for

their dielectric, ferroelectric and piezoelectric properties. The obtained results were

correlated and discussed in this chapter.



4.1 Introduction

BaTi; «ZrsO3 (BZT) ferroelectric ceramics with low dielectric loss are used in the
fabrication of ceramic capacitors as Zr*" is chemically more stable than Ti*" [1-3]. It has
been observed that a suitable substitution at different atomic sites of any ferroelectric
structure usually has a dramatic effect on physical properties of materials. By selecting
suitable substituent ions for Ba site or Ti site, many physical and electrical properties can
be modified which can be useful for device fabrication such as computer memory and
display, sensors, modulator, etc. The nature of ferroelectric phase transition at the transition
temperature of BZT bulk ceramics is known to change strongly with Zr content. For x >
0.08, BaTi;xZryO3 ceramics show a broad dielectric constant temperature curve near
transition temperature [4-8]. It has been reported that Pb substituted BZT ceramics exhibit
improvements in tangent loss, dielectric constant and ferroelectric properties. It is also
reported that calcium substituted BZT ceramics exhibit a broad dielectric constant

temperature curve near T, with high value of dielectric constant [9].

4.2 Pb*" Substituted BZT (10/90) (A-site Substitution)

Polycrystalline ceramic samples with compositions Ba;  Pby Zrg19Tig9003 with
0<x<0.20 in the steps of 0.05 were prepared by conventional solid state reaction technique.
Since lead is volatile and hence in order to reduce the lead loss during sintering, Pb-
substituted BZT ceramic samples were sintered at 1300°C for 4 hours in lead rich

environment.
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4.2.1 Physical and Structural Properties

For all the samples, XRD patterns were recorded. Figure 4.1 shows the X-ray
diffraction (XRD) patterns for all the sintered samples. The presence of sharp single peaks
of varying intensity in the XRD pattern indicates formation of single phase polycrystalline
samples. All the peaks in the XRD pattern could be indexed and the lattice parameters were
determined using interplanar spacing ‘d’. The lattice parameters were calculated using
powder “X” software [10]. It has also been reported that there are mainly three stages of
substitution of foreign ions in barium titanate based materials. In the first two stages,
replacing ions replaces the original ions located in the lattice on the A or B site. In the third
stage a secondary phase appears which indicates the insolubility of doped ions due to over
limit of substitution [11,12]. The ionic radii of Ba®" or Pb*" in 12 coordinates are 1.75 A
and 1.63 A respectively [13]. Therefore, Pb** can occupy A site in BZT solution. It can be
observed from the XRD pattern that as the amount of Pb>" is increased, the main peak
(110) is shifting towards the lower angle side which indicates the increase in the lattice
constants.

From figure 4.1, it can also be observed that the peak (at 20 = 45 degree) is splitting
as amount of Pb®" ion increases which reveals that structure of material is changing and
tetragonality is increasing with increasing amount of Pb**. The samples with x = 0 and 0.05
were found to have rhombohedral and orthorhombic structure, respectively. Further
increase in x causes the change of structure from orthorhombic to tetragonal. Variations in
lattice parameters (a, b and c) and tetragonality as a function of x are shown in figure 4.2.

For all the compositions the calculated lattice parameters are shown in Table 4.1.
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The experimental density ‘dey,’, theoretical density ‘dy’, relative density ‘dei” and
apparent porosity of Pb substituted BZT (10/90) are given in table 4.2. The relative density
is found to increase with the increase in Pb substitution. This may be because of
substitution of high density PbO to the selected BaZr Ti; O3 matrix. However, the
tetragonality and relative density is found to increase with increase in Pb substitution to
BZT (10/90). The average grain size is found to increase upto 15 mol%, whereas, it

decreases for x equal to 20 mol%. The SEM micrographs for all the samples are given in

figure 4.3.
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Figure 4.1 XRD patterns for Pb-substituted BZT ceramics
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Figure 4.3 SEM images of Pb-substituted BZT ceramics
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Table 4.1 lattice parameters, c/a and structure for all values of x

X a a () b (A) c(A) Structure c/a
(degree)

0 89.59 4.0149 4.0149 4.0149 | Rhombohedral 1.0000
0.05 90 3.9921 4.0119 4.0236 Orthorhombic 1.0079
0.10 90 3.9997 3.9997 4.0356 Tetragonal 1.0089
0.15 90 3.9999 3.9999 4.0439 Tetragonal 1.0110
0.20 90 4.0000 4.0000 4.0542 Tetragonal 1.0136

Table 4.2 Relative density (d.]) and apparent porosity (P) of Ba;xPbxTig.90Z10.1003 for all

values of x
X dexp din da Porosity Av. Grain
(g/co) (g/co) (%) (%) Size (pm)
0 4.83 6.09 79.3 20.7 6.37
0.05 5.32 6.21 85.7 14.3 8.79
0.10 541 6.29 96.0 14.0 10.21
0.15 5.55 6.37 87.13 12.87 12.12
0.20 5.78 6.44 89.75 10.25 6.7

4.2.2 Dielectric Properties

Figure 4.4 shows that dielectric constant (¢) and loss tangent (tand) decreases
with increase in frequency, which is general behavior of a ferroelectric. A higher value of
the dielectric constant at low frequencies is due to the presence of all types of polarizations
(i.e. electronic, ionic, dipolar, interfacial etc.) in the material near room temperature. Since

electronic polarization dominates over all other polarizations at higher frequencies, the
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value of dielectric constant decreases with increase in frequency [14]. Figure 4.5 shows the
variation of dielectric constant with temperature at four different frequencies (100 Hz, 1k,
10k and 100 kHz). The dielectric properties were measured as a function of temperature up
to well above the transition temperature, T, of the corresponding samples. The dielectric
constant increases with increasing temperature and shows a peak which is characteristic of
ferroelectric materials. The dielectric constant does not show much dependence on
frequency at temperatures below T, but the effect of frequency becomes pronounced as the
temperature approaches T.. The temperature dependence of the dielectric constant and tand
for all x measured at 100 kHz is shown in figure 4.6. For ceramic sample with x = 0.05
another smaller dielectric peak was observed at temperature lower than T.. This hump
corresponds to orthogonal to tetragonal phase transition for the material [15]. This may be
attributed to the fact that substitution of Pb>" for Ba>" decreases ferroelectric to ferroelectric
phase transitions (T., or T,) towards lower temperature. For samples with x > 0.05 no
such peak is observed which indicates that material phase is tetragonal at room temperature
[16]. The confirmation of the phase with different structures has already been discussed in
Table 4.1. Increase in tand with increase in temperature may be due to conduction losses
[17]. From the comparative plot of dielectric constant with temperature it can be observed
that T, shifts towards higher temperature with increase in x which is an expected result of
Pb*" substitution. Since sample with x = 0.05 have bigger grains, long range ordered
polarization may occur resulting in dielectric peak with greater height as compared to
samples with other values of x. Large sized grains can be achieved for other values of x by
sintering the material samples at temperature higher than 1300°C [18]. Volatile nature of

lead is a limiting factor for sintering temperature. Greater stability of dielectric constant
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over a certain range of temperature can also be observed for samples with higher values of
x. This is also an expected result of Pb>" substitution. Tangent loss is found to decrease
with increase in Pb>" content. Figure 4.7 shows the variation of room temperature (at 30°C)
dielectric constant and T, of the samples as a function of x. T, increases with increase in x
while room temperature dielectric constant increases upto x = 0.10 and then decreases for x
greater than 0.10. Observed behavior of room temperature dielectric constant upto x = 0.10

because of shifting of T,., and T, towards lower temperature.
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4.2.3 Ferroelectric and Piezoelectric Properties

Well saturated PE loops for all x are shown in figure 4.8. Increasing width of loop
with x indicates that Pb>" is acting as hardener for the selected BZT system and coercive
field is increasing. The increase in coercive field indicates the formation of 90° domains in
the material with Pb substitution. The variation in coercive field (E.), remanent polarization
(P;) and ratio of remanent to spontaneous polarization (P,/Ps) with x are shown in table 4.3.

The increase-decrease in P, and P,/Ps may be due to transition in phase of the material from
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rhombohedral to tetragonal and other intrinsic factors like dipole moment and grain size etc
[19,20].

Figure 4.9 shows the variation of E., P, and P,/P; with temperature for all x.
However, a decreasing trend in E; could be noticed for x = 0, which indicates that the
dipoles are becoming less stable with increase in temperature. While, for higher values of x
this decrease is prominent only at higher temperatures (as T approaches T.). This may be
due to presence of 90° domains, which can be perturbed only at higher temperatures. Thus,
all the prepared materials soften after heating. The increase in P,/P is mainly due to
increase in internal energy caused by thermal excitation leading to greater dipole alignment
[21]. Thus the value of E. and P,/P; falls with increase in temperature and indicates that the
phase is changing from ferroelectric to paraelectric.

Typical plot for the calculation of electromechanical coupling factor ‘k,’ is given in
figure 4.10 (for x = 0.05). Piezoelectric charge coefficient ‘ds;;> and planar
electromechanical coupling factor ‘k,’ is found to vary with x. The variation with x is given
in figure 4.11. Improvement in ds3 is observed with increase in x. However, k, values
remain smaller and changes in an irregular way. The charge coefficient ‘ds3’ increases
sharply as x increases to 0.05, but for x greater than 0.05, there is a very small increase.
Since the piezoelectric properties are strongly dependent on microstructure, hence sharp
increase in ‘ds3’ can be related to density variation. Relative density increases sharply up to
x = 0.05 and for x greater than 0.05, this increase is not sharp. Two factors, intrinsic
(related to lattice cell deformations) and extrinsic (domain wall motion, grain boundary,
etc) affect the piezoelectric properties [22-24]. However with increase in tetragonality, the

internal stresses increases and favors the dipole formation. As the ceramic samples are
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sintered at 1300°C for 4 hrs. Thus, the small increase in relative density and ds; above x =
0.05 can be related to increasing amount of Pb, which causes increase in density of Pb
vacancies at the grain boundaries in comparison to grain body. The increase in density of
vacant sites at grain boundaries may also be responsible for increase-decrease in k.

Extrinsic factors may be the cause for higher values of x.
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Figure 4.8 PE loops for all x at 30°C

X E. P, P,/P,
(kV/em) | (nC/cm?)

0 2.17 5.25 0.42
0.05 2.67 7.47 0.41
0.10 3.80 5.23 0.38
0.15 6.63 6.16 0.47
0.20 9.06 4.69 0.49
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4.3 Zr*" Substituted Bag goPby 1o TiO; (B-site Substitution)

BaggoPbo2oTixZ1x03 (BPZT) ceramics were prepared by solid-state reaction

technique using the following chemical reaction:

080B3CO3 + 0.20PbO + (I-X) T102 + XZI'OQ_> Bao.gopbo.onil_xZI'XO3 + COzT

(1)

with x ranging from 0 to 0.10 in the steps of 0.02.

The compacted discs were sintered at 1300°C for 4 hrs with constant
heating/cooling rates of 5°C/min. To minimize lead loss, sintering was carried out in closed
alumina crucibles. To provide lead rich atmosphere, PZT powder was also placed in a

alumina boat inside the crucible.

4.3.1 Physical and Structural Properties

Figure 4.12 shows X-ray diffraction (XRD) patterns of the BaggoPbg20T1.xZ1xO3
ceramics with different Zr concentration at room temperature. In figure, all the peaks in the
pattern correspond to perovskite phase with tetragonal structure. From the observed d-
values lattice parameters ‘a’ and ‘c’ were computed. Tetragonality (c/a) is found to
decrease with increase in x. Tetragonality as a function of x is shown in figure 4.13.

Table 4.4 shows the variation of lattice parameters and structure of the BPZT
ceramics as a function of Zr content. Theoretical (dy,) and experimental (d.xp) densities of
all the samples of Bag goPbo20Ti;.xZ1r,O; ceramics sintered at 1300°C are given in table 4.5.

The calculated theoretical (X-ray) density was found to decrease with increase in x. As,
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expected the experimental density also decreases with the increase in x. This is due to the
reason that Bag goPbg20T1;xZ1xO3 ceramics with x = 0.00 composition is easy to sinter than
sample with x = 0.10 at 1300°C for 4 hrs. SEM micrographs of Bag goPbg0Til xZr,O3 were
taken for all values of x and are given in figure 4.14. The variation of average grain size of
Bay goPbg2oTil xZryO3 ceramics as a function of x is shown in figure 4.15. Average grain
size is found to decrease when x increases from 0 (17.7 pm) to 0.02 (2.4 pm) whereas it is
found to increase with further increase in the values of x. This shows that it is easy to sinter
Bay goPbg20Til xZ1r,O3 ceramics with x = 0.00 in comparison to ceramics with other values
of x. To achieve ceramics with high density and larger grain size, ceramics can be
synthesized by increasing sintering temperature or time of sintering. The substitution of

lead (Pb) limits the sintering temperature of all the compositions [25,26].
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Figure 4.12 XRD patterns of Bag goPbg20T1;xZ1xO3 for x = 0.00, 0.02, 0.04, 0.06, 0.08 and

0.10 recorded at 25°C
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Table 4.4 lattice parameters ‘a’ and ‘c’, dep, dm, relative density (dei) and apparent

porosity (P) of Ba; xPbyTig.99Zro.100O3 for all values of x

X a (A) c(A) dexp dey d,e Porosity
(g/cc) (g/cc) (%) (%)

0 3.9760 4.0552 6.33 6.76 93.64 6.36
0.02 3.9750 4.0542 5.93 6.43 92.22 7.78
0.04 3.9755 4.0541 5.87 6.45 91.01 8.99
0.06 3.9755 4.0382 5.85 6.50 90.0 10.00
0.08 3.9861 4.0435 5.81 6.48 89.66 10.34
0.10 4.0000 4.0542 5.78 6.44 89.75 10.25
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4.3.2 Dielectric properties

Figure 4.16 shows the variation of dielectric constant (&) of BaggoPbg20T1;xZ1xO3
(BPZT) with frequency for all values of x at room temperature. The BPZT composition
with x = 0.00, shows the lowest dielectric constant. The dielectric constant increases with
Zr substitution. Maximum value of dielectric constant is for x = 0.10 composition. The
increase in dielectric constant with increase in value of x may be due to the decrease in
tetragonality. The decrease in tetragonality results in increased polarization and thereby
dielectric constant.

A small decrease in € is observed with respect to frequency for all the samples,
whereas pronounced dispersion is observed at higher frequencies for tand. The higher value
of dielectric constant at lower frequencies is due to the presence of various types of
polarization mechanism. Dielectric loss (tand) increases with frequency in the higher
frequency range. This increase in tand in the higher frequency range is due to some
extrinsic loss phenomena [27,28]. This is to be noted that the frequency dependence of
permittivity shows a small decrease in dielectric losses are very low for all the
compositions in the bulk ceramics at small frequencies. The investigated materials are
suitable for low loss application in the above given frequency range.

The dielectric properties for all samples were measured as a function of
temperature, well above the transition temperature, T., at four different frequencies.
Dielectric constant increases with increasing temperature and shows a peak which is
characteristic of ferroelectric materials. The variation is shown in figure 4.17. From the
dielectric constant vs temperature plot transition temperature is determined. It has been found

that transition temperature decreases with increase in zirconium contents. The Curie point,
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room temperature dielectric constant and maximum dielectric constant (at T;) for the sample
with composition BaggoPbg20TiO; are 217°C, 265 and 3390, respectively, measured at 10
kHz. Variation of dielectric constant with temperature for different zirconium contents at a
single frequency (10 kHz) is shown in figure 4.18, whereas, variation of T, with x is shown
in figure 4.19.

From figure 4.18, it is clear that in general maximum value of dielectric constant
decreases with increasing zirconium contents and may be attributed to the decrease in
tetragonality. However, the broadening of the peaks increases with increase in zirconium
substitution, which is a characteristic of diffused phase transition. This may be due to
disorder in the arrangement of various atoms, leading to a microscopic heterogeneity in the
composition, and thus a distribution of different local Curie points [29]. The structural
disorder arises due to the presence of a number of voids and impurities of different sizes.
Values of tand at room temperature and T, are given in table 4.5. Variation of T, with x is
given in figure 4.19. At room temperature (RT), the value of tand decreases with increasing x
and it is between 0.6% and 1.6% which is good value for any application point of view. The
temperature dependence of Dielectric loss for all the samples at 10 kHz is shown in figure

4.18.
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Table 4.5 Variation of dielectric constant and tand with different values of x

X T. (°C) g(at RT) tand (at RT) e (at T;) tand (at T.)
0.00 217 265 0.016 3390 0.026
0.02 208 375 0.011 3525 0.026
0.04 197 390 0.011 3590 0.017
0.06 173 495 0.010 3390 0.033
0.08 159 580 0.009 3480 0.035
0.10 140 675 0.006 3220 0.021
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4.3.3 Ferroelectric Properties

All samples showed well defined ferroelectric behavior at 20 Hz and the P-E
hysteresis loops of all the samples recorded at room temperatures are shown in figure 4.20.
The ratio of remanent polarization (P;) and spontaneous polarization (Ps) (P,/Ps) indicates the
squareness for the loop. The remanent polarization and P,/Ps are found to increase with
increase in temperature, whereas the coercive field (E.) for all the samples decreases with
increase in temperature. The increase in P; is mainly due to increase in internal energy caused
by thermal excitation leading to greater dipole alignment. The increase in Py, Pyax and P,/P
ratio with increase in temperature is shown in figure 4.21 (a-c), whereas figure 4.21 (d)
shows the decrease in E; with temperature for all samples. Decrease in coercive field with

temperature shows that the material softens on heating.
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The values of remnant polarization and coercive filed determined from the P-E
loops are given in table 4.6. It can be seen that coercive field and P,/P; ratio decrease with
increase in zirconium content. P, decreases for 2 mol% Zr, followed by an increase from 4
mol% to 6 mol% Zr, and it then decreases again with further substitution of zirconium. This
behavior can be correlated with the grain size variation and porosity, which also shows the
same trend with the substitution of zirconium as shown in figure 4.14.

We know that E. increases with the decrease in the grain size as each grain is
mechanically clamped by its surroundings. This clamping effect, in addition to the
mechanical stresses accompanying 90° domain rotations, tends to impede the polarization
reversal process, and hence, apparently results in an increase in E [21,27]. The decrease in P,

from x=0.06 to x=0.10 is due to presence of pores in addition to the increase in grain size.
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Table 4.6 Coercive field (E.), remnant polarization (P;) and P,/P; ratio for all values of x

X E. P, P./Pg
(kV/em) | (nC/cm?)

0 14.82 6.04 0.658
0.02 13.55 4.41 0.643
0.04 12.23 6.03 0.621
0.06 10.15 7.07 0.566
0.08 9.05 4.58 0.488
0.10 7.98 4.40 0.463

4.4 Caz+ Substituted Bao.sopb()_oniO.g()Zl’O.1003 Ceramics

Calcium modified BPZT ceramics with compositional formula Bagg.
xCaxPbg20Ti9.90Z10.1003 (x = 0, 0.10 and 0.20) were synthesized by solid state reaction route.
These samples were sintered at 1300°C and characterized for structural, dielectric and

ferroelectric properties. The results are discussed here.

4.4.1 Physical and Structural Properties

X-ray diffraction patterns for all the sintered samples are shown in figure 4.22. The
analysis reveals that samples have single phase with perovskite tetragonal structure. Shifting
of peaks towards higher angle side with Ca substitution indicates that the smaller Ca*"

(1.48A) ions replace the larger Ba® (1.75A) ions [30]. This indicates that lattice parameter
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decreases with the increase in x. The value of lattice parameters (c and a) are given in Table

4.7. SEM micrographs of fractured cross-sectional region are shown in figure 4.23.

Table 4.7. Lattice parameters (a,c), relative density and dielectric properties (at 100 kHz)

Figure 4.22 XRD patterns of Bag g9-xCaxPbg 20Ti9.90Zr0.1003 ceramics
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X c a relative T max ERT tanogrt €max tanodTmax
A) (A) | density | (°C)
(%)
0 4.0542 | 4.0000 | 89.75 148 1375 0.04 5985 0.025
0.10 4.0206 | 3.9838 86.65 142 970 0.002 7930 0.010
0.20 4.0004 | 3.9607 85.83 142 950 0.012 4970 0.009
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Figure 4.23 SEM micrographs of sintered Bay g9.xCaxPbg20Tig.90Z10.1003 ceramics
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4.4.2 Dielectric Properties

Variation of dielectric constant and tand with frequency at room temperature is
shown in figure 4.24. Contribution from various polarizations (space charge, ionic,
orientational and electronic polarizations) results in high dielectric constant at lower
frequencies. Because mass of electrons is lower than ions thus they can oscillate at field
with higher frequencies. This lower value of dielectric constant at higher frequencies is due
to the contribution from only electronic polarizations. Also, tand decreases with increase in
frequency upto 100 kHz [31]. However, a slight increase in tand can be observed at
frequencies higher than 100 kHz, which may be due to some extrinsic factors. Variation of
dielectric constant with temperature for all samples at four discrete frequencies (100 Hz,
1k, 10k and 100 kHz) is shown in figure 4.25. Observed dielectric peaks show their typical
ferroelectric behavior and from these peaks, we can found ferroelectric to paraelectric
phase transition temperature (Tyax). Tmax for all values of x are given in Table 4.8. A small
decrease in Tyx can be observed for both x = 0.10 and 0.20. Maximum height of dielectric
peak is observed for x = 0.10 whereas for x = 0.20 dielectric peak gets broaden, as is
expected. However this broadening of peak may be due to micro compositional
fluctuations result in different local transition temperatures which also resulting in decrease
in dielectric maxima [32,33]. Observed values of room temperature dielectric constant
(erT), tandgT, dielectric maxima (€max) and tangent loss at Tax (tandtmax) are given in Table
4.8. Room temperature dielectric constant decreases when x increases from 0.0 to 0.20.
This may be due to the fact that calcium substitution for barium strongly lowers the
tetragonal-orthogonal transition temperature. Thus temperature stability of dielectric

properties of BZT based ceramics gets improved for many engineering applications. A
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marked improvement in tangent loss can be achieved by calcium substitution. Thus
calcium modified BZT materials are potential candidates for dielectric applications like
capacitors. Ceramic sample with x = 0.10 has minimum value of tand (0.2%) which is

rarely reported in literature.
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Figure 4.24 Variation of dielectric constant and tand with frequency
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Figure 4.25 Variation of Dielectric constant with temperature

4.4.3 Ferroelectric and Piezoelectric Properties

P-E hysteresis loops recorded at 30°C are shown in figure 4.26. From the hysteresis
loops various parameters like E., P, and P..x were determined. Composition with no
calcium content shows memory type P-E loop. But the squareness of P-E loop improves
with calcium substitution. This squareness can be determined by ratio of remanent
polarization to spontaneous polarization (P,/Ps). Improvement in P,/P; indicates that
material sample can be used as a better memory device. Variations in E,, P; and P,/P; for all
values of x are given in table 4.8. It has been observed that sample with calcium content
equal to 10 mol% have maximum value of E., P, and P,/Ps ratio. For calcium content

greater than equal to 20 mol% value of these different parameters decreases. This may be
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due to the formation of extra phases. Figure 4.27 shows P-E loops of samples with x = 0.10
and 0.20 at different temperatures. Shrinkage in the loops can be observed as temperature
increases and finally ferroelectric nature diminishes at temperatures above tetragonal to
cubic transition temperature (Tyay). P-E loop for x = 0.10 at 120°C shows a high P, with
smaller E.. Also, fast switching can be observed at this temperature. Variations of E, P,,
Piax and P,/Pg with temperature for all values of x are shown in figure 4.28. E. decreases
with increase in temperature whereas in P, increases for a certain range of temperature and
then it decreases for temperature. Decrease in E. shows that the material softens on heating.
Increase in P, is mainly due to increase in internal energy caused by thermal excitation
resulting in greater dipole alignment. Existence of polarization beyond T, may be due to
induced polarization. In sample with x = 0.10, P,/Ps is found to be stable over a certain
range of temperature and it decreases as temperature approaches T.. Piezoelectric charge
coefficient ds3 and electromechanical coupling factors k, and ki are given in table 4.8. k; and
k; were determined by using impedance spectroscopy (resonance-antiresonance method). It
can be observed that ds; and k, decreases when x increases. Although ceramic sample with
x=0.10 has decreased dielectric constant at room temperature, the electromechanical
coupling factor and dj3 remains reasonably high. Such compositions can be substantially

used for ultrasonics and for underwater sound applications.
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Figure 4.26 P-E hysteresis loops of BCPZT ceramics
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Table 4.8 Coercive field (Ec), Remanent polarization (P;), P./P, ds3, k;, and k; measured at

30°C
X E. P, P./P, dss k, ke
(kV/em) | (uC/em?) (pC/N) (%) (%)
0 8.88 4.7 0.46 107 14.7 12.64
0.10 12.59 9.5 0.66 88 10.2 15.49
0.20 11.59 75 0.62 72 8.03 13.83
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Chapter 5

Influence of Sm and La on Structural and Electrical Properties
of Bag goPby.20Tip.00Z10.1003

This chapter includes the effect of substitution of La and Sm on the structural, dielectric
and ferroelectric properties of BPZT ceramics. The ceramics were synthesized by
conventional solid state method and characterized for XRD, SEM, dielectric properties
as function of temperature at different frequencies and ferroelectric properties. The

results are discussed here.



5.1 Introduction

Compounds based on barium titanate are frequently used as capacitor materials due
to their excellent dielectric and other electrical properties. Other main applications are
piezoelectric sensors, transducers, actuators and ferroelectric random access memories and
devices using the positive temperature coefficient of resistance (PTCR), [1-4]. The
dielectric maximum of these materials is influenced by type and amount of substitutions
and their dielectric properties are sensitive to temperature, field strength and frequency,
especially near the Curie temperature. Small amounts of trivalent ions (such as Sm’*, La*”,
Y, Bi*", etc.) in the Ba site or pentavalent ions (such as Nb>*, Ta>" etc.) in the Ti site
results in the decrease in room temperature resistivity [5-7]. Trivalent rare earth cations
have been widely used in the modification of barium titanate based ceramics owing to their
special electronic structure and their moderate ionic radii which allows them being
incorporated in both A sites and B sites in ABO; lattice [8,9]. The influence of rare earth
substituents on the dielectric properties of barium titanate and BZT ceramics has been
widely studied as well. The substitution of samarium and lanthanum into BPZT ceramics,
however, is rarely found in literature. In this chapter we are reporting the effect of
samarium substitution on the dielectric properties of barium titanate based ceramics. Sm>"
and La*" substituted Bay goPbo20Ti0.90Z10.1003 (BPZT) material series with compositional
formula:

Bay 50-xSmyPbg 20Ti0.90Z10.1003 (BSPZT)
Bay 50-xL.axPbo 20Ti0.00Z10.1003 (BLZPT)

Where, 0<x<0.01, in steps of 0.0025
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were synthesized for investigations. The material was synthesized by solid state reaction
method; details are given in chapter 2. Reacted powders compacted in the form of circular

discs were sintered in the range of 1300°C to 1325°C.

5.2 Physical and Structural Properties

All the samples of the series were subjected to XRD analysis. XRD patterns for
samarium and lanthanum substituted Bag g9 Pbg 20Tig 90Z10 1003 ceramics sintered at 1325°C
are illustrated in figure 5.1. All the samples were found to have pure perovskite phase with
tetragonal structure. It has been already reported that aliovalent cations incorporated in
perovskite lattice served as donor or acceptors, which can affect the electrical properties of
the parent material greatly. It has been also reported that there are mainly three stages of
substitution of rare earth elements in barium titanate based materials. In the first two stages,
rare earth ions replace the original ions located in the lattice on the A or B site. In the third
stage a secondary phase appears which indicates the insolubility of doped ions due to over
limit of substitution [10,11]. The ionic radii of Ba*" or Pb*" in 12 coordinates and Ti*" or
Zr*" in 6 coordinates are 1.75 A, 1.63 A, 0.75 A and 0.86 A respectively. The ionic radii of
Sm*>" in 12 and in 6 coordinates are 1.38 A and 1.09 A, whereas ionic radii of La*" in 12
and in 6 co-ordinates are 1.50 A and 1.17 A [12]. Therefore, Sm®" and La’" can occupy
either A or B site in BPZT solution. From figure 5.1 it can also be observed that the
splitting of the peak (at 20 = 45 degree) revealing the existence of material with tetragonal
structure in both Sm*" and La’* substitution. From the figure it is observed that the two
peaks with peak indices (002) and (200) are merging into each other and finally for x =

0.010 only a single peak can be observed. This indicates that the structure of the material is
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changing and the tetragonality is decreasing with increase in amount of Sm*>" and La’".
FWHM also decreases with Sm®" and La®" substitution, supporting that tetragonality of the
material is decreasing. All the sintered samples were subjected to scanning electron
microscopy. Average grain size was found to decrease with increase in Sm®" as well as
La*". The average grain size in case of BSPZT series is greater than the average grain size
calculated for the BLPZT series. This may be attributed to the larger ionic radius of La’"
ion than Sm*" and hence comparatively lesser diffusivity into the crystal lattice [12]. The
variation in lattice parameters, tetragonality and average grain size with varying amount of
La®" and Sm*" is given in table 5.1. Experimental density ‘dcy,’, theoretical density ‘dw’,

2

relative density ‘d.;’ and apparent porosity ‘P’ of BSPZT and BLPZT ceramic series are
given in table 5.2. For BSPZT series, the maximum relative density was found for x =

0.0025, whereas for BLPZT series the maximum relative density is for x = 0.0050.
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Figure 5.1 X-ray diffraction patterns for BSPZT (up) and BLPZT (down) ceramics
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x=0 x =0.0025

Figure 5.2 SEM images of BSPZT ceramics
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x=0 x =0.0025

Figure 5.3 SEM images of BLPZT ceramics

142



Table 5.1 Lattice parameters ‘a’ and ‘c’, tetragonality, ‘c/a’, and average grain size of BSPZT and BLPZT ceramics

BSPZT BLPZT
X a c c/a grain size a ¢ c/a grain size
A) A) (um) (A) (A) (um)

0 4.0000 4.0542 1.0136 6.7 4.0000 4.0542 1.0136 6.7
0.0025 4.0056 4.0466 1.0105 4.2 4.0020 4.0200 1.0040 2.55
0.0050 4.0097 4.0461 1.0091 2.5 4.0061 4.0168 1.0026 1.47
0.0075 4.0129 4.0385 1.0064 1.6 4.0035 4.0139 1.0025 1.34
0.010 4.0160 4.0309 1.0037 1.5 4.0025 4.0097 1.0010 1.02
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Table 5.2 Experimental density ‘dex,’, theoretical density ‘dg’, relative density ‘d” and apparent porosity ‘P’ of BSPZT and

BLPZT ceramics
BSPZT BLPZT
X dexp dx-ray drel (%) P (%) dexp dx-ray drel (%) P (%)
(g/cc) (g/cc) (g/cc) (g/cc)

0 5.78 6.44 89.75 10.25 5.78 6.44 89.75 10.25
0.0025 6.12 6.43 95.18 4.82 5.66 6.50 87.08 12.92
0.0050 5.99 6.52 91.87 8.13 6.06 6.49 93.38 6.62
0.0075 5.97 6.46 92.42 7.58 5.97 6.51 91.71 8.29
0.010 5.87 6.45 91.01 8.99 6.03 6.52 92.49 7.51
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5.3 Dielectric Properties

The dielectric properties were measured as a function of temperature up to well
above the transition temperature, T., of the corresponding samples at four different
frequencies. Dielectric constant increases with increasing temperature and shows a peak
which is characteristic of ferroelectric materials. Variation of dielectric constant with
temperature for all x is shown in figure 5.4 and 5.5. For both Sm®" & La®" with x = 0.0025,
dielectric constant does not show much dependence on frequency and temperature below
transition temperature but the effect of both frequency and temperature becomes
pronounced as the temperature approaches the transition temperature.

The temperature dependence of the dielectric constant of all the samples at 100 kHz
and heated at the rate of 1°C/min is shown in figure 5.6 and 5.7. One can observe that the
maximum dielectric constant increases as X increases from 0 to 0.0025 and then decreases
for further values of x [13,14]. As Sm®" and La’" ions substitute the A-site, they act as
donor additives and vacancies for Ba-site will be produced. These Ba-site vacancies results
in the reduction of Ti*" ions into Ti’" ions. The decrease in €max With x greater than 0.0025
also indicates that the dipole moment of the lattice reduced and lowers the peak dielectric
constant for further substitution [15,16]. Dielectric peaks get broaden with substitution. The
dielectric peaks in case of BLPZT series are comparatively broader than BSPZT series,
which again indicating the larger ionic radius of La’" ion increases the microstructural

fluctuation.
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Figure 5.4 Variation of dielectric constant with temperature of BSPZT ceramics
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Figure 5.5 Variation of dielectric constant with temperature of BLPZT ceramics

Being a diffuse phase transition, the temperature with maximum dielectric constant
Tm can be consider as the Curie temperature of the material. From the dielectric constant
versus temperature plot Curie temperature (paraelectric to ferroelectric phase transition
temperature) was determined. The origin of the transition from paraelectric to ferroelectric
phase lies in the vibrations in the Ti-O bonds. Since substitution of Sm’" causing the
reduction of Ti*" ion to Ti** ion which results in weakening of Ti-O bonds. Moreover the
trivalent Sm®" ions are strongly attracted by the oxygen ions in comparison to divalent Ba**
and Pb*" [17,18]. This results in overall reduction of stresses in the unit cell. Thus the
dielectric peak shifts towards room temperature with increase in samarium contents and

thereby room temperature dielectric constant increases [19].
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Figure 5.7 Variation of dielectric constant with temperature of BLPZT at 100 kHz
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Table 5.3 Dielectric parameters of BSPZT and BLPZT ceramics for all x

BSPZT BLPZT

X €rT | tano €max | tANOmax T, €RT tano €max | tandmax T,
(°0) ‘O

0 1375 | 0.042 | 5985 0.025 148 1375 0.042 5985 0.025 148
0.0025 | 2370 | 0.039 | 8245 0.032 143 3024 0.084 9555 0.027 145
0.0050 | 2875 | 0.038 | 8210 0.011 138 3760 0.033 8730 0.017 130
0.0075 | 3245 | 0.035 | 7885 0.014 115 4540 0.031 7010 0.015 98
0.010 | 3755 | 0.039 | 7525 0.015 107 4750 0.041 5835 0.029 86
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5.4 Relaxor Behavior of Bao.so_XLaXPbo_oni0.90ZYO.1003 (X = 0.01)

Strong frequency dispersion was observed around the dielectric peak for La
substituted composition and the peak was found to shift to higher temperature with increase
in frequency. This is characteristic of a typical relaxor behavior. There is a significant
improvement in tand with La substitution. In most ferroelectrics, the temperature
dependence of the dielectric constant above the Curie temperature (in paraelectric phase
region) can be described by a simple relationship called the Curie-Weiss law [20]:

e=g,t C/(T-T,)
where, &, is free space permittivity, C is the Curie-Weiss constant and T, is the Curie-
Weiss temperature. Generally, in the case of a first-order phase transition, T,<T,, while for
second-order phase transition T, = T.. Figure 5.8 shows the variation of inverse of
dielectric constant with temperature in the vicinity of the transition temperature for both the
material sample.

It can be seen that the dielectric constant of lanthanum substituted sample follows
the Curie-Weiss law at temperature much higher than the Tg,. Uchino and Nomura
modified Curie-Weiss law for the diffusiveness of the phase transition and is given as;

In(1/e — 1/gmax) = yIn(T - T;;) + a
where &nax 1s the maximum value of ¢ at T.. The value of y is the degree of diffusiveness,
which lies in the range 1 <y < 2, where y = 1 represents ideal Curie-Weiss behaviors i.e.
for normal ferroelectrics and y = 2 (quadratic) is valid for an ideal ferroelectric relaxor,
while y between 1 and 2 indicates diffused transition. Thus the value of y can characterize
the relaxor behavior. It was found to increase with the substitution of lanthanum which

may be due to the compositional fluctuations and structural disordering in the arrangement
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of cations in one or more crystallographic sites in the structure that finally results in a
microscopic heterogeneity in the samples with local Curie points.

The diffusiveness of the phase transition can be explained by an empirical
parameter

ATditr = To.9em (100 Hz)— Tem (100Hz)

which is the difference between To e (100 Hz) (the temperature corresponding to 90% of the
maximum of the dielectric constant at higher temperature side at 100 Hz) and T,n. The
value of ATy was found to be 15°C and 25°C for x = 0 and 0.01 which indicates that
sample with x = 0.01 shows more diffusive nature as compared to sample with x = 0.
The degree of relaxation behavior can be explained by a parameter AT 1., Which is defined
as

ATrelax = Tem (100 kHz)— Tem (100H2)

The value of AT, is shown in table 5.4 and indicates that degree of relaxation
behavior is more pronounced in lanthanum substituted sintered sample. This above
empirical characterization for parameters ATy, ATgir and y for both the material
compositions shows that dielectric behavior of sample with x = 0.01 follows the Curie-
Weiss law only at the temperature higher than Ty, significant diffusiveness of the phase
transition and some frequency dispersion. The frequency dispersion near dielectric maxima
in relaxor ferroelectrics has been attributed to the distribution of relaxation times [21,22].
The Gaussian diffuseness (dy) in lanthanum substituted BPZT ceramics was calculated
using the relation In(gpax/€) = (T-Tm)2/2 ng as shown in figure 5.9 (a). This relation is valid

within the limit 1< gna/e<1.5. As emax > &, the only physically meaningful limit of &, is
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€max/€<1.5. The value of 8, which is related to the broadening of the &(T) curve, can be
used to determine the degree of compositional fluctuations in the material. This diffuseness
parameter 0, depends not only on the chemical composition of the material but also on the
frequency of the electric field [23,13]. The values of 6, for x = 0 and 0.01 are 35.01 and

36.79 at 10 kHz and 48.499 and 51.59 at 100 kHz respectively.

Table 5.4 Room temperature dielectric constant Err, maximum dielectric constant &,

AT gifr, ATrelax and y for compositions with x = 0 and 0.01 at 100 kHz

X SRT gmax Tc ATdiff ATrelax Y
(°C) (°C) (°C)

0 1380 5970 146 15 1 1.4

0.01 4500 5600 85 25 5 1.83

The percentage temperature coefficient of capacitance defined as
Tee = ((C1-Cr.1)/Cr-1)*100 was calculated for both the compositions at frequency 100 kHz
and plotted as a function of temperature as shown in figure 5.9 (b) [24]. The low value of
Te. for x = 0.01 also confirmed a diffuse phase transition in lanthanum substituted BPZT

ceramics.
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5.5 Ferroelectric and Piezoelectric Properties of BSPZT ceramics

To study the ferroelectric properties, well saturated PE hysteresis loops were
recorded for all samples at different temperatures (30-105°C). The PE loops at 30°C for x =
0, 0.005 and 0.010 are shown in figure 5.10 and a comparatively slow domain switching
with alternating field. The switching can be explained by remanent to spontaneous
polarization ratio (P,/P;), which is a measure of squareness of the loop. P,/Ps was found to
have low values (Table 5.5). Coercive field (E.) was found to decrease with increase in Sm
content as well as with temperature as shown in figure 5.11. The decrease in E. with
increase in Sm content is an evidence of the donor nature of Sm** ions at Ba®" site. As the
ceramic samples were sintered at quite high temperature (1325°C), therefore, some Pb
vacancies can be formed at grain boundaries. Reduced tetragonality and A-site vacancies at
grain boundaries is also responsible to the decrease in E [25]. A very small decrease in E,
with increase in Sm content from 0.0075 to 0.010 was observed, which can be attributed to
the very small variation in average grain size, i.e., from 1.6 to 1.5 um. Decrease in E, with
temperature can be related to the increase in internal energy and decrease in stability of the
domains. The overall conclusion from this behavior of E. is that for the present solid
solution, Sm®" ion is acting as donor/softener as in case of other perovskite ferroelectrics.
Variation of P; and P,/Ps with temperature for different amount of Sm is shown in figure
5.12 and 5.13 respectively. P, decreases with increase in temperature except for the sample
having no Sm content. For this sample P, increases with temperature in the entire
temperature range and is mainly due to increase in internal energy caused by thermal
excitation leading to greater dipole alignment. This kind of behavior gets reduced with

increase in Sm content.
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For x = 0.0025, negligible changes with temperature are observed, i.e., the P,-T
curve is approximately parallel to the temperature axis. While for further increase in Sm
content, a decreasing trend can be observed which may be due to reduced tetragonality.
This is due to the decrease in internal stresses with increase in Sm content [26,14]. As far
as dependence of P, on Sm content is concerned, it increases up to 0.0050 and then
decreases for higher Sm content. This trend can be attributed to the fact that Sm
substitution resulted in enhanced dipole moment up to 0.050 and beyond that grain size
plays its role as smaller polarization exist in finer grains. Piezoelectric charge coefficient
‘ds3” was also measured and it was found to decrease with increase in Sm content. For the
ceramic samples with Sm content 0.0075 and 0.010, approximately equal value for d33 can
be observed and the effect is once again mainly due to the grain size. Not only the reduced
grain size but the reduced internal stresses and increased Pb vacancies at grain boundaries
are also responsible for decreased values of ds3 [27]. The values of ds3 and k,, for all BSPZT

ceramics are given in table 5.6.
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5.6 Ferroelectric and Piezoelectric Properties of BLPZT ceramics

All sintered BLPZT specimens showed well defined ferroelectric behavior at 20 Hz

and the P-E hysteresis loops of all the samples at two different temperatures 30°C are
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shown in figure 5.14. The width of the P-E loop was found to decrease with increase in
lanthanum substitution and temperature as shown in figure 5.14. The ratio of remanent
polarization (P;) and spontaneous polarization (P;) i.e. P,/P; indicates the squareness for the
loop ratio.

The decrease in E., P, and P,/Ps with increase in temperature is shown in figure
5.15, 5.16 and 5.17 respectively. The remanent polarization, P,/Ps and Coercive field (E.)
were found to decrease with increase in temperature. P, for x = 0.00 increases with increase
in temperature. The decrease in P, for x greater than 0.00 with temperature is mainly due to
decrease in internal energy caused by thermal excitation leading to smaller dipole
alignment [27]. The decrease in E. indicates that materials soften on heating while the
decrease in P,/Ps shows that squareness of the P-E loop decreases with heating.

P,/P ratio was found to increase up to x = 0.0025 while decrease for x greater than
0.0025. E. was found to decrease with increase in lanthanum substitution from which one
can predict that material get soften by lanthanum substitution. Increase in P,/Ps ratio
indicates that squareness of the P-E loop increases from x = 0.00 to 0.0025 whereas it
decreases for further values of x. The values of ds3 and k,, for all BLPZT ceramics are given

in table 5.6.

165



w
o

N
o
1

-
o
]

o

P(nC/cm?)

a
o
]

=20 -

'30 T T

-30 -20

-10

0
E(kV/cm)

10

20

30

30
|x =0.0025

20+

10 -

P(uClcm?)

=10 -

=20 -

-30

-30 -20

-10

0
E(kV/cm)

166

10

20

30



30

|x=0.0050
20-

10 -

P(uClcm?)
(=]

=10 4

=20 -

-30 -20

-10

0
E(kV/cm)

10

20

30

30
| x=0.0075

20+

10 -

P(uClcm?)
o

=104

-204

-30 -20

-10

0
E(kV/cm)

167

10

20

30



30
|x=10.010

20+

P(uCl/cm?)
o

'30 T T T T T T T T T T
-30 -20 -10 0 10 20 30
E(kV/cm)

Figure 5.14 PE loops of all BLPZT ceramics

10
] BLPZT
9_
8_- X=O
— 7_
€ 0.0025
§ 6_%
5 |
e 5 0.0050
4—_w5
3_\0\0-ﬂ\0_0\0\0
] 0.010
2 T T T T T T T T
30 40 50 60 70

Figure 5.15 Variation of E with temperature for all BLPZT ceramics

168



10 -
—o— x=0

_ 8- —0—0.0025 BLPZT
= —A—0.0050
L —v—0.0075
Q —0—0.0100
a6

4 _\O\Q\O\O—A)\o\o

2 . . - T - . - T

30 40 50 60 70
T(°C)

Figure 5.16 Variation of P, with temperature for all BLPZT ceramics

0.60
1 BLPZT
0.55
0.50 1
0.45
Q- - —o—x=0
o 0.35 —0—0.0025
1 —4—(0.0050
0.301 —v—0.0075
0.25 —0—0.0100
0.20
0.15 T T T T T T T 1
30 40 50 60 70

T(°C)

Figure 5.17 Variation of P,/Ps with temperature for all BLPZT ceramics

169



Table 5.5 Coercive field ‘E.’, remnant polarization ‘P,” and remnant to spontaneous

polarization ratio ‘P,/Ps’ of BSPZT and BLPZT ceramics

BSPZT BLPZT
X E. P, P,/P; E. P, P,/P;
(kV/em) | (nC/cm?) (kV/em) | (nC/cm?)

0 8.9 4.69 0.46 8.9 4.69 0.46
0.0025 7.4 7.78 0.49 7.7 10.56 0.54
0.0050 6.8 10.09 0.46 6.1 9.98 0.42
0.0075 5.6 7.01 0.38 3.8 4.87 0.26
0.010 5.1 8.17 0.40 3.5 438 0.25

Table 5.6 Piezoelectric charge coefficient ‘ds3” and electromechanical coupling factor ‘k,’

of BSPZT and BLPZT ceramics

BSPZT BLPZT
ds3 Kkp ds3 kp
(PC/N) (%) (PC/N) (%)
0 107 14.67 107 14.67
0.0025 87 11.35 83 10.42
0.0050 65 12.04 66 13.53
0.0075 46 12.62 21 13.86
0.010 45 13.32 21 14.35
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Chapter 6

Summary, Conclusions and Suggestions for Future Work

Barium zirconium titanate (BaZry 0Tip9903) ceramics materials were synthesized by
solid state reaction method. Modifications were carried by substitution of Pb*", Ca’",
Zr'*, La* and Sm’" for the host ions. The substituted ceramics were characterized for
their structural, dielectric and ferroelectric properties. This chapter includes the

summary, conclusions and some suggestions for future work.



6.1 Summary and Conclusions

Being a potential candidate for dielectric applications, BaTiO; has been a centre of
interest for the researchers in the field of material sciences. Apart from the dielectric
applications it is also suitable for many other applications like PTCR applications, FRAM
and DRAM, sensors etc. It’s the very popular ferroelectric material showing good
piezoelectric properties also. The piezoelectric materials are used in many devices. They
are finding more and more application in sensors and actuators based on MEMS
technology. There is a great scope for further improvements of its properties. The best
ways of modifying its properties are: 1) microstructural modifications via change in
processing techniques and parameters and ii) chemical compositional modifications via
substitution and doping. Dielectric and piezoelectric properties are of prime importance and
are in general dependent on structural properties besides its chemical composition.
Substitution and doping of different elements in the main chemical, of course with some

constraints, have resulted in the present state of affair in the area of ferroelectrics.

Substitution can be done at both Ba as well as Ti site. lons with higher charge
valancy to be substituted (e.g. Sm’", La>* for Ba*" and Nb>" for Ti*") act as softeners, while
ions with lower charge valancy act as hardeners. However the solubility of these ions is
different for different parent matrix system. In the work reported in this thesis, studies
carried out on Pb2+, Zr4+, Ca2+, Sm’" and La®* substitution in substituted barium titanate are
described. These substituents affect the ferroelectric, piezoelectric and dielectric properties
favorably which are reported in the present study. Conclusions of the work carried out for

this thesis are described below:
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Present thesis has been divided into six chapters. The first chapter is introductory in
nature. Theoretical background related to various types of substitutions, dielectric and
piezoelectric properties has been presented. Effect of A-site and B-site substitution, which

is the aim of present study, has also been discussed.

In the Second Chapter, procedure adopted for the preparation of samples is
described. Samples were prepared by conventional solid-state reaction method.
Appropriate amount of starting material were weighed and wet ball milled followed by
drying and calcinations. Reacted powders were pressed uniaxially in the form of discs and
were finally sintered in the range 1300 to 1350°C for 4 hrs in closed alumina crucibles.
Electroded discs were poled at 25kV/ecm at 170°C for one hour in silicone oil bath.
Following series of substituted barium titanate were synthesized by the conventional solid-
state reaction method, and studied:

BaTig.99Zro.1003 (sintered at 1200, 1250, 1300 and 1350°C)
Series A Ba;_xPbyx Zr.19Ti9.9003 (0<x<0.20; in the steps of 0.05)
Series B Bag goPbg20T1;xZ1x03 (0<x<0.10; in steps of 0.02)
Series C  Bag go.xCaxPby 20Ti.90Z10.1003 (for x=0, 0.10 and 0.20)

Series D Bag goxSmyPbyg 20T10.90Z10.1003 (0<x<0.01; in steps of 0.0025)

Series E Ba().80_XLaXPb().2()Ti().9()ZI'().1()03 (OSXSOOI, in steps of 00025)

Third chapter is devoted to the physical properties related to BaTig 99Z1¢.1003; BZT
(10/90) sintered at 1200, 1250, 1300 and 1350°C. X-ray diffraction patterns were recorded
for the calcined and sintered samples. XRD analysis shows that single phase with

tetragonal structure was obtained for the sample sintered at 1350°C. With the increase in
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sintering temperature all other phases representing the unreacted ZrO, and other
intermediate components get eliminated. Finally at 1350°C the material is having proper
rhombohedral phase. The grain size also found to increase with increase in sintering
temperature. The increase in grain size resulted in dielectric data less dependent on the
frequency, which may be due to reduction in surface charge polarization. The interesting
behavior in the variation of dielectric constant with temperature also noticed. BZT sample
sintered at 1200°C has dielectric variation similar to the pure barium titanate, whereas in
case of sample sintered at 1350°C, it is having Curie point at 92°C with a quite broad
dielectric peak. Coercive field was found to decrease whereas the remnant polarization was
found to increase with increase in sintering temperature. It is concluded from the study that
the best BZT sample with purely rhombohedral structure can be prepared by sintering the
sample at 1350°C.

The fourth chapter is devoted to the study of Pb*", Zr*" and Ca®" substitution in
modified barium titanate ceramics. Substitution of Pb*" (Series A) resulted in increase in
tetragonality, average grain size, Curie temperature and improved ferroelectric properties.
The room temperature dielectric constant was found to decrease with increase in Pb
content. This may be due to shifting of Curie temperature towards the Curie temperature of
PbTiO; (490°C), whereas the other transition temperatures towards lower temperature.
Piezoelectric charge coefficient ‘d3;” increases upto 10 mol% and then it decreases. This
unexpected variation may be due to volatile nature of Pb. Zr*" substitution to
Bay goPbo20TiO; (Series B) was studied and it was found that the Curie temperature shifted
towards lower temperature, thereby increasing the room temperature dielectric constant.

The dielectric peaks broadened with Zr substitution. The tetragonality and relative density
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was found to decrease with increase in Zr content. The decrease in tetragonality and Curie
temperature was due to larger ionic radius of Zr*" as compared to the Ti*". Ca*" substitution
in Bag g0Pbo20Tig.00Z1r0.1003 (Series C) did not affect the Curie temperature, but it reduces
tand to a very small value. It also improves the ferroelectric properties. For sample with Ca
equal to 10 mol%, we observed lowest tand value along with thermally stable ferroelectric
properties suggesting that the sample is suitable for dielectric as well as memory devices
over a temperature range.

In the fifth chapter we report, the effect of rare earth ions (Sm®* and La®") (Series D
and E) on the structural, ferroelectric, piezoelectric and dielectric properties of
Bag goPbo20Ti090Z10.1003 ceramics. The relative density was found to improve by
substitution of Sm and La. Room temperature dielectric constant increased with
substitution of Sm and La, however the effect is pronounced in case of La®" because of its
larger ionic radius than Sm®". Broadening of dielectric peak was also pronounced in case of
La*" substitution. The grain size was also found to decrease with increase in Sm and La
content. The piezoelectric properties were found to depend on the grain size of the prepared
substituted ceramics sample in series D and E.

Sixth chapter includes the conclusions and suggestions for the future work.
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6.2 Suggestions for the Future Work

These materials are widely used for dielectric applications. For better understanding of
ferroelectric and piezoelectric phenomenon in these materials some more studies are
suggested for these materials. These are:

1) Study of pyroelectric properties.

i) Study of dielectric properties as a function of applied dc field.

ii1) Study of S-E hysteresis loop.

iv) Synthesis and study of selected good samples by using novel techniques.
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