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ABSTRACT
Electroceramics are necessary component in modern technologies of many
kinds. In this regard, barium meta-titanate (BaTiO3 or BT) based materials with ABO3
perovskite structure are potential candidates for applications in electronic devices
because of their piezoelectric, ferroelectric and optical properties. Barium titanate
based materials have attracted significant interest; due to their wide spread
applications in wireless communication, space and defense. Barium titanate based
ferroelectric materials are suitable for these applications due to their electric field
dependent permittivity (εr) and low dielectric loss (tan δ) above Curie temperature
(Tc). Ferroelectric materials generally have high dielectric losses, which is due to
piezoelectric grain resonance and domain wall motion. It is known that Tc and
dielectric properties of BaTiO3 can be systematically changed by chemical
substitution at A or B-site by a wide variety of isovalent and aliovalent dopants. The
effect of small additives and dopants on the dielectric properties of BaTiO3 based
ceramics fabricated by conventional solid state sintering route have been investigated
in detail; however, little attention have been given to sol-gel processing of ceramics
for dielectric applications.
In the present study, the microstructure and dielectric properties of BaTiO3based ceramics doped with Sr, La, Zr and Mn were investigated in detail. Various
compositions [BaTiO3, Ba1-xSrxTiO3 (x = 0.25, 0.35, 0.45, 0.55, 0.65), Ba1-xLaxTi1x/4O3

(x = 0.00, 0.015, 0.025, 0.035, 0.045, 0.055), Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04,

0.06, 0.08, 0.1), (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 (x = 0.00, 0.004, 0.006, 0.008, 0.01,
0.02)] with different stoichiometric ratios were synthesized by using modified sol-gel
technique. The dielectric properties of the BaTiO3-based ceramics were studied by
making different compositions by substituting the above elements to form solid

xvi

solutions. Thermal analysis (TG/DTA) was used to trace the synthesis temperature.
The temperature range from 750 oC‒900 oC was found suitable for single phase
formation of the BaTiO3-based ceramics processed via sol-gel route.
The phase and microstructure of the final ceramics were investigated using Xray diffraction (XRD) and scanning electron microscopy (SEM), respectively. Fourier
transform infrared spectroscopy (FTIR) was used to investigate the water content and
organic functional groups in calcined samples. The dielectric properties were
investigated using LCR-meter and impedance analyzer. The tetragonal symmetry
(P4mm) of the BaTiO3 ceramics was confirmed by the XRD studies. XRD studies
confirmed the tetragonal crystal structure of the x = 0.00 – 0.035 compositions at
room temperature of the Ba1-xLaxTi1-x/4O3 ceramic samples. A cubic symmetry
(Pm3m) was observed for the x > 0.035 compositions around room temperature.
Analysis of the XRD data confirmed the formation of tetragonal (P4mm) phase for all
the Ba0.7Sr0.3Ti1-xZrxO3 samples at room temperature. Ceramic samples of the
(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 showed tetragonal (P4mm) perovskite structure.
Microstructure analysis of the thermally etched surface showed a
heterogeneous grain growth of the BaTiO3 ceramics. The microstructure investigation
revealed that La and Mn substitution acted as growth inhibitor for the BaTiO3ceramics. Samples doped with Sr and Zr resulted in large grains with a heterogeneous
microstructure. Dielectric investigation confirmed that Tc was shifted to low
temperatures for the samples doped with Sr, La and Zr, while no obvious changes in
the Tc was detected for the samples doped with Mn. Moreover, samples doped with
Mn and Zr revealed a diffused phase transition (DPT). The impedance studies
confirmed both the grain and grain boundary contributions for the BaTiO3 ceramics.
For Sr-doped samples, compositions with x = 0.25 and x = 0.45 showed one
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semicircle in the capacitance range (≈ 3.4178 × 10-10 F and 5.2016 × 10-10 F,
respectively), which was associated with the grain boundary contribution. The
samples with x = 0.35, 0.55 and 0.65 showed two semicircles in low and high
frequency regimes, which confirmed the bulk and grain boundary contributions to the
conduction mechanism. The samples doped with La showed the grain boundary
contributions, only. Similarly, Zr and Mn-doped compositions showed both grain
boundary and bulk contributions in the conduction mechanisms for all the samples.
The total resistance (RT) was observed to decrease with increasing temperature for the
pure and Sr, La, Zr and Mn doped BaTiO3 based compositions showing a typical
ceramic behaviour.
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CHAPTER1
INTRODUCTION
The word ceramic (Greek, Keramos) was used for materials, which were fabricated from
clay at high temperatures. Clay or siliceous minerals such as feldspars and quartz, which can be
fired at high temperature, for example, from 900 to 1200 oC or 1400 oC in the case of hard
porcelain, are used in making of pottery and electrical insulators. Mostly nitrides, oxides, borides
and carbides fall under the category of ceramics. The atomic bonds in ceramic materials are both
of ionic and covalent characters, with a predominant ionic character [1, 2]. Initially ceramics
were used in electrical and electronic industry because of their physiochemical stability in
extreme weather and enhanced electrical resistivity until the mid twentieth century [3].
The concept of ceramics is now not limited to simple pottery or traditional ceramics due
to the advancement in materials processing techniques, sophisticated and advanced functional
materials, called as technical ceramics, have been engineered and commercialized. Ceramics
processing and technology have contributed a substantial share to the today’s global market, and
each year electronic devices, such as capacitors, piezoelectric sonar, dynamic random access
memory (DRAM), transducers and actuators worth 6000 million p.a., are produced. Due to their
exploitation for the last 50 years, the science of ceramics has become an important
interdisciplinary research area for chemists, physicists, material scientists and electrical and
electronic engineers [4-5]. Electroceramics constitutes an important class of ceramics, which
generally exhibits high permittivity values (ɛ′  20010,000) in contrast to ordinary insulating
materials (ɛ′  5100), lower dissipation factor (tan  = 0.10.7%), high breakdown strength
(BDS) (100120 kV/cm), high DC resistivity, nonlinear electrical and electromechanical
behaviour [6]. Recent research in chemical and physical sciences resulted in the fabrication of
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devices applicable in advanced technology ranging from medical sciences to space based
communications. Advances in tunable microwave (MW) devices and telecommunication
industry have led to the development of materials that are capable for practical device
applications.
Ferroelectric materials, being an important class of electroceramics, have attracted
increased interest during the last few decades due to their widespread applications. Ferroelectric
materials are divided into four subgroups; pyrochlore [7], compounds with bismuth layer
structure [8], perovskites [9] and compounds with tungsten-bronze like structure [10]. Among
these, perovskites have been extensively studied due to their wide range of applications.
Ferroelectric perovskites have generated intense interest in the last decade for their substantial
contribution in electrical and electronic industries, digital world, defense and global
communications as their diversity in chemical composition make these useful for ferroelectric,
piezoelectric, dielectric and optical applications [11]. Barium metatitanate (BaTiO3 or BT) is one
of the most common ferroelectric oxides with a perovskite ABO3-type structure. BT is used in
multilayer ceramic capacitors (MLLCs) and thermistors since its discovery in the 1940s, owing
to its high dielectric constant (εr). Due to miniaturization of modern technology, such as mobile
phones, computers and ceramic capacitors, the need for engineering low cost, ultrafine ceramic
materials with relatively better performance is constantly increasing. The most important factor
for BaTiO3based ceramics in intergraded circuit technology is its dielectric loss (tan ).
Dielectric loss for a power engineer is a major concern due to the wastage of useful energy and
resultant heating [12, 13]. Recently, researchers have focused on the fabrication of BaTiO3 based
electroceramic materials for application in tunable MW devices because of their physical
stability, electric field dependant permittivity and low dielectric loss above Curie temperature

2

(Tc). Such properties make these ceramics potential candidates for tunable MW devices in
microwave circuit technology. Barium titanate-based electroceramics have been widely exploited
for their use in dynamic random access memories (DRAM), tunable oscillators, phase shifters
and tunable filters. For applications in tunable MW devices, a material should exhibit high
tunability, high εr and low tan δ. Due to piezoelectric grain resonance and domain wall motion,
the value of tan δ is generally high in ferroelectric regime. Hence, it is useful to use materials
that have relatively low Tc than the desired application temperature. Many attempts have been
made in order to tune the dielectric properties of BaTiO3 ceramics for specific applications.
These efforts include; variation in of Ba : Ti ratio, substitution of various cations on either Asite
or Bsite of the BaTiO3 perovskite unit cell, codoping of various isovalent and aliovalent
elements, addition of various oxides such as MgO, TiO2, WO4, Al2O3 for making ceramics
composites and blends with a variety of polymers. The growth and miniaturization in MW circuit
technology in the last decade led to extensive research to develop economical materials with
improved properties in tunable MW devices [14-16].
Another driving force for research in ferroelectric ceramics is the development of
MLCCs. Previously, until 1995, most of the MLCCs were fabricated using expensive palladium
or palladium-silver alloys as inner electrodes. Nowadays, MLCCs (60%) are made of Ni-based
metalelectrodes (BME), due to the enormous increase in the palladium price from 1992 to
2000. The problem associated with the Ni-based MLCCs is that these capacitors are fired in
reducing environment in order to protect the oxidation of Ni. These conditions result in the
BaTiO3 reduction to a small extent producing doubly ionized oxygen vacancies. The insulating
properties of the BaTiO3 are reduced by 1012 orders of magnitude since electrons result in the
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semiconducting behavior in the oxygen deficient perovskites. Barium titanate based
electroceramics are potential candidates for MLCCs [17, 18].
In order to improve the insulation problems in BaTiO3, a number of efforts have been
made. In 1962, Herbert proposed that doping with appropriate ions can improve the insulating
resistance properties of BaTiO3. During 1970-1976, Philips Research Laboratories investigated
dopedBaTiO3 defect chemistry. Daniels proposed that transition elements such as Mn2+, Cr3+
and Fe3+ occupy the Bsite in BaTiO3 and act as strong electron acceptors. Acceptor elements in
perovskites trap electronic conduction. The insulation problem of BaTiO3 fired in reducing
environment was thought to be solved and the industrialization of BME MMCCs was started in
1979 [19, 20].
Another research interest in ferroelectric ceramics is the development of piezoelectric
devices and actuators. Pierre and Curie discovered piezoelectric phenomenon in quartz crystals
in early 1880s. Materials possessing piezoelectricity exhibit the ability to convert mechanical
energy into electrical signals or vice versa. This behaviour is referred to as the piezoelectric
effect. Under the influence of an electric field, the ions (cations and anions) in a dielectric oxide
undergo displacement in opposite directions to some extent resulting in distortion and
polarization of the material. The distortion mechanism is exploited in solid state actuators.
Generally, when 1 MV/m electric field is applied across various perovskite oxides, it induces
strains of 104 to 102 magnitude. Two types of effect are associated with the piezoelectric
properties of ferroelectric ceramics i.e., the polarization phenomenon designated as ―generator”
and the mechanical stress phenomenon designated as “motor” [21, 22]. Various characterization
factors are used for piezoelectric measurements of ferroelectric materials, such as kp, k33, d33, d31
and g33, where k factor is the piezoelectric coupling factor. It is defined as “the square root of the
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ratio of available mechanical energy to the total applied electrical energy”. Since, the
transformation of electrical energy to mechanical response is practically an incomplete process;
therefore, the magnitude of k is less than 1 [23, 24]. Paraelectric BaTiO3 is nonpolar.
Application of electric field induces permittivity and electrostriction (deformation). The ions in
the BaTiO3 crystal lattice undergo displacement to a greater magnitude compared to the common
dielectric materials such as silica. This behavior is associated with the highest magnitude of
dielectric permittivity and electrostrictive strains in BaTiO3. Polar BaTiO3 (tetragonal) exhibits
six variants of polar direction, which can switch from one to another under the applied stress or
external electric field (Figure 1.1) [25, 26]. This behavior is associated with various perovskite
oxides with different possible crystal symmetries, composition and temperature dependant phase
changes. The perovskite oxides are used in the polycrystalline ceramic form. Commercially, lead
zirconate titanate (PZT), which is a solid solution of lead titanate (PbTiO3) and lead zirconate
titanate (PbZrTiO3) is widely used for ferroelectric and piezoelectric applications. The properties
of a basic composition can be modified by doping with appropriate acceptor and donor elements.
For polycrystalline ceramics BaTiO3 (kp  0.35) and PbLaZrTiO3 (kp  0.75), kp is used to
compare their piezoelectric strength. These materials are more economical than their single
crystal counterparts but their piezoelectric responses are efficient only along the polarization axis
[27-30].
Another driving force for research in electroceramics is the development of gas sensors.
Gas sensors are used to measure gas concentrations for optimizing the feedback control and to
monitor various gases produced during combustion processes. Pure ionic conductors are used
directly in combustion environments as high temperature gas sensors such as amperometric,

5

Figure 1.1. Six variant of the polar direction in ferroelectric barium titanate crystal,
which can be switched from one variant to another when subjected to
an electric field or a stress [27].
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potentiometric and mixedpotential sensors. Mixed ionic and electronic conductors are used in
sensors based on semiconductors. Various oxides such as SnO2, WO3 and TiO2 are used as oxide
semiconductors in mixed gas sensors. Perovskite-structured oxides are efficient candidates for
high temperature gas sensor applications due to their physical stability at elevated temperatures,
which improve reliability and durability. Moreover, a perovskite crystal lattice can accommodate
various dopant elements which alter electrical properties and this character can be used for the
optimization of electrical properties for specific applications [31-34]. The most commonly used
perovskite-based gas sensor materials are SrTiO3. Other materials used for such applications
include; BaTiO3, CaTiO3, Pb(Zr0.5Ti0.5)TiO3, LaFeO3. The defect structure and conductivity are
the two main characteristics exploited in gas sensor technology. Semiconductor based sensors
respond to oxygen equilibration in the gas phase with electronic and ionic point defects in the
oxide semiconductor. Donor doped BaTiO3 is used as a semiconductorbased oxygen sensor
more efficiently than SrTiO3. BaTi1-xNbO3 (x = 0.01) shows pronounced properties compared to
SrTi1-xNbxO3 (x = 0.002) [35-37].
The aim of the present study was to investigate the effect of various dopants (Sr, La, Mn
and Zr) on the phase, microstructure and dielectric properties of the BaTiO3based electroceramics. BaTiO3 is used in various industrial applications in the form of thin and thick films and
bulk ceramics; however, due to high production cost and contamination sensitivity in the case of
thin films, BaTiO3-based bulk ceramics are preferably used in the dielectric devices. BaTiO3
based ceramics are generally synthesized by a conventional mixed oxide solid state sintering
route. This route requires calcination and sintering at high temperatures and contaminations due
to the involvement of various steps. Sol–gel method offers advantages over other synthesis
procedures, such as modified doping mechanism, high purity of product, ease of preparation,
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good dispersion and control over stoichiometry in a complex solid solution system. Therefore,
polycrystalline ceramics namely; Ba1-xSrxTiO3, Ba1-xLaxTi1-x/4O3, Ba0.7Sr0.3Ti1-xZrxO3 and
(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 were synthesized by a solgel technique. The experimental
conditions were optimized to prepare single phase, dense ceramics and were characterized in
terms of phase constitution, microstructure and dielectric properties.
THESIS CONSTITUTION
Chapter 1 begins with a brief introduction to the field of study. The economic
significance of the research area has been discussed in terms of the various applications of BTbased ceramics. Although, the rationale of the study has been derived from the literature review
(Chap # 2) but a general discussion followed by the major aim of the present study is given in
this chapter. Chapter 1 ends with the constitution of the thesis.
Chapter 2 provides an overview of the previously reported literature, which provides a
detailed background of the topic and related methodology ranging from synthesis to doping
mechanism. It provides the base for the case study, which is important for understanding the
composition of current research work. The chapter was set with the aim of providing a context of
the current issue related to the thesis topic, particularly the following points;


An explanation of the core concepts/topics related to this particular research.



An overview of the research problem in context to the previous research and reason for
interests in this kind of research.



The main purpose of chapter 2 was to carry out an extensive literature survey to
understand the cause, proposal and solution of the problem in light of the previous
attempts.
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Chapter 3 provides insight of the experimental procedures used for the processing of BTbased electroceramics and various instrumental techniques for the characterization of the phase
development, grain morphology, dielectric response and electronic microstructure. The sol-gel
procedure conducted for the sample preparation was reported in detail in the chapter 3.
Moreover, importance of the sol-gel process over other the wet chemical routes for ceramics
processing are also given. The instrumental procedures such as thermogravemetric analysis
(TG)/ differential thermal analysis (DTA), X-ray diffraction (XRD), scanning electron
microscope (SEM), energy dispersive X-ray spectroscopy (EDS) Fourier transform infrared
(FTIR) spectroscopy, Inductance/Capacitance/Resistance (LCR) meter and impedance analyzer
have been discussed in detail in this chapter.
Chapter 4 provides a comprehensive detail of the outcomes of the current research.
Chapter 4 was divided into five parts, which explain the processing and characterization of BTbased electroceramics. In the first part, the results and discussion for the BaTiO3 powders and
ceramics are reported. Part 2 evaluates the effect of a progressive replacement of Ba by Sr on the
electrical transport phenomena in the Ba1-xSrxTiO3 with (x = 0.25, 0.35, 0.45, 0.55 and 0.65)
ceramics. XRD was used to elucidate the structural parameters. The work also reports the effect
of progressive strontium substitution on the phase development and grain morphology of the
BaTiO3 ceramics. The effect of Sr doping on the electrical properties of the Ba1-xSrxTiO3
ceramics was investigated in detail using various frequency and temperature regime. Part 3
provides a detailed investigation of the polycrystalline Ba1-xLaxTi1-x/4O3 (x = 0.00, 0.015, 0.025,
0.035, 0.045 and 0.055) powders and ceramics using a solgel route at 850 oC for 4 h and 1300
o

C for 6 h, respectively. The XRD, SEM, dielectric and impedance spectroscopic studies were

investigated in detail in order to study the effect of La on BaTiO3 ceramics processed through a
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sol-gel route. Part 4 reports the synthesis of the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08
and 0.1) polycrystalline ceramics by a sol-gel method. The influence of Zr4+ content on the phase
transition and dielectric properties of the Ba0.7Sr0.3TiO ceramics at different temperatures in the
frequency range (1 kHz to 1 MHz) were studied in detail. The impedance analysis was carried
out to investigate the electronic microstructure of the Ba0.7Sr0.3Ti1-xZrxO3 ceramics. Zirconium
was used as a dopant because; substitution of Zr4+ for Ti4+ ions significantly alters the structural
and electrical behaviour due to the relatively high chemical stability of Zr4+ than Ti4+.
Furthermore, Zr4+ doping for Ti4+ results in a decrease of Tc.
Part

5

reports

the

microstructure

and

dielectric

properties

of

the

(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 (x = 0.00, 0.004, 0.006, 0.008, 0.01 and 0.02) ceramics
processed by using a sol-gel method. The effect of Mn on the Ba1-xSrxTiO3 have been reported
previously, however the effect of co-doping of Mn and Fe on the Ba1-xSrxTiO3 have not been
studied to our best knowledge. Moreover, the impedance properties of Mn and Fe co-doped
(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 ceramic systems were studied in detail for the first time in this
study. XRD studies were used to investigate the phase development and crystal symmetry.
Dielectric properties were measured at frequencies ranging from 1 kHz to 1 MHz as a function of
temperatures. Chapter 4 finally concludes the finding of current experimental work and ends
with the suggestion for the future research proposals.
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CHAPTER2
LITERATURE REVIEW
2.1. Historical development
2.1.1. Perovskites and perovskite related structures
A German mineralogist Gustav Rose discovered the mineral CaTiO3 and named it
perovskite after a renowned Russian mineralogist Count Iev Alexevich Von Perovsky [1]. Latter
the name perovskite was used to designate a whole group of ABO3type and related compounds.
Thus, the perovskite structure represents a unique class of crystallite solids which demonstrate a
variety of dielectric, piezoelectric, ferroelectric and optoelectronic properties. Perovskite family
comprises a variety of compounds with application potential for use as MW dielectrics (e.g.
BaMg1/3Ta2/3O3 and BaZn1/3Ta2/3O3) [2], piezoelectric (e.g. PbZr1-xTiO3) [3], ferroelectrics (e.g.
BaTiO3 and PbTiO3) [4], multiferroics (e.g. BiFeO3) [5], superconductors (e.g. Ba1-xKxBiO3) [6],
magneto resistors (e.g. La1-xCaxMnO3) [7] and nonlinear optics (e.g. KNbO3) [8].
2.1.2. Crystal chemistry
The general formula of perovskite is ABO3 with a simple cubic structure. It is composed
of Asite cations on the corners, Bsite cations at the body centres, and oxygens at the centre of
the faces of the relevant unit cell. The resulting structure is a BO6 octahedral network; with the
smaller cations filling the octahedral holes (6coordination) and the larger cations filling the
dodecahedral holes (12Coordination) [9, 10]. Goldschmidt investigated a variety of perovskite
structures including BaTiO3 by doping these with different cations, even before the discovery of
its high permittivity and its structural relationship with ferroelectricity. The geometric
relationship that gives the size range of ions which can be substituted in the ABO3 type crystals
is given by equation (2.1),
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t = RA +Ro/√2.(RB + Ro)

(2.1)

where RA, RB and Ro are the ionic radii of the A, B-site cations and oxygen, respectively, t is
known as the Goldschmidt tolerance factor. Typically, the structures with t  0.95 – 1.0 are cubic
and the structures with t >1 is tetragonal [11, 12]. The presence of covalency to certain degree in
the BO bond is also necessary for lattice distortion and ferroelectricity. It is well known that
ionic forces are central forces and ionic bonding is non-directional, anions in the octahedron
would be expected to hold the Bcations in the center. Bond directionality is also required for
ferroelectric behavior, which arise when one of the cations is closer to one of the anions [13].
Barium titanate crystallizes into a cubic perovskite structure (m3m, a = 4.009 Å) above
Tc, while below Tc, its structure slightly distorts due to the displacement of Ti4+ (11 pm) and Ba2+
(6 pm) opposite to oxygen sub-lattice (3 pm) and results in a tetragonal (4 mm) symmetry, with a
= b = 3.992 Å, and c = 4.035 Å. Due to the presence of six equivalent (100) directions in the unit
cell, the polar axis can be parallel to any of these directions. Further cooling results in two more
phase transitions. In the first transition, the unit cell elongates along a face diagonal and results in
a transition from tetragonal to orthorhombic structure at 0 oC. The second, transition occurs at 90 oC, from orthorhombic to rhomobohedral due to elongation of the unit cell along the body
diagonal. Barium ion in the BaTiO3 moves apart the oxygen network in such a manner that the
average distance in TiO bond is longer than the sum of their ionic radii [14, 15]. Fig. 2.1 shows
the polymorphic phase transitions in the BaTiO3 single crystals.
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Figure 2.1. Polymorphic phase transitions in BaTiO3 single crystals observed
through changes in the unit cell parameters, spontaneous
polarization, and dielectric constant [16].
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2.2. Paraelectric and ferroelectric materials
2.2.1. Historical background
Sodium potassium tartrate tetrahydrate, KNa(C4H4O6).4H2O (Rochelle salt) was
used for medical purposes 400 years ago. The pyroelectric, ferroelectric and piezoelectric
properties of this material were discovered later [17, 18]. The use of KNa(C4H4O6).4H2O in
electronic devices is very limited because of its solubility in water (630 g/L  20 oC). Ceramics
became the backbone of electronic industry after the discovery of ferroelectricity in these
materials in 1946 [19]. Ferroelectricity was observed in ceramics for the first time in BaTiO3.
Since its discovery in mid1940s, BaTiO3 became one of the most important ferroelectric
materials [18]. Before the discovery of BaTiO3, steatite, mica, MgTiO3, CaTiO3 and TiO2 were
widely used in capacitors. These materials exhibit ɛr ≤ 100, which limits its use in capacitors
industry [19, 20]. During the World War II, need for the high dielectric constant materials
increased for capacitor applications [21-24].
2.2.2 Properties of ferroelectric ceramics
2.2.2.1. Microstructure
Generally, microstructure refers to porosity, pore size distribution, density, grain
dimension and anisotropic grain growth or texture. Dense ceramics (relative  >95%) are required
for most applications [25]. First, fully dense ceramic materials possess high permittivity, because
ɛr of pore and vacuum is unity. Second, porosity results in electrical conduction and thus
contributes to the net tan , as conduction loss [26]. This behavior is also responsible for
lowering materials breakdown strength (BDS) in an external electric field. Pores act as scattering
centers which adversely affect the optical properties of ceramics [27, 28].
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The density of ceramics increases with increasing temperature; however, high sintering
temperature is not suitable for the bismuth and lead based materials due to their volatile nature
[29, 30]. Furthermore, high sintering temperature also results in abnormal grain growth.
Attempts have been made to lower the sintering temperature and increase the density of ceramics
[31, 32].
The particle shape and morphology is another significant feature which determines the
properties, such as Tc, tetragonal character (c/a ratio), pyroelectric and piezoelectric coefficients
of ceramics. An increase in the sintering temperature promotes grain growth which results in
bigger particles [33].
2.2.2.2. Crystal symmetry
Crystals are classified into seven crystal systems on the basis of their geometry such as,
cubic, tetragonal, trigonal, monoclinic, triclinic, orthorhombic and hexagonal. These crystal
systems are further classified into 32 crystal classes on the basis of their respective symmetry to
a point. Among these 32 classes, 11 are nonpolar centrosymmetric (possess a centre of
symmetry). Remaining 21 are noncentrosymmetric, in which 20 exhibit piezoelectricity. Out of
20 noncentrosymmetric classes, 10 are characterized as polar, which exhibit residual
polarization. In addition to piezoelectricity, crystal belong to these classes can also possess
pyroelectric behaviour. Antiferroelectrics consist of an ordered array of electric dipoles. But its
orientation with adjacent dipoles is antiparallel [34].
2.3. Dielectric Materials
2.3.1. Historical background
Figure 2.2 shows illustration of the band gap difference in metals, semiconductors and
insulators. The basic distinction between a dielectric and a semiconductor lies in the difference
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Figure 2.2. Illustration of band gap difference in metals, semiconductors and
insulators.
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between the band gap energy. Due to small band gap in semi conductors, thermal excitation is
responsible for the generation of charge carriers, while band gap of dielectric materials are
relatively large so electrical contacts are responsible for injection of charge carriers or some
external sources are used. Transition from one band to another in dielectrics requires high energy
[35]. Electron present in the valance shell of atoms is responsible for the dielectric phenomena,
which interacts with external applied field such as electric or magnetic field. In polar dielectrics
the +ve and –ve charges are responsible for the production of electric dipole. Nonpolar
dielectric materials lack this inherent dipole at zero electric field, until external potential is
applied to shift the electron cloud and ultimately results in dipole phenomena [36].
2.3.2. Types of polarizations
Materials exhibit three types of polarization mechanisms (Figure 2.3) such as electronic,
ionic orientation and space charge polarization. Typically, depending on the nature and applied
field, at least one kind of polarization mechanism is present in dielectrics.
Electronic polarization is induced in a dielectric material when subjected to an external
electric field. The displacement in electron clouds relative to nucleus results in electronic
polarization. This type of polarization may be induced in all dielectric under external electric
field.
In ionic polarization, the cations and anions in atom are displaced in opposite directions,
which results in net dipole moment. The magnitude of dipole moment generated for each ion pair
is equivalent to the product of relative displacement and respective ionic charges. This type of
polarization occurs only in ionic materials.
Orientation polarization occurs in materials which possess permanent dipole moments.
Orientation polarization is induced when permanent dipoles align in the direction of applied elec-
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Figure 2.3. Polarization of dielectrics in a field E. (a) Ionic and electronic polarization
of ionic crystals, (b) electronic polarization of covalent crystals, (c)
orientation polarization of polar dielectrics [37].
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tric field (E). This type of polarization is influenced by temperature and decreases with
increasing temperature [38].
2.3.3. Properties of dielectric ceramics
2.3.3.1. High relative permittivity
Typically, a capacitor is made of two parallel conductive plates separated by a specific
distance (medium) that is filled with a dielectric material. Multilayer ceramic capacitor is
designed by this principle, which is composed of hundreds of layers on top of each other in a
very small package, thereby several hundreds of parallel capacitors. Polycrystalline BaTiO3
exhibit high relative permittivity (εr = 1000 to 6000) [39]. Since the internal distance between the
conducting layers in MLCC’s is very small (2 or 3 m in thickness), the smaller particle of
BaTiO3 are required for the fabrication of electroceramic capacitors. This reduction of particle
size results in low εr, phases transitions and loss of ferroelectric domains. Therefore, certain
critical measures are necessary for processing of electroceramics [40].
2.3.3.2. Dielectric strength
The response of a dielectric material to electrical stress is a complex phenomenon. The
dielectric strength of materials depends on various factors such as material homogeneity,
electrode morphology and interaction with material under test, nature of current (AC., DC),
specimen geometry [41-45]. Commercially, the thermal breakdown is considered as the most
significant mode of failure. Another failure is the discharge breakdown, which is more
pronounced in porous ceramics. Intrinsic breakdown strength is caused by the ionization of
constituent ions in the conduction band in an external electric field. Such ionization may also
results in electron avalanche. When the amount of heat generated in a dielectric material is
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greater than the amount of heat dissipated to its surrounding, the temperature of material rises,
ultimately results in conductivity and tan  [46-48].
2.3.3.3. Dielectric loss
An ideal dielectric material resists the flow of charge completely and only allows
displacement of charges, which results in polarization. In a typical capacitor arraignment, when
an AC electric field is applied to an ideal dielectric, the current will carry the voltage by a phase
angle of /2 (i.e., 90o). In such a current voltage scenario no power will be absorbed by dielectric
and the capacitor will exhibit tan δ = 0. On the other hand, the practical device materials exhibit
tan δ. It is because the current voltage phase angle is not exactly 90 o and the current lags slightly
behind. The angle of lag is defined as  and the amount of lag is presented as tan . Dielectric
losses are associated with various mechanisms occurring in materials such as, electronic
polarization, ion vibration, deformation and ion migration. Generally, dielectric loss in ceramics
is due to ion migration. Temperature and frequency are two important factors which influence
tan  [49-52].
2.4. Dielectric applications
2.4.1. Electronic applications
Due to enhanced electrical properties, dielectric materials are used in computers,
resistors, capacitors, diodes and transistors. They are used in optoelectronic devices such as solar
cells, light emitting diodes and light sensors. They are used for conversion between thermal
energy and electrical energy in thermoelectric devices e.g., coolers, thermocouples and heaters
[53, 54]. Other electrical applications include piezoelectric devices (e.g., actuators, strain
sensors), Microelectromechanical systems (MEMS), Dynamic random access memories and
thin and thick film conductors [55]. Magnetic applications include magnetic energy storage,
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magnetic shielding, magnetic computer memories, magnetic particle inspection, magnetic field
sensors, and robotics, magnetically levitate trains, micromechanics, magnetic rheological fluids,
magnetic resonance imaging (MRI) [56-58].
2.4.2. Energy harvesting
Due to high cost and limited natural energy sources such as oil, methane and coal,
researchers are focusing on the energy harvesting from various sources such as solar energy,
wind energy, hydrogen fuel economy and also have been exploited various materials for their
piezoelectric (conversion of mechanical energy into electricity), thermoelectric (conversion of
thermal energy to electricity), optical properties (photovoltaic devices; solar cells which is used
for conversion of light energy into electricity) [59].
2.4.3. Energy storage
Generally, the generation of energy occurs before its usage in different applications.
Energy storage is an important application of the dielectric materials. For example, solar cells are
used to harvest energy in the daylight and are utilized at night time. Electrical energy is stored in
capacitors, chemical energy is stored in various batteries and thermal energy is stored in various
materials exhibiting high magnitude of specific heat [60-62].
2.4.4. Data storage
Data storage devices are high in demand due to explosion of information which is needed
to be stored. Different kind of memory storage devices are used which include ferroelectric
memories, magnetic memory and tap recording, phase change memory and optical methods
(compact disks or CDs). The incorporation of memories in a structure is attractive for space
saving [63].
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2.5. Barium titanate
Barium titanate is widely used in MLCCs, ferroelectric nonvolatile memory (FRAM),
transducers, and DRAM due to its dielectric, ferroelectric, piezoelectric and optical properties
[64]. Various attempts have been made to tune the dielectric properties of the BaTiO3based
electroceramics for specific device applications [65]. These attempts include modification of
synthesis processes, variation in Ba : Ti ratio, effect of surfactants in solution based synthesis,
utilization of various chelating agents for stabilization of Tiion during synthesis, different
synthesis environments (air, nitrogen), and substitution of various isovalent and aliovalent
dopants on either Asite (Basite) or Bsite (Tisite). These parameters were studied to
optimize the dielectric properties of BaTiO3 by controlled microstructure, homogeneity in shape,
phase purity and crystal behavior [54-55]. Barium titanate is tetragonal (ferroelectric) at room
temperature, while above Tc (120

o

C) it is converted to cubic structure (paraelectric).

Ferroelectric perovskites based on BaTiO3 exhibits low tan δ above Tc [66, 67].
BaTiO3-based ceramics have been processed by various routes such as hydrothermal
[68], combustion [69], solgel [70], oxalate [71], molten salt [72] and biosynthesis [73]. Jung et
al [74] reported the synthesis of tetragonal BaTiO3 particles at 220 oC using glycothermal
reaction. Ba(OH)2.8H2O, amorphous titanium hydrous gel and 1,4butanediol were used as
precursor materials. XRD, Raman spectroscopy and DSC techniques were used to characterize
the BaTiO3 powders. They observed that the size of BaTiO3 powders can be controlled by
optimizing reaction conditions such as temperature and H2O/1,4butandiol ratio. A
homogeneous morphology was observed for the final product. Murillo et al [75] studied the
effect of chelating agent on the codoped BaTiO3:Er3+:Yb3+ ceramics using sol-gel route. They
reported that the chelating agent affects the shape and morphology of final product.
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Moona et al [76] studied the effect of pH and processing temperature on the synthesis of
BaTiO3 using hydrothermal method. Titanium isopropoxide, barium acetate and acetylacetone
were used as the starting materials. They reported that pH > 13.0 is required for the pure BaTiO3
phase formation and the crystallization rate was increased with increasing temperature. They
reported that reaction conditions such as concentration, reaction time and processing temperature
greatly influence the final product of the BaTiO3.
2.5.1. Role of doping in BaTiO3
Cai et al [77] prepared V-doped BaTiO3 (V = 0.00, 0.5%, 1.0%, 1.5%) ceramics using
solid state sintering route. V2O5, BaCO3 and TiO2 were used as precursor materials. Finally,
ceramics were characterized using XRD, SEM, LCRmeter and ferroelectric tester. The addition
of V5+ for Ti4+ increased the abnormal grain growth. The average grain size for 1.5%V content
was reported as 5 m to 68 m. The Tc was increased from 125 oC for the sample with V = 0 to
130 oC for the V = 1.5% system and tan  was decreased from 0.05 (V = 0) to 0.035 (V = 1.5%).
They were of the opinion that an increase of temperature resulted in a decrease of P r and Ec from
8.87 kV/cm and 5.188 C/cm2 (V = 0) to 5.94 kV/cm and 3.036 C/cm2 (V = 1.5%),
respectively.
Hu et al [78] investigated the effect of ZnO, Al2O3 and MgO codoping on the
microstructure and dielectric properties of the Ba0.6Sr0.4TiO3 ceramics processed by solid state
sintering rout at 1400 oC. Cubic perovskite phase was observed for the Ba0.6Sr0.4TiO3 and
facecentered cubic spinal phase of Mg(Zn)Al2O4 in the

BST/MgO/Al2O3/ZnO (BMAZ)

composite ceramics. Transition temperature was shift to low temperature with increasing ZnO
content for the BMAZ composite ceramics. A high tunability of 27.4 % was reported for the 10
wt% ZnO under 1.0 kV/mm.
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Avila et al [79] synthesized BaTiO3 powders by hydrothermal process in a PTFE-lined
reactor at 180 oC. Titanium isopropoxide, TiO2, Barium hydroxide and KOH were used as the
starting materials. The ratio of Ba to Ti was fixed to 1.1. The sintering temperature was reported
to be 1250 oC. The XRD, Raman, SEM and ferroelectric tester were used for the characterization
of product. Different Ti sources were used and investigated the sample density and grain size
distribution, which was influenced by Ti sources. Titanium isopropoxide increased the Tc  123
C and tan   0.048, while lowered the ɛr  950 at 1 kHz around room temperature compared to

o

TiO2 (Tc = 120 oC, ɛr  1050, tan   0.038). The low ɛr and high Ps (6.4 C/cm2) values,
measured for the sample BTtitanium isopropoxide, is associated with the high porosity and high
tetragonality, respectively, compared to the BTTiO2 (Ps = 9.1 C/cm2) sample.
2.5.1.1. Strontium doping on Asite
Razak et el [80] reported the synthesis of the BaxSr1-xTiO3 (x = 75, 80, 85, 90 mol.%)
ceramics by using hydrothermal method. The resultant powders were pressed into pellets and
sintered at 1200 oC for 3 h. Calcination resulted in second phase for the final powders. The two
phases were converted to single phase during sintering with minor second phase impurities. An
abnormal grain growth was observed which was associated to the presence of secondary phase.
The average grain size, εr and polarization increased with increasing Ba content.
Zhang et al [81] discovered that increasing Sr content from 40% to 70%, the magnitude
of εr for the BaSrTiO3 ceramics decreased from 7200 to 640 while tunability decreased from
50.1% to 5.4% at 10 kHz. The dielectric losses in MW region were found to decrease from 1.5 ×
10-2 to 7.4 × 10-4. An increase in Sr content in BaSrTiO3 ceramics substantially decreased εr and
tan δ for both high and low frequency regimes. The dielectric properties of BaSrTiO3 can be
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altered using a DC bias electric field, which is exploited in various applications such as
varactors, tunable filters, resonators, phase shifters.
2.5.1.2. Lanthanum doping on Asite
Doping of rare earth elements in ferroelectric perovskite structure have been reported for
the optimization of dielectric and magnetic properties of the BaTiO3 based ceramics. Due to
difference in ionic radii of La and Ba, it is expected that La will occupy the A-site in ABO3
perovskites and will alter the dielectric properties of BaTiO3.
Xinle et al [82] scrutinized the effect of La doping on the BaTiO3 powders synthesized by
solgel method. XRD and SEM were used successfully to study the effect of annealing
temperature on the phase development and particle morphology. Xinle and his co-workers
observed that La substitution acted as growth inhibitors, while an increase of annealing
temperature resulted in bigger particles. The average particle size for the sample with 7% La
annealed at 900 oC was estimated to be as 43.34 nm..
Chou et al [83] fabricated La2O3-doped barium zirconium titanate (Ba1-xLax)Zr0.2Ti0.8x/4O3

ceramics by solid state route and studied the dielectric properties for tunable capacitor

applications. They concluded that the La3+ ions occupied the Asite in BaTiO3 crystal structure.
The Tc of (Ba1-xLax)Zr0.2Ti0.8-x/4O3 shifted to a low temperature and magnitude of ɛr was tuned
from thousands to hundreds with increasing La content. Furthermore, the tan  of (Ba1xLax)Zr0.2Ti0.8-x/4O3

ceramics was found to decrease with increasing La content.

Betriu et al [84] studied the Asite deficient rare earth elements (La, Pr, Nd, Gd) doped
Ba(Zr0.09Ti0.91)O3 ceramics by modified solid state sintering reaction method. They recorded that
doping of rare earth elements inhibited grain growth and influenced grain morphology. Similarly,
a shift of Tc to low temperature was observed by doping Ba(Zr0.09Ti0.91)O3 with rare earth
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elements. A maximum permittivity of 10,900 and 53% tunability for the Nd (x = 0.05) doped
samples was reported by them.
Lanculescu et al [85] studied the dielectric and tunability of Ba1-xLaxTiO3 (x = 0.001,
0.0025, 0.005, 0.01, 0.025) ceramics prepared by solid state sintering route. Sintering of the
green pellets was carried out at 1300 oC for 6 h. They observed a composition dependant
dielectric property of the Ba1-xLaxTiO3 and Tc was reported to decrease with increasing La
content. All the samples behaved as insulators and a homogeneous defect distribution, as
revealed by the impedance studies, was observed.
Horr et al [86] prepared nano Ba1-xLaxTiO3 (0.00 ≤ x ≤ 0.14) by coprecipitation method
at 850 oC in air. The samples were sintered at 1050 oC in air using Spark Plasma Sintering (SPS)
technique. The XRD study confirmed the cubic (Pm3m) perovskite structure of the resulting
powders. The sintered samples exhibited both cubic and tetragonal crystal structures. The
tetragonal character and average particle size of ceramic samples decreased with increasing La
content.
Lu et al [87] examined the effect of La and Ce codoping on the BaTiO3 ceramics
synthesized by solid state sintering route. XRD, TEM Raman spectroscopic techniques and EPR
were used to investigate the ceramic microstructure, phase development and electrical properties.
A diffused phase transition (DPT) was reported for the ceramic samples. They reported that La
(3%) and Ce (5%) inhibits grain growth during sintering. Dielectric properties were enhanced
and homogeneous grain growth was achieved.
Ramam et al [88] synthesized Ba modified [Pb1-x-w-yLaxSrwBay][(ZrzTi1-z)(1-(x/4)(5/4)k)Nbk]O3

(y = 0, 0.5, 1 and 1.5 mol%) by solid state sintering route. The XRD analysis

confirmed the tetragonal (P4mm) symmetry for all the samples. The magnitude of ɛr was found
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to increase for Ba up to 1 mol%. The Tc shifted to low temperatures with increasing Ba content.
The piezoelectric properties such as piezoelectric charge coefficient and piezoelectric planar
coupling coefficient were reported as d33 = 538 pC/N and Kp = 0.521, respectively for 1 mol%
Ba.
Niesz et al [89] synthesized Ladoped BaTiO3 ceramics by using a kinetically controlled
vapor diffusion catalysis technique. They claimed that short period of sintering at 1350 oC under
air is necessary to suppress abnormal grain growth, while precise cooling rate is needed to
optimize the electrical properties. Narang et al [90] prepared Ba6-3xLa8 + 2xTi18O54 (0.0 x 0.7)
ceramics via solid state sintering route. The lattice parameters were observed to increase with
increasing La content.
2.5.2. Role of Bsite doping
2.5.2.1. Manganese doping on B-site
Langhammer et al [91] investigated the influence of Sr on the microstructure, crystal
structure and thermal expansion of the Ba0.98Sr0.02Ti1-xMnxO3, (0 ≤ x ≤ 0.02) electroceramics.
They observed that Mn concentration higher than 2.0 mol% strongly hindered grain growth at
1400 oC. Strontium doped BaTiO3 showed hexagonal phase for the Mn content > 1.5 mol%.
Wang et al [92] synthesized BaMnxTi1-xO3 (0 ≤ x ≤ 0.01) ceramics by solgel method.
They were of the opinion that electronic concentration n = 1/▐ eR▐ decreased with increasing
Mn content. They also studied the Hall Effect and it was reported that electrons are the charge
carriers in ceramics. It was confirmed by them that the Mn substitution at the Tisite is
responsible for the partial trapping of electron conductance, and Mn2+ occupied more central
position in the BaTiO3 unit cell than Ti4+ which resulted in modification of ferroelectric
properties.
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Wang et al [93] further investigated the effect of MnO2 concentration on the dielectric
properties of BaSrTiO3 glass ceramics. The samples were prepared by bulk crystallization
process. They reported that ɛr and tan  measured at room temperature passed through a
maximum with increasing content of MnO2. Electron is trapped by Mn2+ or Mn3+, which
weakens the conductivity of the material, results in an increase in activation energy for the grain
and decreased the value of tan . The high Ea values for grain boundary than bulk indicated that
the activation of the conducting electrons is more difficult without the application of electric
field, which resulted in blocking of carrier-conducting access by the insulating grain boundary
layer. Thus the +ve and –ve charges accumulated at the two edges of the insulator layer to form
micro-capacitor. This phenomenon was responsible for high εr values.
Yan et al [94] studied the microstructure and electrical properties of pure and Mn/Y
codoped polycrystalline Ba0.67Sr0.33TiO3 ceramics synthesized by citratenitrate combustion
technique. The highest density was reported for the 0.5 mol% Mn and 1.0 mol% Y co-doped
BaSrTiO3 sample. The relative density of 0.5 mol% Mn and 1.0 mol% Y codoped BaSrTiO3
(BST0510) ceramics reached 97.5% of the theoretical density. They reported that BST0510
ceramics have the low dielectric loss (tan  < 0.0073 at 1 kHz) among all the BaSrTiO3 samples.
They also reported a low leakage current density (1.23 × 10 -7 A/cm2) at E = 10 kV/cm,
ferroelectric properties with a remanant polarization of 2Pr = 15.327 µC/cm2 and 2Ec = 3.456
kV/cm.
Chourasia et al [95] prepared BaTi0.90Mn0.1O3 (MnBT), BaTi0.94Zr0.05Mn0.01O3 (MnBTZ5) and BaTi0.89Zr0.10Mn0.01O3 (MnBTZ-10) using solid state sintering route at 1050 oC for 24 h.
BaCO3, TiO2, ZrO2 and MnCO3 were used as precursor materials. XRD was used to investigate
the phase purity. SEM coupled with EDAX was used for the investigation of microstructure and
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elemental analysis. Cubic symmetry (pm3m) was confirmed for all the samples. The unit cell
volume increased with increasing Zr content. The average grain size of MnBTZ-10 was
calculated in the range of 8 nm to 30 nm using TEM. Sintered samples showed a DPT and
relaxor behavior.
2.5.2.2. Zirconium doping on Bsite
Xu et al [96] synthesized the BaZr0.2Ti0.8O3 ceramics by using citrate precursor method.
XRD confirmed the cubic (pm3m) symmetry of the sintered samples at 1270 oC for 2 h. The
average particle size was measured to be 250 nm. Dispersion in tan  was reported, which
corresponded to polar nano-regions (PNRs). The magnitude of polarization was estimated to be
0.4 C/cm2.
Kumar et al [97] processed Ba0.8Pb0.2Ti1-xZrxO3 (0.00 x 0.1) ceramics using solid state
sintering route at 1300 oC. The Tc was observed to decrease with increasing Zr content. The
tetragonal character (c/a ratio) and porosity was found to decrease and increase with an increase
in Zr content, respectively. The magnitude of ɛr and tan  for the sample with x = 0.10 was
measured as 3220 and 0.006 around room temperature, respectively.
Wang et al [98] studied the effect of Zr doping on the Ba0.6Sr0.4TiO3 ceramics. Spark
plasma sintering and conventional sintering (CS) techniques were adopted for making ceramic
samples. The phase development, microstructure and electrical properties were studied using
XRD, SEM and impedance analyzer, respectively. Ba0.6Sr0.4(Zr0.2Ti0.8)O3 ceramics sintered at
1270 oC for 5 min using SPS showed the highest relative density (98.2%). The magnitude of ɛr,
tunability, FOM was calculated as 850, 475 and 57%, respectively. Highly dense ceramics were
obtained in short sintering time through SPS (r  98.23% at 1270 oC for 5 min) compared to
CS (r  93.66% at 1400 oC for 4h).
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Badapanda et al [99] characterized the Ba(Zr0.25Ti0.75)O3 ceramics using XRD, SEM,
EDAX and impedance spectroscopic techniques, which was synthesized through solid state
sintering route at 1623 K for 4 h. They noticed a nonDebye relaxation behavior and negative
temperature coefficient of resistance (NTCR) for the Ba(Zr0.25Ti0.75)O3 ceramics. The DC
conductivity (DC) was observed to increase with increasing temperature showing a
semiconductor behavior.
Bera et al [100] prepared Sr doped Ba1-xSrx(Ti0.5Zr0.5)O3 ceramics through solid state
sintering route. XRD and LCRmeter were tested in the frequency regime from 10 Hz – 13 MHz
for investigating phase development and dielectric properties of the sintered samples,
respectively. They reported that sample up to x  0.6 exhibited cubic symmetry (Pm3m), while x
> 0.6 possess tetragonal symmetry (P4mm). The relative density and average particle size was
observed to decrease with increasing Sr content. The magnitude of εr was reported to decrease
with increasing Sr content in the sample.
Chen et al [101] studied the effect of ZrO2 (0.00%, 0.5%, 1.0% and 1.5%) on the
Ba0.6Sr0.4TiO3 ceramics prepared by solid state sintering route at 1450 oC for 3 h. The grain size
of the Ba0.6Sr0.4TiO3 was calculated to be 90 m for the 0.5 wt% ZrO2 content. The magnitude of
ɛr was observed to decrease with increasing DC bias field. Calculated tunability was 45.74% and
45.88% at 20 MHz and 40 MHz, respectively for the 0.5 wt%ZrO2Ba0.6Sr0.4TiO3 ceramics.
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CHAPTER3
EXPERIMENTAL
3.1. Processing of ceramics
3.1.1. Experimental procedure
In the present work, solgel route was used for the processing of the BaTiO3 based
ceramic samples. Solgel method was initially used in 1800s. Latter around 1900s, this
technology was used by Schott Glass Company (Jena, Germany). Solgel technique can be used
for the fabrication of membranes, chemical sensors, optical gain media and electrochemical
devices, for photochromic and nonlinear applications and nanomaterials synthesis. Solgel
method has potential advantages over other ceramic fabrication techniques, such as conventional
solid state sintering route, precipitation methods, oxalate route and combustion method. The
record of publications in literature (patents and journal articles) related to processing of materials
via sol-gel route from 1982 to 2010 is given in Figure 3.1. The solgel method advantages over
other synthesis procedures are given as under.


The solgel product exhibit better homogeneity and purity.



The solgel process can be conducted at low temperatures.



The solgel process offers control over stoichiometry of multiphase systems, particle
size, shape and physiochemical properties.



The procedure can be used for the thin film fabrication.



Solgel can be used for the synthesis of various inorganic and organic hybrid materials.



Solgel process is easier to control the microstructure during sintering (densification
process).
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Figure 3.1. Publications in the sol−gel materials field, 1982−2010 [1].
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These advantages are the requirements for the commercial processing compared to cost, impurity
and lengthy processing times in solid state sintering route and hydrothermal synthesis [2-6].
The first step in solgel process is the selection of suitable precursors, which will react
through various steps and finally converted to colloidal particles (sol) or polymeric gels. The
most important precursor utilized in solgel technology is metal alkoxides M(OR)n. Metal
alkoxides are derivatives of alcohols, ROH, which are weak acids, economical and results in
high purity hydrated oxides [7, 8]. The sol is further treated at low temperature from 80 oC-120
o

C to form a viscous gel. The gel is dried in oven from 8-24 h at 120 oC to form xerogel, which is

finally annealed at high temperature ranging from 650 oC to 900 oC to get final powders. The
schematic representation of solgel process showing various steps are given in Figure 3.2. In the
present study various compositions of BaTiO3based ceramics were produced. The respective
compositions are given in the Table 3.1.
3.1.2. Raw materials
Raw materials used in the solgel process were metal alkoxides and acetates. The
specification of raw materials is given in Table 3.2.
3.1.3. Weighing
The raw materials received were used without further purification. Digital balance was
used for the weighing of raw materials, which was calibrated with an accuracy of 0.0001 gm and
raw materials were used according to the various stoichiometric compositions.
3.1.4. Calcination
Calcination is the process in which as prepared precursor materials are treated at high
temperatures well below the melting temperature of the reactants in order to get the desired
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Step 1

Step 2

Step 3

Step 4

Figure 3.2. Presentation of various steps for the solgel process.
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Table 3.1 BaTiO3based electroceramics synthesized by solgel method

Composition

Doping element

BaTiO3

None

Ba1-xSrxTiO3

Strontium

0.25, 0.35, 0.45, 0.55, 0.65

Ba1-xLaxTi1-x/4O3

Lanthanum

0.00, 0.015, 0.025, 0.035, 0.045 and 0.055

BaSrTi1-xZrxO3

Zirconium

0.02, 0.04, 0.06, 0.08, 0.1

Ba0.5Sr0.5Mnx(Ti0.95Fe0.05)1xO3 Manganese

x

0.00, 0.004, 0.006, 0.008, 0.01 and 0.02
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Table 3.2 Specification of chemicals used in solgel experiments

Chemical

Chemical formula

Company

Purity (%)

Barium acetate

(CH3COO)2Ba

SigmaAldrich

99.00

Strontium acetate

(CH3COO)2Sr

SigmaAldrich

99.00

Manganese (II)

(CH3COO)2Mn.4H2O

SigmaAldrich

99.00

Iron (II) acetate

Fe(COOCH3)2

SigmaAldrich

99.99

Zirconium (IV)

ZrO(NO3)2.xH2O

SigmaAldrich

99.00

Ti[OCH(CH3)2]4

SigmaAldrich

97.00

Glacial acetic acid

CH3COOH

SigmaAldrich

99.50

Acetylacetone

CH3COCH2COCH3

SigmaAldrich

99.30

isopropanol

(CH3)2CHOH

SigmaAldrich

99.50

Deionized water

H2 O

Millipore Corporation

Type 1

acetate tetrahydrate

oxynitrate hydrate
Titanium (IV)
isopropoxide
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phases [9-12]. Some powders without any prior calcination treatments get sintered and
transformed into shapes e.g., barium ferrite [13-15]. It is possible that the final product is not
entirely achieved during the calcination process but it is helpful for making dense ceramics.
During calcination, the extent of ionic diffusion in raw materials (reactants) are reduced to form
homogeneous phases during sintering, which otherwise can cause porosity and heterogeneous
phases at high temperature [16, 17]. Calcination is carried out in various shapes of containers,
which depends on the synthesis protocol and nature of the raw materials. Xerogel obtained
during solgel and polymeric precursor process is generally treated in boat crucibles to expose
the larger surface area of gel for better calcination. For volatile substances such as PbO, the
calcination is carried out in closed containers to avoid any contaminations or loss of PbO. The
containers which are used must be inert to the reactants in order to avoid contaminations during
reaction at high temperature and wastage of resources for the future use [18-23]. The calcined
powder sample is grinded to dissociate agglomerates (if any). Sometimes, the powder sample is
again heated so that the unreacted reactants left over in the first step of calcination react to form
the final phase. After regrinding, the calcined powder is sieved to get fine powder. The
calcination time and temperature regime greatly affects the microstructure, density and hence the
dielectric properties of materials [24-26].
In current study, xerogel obtained as a result of solgel process were subjected to various
calcination temperatures, depending upon the nature of compounds. Pure alumina crucibles of
100 ml capacity were used as containers for the calcinations. The calcinations were carried out in
air atmosphere using 5 oC/min step size to raising and cooling temperature.
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3.1.5. Shaping (Pellet pressing)
Generally, the calcined powders are grinded in agate mortar in order to crush the
agglomerates. An organic binder polyvinyl alcohol (PVA) is added to the powders, which is
required for the strong shaping of the green pellets for handling before calcination. After
pressing, the green pellets are burned at low temperature (To  550 oC for 30 minute) to remove
the binder. It is important for the incorporated binder to be removed from the sample at a
temperature without any disruptive effect [27, 28].
In the present work, all the ceramic samples were pressed into a cylindrical shape of 10
mm diameter and 2 mm height using a manual pellet press (CARVER, USA) at the Department
of Materials Science and Engineering Materials, University of Sheffield, UK. The applied
pressure was varied according to the compositions and each sample was hold for 3 minutes under
applied pressure.
3.1.6. Density measurements
Density of a sintered material is found to be one of the important parameters that
influence the dielectric properties. Archimedes method was used to measure the density of the
sintered ceramics. This method is based on the principle which states that, ―a solid sample
heavier than fluid, when weighted in the fluid, and be lighter than its true weight by an amount
equal to the weight of the fluid displayed‖ [29]. Deionized water was used as fluid in present
study. The following equation was used to calculate the theoretical density of samples:

th = ZM/VAg

(3.1)

Where, M is the molecular weight, Z is the formula unit, V is the unit cell volume and Ag is the
Avogadro number (Ag  6.022 × 1023 atoms/mol).
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3.1.7. Solid state sintering
Solid state sintering refers to the heating of a compact green body to a high temperature
lower than the melting temperature of the material to be sintered. When the grain powder is
compacted, the grains are in contact with one another at many sites exhibiting large number of
pores and voids (unfilled space) among them in green pellets. Solid state sintering causes
sufficient atomic diffusion of atoms. The sintering is commonly accomplished in three stages. In
the initial stage, the surfaces of the particles become smooth, their necks grow and the pores
among the interconnected particles become rounded in shape. The intermediate state involves the
formation of the continuous pores channels along many threegrain junctions, called the triple
junction. As densification proceeds, the pores are removed which result in high densities. In the
final stage of sintering, isolated pores are eliminated by mass transport from the grain boundaries
to the pores. Pores on a grain boundary can be eliminated by motion of grain boundaries or
lattice diffusion but pores within the grains can only be eliminated by lattice diffusion, which can
be a problem since volume diffusion often has high activation energy [30].
In the present study, Green pellets were transferred to furnace to carry out sintering
process. The sintering conditions were optimized with base compositions and then the best
density conditions were selected as a sintering temperature. The up and down step for the
sintering was 5 oC per minute for all samples.
3.2. Sample preparation
3.2.1. Synthesis of BaTiO3
Polycrystalline BaTiO3 was synthesized via sol−gel route using (Ba(C2H3O2)2),
Ti[OCH(CH3)2]4, C2H5OH, C5H8O2, and deionized water as starting materials. The solvent to
precursor ratio was kept constant using reflux conditions. In the first step, Ti[OCH(CH3)2]4 was
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slowly added to (CH3)2CHOH under constant stirring at room temperature. Acetylacetone was
added to the Ti−solution. In the second step, Ba(C2H3O2)2 was dissolved in a mixture of glacial
acetic acid and deionized water at 80 oC for 2 h. The Basolution was added to Tisolution,
keeping Ba and Ti ratio 1:1. After 1 h the gel was formed which were dried overnight at 120 oC
to evaporate excessive low boiling point solvent. The dried precursor gel was calcined at
different temperatures to get BaTiO3 powders. The powders were then pressed into pellets with
an aspect ratio of 5 at 100 MPa. The sintering was carried out at 1300 oC for 6 h with a
heating/cooling rate of 5 oC/min in the air.
3.2.2. Synthesis of Ba1-xSrxTiO3
Polycrystalline Ba1-xSrxTiO3 (x = 0.25, 0.35, 0.45, 0.55, 0.65) ceramics were prepared by
using sol‒gel method. Ba(CH3COO)2, CH3COCH2COCH3, Ti[OCH(CH3)2]4, and Sr(CH3CO2)2,
were used as starting materials, while, CH3COOH, (CH3)2CHOH and deionized water were used
as solvents. In the first step, stoichiometric amount of Ti[OCH(CH3)2]4 was dissolved in
CH3COOH using continuous stirring at room temperature. Above solution was stabilized using
CH3COCH2COCH3 as a chelating agent to form stable Ti‒solution and to avoid premature
precipitation. A yellow transparent solution was observed. In the second step, Ba(CH3COO)2 and
Sr(CH3CO2)2 were dissolved in acetic acid at 80 oC for 2 h followed by the subsequent addition
to the Ti‒solution. Initially white precipitates were observed and the solution became turbid for
10 minutes, which were then converted to clear Ba-Ti-Sr sol at 80 oC. The sol was converted into
a viscous gel at 80 oC for 1 h. Gel was dried at 120 oC overnight and turned into a brown dried
gel. Finally, xerogel was calcined at different temperature to obtain Ba1-xSrxTiO3 powders. Ba1xSrxTiO3

powders were then sonicated for 20 minute in order to minimize the degree of

agglomeration and sieved. The calcined powders were pressed into pellets and sintered at 1300
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C for 3 h in air, with a heating/cooling step size of 5 oC per min. The sintered pellets were then

printed with gold past on the both sides and fired at 800 oC for 2 h to form electrodes for
electrical characterization.
3.2.3. Synthesis of Ba1-xLaxTi1-x/4O3
Polycrystalline Ba1-xLaxTi1-x/4O3 (x = 0.015, 0.025, 0.035, 0.045, 0.055) powders were
synthesized by solgel method. In present study, Ba(CH3COO)2, La(CH3CO3)3.6H2O,
Ti[OCH(CH3)2]4, CH3COOH, CH3COCH2COCH3, (CH3)2CHOH and distilled water were used
as starting materials. Stoichiometric amount of Ti[OCH(CH3)2]4 was dissolved in (CH3)2CHOH
at room temperature under continuous stirring on a magnetic plate to get a clear solution.
Appropriate amount of CH3COCH2COCH3 was added as a chelating agent to above solution to
form stable titanium solution. This was referred to as solution A. In the second step
Ba(CH3COO)2 and La(CH3CO3)3.6H2O were dissolved in a mixture of CH3COOH and water at
80 oC on a hot plate. This was referred to as solution B. In the third step solution B was slowly
added to solution A under vigorous stirring and the temperature was fixed at 80 oC. In the
beginning white precipitates were formed, which were subsequently dissolved at 80 oC in 5 min,
and clear sol was obtained. The sol was converted to viscous gel at 80 oC under vigorous stirring
for 1 h. The gel was dried overnight at 120 oC in an oven and turned into dried gel. The
calcination of the dried gel was carried out at various temperatures from 450 oC to 850 oC for 4 h
in air. Single phase Ba1-xLaxTi1-x/4O3 powders were obtained after calcination at 850 oC for 4 h.
The calcined powders were mixed with 5 wt% polyvinyl alcohol (PVA, as binder) and pressed
uniaxially into 2 to 3 mm high 10 mm diameter pellets in a stainless steel die at 100 MPa using a
manual hydraulic press. The binder was burned off at 550 oC for 30 minutes and then sintered at
1300 oC for 6 h in air at a heating/cooling rate of the 5 oC/min. For dielectric characterization the
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two sides of the pellets were polished and coated with gold paste and fired at 800 oC for 2 h to
form electrodes.
3.2.4. Synthesis of Ba0.7Sr0.3Ti1-xZrxO3
Reagent grade Ba(CH3COO)2, Sr(CH3COO)2, ZrO(NO3)2.xH2O, Ti[OCH(CH3)2]4,
CH3COCH2COCH3 and (CH3)2CHOH were used as starting materials, while CH3COOH and
(CH3)2CHOH were used as solvents and acetylacetone was used as a chelating agent.
Stoichiometric amounts of barium acetate, strontium acetate and zirconium (IV) oxynitrate
hydrate according to the composition formula Ba0.7Sr0.3Ti1-xZrxO3 were dissolved in glacial acetic
acid on a hot plate at 80 oC. The mole ratio of metal salt (Ba, Sr and Zr ) to acetic acid was kept
as 1:8. Titanium isopropoxide was dissolved in isopropanol at room temperature. Acetylacetone
was added to Tisolution in order to form a stable chelate with Ti to avoid any premature
precipitation and was added to salt solution (Ba, Sr and Zr) while stirring. Deionized water (5
ml) was added to the above solution. The ratio of acetylacetone to Ti was 2.5. The solution was
kept bathing for 2 h at 80 oC until sol was converted to gel. The gel was dried at 120 oC
overnight to make a xerogel. Xerogel was crushed using an agate-mortar for 10 minutes and then
calcined at different temperatures ranging from 450 oC to 850 oC for 4 h. The Ba0.7Sr0.3Ti1-xZrxO3
powders along with 5% PVB as binder were mix-milled for 20 minutes and subsequently pressed
into pellets. The binder was burned off at 600 oC for 30 minutes and then sintered at 1450 oC for
6 h in order to get dense ceramics. The polished surface of the pellets was screen printed with
gold and treated at 800 oC for 2 h to cook electrodes for further characterization.
3.2.5. Synthesis of (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3
Polycrystalline (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 (x = 0.00, 0.004, 0.006, 0.008, 0.01, 0.02)
ceramics were synthesized by a sol-gel method. Reagent grade barium acetate (Adlrich, 99%),
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strontium acetate (Aldrich, 99%), iron acetate (Aldrich, 95%), manganese acetate tetrahydrate
(Aldrich, 99%), titanium ispropoxide (Aldrich, 97%), acetyl-acetone (Aldrich, 99.5%) and
isopropanol were used as starting materials. Stoichiometric amount of titanium isopropoxide was
dissolved in isopropanol at room temperature. Acetylacetone was added to the above solution in
order to make a stable titanium solution. Barium acetate, strontium acetate, iron acetate and
manganese acetate were dissolved in a mixture of CH3COOH and water at 80 OC on a hot plate.
The metal ion solution was slowly added to Tisolution. Initially a white precipitate appeared
which disappeared soon and a clear sol formed in about 20 minutes. The solution was kept
bathing for about 2 h at 80 OC until the sol converted to a gel. The gel was dried at 120 OC
overnight in order to make xerogel. The xerogel was calcined at 450 OC, 550 OC, 650 OC, 750 OC
and 850 OC for 4 h in order to determine the optimum calcination temperature. The resultant
powders were pressed into pellets and sintered at 1300 OC for 6 h in order to get dense ceramics.
The dense ceramics were used for further characterization.
3.3. Characterization
The following experimental techniques were employed for the characterization of the
samples prepared in the present study.
3.3.1. Thermal analysis
Chemical and physical properties of materials are measured using thermal analysis (TA).
Generally, TA is used to understand some specific properties of materials including the
coefficient of thermal expansion, enthalpy, mass and heat capacity, etc. Thermogravimetric
analysis TGA and differential thermal analysis DTA are used in thermal process. In TGA
analysis the changes in sample weight with respect to time or temperature is measured. In DTA
analysis the temperature difference (T) is measured between reference material and sample.
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Another technique differential scanning calorimeter (DSC) is used to measure enthalpy changes
(H) quantitatively with respect to time and temperature. With automatic modern TA instrument,
it is possible to do TGA, DTA and DSC in the same instrument. In some models TG/DTA is
carried out simultaneously [31].
3.3.1.1. TG/DTA analysis
The sample usually a few milligram in weight is heated at a constant step rate of 1 to 20
o

C min-1. Decomposition usually takes place at various temperatures depending upon the type of

material and synthetic procedure. The sample decomposition depends on atmosphere and same
sample decompose at different temperatures in different environments. Generally, static air
environment, nitrogen environment or vacuum is used during analysis. TGA measure effects
which involve weight loss only. DTA can also detect effects such as polymorphic transitions.
Barium titanate has a curie temperature of ~ 120 oC which can be determined by DTA. TGA and
DTA can be used for kinetic studies. Accurate results for kinetic study can be obtained by TGA
method, studying the decomposition isothermally. Usually a thermocouple is used in order to
monitor sample temperature during analysis. Water molecules evolve below 200 oC which
results in the first weight loss in TG curve accompanied by an endothermic peak at DT curve.
The second step usually corresponds to the decomposition of BTC in the temperature range of
150 oC to 600 oC. This step involves the removal of organic parts combined weekly in the BTC,
which is an endothermic process. An exothermic reaction also occurs at this temperature which
corresponds to vigorous decomposition of organic species in the BTC. Third step weight loss
involves the decomposition of residual carbonates at about 630 oC which is accompanied by an
endothermic peak at DT curve. At about 550 oC the formation of BTbased ceramic occurs by a
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solid state reaction between amorphous TiO2 and corresponding nanocrystalline carbonates [32,
33].
In the present study, in order to find the reaction temperature, TG/DTA was carried out
on xerogel using Perkin Elmer, USA TG/DTA at the Department of Material Science and
Engineering Materials, University of Sheffield, UK. The xerogel were subjected to heat from
room temperature to 1000 oC in air atmosphere. The step size was 10 oC per minute.
3.3.2. Xray diffraction (XRD)
In the present study, XRD of the samples was performed at the various stages of
processing. After calcination at different temperatures, the XRD of each composition was
performed to investigate the phase(s) development of the calcined samples. Finally, XRD was
employed to the grounded sintered pellets to determine the phase(s) present in the samples. Xray diffraction (XRD) measurements were carried out at room temperature with a SIEMENS
D500 X-ray diffractometer using Ni-filtered CuK radiations (λ = 1.5418 Å) with a step size of
0.02o, for 2θ  20o to 70o at the Department of Material Science & Engineering Materials,
University of Sheffield (UK). The XRD analysis was conducted using STOE WinXPOW
software (version 1.06, © STOE & Cie GmbH, Darmstadt, Germany).
3.3.3. Microstructure analysis
In the present study, sintered ceramics were polished using various abrasive papers and
diamond past. The surface was investigated under optical microscope to examine the polished
surfaces. Pellets were washed with acetones to remove any silica particles stick during polishing.
The polished samples were thermally etched in an over at around 80% of sintered temperature to
enhance the grain boundaries. The resulting pellets were carbon coated and SEM analysis was
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carried out using JSM-6330F, JEOL Co., Ltd SEM operated at 15 keV at the Department of
Material Science and Material Engineering, University of Sheffield, UK.
3.3.4. Fourier transforms infrared spectroscopy
In the present study, FTIR was used for carrying out the functional group analysis using
transmittance method for all samples. The FTIR analyses were conducted at the Department of
Material Science and Material Engineering, University of Sheffield, UK. The samples were
mixed with KBr in a ratio of 1 : 100, and crushed in agate mortar for 10 minutes. After that the
mixer were pressed into pellets of 20 mm diameter using a pellet presser at 200 MPa. The
samples were then subjected to IR inspection.
3.4. Electrical properties
3.4.1. Dielectric properties vs. temperature
Sintered ceramics were polished and coated with gold on both sides to make conducting
surfaces. A thin gold past layer was manually applied on both surfaces and dried in oven for 10
minutes. After drying, the samples were treated at 800 oC for 2 h to make the electrodes. A
Hewelett Packed, 4284A LCR (inductance/capacitance/resistance) meter connected to a
computer through CPIB interface was used for measuring the capacitance and tan . All the
measurements were carried out from room temperature ( 20 oC) to higher temperature
depending upon the nature of samples at various frequencies (~ kHz to MHz). The samples were
put in a tube furnace connected with thermocouple at a heating rate of 1 oC per minute. The
measurements were carried out each minute. The capacitance obtained from these experiments
was used to measure the dielectric constant using the following equation:
ɛr = C.t / ɛo.A

(3.2)

62

where, t is thickness of pellet, A is area, ɛo is permittivity of free space (ɛo = 8.85419 × 10-12 F.m1

), C is capacitance. The dielectric measurements were carried out at the Department of Material

and Material Engineering, University of Sheffield.
3.4.2. Impedance spectroscopic studies
The history of impedance spectroscopy (IS) begins with the introduction of impedance in
electrical engineering by Oliver Heaviside in 1880s. Latter, kennelly and Steinmetz extended the
Heaviside work and introduced complex representations and vector diagrams. Numerous
concepts for different parameters were introduced, such as Argand diagram of mathematics,
circle diagram by Carter and Smith-Chart impedance diagram by Smith. These approaches were
soon followed by introduction of ColeCole plot (a plot showing real part of dielectric constant,
ɛ', at x-axis and imaginary part of dielectric constant, ɛ″, at y-axis) in 1941 [34].
Impedance spectroscopy can be used to interpret the various complex parameters such as
real (ɛ , Z , Y , M) and imaginary (ɛ , Z , Y , M) components of materials, in order to
understand the electrical structure of materials. The frequency dependent properties of a material
can be described as complex permittivity (ɛ*), complex impedance (Z*), complex admittance
(Y*), complex electric modulus (M*) and dielectric loss or dissipation factor (tan ).
ɛ* = ɛ + jɛ

(3.3)

Z* = Z + jZ = 1/jCoɛ*

(3.4)

Y* = Y + jY = jCoɛ*

(3.5)

M* = M + jM = 1/ɛ* = jCoZ*

(3.6)

tan  = ɛ/ɛ = M/M = Y/Y = Z/Z

(3.7)

Where  = 2¶ is the angular frequency, Co is the free geometrical capacitance. Microstructure
of ceramic is composed of grain (bulk) and grain boundaries, exhibiting different resistivities (ρ)
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and dielectric permittivities. The real part (Z = Rg/(1 + (RgCg)2) + Rgb/(1+ (RgbCgb)2)) and
imaginary part (Z = R2gCg/(1 + RgCg)2) + R2gbCgb/(1 + (RgbCgb)2)) of the complex
impedance can used to understand the conduction mechanism.
Z = Rg/(1 + (RgCg)2) + Rgb/(1+ (RgbCgb)2)

(3.8)

Z = R2gCg/(1 + RgCg)2) + R2gbCgb/(1 + (RgbCgb)2)

(3.9)

where the terms Rg and Cg represent the resistance and capacitance of the grain, while Rgb and
Cgb represent the corresponding terms for the grain boundary volume [35, 36].
The complex impedance studies at various frequencies and temperatures were carried out
using Hewlett Packed, 4192 A, LF impedance analyzer at the Department of Material Science
and Material Engineering, University of Sheffield, UK. The impedance measurements were
carried out for each composition until a semicircle was obtained for polynomial fit to enable
extraction of parameters, such as total resistance (RT), capacitance and activation energy.
Arrhenius relation was used for calculating the energy of activation.
 = o exp (-Ea/KBT)

(3.10)

where KB is Boltzmann constant, T is absolute temperature and o is preexponential factor.
The pellets were transferred into a non conductive tube furnace connected with a thermocouple
to show exact sample temperature. First data was collected at room temperature for each sample
in order to get capacitance and dielectric loss measurements vs. frequency at room temperature
from 10 kHz to 1 MHz. Then temperature was manually controlled and step size was kept 10 oC
for each measurements. The measurements were transferred to various electrical parameters
using ZView software (ZView® software from Scribner Associates) package. The data obtained
was treated through various techniques to find the activation energy and resistance.
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CHAPTER−4
RESULTS AND DISCUSSION
This chapter contains the results and related discussion about the BaTiO3−based
electroceramics synthesized by sol−gel route. In the present study single phase BaTiO3−based
perovskite powders were successfully synthesized by modifying the solgel process. The
resulting powders were sintered in order to get dense ceramics. Effect of Sr, La, Zr and Mn on
the microstructure and dielectric properties of the BaTiO3−based ceramics was studied in detail.
4.1. The BaTiO3 system
4.1.1. Characterization
4.1.1.1. Thermal analysis
Figure 4.1 shows TG/DTA studies carried out on the BaTiO3 precursor gel to trace the
o

synthesis temperature. The gel was subjected to thermal degradation from 201200 C in air with
o

a heating step size of 10 C/min. The thermal analysis showed a weight loss in three steps
o

o

o

corresponded to temperature ranges from 60250 C, 290392 C and 613750 C. Low
temperature, weight loss was ascribed to the removal of water and low boiling point solvents in
o

the sample [1, 2]. This weight loss was accompanied by a small endothermic peak around 128 C
on the DTA curve. In the second step, TGcurve suggested a weight loss of approximately 23%,
o

in the temperature range from 290390 C, which was associated to rather more complex
o

chemical reactions. Pyrolysis of acetate occurred in this temperature range (320360 C). The
o

exothermic small peak around 331 C on the DTAcurve corresponded to the decomposition of
residual organic compounds. In this temperature range the rearrangement of chemical bonds in
the gel occurred and the gel was converted to polymers [3-5]. The third step with a weight loss of
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8% was recorded for the decomposition of organic polymers and the formation of inorganic
substances. From the XRD and FTIR studies it was observed that the phase development of
BaTiO3 started in this temperature range. This range of temperature can be attributed as
responsible for two stages, which can be analyzed from the position of the two small exothermic
o

peaks on the DTAcurve. Before 600 C, the decomposition of metal organic framework started
and the formation of amorphous TiO2 and BaO occurred. Further heating resulted in a solid state
reaction between amorphous TiO2 and BaO. The solid state reaction is an exothermic process,
o

which was completed at about 850 C, and involved the evolution of CO2 and other bonded
organic compounds depending upon the precursor composition [6, 7].
4.1.1.2. X-ray diffraction studies
Figure 4.2 shows the XRD patterns of the BaTiO3 precursor gel calcined at different
o

o

temperature from 450 C to 850 C for 4 h. The XRD data confirmed the amorphous nature of
o

the dried gel. The crystalline phase formation started around 450 C at which carbonates were
o

traced [8]. The BaTiO3 phase formation started around 500 C and complete crystalline nature of
o

o

the product was observed beyond 600 C. Traces of carbonate were found up to 750 C.
o

Calcination at 850 C resulted in a single phase, pure crystalline BaTiO3 powders. All the
observed diffraction peaks were indexed to the cubic symmetry (Pm3m), as no shoulder peak
around 45o was found, which is in good agreement with the literature (PDF #: 0792263). The
sharp peaks showed well crystalline nature of the BaTiO3 powders. The lattice parameter and
cell volume for the cubic crystal symmetry was calculated as a = 4.0096 Å and 64.46,
respectively. Figure 4.3 shows the XRD patterns of the BaTiO3 ceramics. The splitting of peak
o

around 45 showed tetragonal symmetry (P4mm) (PDF #: 0812202) of the BaTiO3 ceramics [9].
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Figure 4.1. TG/DTA analysis for the BaTiO3 precursor gel in air.
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Figure 4.2. XRD patterns for the BaTiO3 precursor gel calcined at various temperatures
in air, where a, b, c, d, e and f correspond to the precursor gel, gel calcined at
450 oC, 550 oC, 650 oC, 750 oC and 850 oC, respectively.
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Figure 4.3. XRD patterns for the BaTiO3 ceramics sintered at 1300 oC for 6 h in air.
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The tetragonal crystal lattice parameters were calculated as a = 3.9969 Å and c = 4.0253 Å, and
the cell volume was calculated as 64.309.
4.1.1.3. FTIR Studies
Figure 4.4 shows the FTIR spectra of the as prepared xerogel and powders calcined at
different temperatures. At low temperature, the FTIR spectra of the xerogel is much complex due
to the presence of various organic functional groups in the as prepared dried gel sample. An
increase in the calcination temperature resulted in the dehydration of absorbed water and
decomposition of the gel, which resulted in pure BaTiO3 powders. This formation mechanism
was observed from the FTIR analysis at different temperatures. The characteristic absorption
band at 3416 cm-1 was associated with the OH stretching vibration of water molecules, which
confirmed the existence of water in the dried gel [10, 11]. As the calcination temperature was
increased the width of the OH absorption band decreased due to the removal of water molecule
from the sample. The peaks associated with CO32-, CH3, and other organic functional groups
decreased with increasing temperature. The strong broadened peak at 550 cm-1 is the
characteristic TiO stretching vibrations [12]. This peak in fact, in different frequency shows
different nature of the Ti-O. The peak can be resolved into 615 cm-1, 472 cm-1 and 550 cm-1,
which are associated with TiO6 octahedra, TiOI stretching normal vibrations, TiOII ending
normal vibrations and TiO6 stretching vibration connected with Ba, respectively [13-18].
4.1.1.4. SEM and EDS analysis
Figure 4.5 (a) and (b) shows the SEM micrographs of the bulk and surface of the BaTiO3
ceramics, respectively. From the fractured surface, it can be seen that the particles are
homogeneous in shape. The polished surface showed a heterogeneous grain growth.
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Figure 4.4. FT-IR spectra for the BaTiO3 precursor gel calcined at different
temperature in air.
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Figure 4.5. (a) SEM micrographs of the Bulk of BaTiO3 ceramic sample sintered in air.
(b) Microstructure of the thermally etched surface of the BaTiO3 ceramics.
(c) EDS spectrum for the BaTiO3 ceramics.
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The elemental analysis by EDS shown in the Figure 4.5 (c) corresponds to the composition of
BaTiO3, which showed Ba, Ti and O as main elements in the BaTiO3 ceramics.
4.1.1.5. Dielectric studies
Figure 4.6 shows εr and tan δ as a function of frequency at room temperature for the
BaTiO3 ceramics. The magnitude of ɛr increased with increasing frequency, which was
associated to dielectric relaxation in ceramics at high frequency [19]. Figure 4.7 (a) and (b)
shows the magnitude of ɛr and tan  with temperature, respectively. The ɛr started to increase
with temperature and reached to a maximum value and then decreased with further increasing
temperature. This behavior is due to the ferroelectric to paraelectric transition temperature of the
o

BaTiO3, which is around 120 C. No clear dielectric dispersion was observed before and after Tc
with changing frequency [20-24]. The magnitude of tan  increased in the paraelectric regime at
low frequency. At room temperature ɛr and tan  were measured to be 1500 and 0.03,
respectively, for the BaTiO3 ceramics.
4.1.1.6. Impedance spectroscopic studies
Figure 4.8 show the Cole-Cole (Nyquist) plots (Z vs. Z) for the BaTiO3 ceramics at
selected temperatures. The values of total resistance (RT) were determined from the intersection
along Z-axis of a polynomial fit to the semicircular arcs. At room temperature, the Nyquist plot
(not shown) is a straight line, which showed the typical dielectric behavior. It was observed that
BaTiO3 exhibited two semicircular arcs at all temperatures . The capacitance values calculated
from these semicircle arcs are in the range of ͠

~10-10, which confirmed the presence of two

possible contributions to conductivity in BaTiO3, such as grain boundary contribution and bulk
ferroelectric contributions [25]. The semicircles at low and high frequency were associated to the
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Figure 4.6. Dielectric properties of the BaTiO3 ceramics as a function of frequency at
room temperature.
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Figure 4.7. Dielectric properties of the BaTiO3 ceramics; (a) and (b) ɛr and tan δ as a
function of temperature, respectively.
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Figure 4.8. Cole-Cole plots for the BaTiO3 ceramics at selected temperatures.
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grain boundary and bulk contribution, respectively [26]. The total resistance of ceramics
decreased with increasing temperature, which is identical to semiconductors. This behavior is
different from metallic conductors. In ceramics, with an increase in temperature the barriers to
charge mobility increases, but at the same time the number of charge carrying species increases,
which is for the responsible increasing conduction [22, 27, 28].
Figure 4.9 (a) and (b) shows M and Z plots as a function of frequency. The peak
position for M and Z are not at the same frequency and no clear peak can be seen for the M in
the given frequency range. Such behaviour might be due to the non-homogenous nature of the
BaTiO3 electronic microstructure and the overall contribution to the conductivity was due to both
bulk and grain boundary contributions and also a possible electrode effect [29, 30]. Generally, Z
and M characterize different behaviour of materials. The Z plot corresponds to the most
resistive plots and M pick out smallest capacitance elements of the sample. Since, Zmax = R/2
and M = eo/2C for a particular element are inhomogeneous and are represented by more than
one RC elements, so the resulting Z and M spectra looked different, and the Z and M peaks
occur at different frequencies [31].
Figure 4.10 (a) and (b) shows Z and Z with frequency. Both of these parameters can be
characterized according to their behavior in the frequency domain. The magnitude of Z
decreased gradually with increasing temperature and merged at certain point to comparatively
low values, which confirmed independence from both temperature and frequency [32]. The Z
can be characterized by the peak broadening and peak position in the temperature and frequency
domain.
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Figure 4.9. (a) and (b) Z and M for the BaTiO3 ceramics with frequency at selected
temperatures.
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Figure 4.10. Z and Z as a function of frequency at selected temperatures for
the BaTiO3 ceramics.
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4.2. The Ba1-xSrxTiO3 system
4.2.1. Characterization
4.2.1.1. Thermal analysis
o

Figure 4.11 shows the TG/DTA carried out from room temperature to 1200 C for the
Ba1-xSrxTiO3 (x = 0.25) precursor gel to look for the synthesis temperature. The weight loss was
o

o

o

observed in three temperature ranges; 50−180 C, 220−470 C and 620−800 C. The dehydration
o

process occurred in the range of 50−180 C with a 20% weight loss. This step was assigned to
the removal of moisture, and low boiling point organic solvents from the gel [33]. This step was
o

corresponded to a broad exothermic peak around 100 C on the DTA curve. Second step
suggested a weight loss of 56%, which involved the evaporation and decomposition processes
due to the lost of residual organic compounds and decomposition of various organics was
responsible for the gel formation [34-36]. This step is accompanied by various exothermic (300
o

o

o

o

C, 380 C) and endothermic (426 C, 457 C) peaks on the DTA curve. The third step with a

weight loss of 18% was recorded for the solid state reaction between carbonates and amorphous
TiO2. This range of temperature can be attributed as responsible for two stages, which can be
o

o

o

analyzed from the position of exothermic (640 C, 677 C, 716 C) peaks on the DTA curve. At
o

about 700 C a reaction between amorphous TiO2, BaCO3 and SrCO3 started. The solid state
o

reaction is an exothermic process, which was completed at about 800 C, and involved evolution
o

of CO2 and other weakly bound organic compounds to the sample [37-39]. Beyond 800 C, no
change on the TG−trace was observed, which confirmed the formation of Ba1-xSrxTiO3 as a final
product.
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Figure 4.11. TG/DTA analysis for the Ba1-xSrxTiO3 (x = 0.25) precursor gel in air.
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4.2.1.2. X-ray diffraction studies
o

Figure 4.12 shows the XRD patterns for the Ba1-xSrxTiO3 powders annealed at 850 C for
4 h. The peak profiles matched well to the PDF # 00-034-0411 of the cubic BST. The (100),
(110), (111), (200), (210), (211), and (220) peaks confirmed the formation of cubic (Pm3m)
o

perovskite structure of the Ba1-xSrxTiO3 powders annealed at 850 C in air. Figure 4.13 shows the
o

XRD patterns for the Ba1-xSrxTiO3 ceramic samples sintered at 1300 C for 3 h in air. The (111)
peak shifted to high 2-degrees with increasing Sr content, which confirmed the substitution of
Sr2+ ions for Ba2+ in the ABO3 perovskite structure [40, 41]. The shift at high 2-values is due to
the smaller ionic radius of Sr2+ (0.116 nm) than Ba2+ (0.136 nm). The shift increases with the
increase in Sr content and corresponds to a decrease of the distances between the crystalline
planes [42-45]. Sample with x = 0.25 was indexed to tetragonal symmetry (P4mm, PDF# 01-0890274) at room temperature. When the Sr content increased from the x = 0.25 to the x = 0.65, the
unit cell volume (Vo) decreased from 63.357 Å to 61.464 Å due to small ionic radius of Sr2+ than
Ba2+. The XRD peak at 2θ ≈ 46o shows a small splitting for the x = 25 composition, which
indicated a tetragonal structure with tetragonality (c/a  1.004). Cell parameters extracted from
XRD data are given in Tables 4.1 and 4.2.
4.2.1.3. FTIR studies
o

Figure 4.14 shows the FTIR spectra of the Ba1-xSrxTiO3 powders calcined at 850 C for 4
h. The major peaks were observed around 3445 cm-1, 1425 cm-1, 863 cm-1, and 540 cm-1, which
are associated with OH, CH, CO and TiO stretching vibrations [46-48]. The characteristic
absorption band around 3445 cm-1 was assigned to the OH stretching vibration of water
molecule [49]. The width of the OH absorption band decreased with increasing temperature due
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Figure 4.12. XRD patterns for the Ba1-xSrxTiO3 powders calcined at 850 oC for 4 h
in air.
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Figure 4.13. XRD patterns for the Ba1-xSrxTiO3 ceramics sintered at 1300 oC for 3 h in air.
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Table 4.1 Unit cell parameters and relative density of the Ba1-xSrxTiO3 ceramic
samples

Sample

a (Å)

c (Å)

c/a

Vo (Å3)

ρrelative (%)

x = 0.25

3.98

3.99

1.004

63.35

93.32

x = 0.35

3.96





62.49

92.86

x = 0.45

3.96





62.27

91.73

x = 0.55

3.95





61.76

91.87

x = 0.65

3.94





61.46

91.55
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Table 4.2 Crystallite size and dielectric properties of Ba1-xSrxTiO3 ceramic samples at 10
kHz

Sample

FWHM

Crystallite size

Room To r

Room To tan 

(nm)

(10 kHz)

(10 kHz)

x = 0.25

0.36

23.55

4871

0.02

x = 0.35

0.53

16.17

2873

0.1

x = 0.45

0.38

22.28

1295

0.06

x = 0.55

0.49

17.27

911

0.02

x = 0.65

0.46

18.59

523

0.5
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Figure 4.14. FTIR spectra for the Ba1-xSrxTiO3 powders calcined at 850 oC in air.

91

to the evolution of water molecule from the sample. The bands at around 2920 cm-1, 2459 cm-1
and 1425 cm-1 corresponded to CH, CO and CH stretching vibrations, respectively [50]. The
TiO (540 cm-1) band becomes stronger at high annealing temperature and divided into two at
high temperature due to the formation of metal oxide bonds [51, 52].
4.2.1.4. SEM and EDS analysis
Figure 4.15 shows the SEM micrographs for the thermally itched polished surface of Ba1xSrxTiO3

ceramics. All the samples contain well connected grains, and the average particle size

was increased with increasing Sr content [53, 54]. Porosity was observed in sintered samples.
The percent density was decreased from 93.325 for the sample with x = 0.25 to 91.52% for the
sample with x = 0.65. The average grain size calculated from SEM micrographs varies from 0.8
m to 7 m. Figure 4.16 shows the EDS analysis carried out on polished surface of the Ba1xSrxTiO3

(x = 0.25, 0.45 and 0.65, only) ceramic samples. The EDS analysis confirmed Ba, Sr, Ti

and O as main elements in the Ba1-xSrxTiO3 sintered samples. The peak around 2 keV
corresponded to Sr which was observed to increase with increasing Sr content.
4.2.1.5. Dielectric studies
Figure 4.17 shows ɛr and tan  with temperature in frequency range (10 kHz to 1 MHz) of
the Ba1-xSrxTiO3 (x = 0.25, 0.35, 0.45, 0.55, 0.65) ceramics. Transition temperature was not
observed in the current experimental setup. It has been previously reported that the Tc of BaTiO3
ceramics shifts to low temperatures with increasing Sr content. Sample with x = 0.25 exhibited
tetragonal symmetry (P4mm) around room temperature, related to quantum fluctuation due to
increasing Sr content, since SrTiO3 is quantum paraelectric. Sample with x  0.35 exhibited
cubic (pm3m) symmetry. The magnitude of ɛr decreased with increasing temperature for the
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Figure 4.15. SEM micrographs of the Ba1-xSrxTiO3 ceramic samples sintered in air.
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Figure 4.16. EDS spectra for the Ba1-xSrxTiO3 (x = 0.25, 0.45, 0.65) ceramics.
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samples with x = 0.25-0.65. The magnitude of ɛr decreased from 4864 (x = 0.25) to 523 (x =
0.65) at 10 kHz around room temperature. No clear dielectric dispersion was observed with
frequency for the samples with x = 0.25 to 0.55. Sample with x = 0.65 showed dielectric
dispersion with frequency [55, 56]. The ɛr was decreased with increasing frequency from 10 kHz
to 1 MHz. The magnitude of ɛr at 10 kHz and 1 MHz are given in Table 4.2 for the x = 0.25 to
0.65 samples. The inset figures show the variation of tan  with temperature. The magnitude of
tan  was decreased with increasing temperature for the samples with x  0.35, while for the
sample with x = 0.25, an increase in tan  was observed with temperature. The magnitude of tan
 decreased with increasing frequency from 10 kHz to 1 MHz for all the samples except for the
sample with x = 0.55, which showed a low value of tan  at 10 kHz compared to 1 MHz. The
magnitude of tan  for the samples with x = 0.25, 0.35, 0.45, 0.55 and 0.65 was measured as
0.01, 0.1, 0.06, 0.02 and 0.5 at 10 kHz around room temperature, respectively.
4.2.1.6. Impedance spectroscopic studies
Figure 4.18 (a) and (b) shows ColeCole plots and Z"M" vs. frequency at selected
temperatures 500 oC, 530 oC and 570 oC for the Ba1-xSrxTiO3 (x = 0.25) ceramics. Similar plots
resistance play an important role for assigning the respective semicircles to bulk or grain
boundaries. Values of capacitance, which lies in the range of (10-11 F to 10 -8 F) belongs to the
grain boundary contributions. Sample with x = 0.25 show only one semicircle in the capacitance
range (Cgb = 3.4178 × 10-10 F), which confirmed the grain boundary contribution. The x = 0.35
(Cgb = 1.9802 × 10-10 F at ω = 10000 Hz, Cb = 5.1067 × 10-11 F at ω = 1.9953 × 105), 0.55 (Cgb =
3.4322 × 10-10 F at ω = 6309.6 Hz, Cb = 1.0302 × 10-10 F at ω = 1.5849e5) and 0.65 (Cgb =
5.3618 × 10-10 F at ω = 6.3096 × 105 Hz, Cb = 1.8144 × 10-11 F at ω = 5.0119 × 106 Hz)
compositions showed two semicircles at low and high frequencies which confirmed the bulk and
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Figure 4.17. ɛr and tan  of the Ba1-xSrxTiO3 (x = 0.25, 0.35, 0.45, 0.55, 0.65) ceramic
samples as a function of temperature.
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Figure 4.18. (a) Cole-Cole plot for the Ba1-xSrxTiO3 (x = 0.25) ceramics at
selected temperatures (b) Z" and M" for the Ba1-xSrxTiO3
(x = 0.25) ceramics with frequency at
temperatures.
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selected

grain boundary contributions. Sample with x = 0.45 (Cgb = 5.2016 × 10-10 F) composition showed
one semicircles at frequency (ω ≈ 6309.6 Hz) which is associated with the grain boundary
contribution. From the behavior of these plots, electronic homogeneity can be confirmed for the
samples with x = 0.25 and 0.45. The samples with x = 0.35, 0.55 and 0.65 could not be
represented by a single RC equivalent circuit. Figure 4.19 show variation of Z and M with
frequency for the Ba1-xSrxTiO3 ceramics at 500 oC. Both Z and M highlight different features
of the sample. Since the height of Z peak (Zmax) is equal to R/2 for that particular element, Z
plot is associated with the most resistive elements of the material. M plots correspond to the
smallest capacitance, since M peak maximum is equal to eo/2C (eo is the permittivity of free
space, 8.854 × 10-14 Fcm-1) for that particular element. For material which are electrically
inhomogeneous (i.e., have different bulk, grain boundary and electrode characteristics), require
more than one RC elements for their description, and the resulting Z and M plots look different
[57-60].
Figure 4.20 shows the variation of Z and Z of the Ba1-xSxTiO3 ceramic samples with
frequency at selected temperatures. The magnitude of Z was observed to decrease with
increasing frequency and temperature and converged to constant values at high frequency.
Corresponding decrease in Z values with increasing temperature are associated with (NTCR)
behaviour of Ba1-xSxTiO3 ceramics [61, 62]. The convergence of curves to close values might be
due to the release of space charge at high frequency. The peak position of Z was shifted to
relatively high frequency with an increase in Sr content. Additionally, observed broadening of
the Z peaks suggested the onset of relaxation process in the materials with increasing Sr
content. The peak heights decreased with increasing frequency and temperature that merged at
high frequency. This behaviour might be due to the appearance of space charge polarization at
low frequency and its disappearance at high frequency [63-67]. These results showed that space
charge governed the electric process in the high frequency regime with Z almost independent
of Sr concentration.
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Figure 4.19. Z and M for the Ba1-xSrxTiO3 (x = 0.25, 0.35, 0.45, 0.55 and 0.65) with
frequency at 500 oC.
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Figure 4.20. Z and Z as a function of frequency at selected temperatures for the Ba1xSrxTiO3

(x = 0.25, 0.35, 0.45, 0.55 and 0.65) ceramics.
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4.3. The Ba1-xLaxTi1-x/4O3 system
4.3.1. Characterization
4.3.1.1. Thermal analysis
Figure 4.21 shows the thermal (TG/DTA) analysis carried out on xerogel to trace the
phase formation temperature.
o

The xerogel was subjected to thermal degradation from 20

o

o

C1200 C in air with a heating step size of 10 C/min. The TGcurves showed three major
o

o

decreases in the sample weight over temperature range from 80206 C, 252548 C and
o

612750 C. During the first step the weight loss was 6.7%, which was attributed to the removal
of low boiling solvents such as residual alcohol and physically or chemically absorbed water in
the xerogel [16, 68]. This weight loss was accompanied by a small endothermic peak in the DTA
o

curve around 120 C. In the second step TGcurve suggested a weight loss of approximately
o

o

23%, between 252 C and 548 C, which corresponds to rather more complex chemical
o

o

reactions. Pyrolysis of acetate occurs in the temperature range from 320 C to 360 C. Small
o

exothermic peak in the DTA curve around 335 C is associated with the decomposition of
residual organic compounds. In this temperature range the rearrangements of chemical bonds
occur in the gel and the gel is converted to polymers [10, 69]. The third step with a weight loss of
9.67% was recorded for the decomposition of organic polymers and the formation of inorganic
substances. The XRD studies also confirmed that the phase development of BaTiO3 started in
this temperature range. This range of temperature can be attributed as responsible for two stages,
which was analyzed from the position of the two small exothermic peaks on the DTA curve.
o

Before 600 C, the decomposition of metal organic framework started and amorphous TiO2 and

101

Figure 4.21. TG/DTA analysis for the Ba1-xLaxTi1-x/4O3 (x = 0.015) precursor gel in air.
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BaO is produced from the metal organic pyrolysis. In the subsequent heating, a solid state
reaction between amorphous TiO2 and BaO started. The solid state reaction is an exothermic
o

process which was completed at around 850 C [70-73].
4.3.1.2. X-ray diffraction studies
The XRD patterns studied at room temperature for the Ba1-xLaxTi1-x/4O3 powders and
ceramics are shown in the Figures 4.22 and 4.23, respectively. No secondary phases were
observed which clearly demonstrated the incorporation of La in the BaTiO3 crystal structure. The
XRD peaks around (200) shifted to high 2 values for the Ba1-xLaxTi1-x/4O3 ceramic samples.
This shift indicated that La substitution in the BaTiO3 is responsible for a decrease in the BaTiO3
crystal lattice due to smaller ionic radius of La3+ (0.136 nm) than Ba2+ (0.161 nm) [72-74]. From
structural indexing, it was confirmed that the x = 0.00 to 0.035 compositions belong to the
tetragonal symmetry (P4mm). The x = 0.045 and 0.055 compositions were indexed to the cubic
symmetry (Pm3m). The various parameters obtained from indexing of the XRD data are listed in
the Table 4.3. Due to size difference between Ba2+ and La3+ the c/a ratio was decreased with
increase in the La content in the BaTiO3 ceramics. The crystal cell parameters extracted from
XRD data is given in Table 4.3 and 4.4 .
4.3.1.3. FTIR studies
o

The FTIR spectra for the Ba1-xLaxTi1-x/4O3 samples calcined at 850 C in air are given in
Figure 4.24. Main absorption bands were observed around 3434 cm-1, 1380 cm-1, and 524 cm-1
which corresponds to OH and TiO stretching vibrations, respectively [75]. A sharp absorption
peak at 524 cm-1 corresponds to TiO. This is the characteristic peak associated with stretching
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Figure 4.22. XRD for the Ba1-xLaxTi1-x/4O3 powders calcined at 850 oC for 4 h in
air.
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Figure 4.23. XRD for the Ba1-xLaxTi1-x/4O3 ceramics sintered at 1300 oC for 6 h in air.
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Table 4.3 Unit cell parameters and relevant density of Ba1-xLaxTi1-x/4O3 ceramic
samples

Vo (Å3)

ρrelative (%)

4.0285(42) 1.0072

64.444

88.87

3.9948(73)

4.0257(23) 1.0077

64.246

91.72

x = 0.025

3.9903(51)

4.0164(32) 1.0065

63.953

91.73

x= 0.035

3.9899(54)

4.0133(79) 1.0058

63.891

85.97

x = 0.045

4.0015(10)

-

-

64.073

89.45

x = 0.055

4.0012(8)

-

-

64.057

88.32

Sample

a (Å)

x = 0.00

3.9996(21)

x = 0.015

c (Å)
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c/a

Table 4.4 Crystallite size and dielectric properties of Ba1-xLaxTi1-x/4O3 ceramic samples at 10 kHz

FWHM

Crystallite size
(nm)

Room Tor
(10 kHz)

Room To tan 
(10 kHz)

Tc

Eagb (eV)

x = 0.00

0.29003

31

947

0.02

121 oC

1.78

x = 0.015

0.36245

25

1246

0.04

69 oC

1.58

x = 0.025

0.28851

30

14468

0.07

58 oC

1.18

x = 0.035

0.31928

29

10603

0.02

38 oC

0.99

x = 0.045

0.35828

25

4360

0.04



1.17

x = 0.055

0.33292

27

2086

0.08



0.87

Sample
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Figure 4.24. FTIR spectra for the Ba1-xLaxTi1-x/4O3 powders calcined at 850 oC in
air.
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normal vibration of the TiO octahedron [76]. The absorption peaks for same mode of the x =
0.015, 0.025, 0.035, 0.045, 0.055 compositions were obtained at 526 cm-1, 528 cm-1, 530 cm-1,
530 cm-1 and 534 cm-1, respectively. Lanthanum incorporation in the BaTiO3 crystal shifted
TiO characteristic peak towards high energy values. Due to the small ionic radius of La3+ than
Ba2+, La3+ incorporation at Asite in BaTiO3 crystal structure resulted in shrinkage of the crystal
size. This influenced the bond distance between Ti4+ ions and O2- ions, which resulted in high
bond strength [72, 77].
4.3.1.4. SEM and EDS analysis
The SEM and EDS analysis of the surface microstructure for the Ba1-xLaxTi1-x/4O3
ceramics are shown in Figs. 4.25 and 4.26, respectively. Surface morphology of all samples
revealed dense and well connected grain growth. The average grain size was observed to
decrease from 18 µm to 5 m for the x = 0.00 to x = 0.055 compositions. The doped BaTiO3
grains were found to be uniform in shape compared to undoped BaTiO3. A higher relative
density of 92% was measured for the x = 0.015 and 0.025 compositions. The abrupt decrease in
the grain size of the doped BaTiO3 ceramics suggested that the kinetics of intergrain mass
diffusion is slow at grain boundaries [78]. In order to reduce the surface energy during the
sintering process atoms moves from particles with small radii to particles with large radii, which
results in large particles with irregular shapes [79]. The EDS analysis of Ba1-xLaxTi1-x/4O3
compositions showed that all the samples contained Ba, La, Ti and O as the main constituents
according to the stoichiometric compositions.
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Figure 4.25. SEM micrographs of the Ba1-xLaxTi1-x/4O3 ceramic samples sintered in air.
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Figure 4.26. EDS spectra for the Ba1-xLaxTi1-x/4O3 (x = 0.00, 0.015, 0.025, 0.035, 0.045,
0.055) ceramic.
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4.3.1.5. Dielectric studies
The variation of ɛr and tan with temperature for the Ba1-xLaxTi1-x/4O3 ceramic samples in
the frequency range (10 kHz-1 MHz) are given in Figures 4.27 and 4.28, respectively. The ɛr was
increased with an increase in temperature reached to a maximum value (m) at a particular
temperature (Tm), and thereafter decreased with further increase in temperature showing a
ferroelectricparaelectric transition [80]. The dielectric anomalous peak of the tetragonal to
cubic transition (ferroelectric-paraelectric transition) of Ba1-xLaxTi1-x/4O3 ceramics was
suppressed and shifted to low temperature with an increase in La concentration. The dielectric
dispersion was observed with frequency at above and below the transition temperature.
Dielectric dispersion was more dominant near Tm. The dielectric maxima decreased with
frequency. In case of BaTiO3, there was no clear shift in the Tm value with frequency. While this
shift was more evident as the La content was increased for the x = 0.035, 0.045 and 0.055
compositions. Incorporation of La3+ for Ba2+ on Asite in perovskite lattice results in charge
neutrality, which increases with an increase in La content. Also the decrease in bond length
between La and Ti shrink the unit cell and subsequently weakens the TiO 6 octahedra. This effect
is responsible for the decrease in Tc which is proportional to the displacement of cations from the
centre of octahedral site to its position in the polar dielectrics [81-83]. The successive increase in
the La content resulted in an increase in the dielectric magnitude which is more defined by grain
morphology and density rather tetragonality. The magnitude of r was decreased due to the
decrease in the grain size for low La content. By successive increase in the La content the grain
size was increased which resulted in the decrease of tetragonal character and the magnitude of r
was increased [84]. Dielectric data for Ba1-xLaxTi1-x/4O3 ceramics at 10 kHz is given in Table 4.4.
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Figure 4.27. ɛr of the Ba1-xLaxTi1-x/4O3 (x = 0.00, 0.015, 0.025, 0.035, 0.045, 0.055)
ceramic samples as a function of temperature.
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Figure 4.28. tan δ of the Ba1-xLaxTi1-x/4O3 (x = 0.00, 0.015, 0.025, 0.035, 0.045
and 0.055) ceramics as a function of temperature.
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The tan  for pure BaTiO3 is frequency independent at lower temperature and clear dispersion
occurred with an increase in temperature at high frequencies. Dielectric losses for the x = 0.015
and 0.035 compositions were decreased with an increase in temperature. The x = 0.015, 0.035
compositions showed lower dispersion in tan  at various frequencies compared to the rest of
compositions
4.3.1.6. Impedance spectroscopic studies
The electronic structure of the Ba1-xLaxTi1-x/4O3 ceramics was investigated over extensive
range of temperature and frequency using complex impedance (CI) spectroscopic technique from
o

o

room temperature to 700 C with a step size of 50 C. This technique separates the real and
imaginary component of the electrical parameters, which explains electrical properties of
materials. Nyquist plots were obtained by plotting Z (imaginary part of impedance) vs. Z (real
part of impedance). These plots are temperature dependant [85-87]. Figure 4.29 shows the
variation of Z and Z with frequency at different temperature for Ba1-xLaxTi1-x/4O3 (x = 0.00,
0.015, 0.025, 0.035, 0.045 and 0.055) ceramics. The CI plots for the pure and La doped BaTiO3
were a straight line at room temperature with large slope indicating the insulating behavior of the
samples. With an increase in temperature the semicircle appeared for all the compositions. The
resistance values were high at low temperature and decreased with an increase in temperature.
The decrease in the magnitude of the Z at high temperature might be due to the ac conductivity
[88]. The origin and shape of semicircles can be attributed to different electrical behavior of
material. The semicircle formed at high frequency showed the bulk contribution where as at low
frequency it shows to grain boundary contributions in the conduction mechanism. The bulk
contribution corresponds to the parallel combination of bulk resistance (Rb) and bulk capacitance
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Figure 4.29. Cole-Cole plots for the Ba1-xLaxTi1-x/4O3 (x = 0.00, 0.015, 0.025, 0.035, 0.045,
0.055) ceramics at selected temperatures.
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(Cb), while the grain contribution is associated to the grain boundary resistance (Rgb) and grain
boundary capacitance (Cgb) [89]. For undoped BaTiO3 two semicircular arcs were observed,
which showed that the grain boundary and bulk contribution dominated the conduction
mechanism. The magnitude of Rg and Rgb can be obtained directly from the intercept on the
Zaxis. The magnitude of Rgb and Rb was decreased with an increase in temperature, which is
similar to the NTCR [90-92].
Fig. 4.30 shows the plots for the imaginary part of impedance and electric modulus (M)
components for Ba1-xLaxTi1-x/4O3 compositions at various temperatures. The Z and M are
almost at the same frequency for the x = 0.015, 0.035 and 0.045 compositions showing a
homogeneous electronic structure. From the complex impedance spectrum, the value of
resistivity for each composition was determined from the point of intersection at xaxis (Z).
Arrhenius equation was used to calculate the values of activation energies (Ea) given in the
Table. 4. 4. In perovskite ceramics the motion of oxygen vacancies give rise to Ea values closer
to 1 eV. Oxygen vacancies in ferroelectric perovskite ceramics acted as mobile charge carriers.
Conducting electrons are produced as a result of ionization of oxygen vacancies. The respective
decrease in the Ea magnitudes with an increase in the La doped BaTiO3 ceramics suggested that
the conduction in Ba1-xLaxTi1-x/4O3 ceramics at high temperature was associated with the oxygen
vacancies.
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Figure 4.30. Z" and M" for the Ba1-xLaxTi1-x/4O3 (x = 0.00, 0.015, 0.025, 0.035, 0.045,
0.055) with frequency at selected temperatures.
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4.4. The Ba0.7Sr0.3Ti1-xZrxO3 system
4.4.1. Characterization
4.4.1.1. Thermal analysis
Figure 4.31 shows the thermal response of xerogel of Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02)
o

o

precursor gel carried out from room temperature to 1200 C at 10 C/min. The TG-curve showed
o

that weight loss occurred in three steps corresponding to three temperature ranges; 50 C250
o

o

o

o

o

o

o

C, 270 C460 C and 620 C750 C. The weight loss from 50 C250 C was associated with

the evaporation of residual water and low boiling point solvents in the xerogel [93, 94]. This step
o

o

was accompanied by small endothermic and exothermic peaks around 120 C and 200 C on the
DTA curve. In the second region, the observed weight loss associated with the two exothermic
o

o

peaks on the DTA curve around 330 C and 410 C may be due to the thermal decomposition of
carboxylatealkoxides precursors [95, 96]. The third weight loss region corresponded to the
o

o

o

temperature range 620 C to 750 C. A broad exothermic peak around 680 C on the DTA curve
with a corresponding weight loss of around 9.8% on the TG-curve was close to the theoretical
weight loss expected during intermediate (Ba,Sr)2Ti2O5CO3 phase formation [3, 97]. The weight
loss associated with the solid state reaction between metal carbonate and amorphous TiO2
was17.4%. The current weight loss suggested that the reaction followed the carboxylate complex
mechanism.
4.4.1.2. X-ray diffraction studies

Figure 4.32 shows the XRD patterns for the Ba0.7Sr0.3Ti1-xZrxO3 with (x = 0.02) precursor
o

o

gel treated at various temperatures from 450 C to 850 C for 4 h. The as-prepared gel was
amorphous in nature and no crystalline phases were detected within the detection limit of the in119

Figure 4.31. TG/DTA analysis for the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02) precursor gel in air.
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Figure 4.32. XRD patterns for the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02) precursor gel
calcined at various temperatures in air.
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Table 4.5 Unit cell parameters and relative density of the Ba0.7Sr0.3Ti1-xZrxO3
ceramic samples

Sample

a (Å)

c (Å)

c/a

Vo (Å3)

ρrelative

x = 0.02

3.9893(21)

4.0185(31)

1.0073

63.954

91.24

x = 0.04

3.9997(34)

4.0216(16)

1.0054

64.444

92.34

x = 0.06

3.9986(57)

4.0268(25)

1.007

64.385

92.36

x = 0.08

4.0093(31)

4.0296(67)

1.005

64.775

90.21

x = 0.1

4.0103(21)

4.0310(85)

1.0051

64.831

91.92
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Tabl3 4.6 Crystal size and dielectric properties of the Ba0.7Sr0.3Ti1-xZrxO3 ceramic samples at 10
kHz

Sample

FWHM

Crystallite size (nm)

r at Tc

tan  at Tc

(10 kHz)

(10 kHz)

Eagb (eV)

x = 0.02

0.29807

28.95

23714

0.01

1.51

x = 0.04

0.28044

30.76

13663

0.02

1.21

x = 0.06

0.29297

29.45

10070

0.02

1.33

x = 0.08

0.27836

30.99

16428

0.01

1.68

x = 0.1

0.20694

41.69

8569

0.02

1.005
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house XRD facility. The increase in temperature on dried gel resulted in physiochemical
o

changes. The formation of oxides and poly-titanates crystallization was observed at 450 C.
Further increase in annealing temperature confirmed the formation of crystalline perovskite
o

o

phase but along with a small amount of impurities at 750 C. At 850 C complete crystallization
was achieved and single phase Ba0.7Sr0.3Ti0.98Zr0.02O3 powders were produced. Figure 4.33 shows
o

the XRD of Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1) samples calcined at 850 C for 4
h in air. The XRD peak around 45o (200) was indexed according to the cubic perovskites (Pm3m,
PDF 00-034-0411) as no peak splitting was observed. Figure 4.34 presents the XRD patterns
o

for the Ba0.7Sr0.3Ti1-xZrxO3 ceramic samples sintered in air at 1300 C which could be indexed
according to the tetragonal (p4mm) symmetry (PDF00-044-0093) due to the peak splitting
around 45o in (200) and (002) planes [98, 99]. Highly crystallized ceramic samples were
produced as evidenced from the high intensity XRD peaks. Secondary phases were not observed
in the resultant ceramics which confirmed Zr4+ substitution for Ti4+ in the Ba0.7Sr0.3TiO3 crystal
structure. The peak around 45o shifted towards relatively lower angles with an increase in Zr4+
content which may be due to the substitution resulted in an increase in the lattice parameters and
hence a shift in the XRD peaks towards low 2values (100, 101). The crystallite size also
increased with an increase in Zr concentration probably due to the larger ionic radius of Zr4+ than
Ti4+. The unit cell parameters calculated from the XRD data are given in Table 4.5 and 4.6.
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o

Figure. 4.33. XRD patterns for the Ba0.7Sr0.3Ti1-xZrxO3 powders calcined at 850 C in air.
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o

Figure 4.34. XRD patterns for the Ba0.7Sr0.3Ti1-xZrxO3 ceramics sintered at 1450 C for
6 h in air.
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4.4.1.3. FTIR studies
o

Figure 4.35 shows the FTIR spectra of Ba0.7Sr0.3Ti1-xZrxO3 powders calcined at 850 C
for 4 h. The broad band observed around 3400 cm-1 was associated with OH bond stretching
vibrations [102], which confirmed the presence of the absorbed water in the calcined samples.
The peaks in the frequency range 1420 cm-1 to 1600 cm-1 are associated to the chelate ligands,
which showed asymmetrical and symmetrical vibrational modes of carboxyl (COO) groups
[103]. This peak is broadened because of the contribution of two types of ligands, acetylacetone
and acetic acid which form Ti and Ba complexes. The strong broadened peak at 550 cm-1 was
associated with the characteristic TiO stretching vibrations. The observation of this peak at
different frequency showed the different nature of TiO bond. This peak can be resolved into
615 cm-1, 472 cm-1 and 550 cm-1 which were associated with TiO6 octahedra, TiOI stretching
normal vibrations, TiOII ending normal vibrations and TiO6 stretching vibration connected with
the barium, respectively [104-106].
4.4.1.4. SEM and EDS analysis
Figure 4.36 shows the SEM images of cracked pellets (Bulk) of Ba0.7Sr0.3Ti1-xZrxO3
ceramics. The density of ceramic increased with an increases in Zr content [107]. Better
sinterability was obtained in higher Zr content samples. The sample x = 0.08 shows considerable
porosity compared to rest of compositions. No liquid phase and grains could be observed in the
bulk microstructures of Ba0.7Sr0.3Ti1-xZrxO3 sintered samples. Figure 4.37 shows the EDS
analysis of the Ba0.7Sr0.3Ti1-xZrxO3 samples which confirms the presence of Ba, Sr, Zr, Ti and O
as main constituents.
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o

Figure 4.35. FTIR spectra for the Ba0.7Sr0.3Ti1-xZrxO3 powders calcined at 850 C for 4
h in air.
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Figure 4.36. SEM micrographs of the bulk of Ba0.7Sr0.3Ti1-xZrxO3 ceramic samples
sintered in air.
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Figure 4.37. EDS spectra for the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.8, 0.1)
ceramic samples.
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4.4.1.5. Dielectric studies
Figure 4.38 shows the variation of ɛr with temperature in the frequency range 1 kHz to 1
MHz. The magnitude of ɛr was observed to increase with temperature reaching to a maximum
(ɛm) and then decreased with further increase in temperature. The Tm is the temperature
associated with ɛm. The magnitude of ɛm and Tm varied with Zr content as well as frequency. All
the samples examined in the present study showed a diffused phase transition, where the
dielectric maximum shifted to relatively higher temperatures with frequency [108, 109]. The
magnitude of ɛr first decreased at low frequency (1 kHz) and then increased at high frequency (1
MHz). Various theories have been proposed to explain the diffused phase transition behavior in
perovskite, which are based on cations disorder. Recently, the Smolensky-Isupov theory is
appreciated, which is based on the fluctuations in the compositions of different PNRs, where
different kind of cations B′ and B″ occupy the same crystallographic B-site in the ABO3 type
perovskite structure. Thus, the diffused phase transition behavior in Ba0.7Sr0.3Ti1-xZrxO3 ceramics
might be due to the composition heterogeneity at microscopic level. Like Tc, ɛm was observed to
gradually shift towards higher temperatures which confirmed the dielectric relaxation
phenomena [110-112]. Both the ɛr and Tc decreased with a decrease in the grain size which may
be associated with the high surface tension and variation in the force experienced by species
(atoms and ions) in the vicinity of or far from the smaller heterogeneous grains [113-117].
The observed variation in tan  with temperature at different frequencies (1 kHz-1MHz)
is shown in Figure 4.39. All the compositions exhibited a frequency dispersion which was high
at low frequencies, indicating its association with the PNRs in the ceramic samples. The
magnitude of tan  decreased with an increase in Zr content in spite of the increasing ɛr. This
behavior might be due to the fact that BZT ceramics has lower tan than BST solid solution. An
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increase in the amount of the BZT solid solution may lead to a decrease in tan. Secondly, tan
is more sensitive to the presence of distortion in the local structure or local polar clusters than ɛr
[118, 119].
4.4.1.6. Impedance spectroscopic studies
The variation of Z and Z of Ba0.7Sr0.3Ti1-xZrxO3 ceramic samples with frequency at
selected temperatures is compiled in Figure 4.40. The magnitude of Z decreased gradually with
an increase in both the frequency and temperature which is associated with the polarization effect
in ceramics and negative temperature coefficient of resistance (NTCR) behavior, respectively. At
high frequency Z was independent of frequency and temperature and converged to constant
values which were associated with the release of space charge polarization. The magnitude of Z
responded to Zr content as the peaks of Z shifted towards high frequency regime with an
increase in Zr content. An increase in Zr content resulted in peak broadening which might be due
to relaxation process in these materials [88, 120, 121]. The peaks height decreased with an
increase in both the frequency and temperature, and merged at high frequency. This behavior
may be due to the appearance of space charge polarization at low frequencies and disappearance
at high frequencies. These results showed that space charge governed the electric process in the
high frequency regime and the magnitude of Z was almost independent of Zr concentration
[122, 123].
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Figure 4.38. εr of the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1) ceramic
samples as a function of temperature.
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Figure 4.39. tan δ of the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1) ceramic
samples as a function of temperature.
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Figure 4.40 Z and Z as a function of frequency at selected temperatures for the
Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1) ceramics.
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Figure 4.41 shows the Cole-Cole plots of Ba0.7Sr0.3Ti1-xZrxO3 ceramic samples at 530 oC.
Two semicircles were observed for all samples which confirmed the grain boundary response at
low frequencies and bulk contribution at high frequencies [124]. The total resistance was
calculated by a polynomial fit to the semicircles and the resistance was measured from the point
of intersection along the x-axis. The resistance was observed to decrease with an increase in
temperature which is a typical semiconductor behavior contradictory to metals. In principle, the
number of charge carrier species increases in ceramics with an increase in temperature; however
this increase the kinetic energy of the constituent particles as well which may be responsible for
the observed increase in the resistance. The semicircles depressed to a certain degree which
showed deviation from ideal semicircle and can be associated with non-Debye type relaxation
mechanism in Ba0.7Sr0.3Ti1-xZrxO3 ceramic samples [55].
Figure 42 shows the variation in Z″ and M″ with temperature. Two peaks were observed
in Z″ at low and high frequency regimes which are associated with grain boundary and bulk
contributions, respectively. Only one peak was observed for M″ at high frequency. This behavior
of Z″ and M″ suggested inhomogeneous electrical microstructure of the present ceramic samples
and thus, the ceramics cannot be represented by a single RC element. The Z″ and M″ peaks at
high frequency suggested that ceramic samples exhibited homogeneous bulk and inhomogeneous
grain boundary response [125, 126]. The Ea values from the grain boundary of the Ba0.7Sr0.3Ti1xZrxO3

(x = 0.02, 0.04, 0.06, 0.8, 0.1) compositions are given in Table 4.6. The activation energy

of Ba0.7Sr0.3Ti1-xZrxO3 ceramics decreased non-linearly with an increases in Zr content from 1.51
for the x = 0.02 composition to 1.005 for the x = 0.1 composition. This may be due to an increase
in conduction losses because of the hoping mechanism between the Ti4+ and Ti3+ (Ti4+ + e ↔
Ti3+). Due to chemical stability of Zr4+ ion compared to Ti4+, electron hoping mechanism is
depressed by the substitution of Zr4+ for Ti4+ which is responsible for the corresponding decrease
in activation energy [127, 128].
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Figure 4.41. Cole-Cole plots for the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1)
o

ceramics at 530 C.
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Figure 4.42. Z and M for the Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1) with
frequency at selected temperatures.
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4.5. The (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 system
4.5.1. Characterization
4.5.1.1. Thermal analysis
Figure 4.43 shows the TG/DTA curves for the dried gel recorded in air. Gel is a complex
network of polymers, formed by complex reactions, such as condensation and hydrolysis
involving organic solvents and metal oxides [129, 130]. The composition of the gel depends on
the initial ingredients used in the solgel reaction. The TG curve for the dried gel showed a
continuous decrease in the weight of the sample up to 700 OC, which can be divided into three
major regions, 60180 OC, 250460 OC and 550700 OC. The first endotherm indicating
weight% loss can be attributed to the evaporation of residual water and low boiling point organic
solvents. A fraction of organic matter also decomposes in this temperature range [131-133]. This
step is accompanied by a small endothermic dip on the DTA curve around 130 OC. The second
temperature range i.e. 250460 OC involves complex exothermic and endothermic reactions such
as the pyrolysis of acetates, removal of high boiling point organic compounds and
rearrangements of chemical bonds, where the gel is converted into a polymer [3, 134]. The third
region at 550700 OC indicated an exothermic reaction involving decarburization and formation
of the new phase. This step is accompanied by a broad exothermic peak around 660 OC on the
DTA curve. Beyond 700 OC no changes could be detected in the thermal behaviour, which
indicated the formation of the final product.
4.5.1.2. FTIR studies
FT-IR spectra revealed the presence of organic functional groups present in the
(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 powders calcined at 850 OC for 4 h (Fig. 4.44). The broad peak
in the IR region, ranging from 450 cm-1 to 1000 cm-1 is associated with TiO6 octahedra [135].
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Figure 4.43. TG/DTA analysis for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00)
precursor gel in air.
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Figure 4.44. FTIR spectra for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 powders calcined
at 850 oC in air.
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Consistent with previous studies [136], the broad peak observed for BaTiO3 based perovskites
may be associated with the three different vibration modes of TiO6 octahedra i.e., Ti-OI
stretching normal vibration, Ti-OII ending normal vibrations and TiO6 stretching vibration
connected with barium. The peak around 3440 cm-1 associated with the OH stretching
vibration was not observed in this temperature range which demonstrated the removal of water
content at 850 OC. The peaks in the frequency regime 1420 cm-1 to 1600 cm-1 may be due to
chelate ligands, which showed the asymmetrical and symmetrical vibrational modes of carboxyl
(COO) groups. This peak appeared broadened due to the contribution from the two types of
ligands, acetyl acetone and acetic acid, which form Ti and Ba complexes in the presence of
acetyl acetone and acetic acid [102].
4.5.1.3. X-ray diffraction studies
The presence of the amorphous hump on the XRD pattern of (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3

precursor gel showed that as-prepared gel was amorphous (Figure 4.45). The emergence of

small peaks at 2 ~ 31o, 39o and 45o for the samples calcined at ~ 550 OC indicated the beginning
of BaTiO3based perovskite phase formation. The observed increase in the intensity as well as
sharpness of the XRD peaks for samples calcined at 650 OC indicated an increase in the
crystallization of material with increasing temperature; however, the presence of a small peak
around 24.4o may be due to some intermediate phase showing incomplete reaction [137]. Upon
further increase in calcination temperature to 850 OC, XRD revealed the formation of single
phase (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 (x = 0.00, 0.004, 0.006, 0.008, 0.01, 0.02) powders (Fig.
4.46). The observed XRD peaks could be indexed according to the cubic (Pm3m) symmetry
(PDF# 00-034-0411) as no splitting was observed in the peak at 2 ~ 45o [138]. Fig. 4.47 shows
the XRD patterns of the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 compositions calcined at 850 OC for 4 h
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Figure 4.45. XRD patterns for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 precursor gel
calcined at various temperatures in air.
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Figure 4.46. XRD patterns for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 powders calcined
at 850 oC in air.
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Figure 4.47. XRD patterns for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramics
sintered at 1300 oC for 6 h in air.
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Table 4.7 Crystal size and dielectric properties of the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramic
samples at 10 kHz

Sample

FWHM

Crystallite

Room Tor

Room To tan 

size (nm)

(10 kHz)

(10 kHz)

Eabulk (eV)

x = 0.00

0.165

53

485

0.1

0.76

x = 0.004

0.154

56

437

0.1

0.61

x = 0.006

0.153

57

510

0.06

1.07

x = 0.008

0.1498

58

490

0.06

0.41

x = 0.01

0.173

50

350

0.02

0.35

x = 0.02

0.146

60

406

0.02

0.35
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and sintered at 1300 OC for 6 h which demonstrated the formation of single phase ceramics with
cubic (Pm3m) symmetry (PDF# 01-089-0274). The crystal parameters calculated from XRD data
are given in Table 4.7. The diffraction peaks were observed to shift gradually to lower angles
with an increase in Mn concentration due to the substitution of larger ionic radius (0.67 Å) Mn2+
for smaller ionic radius (0.605 Å) Ti4+ in the perovskite unit cell.
4.5.1.4. SEM and EDS analysis
Figure 4.48 shows secondary electron SEM images of thermally etched polished surfaces
of (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramics sintered at 1300

O

C for 6 h. The observed

microstructures show densely packed grains with minimum pores / voids. An increase in Mn
concentration resulted in a continuous increase in the density, and homogeneity of the shape and
size of the grains. The observed decrease in average particle size with an increase in Mn content
showed the growth inhibitor character of Mn; however, this relationship was not linear. The
presence of some larger grains at intermediate Mn contents may be due to liquid phase sintering
connecting the smaller grains in these samples. In general, the liquid phases fill the intergranular
gaps/voids by capillary action and hence decrease porosity of the final ceramics [139-141].
Figure 4.49 shows the EDS analysis of all the compositions. The EDS spectrum showed the
presence of Ba, Sr, Ti, Zr and O as the main constituents. The presence of Mn can be observed
when the concentration of Mn is above the detection level of the EDS instrument. The EDS
spectrum confirmed the formation of (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramics according to the
stoichiometric composition formula.
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Figure 4.48. SEM micrographs of the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramic samples
sintered in air.
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Figure 4.49. EDS spectra for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00, 0.004, 0.006,
0.008, 0.01, 0.02) ceramics.
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4.5.1.5. Dielectric properties
Figure 4.50 shows the variation of ɛr and tan  of (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1-xO3 with
temperature at various frequencies. The magnitudes of ɛr and tan were observed to decrease
with increasing frequency from 1 kHz to 1MHz, typical of polar dielectrics, while, ɛr was
observed to increase with temperature for all the samples, reached to a maximum (ɛm) and then
gradually decreased upon further increase in temperature. The ɛm were observed to shift towards
relatively higher temperatures with increasing frequency showing a diffused phase transition
[142]. The observed increase in ɛr above Tc may be due to space charge polarization associated
with the mobility of ions and imperfections in materials [143]. The maximum values of ɛr and tan
 at room temperature are given in the Table 4.7. Similarly, the magnitude of tan also increased
with temperature, reaching a maximum value and then decreased. The increase in the magnitudes
of tan  with temperature can be associated with a domain wall contribution in ferroelectric
regime and space charge polarization [144-147].
4.5.1.6. Impedance spectroscopic analysis
Figure 4.51 (a) shows the CIS (Nyquist plot), obtained by plotting Z vs. Z at various
temperatures for the x = 0.00 composition at frequencies ranging from 100 Hz to 1 MHz. Similar
plots were obtained for the rest of the compositions. The Ea values measured for the bulk are
given in Table. 1. Figure 4.51 (a) shows two semicircular arcs at low and high frequencies for the
x = 0.00 composition. The total resistance was calculated from a polynomial fit (Fig. 4.52), and
the relevant values were obtained from the intercept along the x-axis. The magnitude of the
resistance was observed to decrease with temperature. Bulk capacitances (Cb) of samples were
calculated from the peaks of semicircles using the relation, maxCbRb = 1. Fig. 4.51 (b) shows the
variation of Z and M with frequency for the x = 0.00 composition at various temperatures.
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Figure 4.50. εr and tan δ of the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00, 0.004, 0.006,
0.008, 0.01, 0.02) ceramic samples as a function of temperature.
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Figure 4.51. Cole-Cole plot for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00)
ceramics at selected temperatures, (b) Z and M for the the
(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00) ceramics with frequency

at selected temperatures.
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Here again, two peaks were observed in the low and high frequency regimes associated with the
grain boundary and bulk contributions.
Figure 4.53 shows the plot of Z and M vs. frequency for (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3

(x = 0.00, 0.004, 0.006, 0.008, 0.01, 0.02) ceramics at different temperatures. For all the

compositions, Z also showed two peaks, one at low and the other at high frequencies associated
with the grain boundary and bulk contributions, respectively. Only one peak was observed for
M at higher frequencies which may be due to contribution from the bulk. Both Z and M
highlight different features of the sample. Since the height of Z peak (Zmax) is equal to R/2 for
that particular element, the Z plot is associated with the most resistive elements of the material.
M plots correspond to the smallest capacitance since M peak maximum is equal to eo/2C (eo is
the permittivity of free space = 8.854 × 10-14 Fcm-1) for that particular element. Electrically
inhomogeneous materials (i.e. having different bulk, grain boundary and electrode
characteristics), require more than one RC elements for their description, and the resulting Z
and M plots look different [148, 149].
Figure 4.54 shows variation in Z and Z with frequency at different temperatures. For all the
compositions the magnitude of Z is higher at lower frequencies and decreased monotonically in
the high frequency region. The magnitude of Z was independent of frequency after certain
values and merged to some lower values irrespective of the increase in frequency. This
behaviour varied for different Mn doped samples and the point of merging to a certain point for
higher Mn contents was attained at low frequencies compared to the samples with low Mn
contents. This trend of attaining the consistent values also shifted slightly towards high
frequency values with increasing temperature. This effect might be due to the lowering of barrier
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Figure 4.52. Cole-Cole plot for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00, 0.004,
0.006, 0.008, 0.01, 0.02) ceramics at 350 oC.
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Figure 4.53. Z and M for the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00, 0.004,
0.006, 0.008, 0.01, 0.02) with frequency at selected temperatures.
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Figure 4.54. Z and Z as a function of frequency at selected temperatures for
the (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00, 0.004, 0.006,
0.008, 0.01, 0.02) ceramics.
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properties associated with the possible release of space charge. Z increased with increasing
frequency, reached to a maximum and then decreased with further increase in frequency. The
peak position shifted towards high frequency values with an increase in temperature, while the
peak was observed at low frequency with an increase in Mn concentration. This shift in the peak
frequency with temperature may be due to the presence of temperature dependant electrical
relaxation phenomenon in the material. The formation of the peak at relatively lower frequencies
with increasing Mn content might be due to the occurrence of the maximum capacitive
phenomenon. Similarly, the formation of the peak at low frequencies and its disappearance at
higher frequencies may be associated with the appearance and disappearance of space charge at
lower and at higher frequencies, respectively. The magnitude of Z associated with these peaks
was depended on the dopant concentration and increased with increasing Mn content in the
(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramics.
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Conclusions
In summary, single phase BaTiO3 powders and ceramics were successfully synthesized
by sol-gel route. Well crystallized tetragonal symmetry (P4mm) was observed in ceramics at
1300 oC for 6 h. The ferroelectric to paraelectric phase transition temperature were found to be
120 oC. Raman spectroscopy showed the tetragonal symmetry of ceramics. Complex impedance
spectroscopic analysis confirmed that both bulk and grain boundary contributions were present in
BaTiO3. The resistance of BaTiO3 was decreased with increase in temperature showing a typical
ceramic behavior.
Single phase Ba1-xSrxTiO3 (x = 0.25, 0.35, 0.45, 0.55 and 0.65) ceramics were
successfully synthesized by sol-gel route. Tetragonal character was observed in sample with x =
0.25, which decreased with increasing Sr2+ content. All the ceramic samples showed
heterogeneous grain morphology and the average grain size was observed to vary from 0.8 m to
7 m. The magnitude of Z' was observed to decrease with increasing temperature for Ba1xSrxTiO3

ceramic samples. The grain boundary contribution was observed for the samples with x

= 0.25 and 0.45. Barium strontium titanate samples with x = 0.35, 0.55 and 0.65 showed two
semicircles at low and high frequency, which confirmed the bulk and grain boundary
contributions. Moreover, NTCR behavior was observed for all the Ba1-xSrxTiO3 ceramic samples.
Single phase polycrystalline Ba1-xLaxTi1-x/4O3 powders and ceramics were also
successfully synthesized by solgel route. The XRD confirmed that the tetragonal character of
the Ba1-xLaxTi1-x/4O3 was decreased with an increase in La content. Compositions with x > 0.035
showed a cubic symmetry at room temperature. The average grain size decreased with an
increase in the La content. The x = 0.015 and 0.025 compositions sintered at 1300 oC for 6 h
exhibited high relative density. The ferroelectric to paraelectric phase transition temperature was
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shifted to low temperature regime with an increase in the La content. Impedance studies
confirmed the bulk and grain boundary contributions in the conduction mechanism for the x =
0.00 composition. Bulk contribution was not observed in the x > 0.00 compositions, which
showed that conduction mechanism in La-doped BaTiO3 samples was governed by grain
boundary contributions. The total resistance of ceramic samples was decreased with an increase
in temperature showing a typical ceramic behavior of the Ba1-xLaxTi1-x/4O3.
Polycrystalline Ba0.7Sr0.3Ti1-xZrxO3 (x = 0.02, 0.04, 0.06, 0.08, 0.1) ceramics were
o

successfully synthesized via a sol-gel method followed by calcination at 1450 C for 6 h in air.
The XRD analysis confirmed that the final ceramics were single phase and exhibited tetragonal
symmetry. Relaxor behavior was also observed in all the samples and Ba0.7Sr0.3Ti1-xZrxO3
ceramics showed a diffused phase transition, which was attributed to the presence of polar
nanoregions associated with the composition fluctuations. Permittivity decreased from 23714 for
the x = 0.02 composition to 8569 for the x = 0.1 composition around Tc at 10 kHz. The total
resistance (RT) of Ba0.7Sr0.3Ti1-xZrxO3 ceramics decreased with an increase in temperature. A
nonDebye type of relaxation behavior was observed in Ba0.7Sr0.3Ti1-xZrxO3 ceramics. Impedance
spectroscopic analysis confirmed grain boundary and bulk contributions in the conduction
mechanisms of all samples. Ceramic samples showed ferroelectric hysteresis behavior similar to
relaxor materials.
Polycrystalline (Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 (x = 0.00, 0.004, 0.006, 0.008, 0.01,
0.02) ceramics were successfully synthesized using sol-gel state sintering route. The X-ray
diffraction studies confirmed the formation of single phase sintered ceramics with tetragonal
symmetry. The crystallite size of the ceramics increased with increase in the Mn contents.
Dielectric constant and dielectric loss decreased with increase in the Mn concentration.
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(Ba0.5Sr0.5)Mnx(Ti0.95Fe0.05)1xO3 ceramics showed a diffused phase transition from ferroelectric
to paraelectric. The dielectric constant and dielectric loss were recorded to be 350 and 0.02 at 10
kHz around room temperature. The magnitude of ɛr and tan  were found to be decrease with
increase in frequency. The impedance spectroscopy technique proved that the conduction
mechanism as governed by the bulk and grin boundary contributions.
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