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ABSTRACT
The present demand in the miniaturization of devices has led researchers to use
composite material approach to explore new materials with improved properties.
Ferroelectric / ferromagnetic materials have been increasingly used for various radio
frequency and microwave frequency applications including tunable phase shifter
materials, high frequency capacitors and magnetic sensors. High dielectric constants
associated with high dielectric / magnetic losses in these materials narrows down the
application range of these materials. In order to use ferroelectric materials in their full
range of potential, the high frequency properties must be well understood. One way to
exploit ferroelectric / ferromagnetic materials is to tailor the dielectric and magnetic
properties with the addition of certain oxide materials. The resultant composites prepared
with the addition of ferrous and oxide materials have intermediate dielectric and magnetic
properties, thereby making these materials more suitable for device implementation and
expanding the application range. The focus of this research has been the development of
novel composite materials with (a) tunable dielectric and (b) of superior magneto-electric
properties.
In this research work, ferroelectric components were ceramic materials (Ba1xSrx)TiO3

(x = 0.4, 0.5, 0.6) → BST and (Pb(Mg1/3Nb2/3)O3)1-x:(PbTiO3)x (x = 0.31) →

PMN-PT. The composites for tunable applications were prepared with MgO as nonferroelectric phase, and for magneto-electric applications magnetic/ferrite materials
CoFe2O4, NiMn0.1Fe1.9O4 and Mn0.1Zn0.9Fe2O4 were used. The composites were prepared
with the combination of both micron and nano size particles to investigate the grain size
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effect and distribution of grains on the dielectric and magneto-electric properties of the
resultant composites. The composite samples were processed with both conventional and
microwave sintering techniques to study the grain growth and connectivity pattern during
sintering process. Characterization studies were performed to determine the grain size
and phase distribution and electrical properties of composites. Microwave dielectric
properties were carried out using modified cavity perturbation technique at ~ 3 GHz to
examine the dielectric loss studies in the composite materials.
The aim of the research was to develop composite materials for low temperature
and room temperature applications in the high frequency areas. For tunable dielectric
materials, (Ba1-x,Srx)TiO3 (BST) with various weight ratios with cubic-tetragonal phase
transition peak below or around room temperature were used. Micron sized
Ba0.4Sr0.6TiO3 and Ba0.6Sr0.4TiO3 and nano size Ba0.5Sr0.5TiO3 were used for ferroelectric
phase and both micron and nano sized MgO was used as non-ferroelectric phase. The
magneto-electric composites were prepared with both micron sized Ba0.6Sr0.4TiO3 and
PMN-PT as ferroelectric/piezoelectric phase and CoFe2O4 (nano), NiMn0.1Fe1.9O4
(micron) and Mn0.1Zn0.9Fe2O4 (nano) as magnetic components.
The ferroelectric composite materials were processed using multi mode
microwave sintering technique. The microwave sintering resulted in lower sintering time
compared to the conventional sintering and also the higher density composites with good
connectivity of grains. The connectivity pattern of 0-3 was obtained in the resulted
composites with good connectivity of ferroic grains and isolating the non-ferroelectric
grains giving very low dielectric constant and appreciable tunability. Using nano particle
size of both BST and MgO, a maximum tunability of 48 % at 80 KV/cm was achieved
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with dielectric constant of 89 at 200 K at 100 KHz. The microwave sintering resulted in
very dense composites and low dielectric losses providing composites with high break
down strength. The maximum DC electric field applied to the samples was 80 KV/cm.
The addition of MgO resulted in the shift of maximum dielectric peak to lower phase
transition temperature without shifting the ferroelectric nature of BST. Additional
experiments were carried out for pyroelectric measurements to confirm the phase
transitions temperatures in the composites. High frequency measurements were done at
room temperature with modified cavity perturbation technique where a special cavity was
designed to measure samples of very small sizes. At 3 GHz, the dielectric loss observed
in the BST:MgO composites were ~ 0.007.
The magneto-electric composites were processed using both conventional and
single mode microwave heating technique. In a single mode microwave system, the
samples were sintered in either electric field (E-field) or magnetic field (H-field). The
respective sintering in E-field and H-field resulted in different magneto-electric
properties as different connectivity patterns can be achieved with single mode microwave
processing. H-field processing resulted in lower sintering temperature by 125 0C than
used in conventional sintering. The magnetic component in magneto-electric composites
couples faster in H-field thus lowering the sintering temperature and providing better
sintered composite materials. The composites processed with microwave sintering
showed minimum or no chemical reactivity and lower PbO loss compared to
conventional sintering process. PMN-PT (31%):NiMn0.1Fe1.9O4 (60:40) composite
showed the maximum magneto-electric coefficient of 520 mV/cm Oe for single mode H-
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field sintering compared to 430 mV/cm Oe for the composite sintered in conventional
sintering.
Finally, the microwave sintering process has been studied to examine the
absorption rate of microwaves with different materials depending on their properties.
The different sintering profiles in E-field and H-field have been studied for composite
materials and an attempt has been made in the thesis to describe the reasons of different
sintering patterns of electronic composite materials with different constituent materials.
This research work clearly showed the potential of microwave sintering in the
processing of ferroic composite materials with better properties. Also, the initial grain
size influences the connectivity pattern and the resulted dielectric/magneto-electric
properties of ceramic composite materials, have been demonstrated.
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Chapter 1
Background / Literature Reviews
This thesis work deals with the design and synthesis of novel composites for the
application of tunable dielectric and magneto-electric devices.
In order to understand the dielectric tunable and magneto-electric properties in
composite materials, it is necessary to have a fundamental understanding of composite
materials, as well as an understanding of size effects, connectivity patterns and sintering
parameters and techniques. These concepts are studied and then extended to prepare
some novel electro-ceramic composite materials with improved properties. Beginning
with fundamentals of composite materials and aimed at designing of novel composites
dealt in the thesis work, this chapter introduces the basic concepts of connectivity
patterns and size effects used in this thesis including the description of both multi-mode
and single-mode microwave sintering for processing approach of the ceramic composite
materials.

1.1 Composite Materials
The two important material systems used in the current material approach are
related to the ferroelectric:MgO and ferroelectric:ferrite diphasic composites. The
following sections dealt with the subject contents related to this field.

2
1.1.1 Introduction
Single phase electroceramic materials are used in several electric and magnetic
applications. There are limitations to use these single phase materials in many high
frequency applications due to their high dielectric losses and inflexibility of properties
associated with them. Also, magnitude of coefficients is limited in single phase
materials.
To meet these challenges, composite materials have increasingly found extensive
use in the electronic and magnetic components. The properties of a resulted composite
can be tailored and enhanced by a proper selection of constituent materials.
Ferroelectric/ferromagnetic materials which have field dependent electromagnetic
properties are the primary constituent materials in the electronic and magneto-electric
composites. The composite materials are prepared with the mixing of two or more
materials with different properties to achieve an intermediate/desired property or result.
The basic idea of synthesized composite materials was first discussed by Van Suchtelen
(1972). He described the sum and product properties in the composites depending on the
property of interest. Newnham et al. (1978, 1986) introduced the concept of connectivity
pattern in the composites and described that the resulted properties can be changed by a
few orders of magnitudes by achieving desired connectivity pattern in the composites.
The importance of periodicity in composites is major a factor for the reproducibility of
properties in the composites. Thus, many researchers have achieved connectivity pattern
with multi-layer laminate ceramic composite setup or using the matrix of polymer and
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ceramic composites. A few of the examples of composite materials with different
connectivity patterns are shown in figures.
The composite with 1-3 connectivity (1-3 → the first number refers to the
dimension of property in relevant active phase and second number is that of matrix
phase) pattern between piezoceramic rods and polymer is shown in Fig. 1-1. The
piezoceramic rods (having 1-dimensional connection) are isolated between polymer
matrix phase of 3-dimensional connectivity. In Fig. 1-2 the glass fibers are
unidirectionally laminated and aligned parallel to one another in a polymer matrix.

Piezoceramic fiber

Polymer matrix

Fig. 1-1: 1-3 connectivity pattern in piezoelectric and polymer composite

Fig. 1-2: Unidirectional laminate consisting of parallel glass fibers in an epoxy matrix
(Newnham, 1986)
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Fig. 1-3 shows a multi-layer connectivity arrangement in a composite with
piezoelectric and magnetostrictive phase connected in a 2-2 connectivity pattern. When
an electric field is applied to the composite, the piezoelectric shrink or expand. This
shrinkage or expansion generates stresses in the sandwiched magnetostrictive disk.
Hence, magnetic signals can be obtained when the composite is subjected to electric
field.

Piezoelectric phase
Magnetostrictive phase

Poling direction
Fig. 1-3: 2-2 connectivity pattern in magneto-electric composites
In the above figures, all the composites are prepared with the use of an epoxy or
polymer matrix. These composites have better resulted properties than single phase
materials though fabrication of these composites is expensive as it involves multi-step
process. It involves synthesis of two different constituent materials separately and later
bonding them together. Secondly, the current use of these composite materials is
relatively limited in industrial applications as it is difficult to achieve long term stability
of these materials.
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1.1.2 Sum, Product and Combination Properties
The properties of composite electroceramics can be basically classified into three
categories namely sum properties, product properties and combination properties. The
appropriate properties of the phases can be invoked to design a composite depending on
the application. The schematic representation of the properties is described by Uchino
(2002) as shown in Fig. 1-4.
A sum property of the composite is defined as a weighted sum of the
contributions of the individual component phases, proportional to the weight/volume
fractions of the phases in a composite. The sum properties can be visualized in simple
physical quantities like density and resistivity. In this thesis, dielectric constant is used to
illustrate sum property. (Ba, Sr)TiO3 is well known for its high dielectric constant values
and MgO is a non-ferroelectric with very low dielectric constant and loss factor. After
mixing the two materials, approximately intermediate values of dielectric constant can be
obtained. The values of dielectric constant of a composite of BST and MgO depend on
the weight/volume ratios and connectivity of the two phases.
A product property is a resulted property achieved in a composite but not
observed in the individual phases. As seen in figure, in a two component phases if one
phase exhibits a property A→B (B is an effect resulted from application of an
independent variable A) with a proportionality tensor dB/dA = X (can be a constant or
value dependent on A or B) and the second phase exhibiting B→C with a proportionality
tensor dC/dB = Y, then the resulted composite will exhibit A→C which is not present in
either of the individual phases. Thus, A→C is called a product property of the
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composite. The proportionality tensor dC/dA = (dC/dB)(dB/dA) = Y.X, is the product of
the proportionality tensors of the phases, hence called product property.
Mangneto-electric effect in the composites is an example of product property. A
composite prepared from ferroelectric BaTiO3 and ferromagnetic CoFe2O4 has magnetoelectric effect, but this effect is not present in either BaTiO3 or CoFe2O4. The magnetic
field applied to the composite produces strain in CoFe2O4 which consequently transduces
a strain in the ferroelectric phase resulting in electrical polarization through the
piezoelectric effect. Magneto-electric effects of a few orders of magnitudes higher than
single phase materials can be obtained this way. In this thesis, similar studies have been
done to generate magneto-electric effect in the composites of barium strontium titanate
and PMN-PT.
Combination property is obtained when the average value of output exceed the
magnitude of the end components. As shown in figure, the output refers to an effect B/C
which depends on two different parameters B and C. The combination value B/C exhibit
a maximum at an intermediate ratios of the two phases. Thus, it is called combination
property. Depending on the application, these properties can be exploited to obtain a
desired effect.
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Fig. 1-4: Graphical Representation of Sum, Product and Combination Properties (Uchino
et al., 2002)

1.1.3 Connectivity Pattern
Connectivity pattern is an important feature in property development in
multiphase composites since properties can change by many orders of magnitudes
depending on the connections between the phases. Newnham et al. (1978) have
described a notation system for different connectivities in a two phase composites.
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Fig. 1-5 shows 10 different connectivity patterns possible in a two phase composite
material using a cube as a building block. Each phase in a composite can be connected in
zero, one two or three dimensions.
Fig. 1-6 illustrates the two connectivity patterns in a diphasic ferroic : low
dielectric constant composite depending on the size of the grains. Although, the 0-3
connectivity pattern in both the figures looks very similar, it yields very different
properties. In figure 1-6a the small size grains of ferroelectric phase are well connected
and the non-ferroelectric grains are isolated between the ferroelectric grains, whereas in
figure 1-6b, non-ferroelectric phase is connected and the ferroelectric grains are isolated
between them. In the first case, due to the high volume of non-ferroelectric phase and
good connectivity of ferroelectric phase in the composite low dielectric constant and
appreciable E-field tunability would be observed. Also, the small size grains would
possibly result in low losses and better chemical uniformity between the two phases
which would result in high reproducibility of the composites and hence the properties. In
figure 1-6b, due to the equal volumes of both the components and no connectivity of
ferroelectric phase, intermediate dielectric constant and low tunability would be observed
with average low losses.
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Fig. 1-5: Connectivity pattern in di-phasic composite materials

Ferroelectric phase
Non-ferroelectric phase

Fig. 1-6: 0-3 connectivity pattern in ferroelectric composite materails
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The aim of designing tunable dielectric composites is to achieve low dielectric
constant, low loss and high tunability. To have these properties it is needed to have high
volume ratio of non-ferroelectric phase and good connectivity of ferroelectric phase.
Thus, 0-3 type connectivity pattern is needed where large non-ferroelectric grains can be
isolated with zero connectivity and ferroelectric phase with 3-dimensional connectivity.
In the case of magneto-electric composites, the composites are mostly prepared
with laminated structures as sintering of two materials involves chemical reactivity. The
chemical reactivity may reduce the piezoelectric or magnetostrictive properties of the two
phases. Secondly, the electric poling becomes very difficult if the resistivity of the
magnetostrictive phase is low with large leakage current. The important issue of
sintering process also makes it difficult to sinter the materials together. As the
component materials have different properties, the desired sintering temperature and
heating rates are different. Thus, it is difficult to achieve high density composite
materials with conventional sintering. To overcome these issues, the two phase materials
are typically sintered separately and bonded together in a desired connectivity pattern
after sintering.
In this thesis work, magneto-electric composites are sintered in single mode
microwave oven. Both the phases are mixed uniformly and sintered together via
microwave processing technique. The composites are sintered in a single mode
microwave cavity where E-field and H-field components can be separated and material
can be sintered in either maximum E-field or H-field. With particular sintering pattern, it
is hypothesized that desired connectivity pattern can be achieved, as magneto-electric
composites have both electrical and magnetic phase. Cheng et al. (1999) has shown that
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electrical materials absorb microwaves in both E-field and H-field though with a higher
rate in E-field, and magnetic materials couple very fast with microwaves in H-field.
Thus, sintering is dependent on the electric and magnetic components of the composites
as well as the position of material inside a microwave cavity. Also, microwave heating
of composites is dependent on the absorbing rate of microwaves by a material; therefore
heating of composites in microwaves is different than the conventional heating. Thus,
desirable connectivity pattern may be obtained via microwave processing approach.

1.1.4 Size Effect in Materials
It is observed as the particle size is decreased, the volume energy of the particle
relativley decreases. The surface energy becomes increasingly important at very fine
particle sizes i.e. nano particle sizes. As in the case of ferroelectric materials, at large
particle sizes, the total energy is reduced by twinning, where the volume energy term can
be decreased at the expense of interfacial domain wall energy, the sum of which is less
than the untwined particle. As the size decreases, domain wall interface energy becomes
irrecoverable from the volume energy term, below which twinning cannot lower the total
energy. Thus, this result is interesting in size dependent effects on the domain state and
thus has effect on the properties of a material.
In composite materials, size effect plays a major role in governing the
connectivity pattern and uniform distribution of grains in a resulted material. It is shown
that the nano size particle materials have a lower sintering temperature than micron size
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particle materials thus decreasing the sintering temperature of the composite material.
Though, processing with nano size particles is difficult as the particles have high surface
energy.
The grain size effects in resulted composites are expected to differ from particle
size effects because the boundary conditions which govern assembly differ from those of
free particle. Typically, in polycrystalline materials dielectric constant decreases with
decreasing grain size. Kinoshita et al. (1976) showed the dependence of dielectric
constant on the grain size of BaTiO3 as shown in Fig. 1-7. The dielectric constant
increases as the grain size decreases from 53 µm to 1.1 µm. Though, the cubic-tetragonal
transition temperature and paraelectric behavior was independent of grain size. The more
interesting studies was done by Arlt et al. (1990) which shows the increase in dielectric
constant with decrease of grain size of ~ 1 µm ( Fig. 1-8). With further decrease in grain
size, decrease in dielectric constant was observed. The studies were done at room
temperature and at 70 0C.
BST the ferroelectric candidate materials used in this thesis work is prepared by
mixing of BaTiO3 and SrTiO3 to dilute the phase transition peaks for different
applications. The dependence of dielectric constant of BST (Hornebecq, 2004) on grain
size is similar to that of BaTiO3. Thus, the composites prepared with nano sized BST
particle would result in lower dielectric constant values though effect on domains would
affect the tunability of nano size particle BST. Thus, it is expected to have further low
dielectric constant values in the composites prepared with BST and MgO.
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Fig. 1-7: Temperature dependence of dielectric constant in BaTiO3 ceramics of various
grain size (Kinoshita and Yamaji, 1976)

Fig. 1-8: Change in dielectric constant with grain size of BaTiO3 ceramics (Arlt, 1990)
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1.2 Meta-materials
Meta-materials are broadly defined as the artificial structures with its
electromagnetic properties defined from its structure rather than from the constituent
materials it is composed of. The term “meta-materials” is particularly defined when the
resulted properties in a material are not found in naturally-formed substances. The most
common meta-materials are the left-handed materials, which are characterized by
negative constitutive parameters like permittivity, permeability and refractive index.
Figure 1-9 shows the example of negative refractive index in meta-materials. Pendry
(2000) and Smith et al. (2001) showed the applications and possibility of negative
refractive index in a material.

δ`
δ

-δ`

Figure 1-9: Negative refractive index in a left-handed material
In composite meta-materials, the product property defines meta-material. These
are engineered nano-composites which exhibit superior properties which are not
exhibited in the individual phases in a composite. For reasons which have yet to be
understood completely, a homogeneous coexistence of magnetism and ferroelectricity (in

15
a wide temperature range) is a very rare occurrence. In more common instances, the two
characteristics belong to two different materials, which make up a fine scale solid
mixture. Figure 1-10 shows the example of a composite meta-material in magnetoelectric composites. In diphasic composites, combination of ferroelectric and
magnetostrictive materials results in magneto-electric response which is not observed in
either of the phases, which result in meta-material.
The aim of the current studies is to develop unique composites “meta materials”
which exhibit superior magnetoelectric properties not observed in the constituent
materials. Also it is a challenge to maintain the chemical, crystalline and ferroic
properties of the individual phases in such a “meta material”.
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Figure 1-10: Magneto-electric effect in a meta-material

1.3 Tunable Dielectric Composites
The ability to tune the bandwidth and frequency of filters, antennas, capacitors
and other radio frequency/microwave devices with possible miniaturization and
inexpensive production is the aim of developing tunable dielectric composite materials.
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These materials have the potential to alter the fundamental characteristics (such as phase
velocity or impedance) of the guided wave propagation of an electromagnetic wave by
applying (tuning) DC electric field. Tunability in a material is defined by Eq. 1:1

⎛ ε 0 field − ε field
Tunability (%) = ⎜
⎜
ε 0 field
⎝

⎞
⎟ × 100%
⎟
⎠

Eq. 1:1

The most promising and widely used materials for tunable frequency applications
are ferroelectric based systems which can also be used at microwave frequencies. The
properties of ferroelectric materials which make them useful for tunable applications are
as follows: i) reasonable relative permittivity, εr ii) reasonable DC field dependence
(tunability) iii) high value of product of quality factor with frequency (Q.f) and iv) easy
processing of materials with different transition temperature depending on applications.
The concept of ferroelectricity found in ferroelectric materials, which was once
called Seignette-Electricity, was first reported by Joseph Valasek (1920) in his work on
“Piezoelectricity and Allied Phenomena in Rochelle Salt,” in which the phenomenon was
described to be similar to the spontaneous alignment of rotating permanent dipoles to the
theory of Langevin (1905). Since the discovery of ferroelectricity and its subsequent
extension into the realm of polycrystalline ceramic BaTiO3 (1940s), there has been a
continuous succession on the research of new materials and technological developments
which have led to a significant industrial and commercial applications. Ferroelectric
behavior in materials is defined as the spontaneous formation and ordered alignment of
electric dipolar moments which can be reoriented along two or more different
crystallographic directions through the application of a suitable external electric field.
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Ferroelectricity is most common in ABX3 (perovskite) type materials where A is +2 ion,
B is +4 ion and X is -2 ion (usually oxygen). The unit cell description of perovskite
material is shown in Fig. 1-11. In paraelectric state, the B site atom is at the center.
When the temperature decreases below Curie temperature the B site atom displaces from
the center and dipole is generated in a material.

B site atom
A site atom
X site atom

Fig. 1-11: Unit cell structure of ABX3
The first ferroelectric ceramic BaTiO3 was reported by Roberts (1947) in which
he discussed the dielectric and piezoelectric properties of a material. With the discovery
of ferroelectricity in BaTiO3, several other materials were reported with similar structure
like SrTiO3 (Hegenbarth, 1959), KTaO3 (Triebivasser et al., 1955; Fujii et al., 1976),
CaTiO3 (Chen et al., 2001) and PbTiO3 (Nomura, 1950). In these simple component
materials, the ferroelectric phase transition temperatures peaks are at well defined
temperature (Tc) and can not be changed. In various applications, it is important to be
able to control the phase transition temperature of a material. Subsequently, A and B site
cations in ferroelectric material were doped with other ions in different ratios to change
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the phase transition temperature and the dielectric properties in a material. The materials
like barium strontium titanate (Ba, Sr)TiO3 (Deri, 1960), lead tintanium zirconium oxide
Pb (Ti, Zr)O3 (Sawaguchi, 1953), lead strontium titanate (Pb, Sr)TiO3, barium zirconium
titanate Ba(Ti, Zr)O3 (Zhi et al., 2002), lead barium zirconate (Ba, Pb)ZrO3 (Shirane,
1952), and potassium tantalate niobate K(Ta, Nb)O3 (Bonner, 1967) etc. can have
different phase transitions with different percentage of dopants or solid solution
compositions and thus can be used for wide range of applications.
The applications of ferroelectric materials in electronic industries are vast. In the
area of tunable devices different applications need specific dielectric constant and tunable
values, especially to match the impedance values with other electronic
components/elements. For microwave applications, dielectric materials are required to
have high Q. In general, ferroelectric materials show high Q (low dielectric loss, Q =
1/tanδ) in paraelectric region and at low frequencies (10 KHz – 1MHz). The Q decreases
at high frequencies (in the MW region) and near the transition temperatures where the
dielectric constant maximum is observed. The tunability is also high at maximum
dielectric constant values. The figure of merit, for tunable devices, K-factor is defiend by
Eq. 1:2 which is a product of tunability and Q that decreases at high loss values.

⎛ ε 0 field − ε field
K − factor = ⎜⎜
⎝ ε 0 field

⎞
⎟× 1
⎟ tan δ
⎠

Eq. 1:2

It turns out that for device applications especially in microwave devices,
ferroelectric materials have a limited usage. Also, dielectric tunability becomes higher
with high DC electric fields; high break down DC field strength is desirable. Many
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ferroelectric materials have poor break down strengths at phase transition temperature
where the maximum tunability is observed.
To overcome these issues, composite approach in electro-ceramic materials is
preferred to expand the device applications of these materials. With the use of composite
materials, dielectric values can be tailored as desired depending on the application. There
are several non-ferroelectric materials like MgO, MgTiO3 and Al2O3 that are used with
different dopants in ferroelectrics to achieve a composite material. Sengupta et al.
(1997) reported the work on BST and MgO composites with low dielectric constant and
losses with increasing percentage of MgO in the composites. They reported that with
increasing ratio of MgO tunability becomes very low. Synowchzynski et al. (1998)
reported that with decreasing the grain size due to milling dielectric properties in the
composite can be improved. Subsequently, research was carried out by Cole et al. (2000)
to study the tunable properties of BST with Mg doping where he reported that 5 mole %
of Mg reduces dielectric losses and shows good tunability. Alberta et al. (2002) prepared
composites of BST and MgTiO3 and reported high breakdown strength and also the high
tunability of 72 % with dielectric constant of 1200. The tunability value was good
compared to earlier reported work but comparatively high dielectric constant values were
also observed. Chang et al. (2002) carried out work on both thin films and bulk ceramics
of BST and MgO. He studied the shift in the dielectric peak of ferroelectric BST with the
addition of MgO. Jain et al. (2002) also studied thin film composites and reported higher
figure of merit in the composites (and in the device configuration) compared to pure
BST. Yu et al. (2003) reported the dielectric values of (Sr, Bi)TiO3:MgO composites
with relaxor behavior with small amount of addition of MgO. Chong et al. (2004)
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observed the improved dielectric losses in BST thin films with doped Al2O3. Somiya et
al. (2003) reported field dependent properties of lead strontium titanate composites of
MgO and Al2O3. He reported composites of (Sr, Pb)TiO3:MgO with lower loss tangent
values at microwave frequencies. George Li et al. (2005) reported work with
Ba(Zr,Ti)O3:MgO composites with lower dielectric constant and appreciable tunability.
The research on the above composites was carried out to observe low dielectric
constant and losses with good tunability which was the primary goal behind their
observations. To improve the properties, it is also important to study the phase
connectivity in the composites. As described earlier that by increasing the percentage of
low dielectric constant material that total dielectric constant can be decreased but it also
decreases the tunability to a great extent, and thus the aim to prepare such composite does
not provide many advantages. To overcome these issues phase connectivity behavior
with combination of different particle sizes is studied/described in this thesis work to
obtain the desired properties.

1.4 Magneto-electric Composites
The magnetoelectric effect is a phenomenon which can be described as an
induced magnetization in a material proportional to an applied electric field or an induced
electric polarization to an applied magnetic field.
The various possible applications of ME materials include the measurement of
Neel temperature as described by Hornreich (1972). In antiferromagnetic materials it is
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difficult to measure the Neel temperature (TN) because of the absence of net
magnetization below TN, but using magneto-electric effect TN can be measured in these
materials. ME effect can also be used to study the crystal structure of different materials
as it reduced the number of point groups (Rado, 1970). O’Dell (1965) proposed the use
of magneto-electric materials in memory device application. As magneto-electric effect
has either positive or negative sign depending upon the annealing conditions in the case
of polycrystalline material. This showed that the material can be used to store
information in two different states of “0” and “1”. The magneto-electric composites can
be used as transducers in recording heads and electromagnetic pick ups. They can also be
used as a magnetic-probe for detecting ac as well as dc fields.
The magneto-electric effect can be either electrically induced magnetoelectric
effect or magnetically induced magnetoelectric effect. The theory of magneto-electric
effect was first proposed by Pierre Curie in 1894. He described that the application of
symmetry conditions states that a body with asymmetric molecules gets electrically
polarized when placed in a magnetic field and magnetically charged when placed in an
electric field. However, no work was further carried out on ME materials until 1950s.
Landau and Lifshitz showed the feasibility of the ME effect on the basis of crystal
symmetry. They described that if a crystal is magnetically ordered then the time reversal
symmetry operation for a given crystalline geometry is not independent, thus allowing
the possibility of ME effect in magnetically ordered crystal materials.
Dzyaloshinskii described further the similar work carried out by Landau and
Lifzhitz on the basis of detailed thermodynamics and symmetry arguments and proposed
antiferromagnetic Cr2O3 to show ME effect. The first experimental measurement of ME
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effect on single crystal Cr2O3 was carried out by Astrov in 1960. Foner and Hanbusa
(1963) carried out research on polycrystalline Cr2O3 and reported very small values
compared to single crystal Cr2O3. Later, Cr2O3 was studied by many researchers (Martin
et al., 1964; O’Dell et al., 1966; Hornreich et al., 1970) and reported their work on
magneto-electric effect in both single crystals and polycrystalline ceramics. Hornreith
(1965) predicted a few other single phase magneto-electric materials including Cr2WO6,
V2WO6, and Fe2TeO6. Vellueaud et al. (1985) and Kohn (1989) reported magnetoelectric effect in Ni1-xCoxFe2O4 and PbFe0.5Nb0.5O3. Klmura and Goto (2003) reported
high magneto-electric effect in TbMnO3 at cryogenic temperatures. However, most of
the single phase materials can not be used in device applications because of low
magnitude of magneto-electric coefficient.
Many single phase magneto-electric materials have been discovered but due to
their limitations (low magneto-electric coefficients or low temperature effects) they can
not be used in the real applications. On the other hand, the developments in the
technology of composite materials allowed researchers to design various ceramics of
magneto-electric composite materials. The composite materials can be designed to
overcome the difficulties inherent in single phase materials.
A composite material consists of a piezoelectric and a magnetic/magnetostrictive
material can be prepared to show the product property of magneto-electric effect. It can
be explained as follows: the strain effect in the piezomagnetic/magnetostrictive phase due
to applied magnetic field would result in stress on the piezoelectric phase of the
composite. The stress produced result in electrical polarization. The converse effect is
also possible in which strain produced due to electric field applied in piezoelectric phase
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would be transferred as stress in piezomagnetic/magnetostrictive phase which results in
induced magnetic field. Thus, by definition of magneto-electric effect an applied
magnetic field induces an electric polarization or applied electric field induces magnetic
polarization in a composite material.
The first work on magneto-electric composites was reported at Philips
Laboratories, Netherlands. Boomgaard et al. (1974) showed magneto-electric effect in
the Fe-Co-Ti-Ba-O composite system. Boomgaard et al. (1976) made assumptions in the
calculation of magneto-electric coefficient in the composites as
 The dielectric constant of piezoelectric phase is very large compared to the dielectric
constant of the ferrite phase.
 Young’s moduli for both the phases are equal
 There is perfect coupling between piezoelectric phase and ferrite phase.
By making the above assumptions, the magneto-electric coefficient can be
calculated using Eq. 1:3.

( dE / dH ) comp = mv ( dl / dH ) ferrite (dE / dl ) piezoelect ric

Eq. 1:3

where, (dl/dH) is the change in dimension per unit magnetic field and (dE/dl) is
the change in dimension per unit electric field, mv is the volume fraction of ferrite in the
composite.
Boomgaard used these assumptions to calculate magneto-electric coefficients in
BaTiO3-CoFe2O4 composites. They reported to obtain coefficient value of 130
mV/cmOe at room temperature. The value was about an order of magnitude higher than
single phase Cr2O3 which has magneto-electric coefficient around 20 mV/cmOe. Later,
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they also carried out similar work with BaTiO3-NiFe2O4 doped with Co and Mn but
found smaller values of magneto-electric coefficients.
Lupeiko and Zvyagintsev et al. (1994) reported magneto-electric coefficient in
PZT-NiZnFe2O4 composites. They also carried out measurements with the addition of
Bi2O3 with dopants of manganese and copper oxides in the composites. The observed
values of magneto-electric coefficients were 151 X 10-3 V/A. The work was extended
with the first laminated structure based magneto-electric composites (Lupeiko et al.,
1995). They showed their work on the basis of connectivity pattern in the composites
and observed higher values of magneto-electric coefficients. The corresponding work
was carried out in various places and reported with connectivity schemes including 3-0
and 2-0 with composite materials such as BaTiO3-NiFe2O4, BaTiO3-LiFe5O8, Bi4Ti3O12CoFe2O4.
Uchino et al. (2002) reported giant magneto-electric coefficients in the laminated
structure composites of piezoelectric PMN-PT single crystal and magnetostrictive
tefernol-D single crystal. They observed magneto-electric coefficient of 10.3 V/cmOe,
almost 80 times higher than any previously reported work. Even though they reported
such high values but there is a fundamental limitation on the magnitude of the magnetoelectric coefficient of this structure. Due to the laminated structure and bonding layer the
long term stability of these composite materials is still difficult to achieve. Also, the
structure is difficult to miniaturize which limits their use in small device applications.
Figure 1-12 shows the various magnetic units described to analyze the properties
of a material.
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Figure 1-12: Conversion of magnetic units (Source – Semiconductor group, Siemens)

1.5 Microwave Processing
Microwaves are electromagnetic waves with wavelengths ranging from 0.1 cm to
100 cm in free space and frequency ranging from 300 GHz to 0.3 GHz. The
electromagnetic spectrum shows the microwave band as seen in Fig. 1-13. The most
common application of microwave energy is in communication, therefore to avoid an
interference with communication the International Regulatory Committee has allocated
certain frequencies for industrial and research applications which are 0.915, 2.45, 5.85
and 20.2-21.2 GHz. For research purposes, the most common frequencies used for
microwave processing are 0.915 GHz and 2.45 GHz. These frequencies are generated by
magnetron inside a microwave generator and are transferred to microwave cavities
through specially designed waveguides.
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The research on microwave processing of ceramic materials has been carried out
for the past 50 years since Von Hippel (1954) began to examine the interaction between
microwaves and many oxide materials and showed how the loss characteristics of the
materials vary as a function of microwave frequency. His theory and data on microwave
material interactions provided some valuable background for microwave heating.
Following his work, Feiker (1959) reported that dielectric materials could be heated
rapidly with microwaves at the frequency of 915 MHz. Ford (1967) also conducted high
temperature chemical processing via microwave irradiation.
The pioneer work was done by Tinga and colleagues (1968 – 1973) where they
studied the interaction of microwaves and materials, the thermal processing of oxides and
composites at microwave frequency of 915 MHz and 2.45 GHz. They also developed
cavities for dielectric property measurements and microwave heating of various kind of
materials
Roy and Komernani (1985) discovered that many inorganic solids can be heated
to their melting points by using microwave energy depending on their dielectric
properties. This discovery was adapted soon by various researchers and industries to
process inorganic solids by microwave processing.
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Janney (1991) showed that microwave processing of ceramic materials takes
place with accelerated rates and at lower temperature than conventional processing. They
observed that the sintering of MgO-doped alumina using 28 GHz microwave oven has
the activation energy less than one third that observed for conventional sintering in a
conventional furnace. The reason for rapid heating and lower activation energy during
microwave processing could not be explained fully.
Johnson (1991) carried out experiments to explain the reason for rapid sintering in
microwaves. He performed heat flow calculations of microwave heated grain boundaries
in ceramics and concluded that the temperature was not very different than the local
average temperature.
Booske (1991 – 1992) proposed that the enhanced diffusion and rapid sintering
rates in microwave compared to conventional are due to thermal energy distribution
induced by the microwave radiation field. This is most likely the case if microwave
radiation resonantly couples to normal modes of oscillation in the crystal lattice.
However, refined calculations (Freeman et al., 1993) were carried out to indicate
that the effect of athermal distributions of lattice ion energies caused by microwave fields
is too small to explain the observed data unless the microwave strength approaches the
lattice field strength. Later, they proposed a quasistatic polarization of the lattice near a
point defect which can be a possible mechanism to lower the activitation energy barrier
for diffusion of that defect.
Consequently, several researchers provided different theories for microwave
sintering on different materials. Roy and Agrawal (1996 – 2001) carried out numerous
experiments with different materials to understand the microwave material interactions

29
and explained reasons why different ceramics and metallic materials absorb microwaves
at different rates. They sintered magnetic oxides in single mode microwave system in
which the electric (E-field) and magnetic (H-field) components can be separated. It was
observed that most ceramics are heated only in microwaves in E-field and remain
unaffected in microwave H-field. On the other hand all powder metals get heated only in
the microwave H-field and remain unaffected in microwave E-field.
Fukushima et al. (1995), Vaidyanathan et al. (2000) and Rhee et al. (2001) are
few researchers who have sintered electroceramics through microwave sintering and have
observed better properties compared to conventionally sintered electroceramics.
In contrast with visible waves, microwaves are coherent and polarized.
Microwaves also obey the law of optics and thus can be absorbed, transmitted or
reflected, depending on the type of material. On the basis of the penetration of
microwaves materials can be divided into 4 categories as shown in Fig. 1-14 and is
dependent on material’s inherent properties. Metals are opaque to microwaves and thus
reflect microwaves. Ceramic dielectric materials (e.g. MgO, Al2O3, SiO2) are not
absorbers in microwaves at ambient temperature, though when heated to a certain critical
temperature, these materials absorb microwave energy efficiently. Often, susceptors are
used (e.g. SiC, porous ZrO2) to initiate the sintering of these materials. Other ceramic
materials (e.g. Co2O3, MnO2, NiO and CuO) absorb microwave very efficiently at room
temperature.
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Fig. 1-14: Absorption of microwaves in different kind of materials
The basic material interaction mechanism of microwaves depends strongly on the
dielectric and magnetic properties of a material. This causes a strong dependence of
microwaves absorption on the frequency, nature of material, particle size of material,
shape and size of bulk material, sintering temperature and density of a material. There
are four important polarization mechanisms in solids, and three of these lead to losses in
the microwave region: space charges due to localized electrical conduction, rotation
electric dipoles and ionic polarization associated with infrared vibrations.
Conduction losses from localized space charge are responsible for microwave loss
in transition metal oxides with various valence states. Alkali ion causes microwave
losses in silicates and glasses. Dipole relaxation spectra are common in alcohol, water
and other polar liquids leading to intense energy absorption in the microwave regions.
Localized resonances caused by piezoelectric electromechanical coupling can also cause
microwave losses. The microwave losses take place through both electric vector and
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magnetic vector of the wave. The magnetic field vector can also initiate the energy
transfer through magnetic resonance effects in which the unpaired electron spins generate
internal fields.
Microwave sintering is fundamentally different from conventional sintering in its
heating mechanism. Fig. 1-15 shows the comparison of heating mechanism in
conventional and microwave sintering. Due to microwaves’ direct interaction with the
matter and absorption, it results into volumetric heating of a material during microwave
processing. In microwave heating, heat is generated by material interaction with
microwaves within material instead of being transferred from the surroundings through
external heating sources as in conventional heating. Due to volumetric heating, the
microwave sintering is quite uniform. Due to heat loss at the surface ,the thermal
gradients in the material being microwave sintered are reversed than those of the
conventional sintering. Therefore, if a good insulation package is not applied around the
sample, the core of the work piece will be hotter than the surface. The penetrating nature
of the microwave energy also means a quick response between the input power and the
heating of a material. In other words, microwave heating has no thermal lag which
makes it possible to reach high temperatures very rapidly. The rapid sintering in
microwave also limits the grain growth and leads to fine microstructure, consequently
improving the mechanical and dielectric properties of the material.
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Fig. 1-15: Comparison of heating in conventional and microwave processes
The absorption of microwaves by a material depend on the material’s complex
permittivity (ε*) and complex permeability (μ*) which are composed of a real and
imaginary parts as shown in Eq. 1:4 and Eq. 1:5.

ε * = ε `−ε ``= ε 0 (ε r` − jε eff`` )

Eq. 1:4

μ * = μ `− μ ``= μ0 ( μr` − jμeff`` )

Eq. 1:5

where, ε0, μ0 are permittivity and permeability of free space,
ε`eff, μ`eff are the effective relative dielectric and magnetic loss factors respectively.
When microwaves penetrate through a material, the internal electric fields
generated within the affected volume induce translational motions of free or bound
charges and rotate the charge complexes such as dipoles. The resistance of these induced
motions which are frequency dependent causes losses which results in volumetric heating
of a material.
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The microwave power, P, absorbed by a material inside a microwave cavity is
expressed by Eq. 1:6.

(

2

P = 2πf 0 ε oε r tan δ E + μ o μ r tan φ H

2

)

Eq. 1:6

where, E – electric field component
H – magnetic field component
tanδ and tanφ are the dielectric and magnetic loss components.
Both electric (E-field) and magnetic (H-field) field components participate in the
absorption mechanism of microwave energy in a material. In the multi-mode microwave
cavity, both E-field and H-field components are used for sintering, where as, in singlemode microwave cavity, E-field and H-field can be separated and the sample can be
sintered in either field depending on the selection of field component and materials.

Chapter 2
Thesis Statement

2.1 Introduction
Various electronic, magnetic, piezoelectirc single phase materials have been
studied for several applications. However, these mateials have limitations in their
property coefficient as governed by strucutre:property relations. In order to enhance the
properties for device applications, multi-ferroics composite route has to be followed.
This thesis deals with the composite approach of materials with the study of phase
connectivity pattern and size effects, and exploiting the novel synthesis and sintering
approaches.

2.2 Statement of Problem
The current usage of composite materials in electronic devices is limited as the
reproducibility and long term use are challenging factors. In sintered composite
materials, it is desirable to have minimum or no reactivity between grains of different
precursor materials used. This would provide composites with better properties of
individual materials. By having reaction between two phases, the properties of a material
can change drastically losing the aim of achieving the desired composite materials. The
phase connectivity pattern plays an important role to tailor the properties of the resulted
composite material. In a diphasic composite system, there can be 10 possible
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connectivity patterns and depending on the connectivity the properties of such a
composite can be tailored. It is shown that different particle sizes produce different
connectivity patterns which result in variations in the properties of the composite.
Therefore, a study of grains and grain boundary distributions in the composites is very
important to achieve the appreciable tunable dielectric and magneto-electric properties.
In addition, sintering process plays an important role in the grain growth and
connectivity pattern in the composite materials. The mixing of two materials with
different properties, sintering temperature and thermal susceptibility would result in
porosity and non-uniform distribution of grains in the conventional sintering. One of the
possible solutions for this problem is to process the constituent materials separately and
sinter them in a conventional furnace and join the sintered phases with a epoxy or
polymer. This is a good technique as desired connectivity pattern can be achieved, but,
long term stability of these composites is a major drawback to implement them in a
device application. Thus, a different process should be investigated to sinter/fabricate
composite materials to obtain better properties and longer aging/fatigue effect to make
commercial use of these electronic ceramic composite materials.

2.3 Statement of the Thesis Objectives
This thesis deals with the synthesis and property evaluation of the novel
composite materials. The work outlined below emphasize on the development of novel
composites or meta-materials.
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The two main aspects of the thesis are to study:
1) Tunable Dielectric Composites
2) Magneto-electric Composites
The study of connectivity patterns of phases is considered an important factor in
the composite approach of ceramics. This leads to the use of nano to micron size
particles in the preparation of the composites. As combination of different size particles
results in different connectivity patterns which result in various differences in properties
of a composite. In this approach, both micron and nano size particles of ferroelectric and
non-ferroelectric phases are used to study the best suited combination of phases to
produce desired composites with the high property coefficients.
The composite materials will be fabricated using both conventional and
microwave sintering techniques with the aim of achieving minimum or no chemical
reactivity between the two individual components. The sintering and quality of the
composites can be enhanced by the rapid heating of the material and controlling the grain
growth behavior. Microwave processing is one of the important and well recognized
route for providing rapid heating and enhanced sintering kinetic of materials. The
microwave heating method has successfully been used for many electronic ceramics to
obtain fine microstructure and better properties. In the conventional heating, energy is
transferred inwards to the material through the conduction and radiation of heat from the
surface of the material. In the microwave processing the electromagnetic energy is
absorbed by the material resulting in thermal energy. Thus, microwave sintering provides
lower chemical reactivity at the grain boundaries leading to a well-defined phase
boundaries and uniform and fine grain size in the sintered composites. Also, since
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microwave heating is material dependent, it provides selective heating of different
components in the composite depending on their microwave absorption. Thus, desirable
results are possible to obtain in microwave processing compared to conventional process.
In this research work, both multi mode and single mode microwave systems will be used
to process electronic ceramic composite materials.
The thesis aims to study some specific examples in composite ferroics by the
route of conventional and special microwave synthesis approach. Composites of two
phase ferroics using the nano to micron size particles along with microwave synthesis
sintering techniques will be prepared and their properties were investigated. The major
goals were to study the tunable dielectrics and the magneto-electric properties of two
classes of meta-materials composites. Thus, goals of the thesis are as follows:
1. Study the processing steps of ceramic composite materials with both micron and
nano size particles.
2. Investigate the conventional and microwave heating techniques to achieve high
density sintered composite materials.
3. Investigate the tunable dielectric behavior and the magneto-electric properties of
the bulk sintered ceramics.
4. Examine the grain size effect and grain distribution effect on the overall
properties of the composites.
5. Study the connectivity patterns in the two phase composite materials and their
effect on the resulted dielectric and magneto-electric properties of the composites.
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By achieving the above goals, the results would provide fundamental
understanding of the processing of composite materials and particle size effect with
different processing / sintering techniques, and thus extending the potential application
range of electronic and magneto-electric materials.

Chapter 3
Experimental Procedure

3.1 Introduction
This chapter describes the experimental techniques and setup to prepare the
ceramic samples in this research work and the description of the characterization
techniques used to evaluate the dielectric properties of the samples at both low
frequencies and at high frequencies. Measurement set up is also described for the
magnetoelectric coefficients of the respective composites.

3.2 Ceramic Processing Steps
The following sections describe the synthesis of composites for the specific
applications in
(a) tunable dielectric properties and
(b) to optimize and enhance the magneto-electric coefficients of the material.

3.2.1 Material Selection
The ferroelectric components of the compositions used for both categories listed
above in this research are based on Ba1-xSrxTiO3 (BST) and additionally PMN-PT was
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used for the magneto-electric composites. Fig. 3-1 shows the plot of the main transition
temperature vs the ratios of barium and strontium.

Fig. 3-1: Curie temperature of BaxSr1-xTiO3 as a function of barium concentration
(Lemanov et al., 1996; Vendik et al., 2000)
Because of the availability of its wide range of Tc characteristics, BST system can
be exploited for wide range of applications over a wide frequency range. BST
composites also have high tunability and can be used at microwave frequencies.
The non-ferroelectric component was selected with low dielectric permittivity,
very low dielectric losses (preferably ≤ 10-4) and which has low or no chemical reactivity
with BST. The preferred and selected candidate material MgO was mixed with BST in
different weight ratios to prepare the tunable dielectric composite with low dielectric
permittivity. The chemical ratio governed by the Ba1-xSrxTiO3 [1-y] + MgO [y]
(BST:MgO) mixing scheme. Composites of BST:MgO were prepared for different
weight ratios and particles with different grain sizes and their properties were studied.
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The magneto-electric composites were prepared with both BST & PMN-PT as
piezoelectric phase. The initial synthesis studies were carried out with Ba0.6Sr0.4TiO3 and
PMN-PT (31%) in single mode microwave oven. Fig. 3-2 shows the phase diagram of
PMN-PT. The morphotrophic phase boundary region lies with PbTiO3 percentage
between 30 – 35%. Thus, to shift the cubic phase to temperature higher than room
temperature (Fig. 3-3) and to use the composition at the morphotrophic phase boundary
region to achieve high electrostrictive coefficients PMN-PT composition with 31 %
PbTiO3 is chosen in this research work.

Fig. 3-2: Phase diagram of PMN-PT as a mole percentage of PbTiO3 (Randall et al.,
1990)
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Fig. 3-3: Temperature dependence of dielectric constant of PMN-31%PT crystal
(Randall et al., 1990)
The materials chosen for magnetic phase were ferrites such as CoFe2O4, ZnFe2O4,
(Mn0.1Zn0.9)Fe2O4 & NiMn0.1Fe1.9O4. These materials have high magnetostrictive
coefficients and highly reproducible properties. The starting chemical powders used in
this research are listed in Table 3.1
Table 3.1: Starting chemicals used in the research
Source

Powder
Ba0.4Sr0.6TiO3 (micron)

MRI, Penn State

Ba0.5Sr0.5TiO3 (nano)

IBM

Ba0.6Sr0.4TiO3 (micron)

MRI, Penn State

MgO

Sigma Aldrich

PMN-PT (31%)

TRS Technologies Inc.

CoFe2O4

MRI, Penn State
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Mn0.1Zn0.9Fe2O4

MRI, Penn State

ZnFe2O4

MRI, Penn State

NiMn0.1Fe1.9O4

University of Texas, Arlington

3.2.2 Powder Processing
High purity oxides of respective materials were used to prepare the composite
material samples. The pre-calcined powders were weighted out in their respective
proportions and mixed by weight percentage in different ratios and was ball milled for 16
~ 24 hours in ethyl alcohol using ¼ inch zirconia balls. The nano particles size powder
of BST and MgO was put in a magnetic stirrer with acetone before ball milling to
disperse the particles as the particles form cluster due to high surface density. The aim of
ball milling was to mix the powders and to reduce the particle size of the calcined
powder. The ball milled powder was dried at 80 0C and then was sieved through 140 /
200 / 250 mesh.
The sieved powder was mixed added with 2-5 wt% of acryloid binder and acetone
to provide a bonding before pressing pellets. The solution was constantly stirred until the
acetone evaporated and left the powder dry. It is important to add an appropriate quantity
of binder so that the binder should be uniformly distributed throughout the powder so that
each particle can be coated with a very thin layer of binder. The binder burn out
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temperature profile is shown in Fig. 3-4. After proper mixing of binder and evaporation
of acetone, the dry powder was ground and sieved.
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Fig. 3-4: Binder burn out temperture:time profile
The cylindrical pellets of ¼ to ½ inch diameter were pressed using steel die and
hydraulic press (Carver, Inc.). The approximated load of 2000 to 8000 lbs. was used to
press the pellets. After pressing the pellets binder was burnt out in a conventional
furnace at 550 0C as shown in figure 3. After binder burntout, samples were pressed in
Cold Isostatic Press (CIP) at 30,000 Pa to achieve high green density and close the open
pores during binder burn out process. After the powder processing, samples were ready
for sintering.
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3.2.3 Density Measurements
The density of the samples was measured based on buoyangcy principle. In this
technique weight of the sample was measured in air and followed by weight in liquid.
Then, the sample weight was measured again in air. Using these three measurements
density of the sample can be calculated by Eq. 3:1

⎞
⎛
Wair
⎟ × Densityliquid
Density = ⎜
'' ⎟
⎜W
W
−
air ⎠
⎝ liquid

Eq. 3:1

where, Wair'' is the weight of the sample measured in air after immersing in liquid
The liquid used in for calculation of density was water and xylene. The density
values of water at room temperature 1 g/cc and of xylene 0.861075 g/cc were used for the
caculations.

3.3 Ceramic Characterization
Several characterization techniques were used to evaluate the samples
composition, phase purity and ferroic behavior of the resulted ceramic samples.

3.3.1 X-ray Diffraction (XRD) Characterization
XRD studies were conducted to analyze the phase formation and effect of
solubility on the phase stability using Cu Kα (Scintag PAD V, Scintag Inc., Cupertino,
CA). The XRD was observed on both polished surface and crushed pellets to avoid
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preferential crystallographic orientation. The powder was placed on a zero background
quartz holder. The pattern was collected between 10 and 80 degrees 2θ.

3.3.2 Scanning Electron Microscopy (SEM) / Energy Dispersive Spectrum (EDS)
Characterization
SEM and EDS studies were carried out to examine the microstructure evolution,
grain size distribution, uniformity of grains and chemical reactivity. The instrument used
for the study was S-3500N scanning electron microscope (Hitachi Ltd., Tokyo, Japan).
The studies were carried out on both polished and fractured surfaces. The sample was
broken in pieces to observe fractured surface microstructure. The samples were polished
using aluminum grit to give a mirror like shine to observe grain distribution. All the
samples were sputter-coated with a thin layer of gold before SEM studies to increase
electrical conductivity at the surface.
EDS was conducted to observe the chemical reactivity in the grains and at grain
boundaries. The same SEM has these capabilities and both the studies were conducted at
the same time. EDS provides the distribution of elements in a particular grain which
gives information of reactivity between phases.

3.3.3 Dielectric Measurements
Dielectric and the related electrical properties were measured in order to
understand the K vs T behavior, transition temperature and to observe the desirable
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dielectric constants in the composites. E-field dependent studies were carried out to
measure the tunable behavior of the samples.

3.3.3.1 Low Frequency Measurements

3.3.3.1.1 Low Temperature (30 K to 300 K)
The dielectric measurements were made in the temperature range of 20 K to 300
K using a multi-frequency LCR meter. Multi-frequency LCR meter is a microprocessorcontrolled impedance bridge which measures impedance of the specimen by supplying
voltage signal (rms) of 1 V under unbiased condition. LCR meter used in this experiment
was HP 4284A. The impedance obtained by LCR meter is converted to capacitance and
subsequently to dielectric permittivity and loss tangent in a computer assisted set up. The
temperature controller (Lakeshore model 330) and a closed-cycle helium cooled cryostat
(Displex DS-202 and HC-2, APD Cryogenics Inc.) were used to vary the temperature of
the system. Tunability measurements were conducted with the addition of voltage source
(TREK 610, TREK Inc.) and a 2 KV blocking circuit that isolated the LCR meter from
the high voltages applied to the sample. These instruments were interfaced with a
controlling computer for monitoring and collecting data. The sample holder of this
system is capable of one sample per run.
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A sample was placed in the vacuum chamber on thermally conductive grease to
prevent undesired movement and shorts from occurring. The silver wires were attached
to the electrodes in the vacuum chamber and a vacuum was created. Once the vacuum
was established, the dielectric measurement can be started.

3.3.3.1.2 Intermediate Temperature (150 K to 450 K)
Dielectric measurements in the temperature range of 150 K to 450 K were carried
out in a liquid nitrogen cooled system. The system (Delta Design Inc., San Diego, CA)
was automated system connected with computer and LCR meter. Both heating and
cooling rates were maintained at 2 0C/min for all measurements. At a time, 8 samples
could be measured using a relay system.

3.3.3.2 High Frequency Measurements
High frequency measurements were carried out using the perturbation technique
(Dube et al., 1988). A brief description is given here. Birnbaum and Franeau showed
that if a material has a complex dielectric permittivity and permeability equal to one,
then, the complex permittivity can be described as Eq. 3:2 and Eq. 3:3, where the change
in f and Q of cavity is due to with and without sample:
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∫v E1 .E2 dv
f1 − f 2
= (ε `−1)
f2
2 ∫ E12 dV

Eq. 3:2

∫v E1 .E2 dv
1
1
−
= ε ``
2
Q2 Q1
∫ E1 dV

Eq. 3:3

V

V

If the electric field lines are tangential to the surface of the sample and if there is
very little change in the fr and Q of the cavity, above equations can be simplified in
Eq. 3:4 and Eq. 3:5 shown by Dube and Lanagan (1988).

ε `=

Vc ( f c − f s )
+1
2Vs f s

Eq. 3:4

ε ``=

Vc
4Vs

⎛ 1
1 ⎞
⎟⎟
⎜⎜
−
Q
Q
c ⎠
⎝ s

Eq. 3:5

where, Qc and fc are the unloaded values while Qs and fs are loaded values. Vc and
Vs are the volume of cavity and sample. Eq. 3:6 relates the two equations and gives the
loss of a sample at that frequency.

tan δ =

ε ``
ε`

Eq. 3:6

The cavity perturbation method based on resonant methods has been widely used
for the measurement of dielectric permittivity and conductivity of materials at microwave
frequencies (Dube et al., 1998). In the cavity perturbation method, the presence of small
amount of material changes the resonance frequency and the quality factor of the cavity.
Dube and Lanagan proposed the cavity perturbation technique by cutting a thin slot on
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the upper broad wall of the waveguide and inserting the sample through it. The technique
was simple, but, required the specimen larger in height than the narrow dimension of the
waveguide cavity.
The particular specimen size limits the use of the technique. Also, for low
microwave frequency measurements, the specimen has to be reasonably big as the size of
K and C-band cavity is much bigger than X-band cavity. Thus, to measure small size
specimen/sample, cavity perturbation method is modified to insert small size sample
inside the cavity without disassembling the waveguide.
In the modified cavity perturbation technique, it is assumed that the overall
geometrical configuration of the electromagnetic wave upon the introduction of the
sample is very small. Thus, the electric field lines are not disturbed inside the cavity and
the position of TE10N modes remain the same. The sample was inserted in the cavity such
that the surface of the sample was everywhere tangent to the electric field lines in the
cavity. A small amount of stirofoam was used on both sides of the sample to support it.
In the modified cavity perturbation method, C-band waveguide was being used.
Two holes have been cut on both the side walls of the cavity through which a quartz tube
was inserted. A ceramic sample was put inside the quartz tube and placed at the center of
the cavity with maximum electric field intensity. The changes in the resonant frequency
and quality factor have been calculated through the insertion of sample and quartz tube,
and through simple calculations of complex permittivity dielectric data was obtained and
reported in this study.
In a rectangular cavity, TE10N modes are widely used for the complex permittivity
measurements. For this mode, there are N positions in the cavity with maximum electric
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field. Odd N numbers are often used because the geometrical center of the cavity is
always the maximum electric field position. The complex permittivity is calculated from
the changes of resonant frequency (fr) and quality factor (Q). The theoretical calculations
of resonant frequency for TE10N of rectangular cavity are given by Eq. 3:7.
⎡⎛ 1 ⎞ 2 ⎛ N ⎞ 2 ⎤
c
fr =
+
2 ⎢⎜⎝ a ⎟⎠ ⎜⎝ d ⎟⎠ ⎥
⎢⎣
⎥⎦

1/ 2

Eq. 3:8 and Eq. 3:9 shows the equations to calculate quality factor theoretically.
3/ 2
⎤
πη ⎡
2b a 2 + d 2
Q=
⎥
⎢
4 Rs ⎢⎣ ad (a 2 + d 2 ) + 2b(a 3 + d 3 ) ⎥⎦

(

Q=

)

(kad ) 3 bη
2π 2 R s (2 N 2 a 3 b + 2bd 3 + N 2 a 3 d + ad 3 )

Eq. 3:7

Eq. 3:8

Eq. 3:9

where, a, b & d are the dimensions of the waveguide. η is the intrinsic impedance
and Rs is surface resistance of the cavity, c is the speed of light. N is an integer.
Equations 3-8 can be used for TE101 mode and equation 3-9 can be used for TE10N
modes. Surface resistance is dependent upon the conductivity of the metal surface of the
waveguide, which is given by Eq. 3:10.
1/ 2

⎛ πf μ ⎞
Rs = ⎜ r ⎟
⎝ σ ⎠

Eq. 3:10

where, σ is the conductivity of a metal.
Q is inversely proportional to surface resistance, thus, low surface resistance i.e.
high conductivity of a metal result in high Q-factor of the cavity.
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A rectangular C-band waveguide with inner dimensions of (4.74 cm X 2.21 cm X
18.2 cm) was modified for dielectric measurements as shown in Fig. 3-5. The dielectric
measurements were made using HP 8753E network analyzer in the range of 3 to 6 GHz at
room temperature. The waveguide was connected through network analyzer with
standard probes. The metal couplers with holes dimensions (12.11 mm X 3.41 mm) were
inserted between the waveguide and probes to enhance the signal. The measurements
were made at different resonant frequencies of the waveguide. Table 3.2 shows the
calculated values of resonant frequency at different modes and quality factor for both the
waveguides, and comparing them with the theoretical calculations. It is observed that the
experimental values of fr and Q are lower than the calculated values. Experimental Q is
always lower than the calculated Q as the energy is lost through probes and metal
couplers. Also, resonant frequency of waveguide II is higher than waveguide I as there
might be very little change in the TE modes after cutting the holes.

Fig. 3-5: Graphical representation of modified C-band waveguide, (a) Waveguide I
(modified), (b) Waveguide II
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Table 3.2: Theoretical and observed values of frequency and quality factor in TE10N
modes for C-band waveguide

Cut off frequency
Resonant
frequency, TE101
TE102
TE103
Quality factor
(TE101)
Equation 3-8
Equation 3-9

Theoretical Value
(GHz)
3.15

Waveguide I
(GHz)
3.1537

Waveguide II
(GHz)
3.1593

3.267538
4.013842
5.194149

3.24919
3.98587
5.15111

3.25461
3.98773
5.14923

5708.82

5952.65

10111.36
9810.77

3.3.4 Pyroelectric Measurements

In the current work pyroelectric properties were measured in order to study the
phase transition and polarization of the pure and composite samples. The pyroelectric
measurements were carried out in the same system as used for the low temperature
dielectric measurements. For pyroelectric measurements an electric field is applied to the
sample through the high voltage source to electrically pole the sample while cooling the
sample from 300 K to 50 K. After poling, the voltage source is disconnected and the
DMM is connected for measuring the pyroelectric current/voltage and finally the
pyrocoefficients and polarization were computed from the collected data. The set up of
the dielectric and pyroelectric measurement system is shown in Fig. 3-6.

54

Fig. 3-6: Dielectric and Pyroelectric measurement setup for 10 K to 300 K

3.3.5 Strain Measurements

Strain measurements were carried out at room temperature for magneto-electric
composites using an Automated Loop Tracer. The system consisted of a PC,
programmable voltage source and silicon oil bath. The measurements were based on
Sawyer Tower Circuit operating at 50 Hz. The sample was kept in a spring-loaded jig
and immersed completely in silicon oil bath. The loop is recorded by the system and
both P-E hysteresis and strain measurements were done.
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3.3.6 Magneto-electric Measurements

The magneto-electric measurements were carried out voltage output vs. magnetic
field data and were assisted by the help of University of Texas, Arlington. The basic
features of the magneto-electric measurements setup that was used for the measurements
is shown in Fig. 3-7. In ME composites, the electric polarization generated is a function
of the applied magnetic field. Thus, applying magnetic field and measuring polarization
provided ME coefficient of the composite. The measurements of the non-linear ME
effect in composites require a DC bias along with an AC measuring magnetic field. A
permanent magnet or a DC electromagnet provided the DC magnetic field bias. Thus,

Fig. 3-7: Schematic block diagram of ME measurement system
samples were placed between two electromagnets which provided the bias field. A signal
generator was required to drive the electromagnet coils and generated the AC magnetic
field. The electric charge generated was measured through a charge amplifier and the
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output voltage from the amplifier measured through the oscilloscope. The output voltage
and the AC magnetic field data was computed and the resulted ME coefficient of the
composites were calculated.
The results reported in this thesis were obtained using the Lock-in amplifier
method. The ME property was measured in terms of the variation of the coefficient
dE/dH as a function of d.c. magnetic bias field. An electromagnet (GMW 5403 Magnet,
Power and Buckley Inc., New Zealand) was used for the bias field up to 0.25 T (2.5 kOe).
The coefficient was measured directly as response of the sample to an a.c. magnetic input
signal at 1 kHz and 1 Oe amplitude superimposed on the d.c. bias field, both parallel to
the sample axis. A lock-in amplifier (Stanford Research Systems) was used to drive the
Helmholtz coils and generate the a.c. magnetic field. The electric charge (Q) generated
from the piezoelectric layer was measured through a charge amplifier (5010B Dual Mode
Amplifier, Kistler Instrument Co. NY). The electric field generated in response to
applied magnetic field was computed using Eq. 3:11, where Q = C.V.
E=

Q
A.ε 0 ε

Eq. 3:11

Chapter 4
Microwave Processing of Composites

4.1 Introduction

The main purpose of using microwave sintering technique over conventional
sintering technique is to improve the dielectric and magneto-electric properties of a
composite electroceramic material and also to achieve desired phase connectivity in the
composites. Recent developments in microwave material processing have demonstrated
many advantages including energy savings, products with better properties and
substantial savings in processing cycle times. It is used in ceramics synthesis, drying,
calcinations, debinding, sintering etc.
Microwave processing systems consist of three main parts as shown in Figure 4-1
namely microwave generator (magnetron – microwave source), waveguides and
applicator or cavity where in the material is processed. The microwave travels from the
generator through the waveguides to the cavity. Its principal purpose is to expose the
microwave energy to the material load and to provide impedance matching in order to
efficiently transfer the microwaves. Microwave cavities can be either single-mode or
multi-mode. A multi-mode cavity is typically an enclosed metal box as home microwave
oven, in which several fundamental standing electromagnetic waves or modes are
superimposed to produce a standing wave pattern. The multi-mode system is most
commonly used in processing of ceramic materials. Using mode-stirrer or turn table a
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uniform heating pattern is obtained. The single-mode cavity is designed by properly
choosing the dimensions of the cavity to produce fundamental standing wave pattern.
The single-mode applicator is used for precise control over the E-field and H-field within
the material. Such applicators maximize the particular field strength at the material
location so that rapid heating can be achieved. However, the heating volume is limited,
thus it is difficult to achieve uniform heating in large samples. Single-mode and multimode cavities may both be tuned to produce a desired mode pattern. The tuning is
accomplished with the aid of a sliding shorting plunger, which changes the dimensions of
the cavity.
In this research, sintering was carried out using both multi-mode and single-mode
systems. Initially, the composites of barium strontium titanate and a common microwave
dielectric magnesium oxide were processed in a multi-mode microwave oven and
composites for magneto-electric applications were processed using single-mode
microwave oven.

Waveguides
Microwave
Generator
0.915, 2.45, 28 GHz

Figure 4-1: Microwave Processing system

Applicator
Microwave Cavity
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4.2 Anisothermal Heating Behavior during Microwave Sintering

The microwave heating is material dependent and therefore the heating rate is
dependent on the properties of a material heated in a microwave field. Fig. 4-2 shows the
comparison of heating of a di-phasic composite in conventional and microwave
processes. In conventional heating, the temperature of two phases is same at any time. It
is independent of the properties of a material being heated inside the furnace. The heat
energy is transferred from the heating elements to the sample via thermal conduction
process which is sluggish. In microwave heating, the material absorbs microwave energy
depending on its properties as discussed in Chapter 1. Thus, it is very likely that two
phases in a composite material can be at different temperatures at micro level if the
absorption rates of the two phases are different. It is possible to heat one phase faster
than the other phase, thus resulting in a desired sintering profile and possible connectivity
pattern in the composites.
Peelamedu et al. (2001) observed the anisothermal behavior during microwave
sintering. He studied various materials which are both good and poor microwave
absorbers like Y2O3-Fe3O4, BaCO3-Fe3O4 and NiO-Al2O3. Due to the difference in
microwave absorption rate, anisothermal environment was developed within the system.
He suggested that high microwave absorbing species diffuse rapidly into relatively low
absorbing microwave species.
Cheng et al. (2002) studied the similar anisothermal behavior in a single mode
microwave setup. He studied the composite of ZnO (more sensitive to E-field) and
cobalt (more sensitive to H-field). Figure 4-3 shows the anisothermal heating in separate
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E-field and H-field in a single mode microwave system. It was observed that the
temperature of ZnO particles were higher while heating in E-field and during H-field
heating the temperature of Co particles were much higher.

Heating
Element
Magnetron
Sample

A (T)

A (T1)

B (T)

B (T2)

Fig. 4-2: Comparison of composite heating in conventional and microwave processes

Figure 4-3: Anisothermal heating behavior during single mode microwave sintering
(Cheng et al., 2002)
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4.3 Multi-mode Microwave Sintering

In this research, a multi-mode microwave system (2.45 GHz, 6 KW, 47 X 61 X
64 cm3) designed and built in the laboratory was used. The input power was adjusted
manually to control the heating rate and sintering temperature. The microwave cavity is
as shown in Fig. 4-4. The pellets were sintered at temperatures between 1400oC and
1600oC to obtain the relative density of 97 ~ 99%. The insulation package used for
sintering in the microwave furnace is shown in Fig. 4-5. The sample was kept inside an
alumina crucible. The crucible was surrounded by zirconia powder which was placed
inside alumina cylinders. The complete sample setup was kept inside cylindrical shaped
insulation package (diameter = 4 inches and height = 6 inches) made up of fiberfrax
insulation material. The sample temperature is measured using a thermocouple placed
nearly touching the sample. A platinum sheath is wrapped around the thermocouple to
shield it from microwave field. Manually operated pyrometer is also used to measure the
temperature of a sample.
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Thermocouple
Insulation package
Microwave cavity

Fig. 4-4: Mutli-mode microwave cavity

Thermocouple
Mullite insulation package
Al2O3 cylinder
Al2O3 crucible
Sample
Zirconia powder

Fig. 4-5: Design of insulation package for multi-mode microwave sintering
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The composites of tunable dielectric were sintered in a multi-mode microwave
system. The typical sintering profile of BSTnano:MgOnano composite is shown in Fig. 4-6.
The sample was kept inside a alumina crucible with MgO powder spread around the
sample. The purpose of using MgO powder is to get the uniform temperature distribution
and precise temperature reading using a optical pyrometer. The alumina crucible was
surrounded by zirconia powder filled in alumina cylinders. It provides the initial
sintering temperature for the composites as MgO is poor absorber of microwaves and
BST absorb microwaves after a initial heating. In usual sintering cycles, composites take
35 ~ 45 mintues to reach 800 0C and another 10 ~ 15 minutes to reach the sintering
temperature. The cooling cycle of the composites was around 2 ½ - 3 hours. The total
sintering cycle was around 4 hours with 10 min ~ 45 min of holding time at sintering
temperature. The density achieved was around 99 %. A plot of density versus sintering
temperature is shown in Fig. 4-7. The composites were sintered at large holding time to
achieve desired connectivity pattern, however, this resulted in high grain growth.
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Fig. 4-6: Sintering profile of BSTnano:MgOnano in multi-mode MW process
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4.4 Single-mode Microwave Sintering

In a single-mode microwave cavity, standing wave pattern of a particular mode is
generated to achieve high field intensity at particular areas inside the cavity. The first
successful single mode sintering was carried out by Fukushima and colleagues (1994).
They successfully sintered ZnO and PZT ceramics using TE103 mode in a maximum
electric field. They inserted a silica tube inside the cavity and placed the sample inside
the tube. They encountered difficulties like thermal runaway but reported better
electrical properties of these materials. The use of silica tube could not provide very
accurate results at high temperatures.
Cherradi et al. (1994) reported that the magnetic field made substantial
contributions to heating of alumina at elevated temperatures and metallic copper. But, in
their work only small sample size could be used, and they exposed the sample to both
magnetic and electric field simultaneously. This caused a complicated interplay of the
microwave absorption in both E and H fields.
Cheng et al. (2001) reported that the heating in single mode microwave cavities in
pure E-field or H-field result in different heating profiles. They supported the work with
heating of materials of different electrical conductivities ranging from insulator to metal,
e.g. tungsten carbide, cobalt, copper, alumina and few other magnetic materials. The
work clearly showed that the metals get heated only in H-field and insulators (ceramics)
only in E-field. The semiconductors such as tungsten carbide couple with E and H field
both. The schematic diagram of their experimental setup is shown in Fig. 4-8. The
sample was inserted in a quartz tube and placed at fixed location inside the cavity, so that

66
it is exposed either to maximum E-field or maximum H-field. The field intensities with
the position of the sample are shown in Fig. 4-9.

Fig. 4-8: Single mode microwave setup designed by Cheng et al. (2001)

Fig. 4-9: Field intensities distribution in single mode TE103 cavity
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In this thesis work, special cavity was designed and built to perform the sintering
experiments at elevated temperatures as shown in Fig. 4-10. The cavity has dimensions
of 86 mm X 43 mm which works in TE103 single mode. The plunger was used on one
side of the cavity to change the field intensities to electric and magnetic at the fixed
position of the sample. The sample was kept inside a small insulation package made of
mullite and was inserted inside the cavity. The design of insulation package is shown in
Fig. 4-11. The sample was kept on top of alumina disc to prevent reaction between the
sample and the package.

Extended part for
H-field sintering

Fig. 4-10: Microwave cavity for single mode microwave sintering
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Insulation
package
Sample
Pyrometer
(to read temp.)

Sintered alumina disc

Fig. 4-11: Insulation package designed for single mode microwave sintering
The complete setup of single mode setup is shown in Fig. 4-12. The setup
consists of microwave generator with a maximum power output of 3 KW. The
microwaves travel through waveguides to the cavity where the sample was processed. EH tuner was connected between waveguides and cavity to tune the microwaves and the
load. A plunger was inserted to the other side of the cavity to allow the material to be
exposed in separate E-field and H-field. The reflected power was diverted to a dummy
load (usually water) with the help of circulator to prevent the reflected microwaves
entering inside the magnetron head. This was done to prevent any damage to the
magnetron and other electronic circuits.
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Fig. 4-12: Single-mode microwave setup
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The single mode microwave sintering was carried out in such a way that it does
not change the standing wave of pattern of TE103 mode inside the cavity. Thus, during
sintering in E-field extra metal cavity piece was added as shown in Fig. 4-13, though
during sintering in H-field (Fig. 4-14) the piece was removed. The sample was
positioned in such a way that it can be visible through a hole through which a pyrometer
was focused on the sample to monitor the temperature. Thus, the position of sample was
never changed during sintering in either E-field or H-field by moving the plunger. The
standing wave pattern was changed such that the sample can be sintered in either E-field
or H-field. The design of this set-up can extend the higher temperature limits of the
cavity. The highest sintering temperature achieved using this set-up was at 1550 0C for
BST composites. Though, still higher temperatures can be reached depending on the
design of insulation package used to prevent the heat loss of the sample. The samples
processed in single mode microwave oven were of ¼ inch in diameter due to the size
limitation of insulation package and the microwave cavity.
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Fig. 4-13: Design of cavity during maximum E-field sintering in TE103 mode
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Fig. 4-14: Design of cavity during maximum H-field sintering in TE103 mode
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The sintering of BST composites were carried out with 20 % of manganese zinc
ferrite, cobalt ferrite and nickel manganese ferrite by weight. The sintering was done in
both E-field and H-field. The usual sintering conditions were: 1450 ~ 1550 0C for 10 ~
20 minutes in air. Several samples were processed using these conditions.
The sintering of PMN-PT (31%) was carried out with 60 and 40 % of
NiMn0.1Fe1.9O4 by weight. The heating profile in H-field is shown in Fig. 4-15. There is
a sudden increase in temperature as soon the power was switched on. The temperature
shoot up to 400 0C in 4 seconds after switching on the magnetron power. This sudden
jump in temperature is due to the initial coupling of ferrite in magnetic field. The
temperature stays at that point for around 120 seconds and then starts increasing
gradually in a linear fashion and reaches around 1200 0C in 10 min. The soaking time at
the sintering temperature was 10 ~ 20 min. for different samples. The samples were
cooled down to room temperature in 60 ~ 120 minutes after sintering.
In E-field heating, there is a gradual increase in temperature with time as shown
in Fig. 4-16 unlike heating in the H-field. The different heating profiles of the same
material in pure E-field and H-field confirm the differences in heating mechanisms in
single mode microwave heating. The sintering temperature and sintering time were
similar as in the case of H-field sintering of the composites.
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Fig. 4-15: Sintering profile of PMN-PT:NiMn0.1Fe1.9O4 in pure H-field
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Fig. 4-16: Sintering profile of PMN-PT:NiMn0.1Fe1.9O4 in pure E-field

74

Chapter 5
Tunable Dielectric Composite Materials

This chapter describes the tunable dielectric properties and pyroelectric properties
of barium strontium titanate and magnesium oxide composites. The effect of particle
size, phase connectivity pattern and microwave sintering on these composites are
discussed and summarized in this chapter.

5.1 Introduction

Barium strontium titanate (BST) is well known for its high DC electric field
response. The addition of magnesium oxide hampers the field response thus decreasing
the tunability with decrease in dielectric constant. Though, decrease in dielectric constant
is desirable for microwave applications but the idea to have a good tunability with low
dielectric constant is desirable for electrical applications. It is observed that the tunable
properties in a two phase composite material are strongly affected by the particle size and
connectivity pattern.
Thus, the composites were prepared using both micron and nano size particles of
barium strontium titanate and magnesium oxide to study the size effects. To achieve low
dielectric constant composites with appreciable tunability, connectivity studies were
performed to obtain desired properties at both radio and microwave frequencies. The
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microwave sintering technique was used to obtain composites with minimal chemical
reaction between different phases.

5.2 Sample Preparation and Electrode Geometries

The disc-shaped ceramic composite samples were used for dielectric and
pyroelectric measurements. Before electroding, the faces of the cylindrical discs were
polished with 12 µm Al2O3 powder, and geometries were recorded; typical dimensions of
the disc were 5 mm in diameter and 1 mm in thickness. For high DC field measurements
thickness of samples were reduced to 0.20 mm. The polised samples were annealed at
8000C for 1 hour in air in order to eliminate stress introduced during polishing and other
impurities attracted by samples during polishing. For radio frequency dielectric
measurements and pyroelectric property measurements, electrodes were deposited ob
both the faces and consisted of sputtered gold with air-dried silver applied to protect the
gold and to improve the electrical contact. For microwave frequency measurements, the
samples without electroding were inserted inside quartz tube which was then inserted
inside a C-band cavity connected to network analyzer.
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5.3 Dielectric Properties of Pure BST and MgO

The dielectric properties have been studied with micron size Ba0.4/0.6Sr0.6/0.4TiO3
and nano size Ba0.5Sr0.5TiO3 and their composites with different weight ratios of BST and
MgO. In the following sections, notation used for Ba0.4Sr0.6TiO3, Ba0.5Sr0.5TiO3 and
Ba0.6Sr00.4TiO3 are BST40, BST50 and BST60 respectively. Fig. 5-1 and fig. 5-2 show
the dielectric constant and loss dependence vs. temperature at different frequencies for
the BST40 and BST60 ceramics prepared by the conventional sintering route.
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Fig. 5-1: Dielectric properties of Ba0.4Sr0.6TiO3 in the range of 30 K to 300 K

Dielectric Loss

30000

77

25000
20000
Dielectric Constant

0.20

100 Hz
1 KHz
10 KHz
100 KHz
1 MHz

0.15

15000
0.10

10000
5000

0.05

0
-5000
-10000

Dielectric Loss

30000

increasing frequency

50

100

150

200

250

300

0.00

Temperature (K)

Fig. 5-2: Dielectric properties of Ba0.6Sr0.4TiO3 in the range of 20 K to 300 K
Fig. 5-3 shows the dielectric behavior of the samples prepared by using the nano
particle size BST50. The nano size BST50 shows the low dielectric constant because of
the particle size effect. There were some difficulties in sintering the pellets prepared by
using nano size particles. Therefor, BST50 samples were hot pressed. The decrease in
dielectric constant as compared to the micron size particles could be due to the stress
related crystallographic constraints. BST50 did exhibit a clear peak associated with the
ferroelectric to paraelectric transition, the lower temperature transitions were
comparatively more diffuse. In the composite approach, due to the presence of several
phases and different grain sizes microwave process appeared to be more appealing as
compared to the conventional sintering method.
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Fig. 5-3: Dielectric properties of samples prepared by using the nano particle
Ba0.5Sr0.5TiO3, in the temperature range of -250 0C and 25 0C

In Fig. 5-4 and Fig. 5-5 dielectric tunability and K-factor plots as a function of
temperature at 100 KHz of BST40 and BST60 are shown. In BST40, high tunability of
90 % is observed with an applied field of 20 KV/cm and just below the phase transition
peak temperature. Figure of merit, i.e. K-factor value ~50 at the maximum tunable with
dielectric constant ~10000 were observed. Similarly, in the pure BST60 K-factor of 100
with tunability of ~90 % are observed. At room temperature, K-factor increases to 200
and the corresponding dielectric constant of ~7500 was measured. The high dielectric
constant values associated with the pure ferroelectric materials limit their use to several
microwave applications even with the good tunability values of the samples. Moreover,
the dielectric losses increase at high frequencies which makes the use of these even more
difficult for the device applications.
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Fig. 5-4: Temperature dependence of tunability and K-factor of pure Ba0.4Sr0.6TiO3
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Fig. 5-5: Temperature dependence of tunability and K-factor of pure Ba0.6Sr0.4TiO3
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The combination of a non-ferroelectric material of low dielectric constant with
BST to dilute its properties and to expand the application area of these materials,
composite samples could be prepared.
MgO is a non-ferroelectric oxide with negligible DC field dependence and
frequency dependence of dielectric properties. Also, it has a very low reactivity with
BST in the resulted composites and thus form no new phase in the resulted composites.
Fig. 5-6 shows the dielectric dependence of MgO with temperature at different
frequencies. It has a constant low dielectric constant over a wide temperature range
which makes it a suitable non-ferroelectric phase for the synthesis of diphasic
composites. Therefore, in the resulted composites prepared by the combination of BST
and MgO, the desirable intermediate dielectric properties, tunability and high K-factor
values can be tailored.
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5.4 Composite of micron size BST and micron size MgO

The composites with BST60 and MgO in the weight ratio of 40:60 were sintered
in a microwave furnace at 1575 0C. Figure 5-7 shows the SEM micrograph of the
BST40:MgO (40:60) sintered composite. Black spots on the SEM picture are the MgO
and grey spots are the BST grains. SEM confirms the connectivity of BST grains through
out the composite and scattered MgO with different sizes in between BST grains. The
microwave sintering provided minimal reactivity between the two phases, but,
distribution of phases were not found to be uniform. There is evidence, from the figures,
of MgO forming clusters and larger grains which is giving a non-uniform distribution.
But, due to connectivity of BST grains, appreciable tunability is expected and the low
dielectric constant values due to the high weight percentage of MgO are also expected.

Figure 5-7: SEM micrograph of Ba0.4Sr0.6TiO3 micron:MgOmicron (40:60) composite
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XRD patterns show good match of the peaks with the peaks of the pure standard
BST and MgO compounds as shown in Figure 5-8. No reaction between BST and MgO
is concluded from the XRD as there was no unidentified peak observed.

Figure 5-8: XRD data shows proper peaks of BaSrTiO3 and MgO (marked as “*”)
composites
Figure 5-9 shows the SEM micrographs of BST60:MgO (40:60) composites. The
micrograph show similar characteristic features as observed in BST40:MgO composite
with clean phases but non-uniform distribution of BST and MgO grains. There is a good
connectivity of ferroelectric grains but periodicity could not be established. In a good
electro-ceramic composite materials uniformity of phases distribution is an important
aspect of obtaining the properties.
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Figure 5-9: SEM micrograph of Ba0.6Sr0.4TiO3 micron:MgOmicron (40:60) composite

The dielectric properties of BST40:MgO are shown in Figure 5-10 and Figure 511. The maximum dielectric constant of ~260 observed was at 116 K (-156 0C). The
shift in the dielectric peak can be due to the stress build up in the composites during
processing. The maximum tunability of ~ 55 % at 40 KV/cm is observed in these
composites at 95 K. These composites fabricated by microwave processing show that
high density samples can be achieved in shorter sintering time. Minimum reactivity
between MgO and BST phases were observed. X-ray and SEM studies also showed the
presence of pure MgO and BST. Low dielectric constant and dielectric losses were
observed in these composites.
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Figure 5-10: Variation of dielectric constant and losses with temperature in BST40:MgO
(40:60) composite

Figure 5-11: Variation of tunability with field at different temperature of BST40:MgO
composite
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The variation of dielectric constant and losses as a function of temperature of
BST60:MgO composite in the frequency range of 100 Hz to 1 MHz are shown in Fig. 512. The maximum dielectric constant observed was ~190 at 210 K. At room temperature
dielectric constant is ~130 and loss ~0.0044. Tunability of ~50% at 210 K and ~28% at
280 K at 40 KV/cm are observed as shown in Fig. 5-13 . In comparison pure BST60 has
a tunability of 92% at 280 K at 20 KV/cm. But, dielectric constant of BST60 at 280 K is
24000 and BST60:MgO is 154. Thus, the drop in dielectric constant is much higher than
the tunability values. Since the density of MgO is lower than BST; the volume fraction
of MgO in the composite is higher than weight percentage used. The reduction of
dielectric constant is partially due to the high volume percentage of MgO, but mainly due
to the connectivity between BST grains and MgO grains and the high connectivity of
BST provides the higher average tunability values. This observation leads us to further
study the particle size effect on the phase connectivity pattern of grains and the
evaluation of the overall properties of composites.
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Fig. 5-12: Dielectric properties of Ba0.6Sr0.4TiO3 micron:MgOmicron (40:60). The dotted
lines mark the phase transitions of pure BST60 phase.
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The maximum dielectric peak in pure BST60 is at 280 K and where as in
BST60:MgO (40:60) it is shifted to 210 K. To study the dielectric peak shift in the
composites, several composites with different MgO weight percentage of 2 %, 5 % and
10 % were prepared. With 2 % of MgO in the composite there is a shift in the dielectric
peak and reduction of dielectric constant of pure BST60. At 280 K, the tetragonal-cubic
phase transition, corresponding to the one for the pure BST60 with dielectric constant ~
24000, the dielectric constant of the BST60:MgO (98:02) composite reduces to ~ 4300
(Fig. 5-14). At the orthorhombic-tetragonal phase transition 215 K, dielectric constant
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value of BST60 is ~ 4060 and BST60:MgO (98:02) is ~ 4130. Below 215 K the
dielectric behavior of the composite and pure BST remains almost the same (Figure 515). Similar behavior is observed with 5 % and 10 % of MgO in the composite. Thus,
MgO is only suppressing the tetragonal-cubic phase transition peak and maintiaing the
tetragonal-orthorhombic transition a broad dielectric constant peak. The orthorhombicrhomohedral transition in the composite samples is not clearly noticeable. At higher
MgO concentrations in the composites, all the three phase transition peaks are combined
giving one broad peak as shown in figure 5-14 in the case of BST60:MgO (40:60).
Therefore, the addition of MgO does not change the ferroelectric nature of BST, but it
suppresses the peaks giving a broad dielectric peak over a wide temperature range. The
pyroelectric measurements were also carried out to study the phase transition or the
possible shift in the transitions of pure BST and discussed later in this chapter.

25000

100 KHz

20000

Dielectric Constant

4000
3000
2000

BST60 + MgO (98:02)

15000

BST60 + MgO (95:05)
BST60 + MgO (90:10)

10000
Ba0.6Sr0.4TiO3 (BST60)

5000

1000
0

Dielectric Constant

5000

50

100

150

200

250

300

0

Temperature (K)

Fig. 5-14: Dielectric constant showing the maximum dielectric peak shift in BST60
composites

88

5000

100 KHz

Dielectric Constant

4000
BST60 + MgO (98:02)

3000

BST60 + MgO (95:05)
BST60 + MgO (90:10)

2000

Ba0.6Sr0.4TiO3 (BST60)

1000
0

0

50

100

150

200

Temperature (K)

Figure 5-15: Dielectric constant dependence of pure BST60 and BST60:MgO composites

5.5 Composite of micron size BST and nano size MgO

Composites of Ba0.6Sr0.4TiO3:MgO with micron size BST and nano size MgO
were prepared with 40:60 weight percentage. Fig. 5-16 shows the SEM data of the
composites. The dark areas are MgO phases, which appear as majority phase due to its
high volume ratio in the resulted composites. The ferroelectric phase may not be very
well connected in this composition but is uniformly scattered through out the composite
as seen in the figure. The two phases are clearly visible with white spots are BST grains
and dark spots as MgO grains providing no chemical reactivity between the two phases.
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Fig. 5-16: SEM micrograph of Ba0.6Sr0.4TiO3 micron:MgOnano (40:60) composite

Figure 5-17 shows the EDS of different phases which confirm the presence of two
distinct phases of BST and MgO with no chemical reactivity. The relative density
achieved in these composites ~99% at sintering temperature of 1550 oC and sintering
time of 20 min. The microwave sintering shows the grain growth can be restricted due to
a rapid internal heating and the diffusion kinetics. Microwave sintering displays the high
densification at conditions, significantly reduced sintering time and average temperatures
than required in conventional heating.
The BST mixed with 60 wt. % of nano size MgO shifted the maximum dielectric
peak to 220 K as shown in Fig. 5-18 The maximum κ value is ~196 with tangent loss of
~0.0073 at 100 KHz. At room temperature, the dielectric constant (κ) value reduces to
125 with tangent loss of ~0.0025. The method of sintering and the sintering temperature
affect the κ values to a certain extent.
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Figure 5-17: SEM micrograph and EDS of Ba0.6Sr0.4TiO3 micron:MgOnano (40:60)
composite
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Fig. 5-18: Dielectric properties of Ba0.6Sr0.4TiO3 micron:MgOnano (40:60)
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The dielectric response of BST:MgO with DC field as a function of temperature is
shown in Fig. 5-19. The κ value decreases as the intensity of DC field is increased. The
material shows the highest κ value at 0 KV/cm. at all temperatures. The tangent loss also
decreases with the increase of field. The maximum κ at 20 KV/cm., 40 KV/cm. and
60 KV/cm. are 138, 110 and 84 respectively near the curie temperature of
Ba0.6Sr0.4TiO3:MgO. At 80 KV/cm., κ varies from 47 to 77 in the temperature range of
20 K to 300 K were measured. κ vs. T plot shows a broad peak near the maximum
dielectric response temperature, which enhances the tunability of the composites. The
dielectric tunability was at various DC field. With the field tunability of the composites
also varies (Fig. 5-20 ). At 20 KV/cm., the maximum tunability around 27% at the peak
and ~12% near the room temperature are calculated. Tunability increased as the field
increased. The maximum tunability at ±40 KV/cm. and ±60 KV/cm. were 45% and 53%
respectively. The maximum tunability of 58% at curie peak and at ±80 KV/cm, and 38 %
at room temperature were observed. It is to be noted that tunability does not increase
linearly with the field, as the sample appears to be reaching saturation level.
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Fig. 5-19: κ as a function of temperature with increasing DC field in
Ba0.6Sr0.4TiO3(micron):MgOnano (40:60) composite
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Fig. 5-20: Tunability as a function of temperature with increasing DC field in
Ba0.6Sr0.4TiO3(micron):MgOnano (40:60) composite
Fig. 5-21 and Figure 5-22 show the variation of κ and tunability at Curie
temperature at 100 KHz. The dielectric constant varies between 185 and 100 with the
applied field of ±40 KV/cm. It is quite remarkable to note, even though the κ value is
low, it shows large response to the applied DC field. The dielectric loss at 0 KV/cm. is
0.0037 and decreases to 0.0019 at ±40 KV/cm. The tunability is also of maximum value
at 220 K and reaches to ~ 44.5%. Due to the large response of κ with the field, high
tunability was achieved in the Ba0.6Sr0.4TiO3:MgO composites. The results of BST60 and
micron/nano size MgO were quite appreciable.
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Fig. 5-21: κ and dielectric losses as a function of DC field in
Ba0.6Sr0.4TiO3(micron):MgOnano (40:60) composite
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Figure 5-22: Tunability as a function of DC field in Ba0.6Sr0.4TiO3(micron):MgOnano
(40:60) composite
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5.6 Composite of nano size BST and nano size MgO

The sintering conditions for nano size BST and MgO were optimized to achieve
uniform grain distribution and better connectivity of ferroic grains to achieve high
tunability. Due to the nano size particles, high grain growth was seen in the composites
with uniform distribution of grain size and three dimensional connectivity. Fig. 5-23
shows the SEM micrograph of the polished surfaces of the BST50nano:MgOnano (40:60)
composites. Though, the starting particle size is of the order of nano meter, the grains
have grown to the micron size as the grain growth during the used sintering condition in
microwave furnace is higher than that in the conventional furnace. Also, the volume of
MgO used is high, thus, it tends to form bigger clusters. Ferroelectric BST grains are
smaller in size and thus surrounding the MgO grains giving a very uniform distribution
and connectivity to the ferroelectric grains. From Fig. 5-24 , clearly two separate phases,
ferroelectric BST and non-ferroelectric MgO can be distinguished. The white spots are
the BST grains, while the dark spots sitting isolated are the MgO grains in a composite
and the observations are supported by the EDS analysis of the particles. The use of nano
size particles results in the uniform distribution and connectivity of the phases over a
large area in the composite. With the same processing and sintering conditions
reproducibility with similar distribution of grains is achieved.
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Fig. 5-23: SEM micrograph of Ba0.5Sr0.5TiO3 nano:MgOnano (40:60) composite
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Fig. 5-24: EDS/SEM of two distinct phases present in the Ba0.5Sr0.5TiO3 nano:MgOnano
(40:60) composite

The dielectric properties measured in these composites show low dielectric
constant due to high volume ratio of MgO and appreciable tunability due to the proper

96
connectivity of ferroic grains. From Fig. 5-25 , the maximum κ at 203 K (maximum
dielectric peak temperature) is 88 and at room temperature κ ~ 50. The dielectric loss is
on the order of ~0.00089 at room temperature and ~0.0045 at maximum dielectric peak.
Fig. 5-26 shows the DC electric field dependence of κ as a function of temperature. κ
decreases as the field is increased and becomes relatively flat at 80 KV/cm over a wide
range of temperature. At room temperature and 80 KV/cm, the κ reduces to ~40. There
is a little shift of dielectric peak to the right as the field is increased which can be due to
the reduction of κ and the ferroelectric phase is becoming more prominent, thus, shifting
dielectric peak near to the pure BST transition temperature.
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Fig. 5-25: Dielectric properties of Ba0.5Sr0.5TiO3 nano:MgOnano (40:60) composite
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Fig. 5-26: DC electric field dependence of κ of Ba0.5Sr0.5TiO3 nano:MgOnano (40:60)
composite
Tunability increases with the increase in DC field as seen in Fig. 5-27 . The
maximum tunability achieved is ~50% at ~200K (around maximum dielectric peak
temperature) at 80 KV/cm. At room temperature, 20% tunability is observed with the
maximum field. It is to be noted that with κ ~ 50 at room temperature, 20% tunability
can be achieved. This is due to the proper arrangement of grains in the composites.
Also, composites do not break down at higher fields. Due to the low losses and
appreciable tunability, high K-factor values are observed as shown in Fig. 5-28 . The
maximum K-factor is ~310 at 273 K, which is due to the fact that dielectric losses
increase near the maximum dielectric peak. Thus, even the tunability is maximum at
~200 K, the K-factor decreases due to the increase in losses.
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Fig. 5-27: Tunability at different fields in Ba0.5Sr0.5TiO3 nano:MgOnano (40:60) composite
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Fig. 5-28: K-factor at different DC fields in Ba0.5Sr0.5TiO3 nano:MgOnano (40:60) composite
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It can be observed that by using nano size particles of BST and MgO provides
good connectivity pattern. It leads to the use of micron size MgO with nano size BST.
As MgO clusters can be isolated between nano BST grains, thus, giving rise to better
properties.

5.7 Composite of nano size BST and micron size MgO

The composites of nano size BST and micron size MgO (BST50nano:MgOmicron
(40:60)) resulted in the bigger grain size of MgO with the same connectivity pattern as in
BSTnano and MgOnano. As seen in Fig. 5-29 and Figure 5-30 , there were very few pores
which could be the result of size difference, but, still good connectivity of BST grains
was achieved. The bigger size grains of MgO are due to the higher grain size used and
tending of MgO to form clusters. The high volume ratio of MgO would result in low
dielectric constant is expected.

Fig. 5-29: SEM micrograph of Ba0.5Sr0.5TiO3 nano:MgOmicron (40:60) composite (a)
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Figure 5-30: SEM micrograph of Ba0.5Sr0.5TiO3 nano:MgOmicron (40:60) composite (b)
The maximum dielectric constant in this composite observed was ~105 at 203 K
and reduces to ~79 at 300 K as shown in Fig. 5-31. The dielectric behavior is very
similar to BST50nano:MgOnano (40:60) with little higher dielectric constant.
Fig. 5-32 shows the variation of dielectric constant with the change in DC electric
field at constant temperature. The κ varies from 99 to 66 when a field of ±40 KV/cm is
applied on the sample at 225 K. At room temperature, the variation of κ was from 74 at 0
KV/cm to 58 at ±40 KV/cm.The high variation of κ at such low values can be due to the
continuous and uniform connectivity of BST grains in the sintered samples which results
in appreciable tunability of this composite material.
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Fig. 5-31: Dielectric properties of Ba0.5Sr0.5TiO3 nano:MgOmicron (40:60)
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Fig. 5-32: κ as a function of DC field in Ba0.5Sr0.5TiO3 nano:MgOmicron (40:60) composite
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The change in tunability and dielectric loss with increasing DC electric field is
shown in Fig. 5-33. Due to high variation of κ, appreciable tunability is achieved in spite
of such low dielectric constant values. At 225 K, 27% tunability was observed and 23%
at room temperature. The variation of dielectric loss is also quite significant, as it
reduces by 50% at ±40 KV/cm. The high response of this composite material to DC
electric field is quite appealing. The major factors for such enhancements are the purity
of BST phase and the use of nano particles which improved the BST phase connectivity
in the composite. It is also interesting to note that electrical hysteresis both in κ vs T and
tunability v T measurements are reduced.
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Fig. 5-33: Tunability and dielectric losses as a function of DC field in
Ba0.5Sr0.5TiO3nano:MgOmicron (40:60) composite
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5.8 Connectivity Pattern and Microwave Sintering

In microwave sintering, unlike conventional sintering where the heat energy is
transferred sample absorbs microwave energy and heats up. It is a more energy efficient
and better method of sintering. In conventional sintering, heating element transfers the
heat to the sample, while in microwave sintering magnetron generates microwaves which
are absorbed by the sample and its get heated up. The energy cloud formed in the
microwave is only around the sample which makes it more energy efficient while in
conventional the energy is lost in the furnace. As discussed in previous chapter, the
energy absorbed by a dielectric material/sample inside the microwave cavity is provided
by the following Equation 5:1

P = 2πfε 0 ε r/ tan δ E

2

Eq. 5:1

where, f = microwave frequency
εo = permittivity of free space
εr/ = relative dielectric constant of the sample/material
tanδ = loss tangent of the sample/material
E = electric field
The unit of power absorved by the sample is given by Watts per m3. By above
equation the materials with high dielectric constant and loss would couple faster in the
microwave furnace than low dielectric constant and loss materials.
In two phase composite material preparation, the materials have different
properties and thus, the absorption rate of microwave energy would be different. In
conventional sintering, both materials A & B would have same temperature as the heat
energy is transferred to these materials through heating elements. In microwave
sintering, materials A & B would be at different temperatures depending on their
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absorption rate of microwave energy/power. Thus, it is highly possible that one material
would be at much higher temperature than other material at any given time or one
material would melt and surround the grains of other material. The microwave sintering
time is much less comparatively to conventional sintering and thus, it would not give any
time to form any new phase.
In the microwave sintering of BST and MgO, BST has higher dielectric constant
comparatively to MgO, thus it would absorb more microwave energy than MgO. Also,
the melting temperature of BST is ~1600oC and MgO is ~2800oC. Thus, the sintering
temperature of BST is expected to be lower than MgO. The sintering of pure BST is
carried out at ~1400oC while the sintering temperature of composites is from 1500oC to
1600oC. Thus, in the composites BST grains would sinter first and would surround the
MgO grains as shown in Figure 5-34. The black spots are MgO grains and grey spots are
BST, the white patches are the porosity in the composite. At time, t = 0, the grains of
both BST and MgO are scattered through out the composite, at time, t = t1, the grain
growth will appear and closing of pores can be observed. At time, t = t2 and temperature
higher than the sintering temperature of pure BST, the sintering would be over and BST
would surround the MgO grains completely. The sintering cycle time is so less such that
BST would not get enough time to form any new phase inside the composite. Thus, with
high volume of MgO low dielectric constant and with good connectivity of BST high
tunable composite materials can be obtained.

Figure 5-34: Grain growth and sintering phenomenon in composite material during
microwave sintering
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5.9 Comparison of Properties and Size Effect

The requirements for a good diphasic electronic composite materials are i) Proper
selection of precursor materials, ii) No chemical reactivity between the two phases, iii)
Relative density > 98 %, iv) Uniform distribution of grains and periodicity.
The connectivity pattern and grain distribution in the resulted composite make
significant change in the tunable dielectric properties of the composites. Thus, the
particle size used to prepare the composites and the combination of both micron and nano
size particles would affect the properties. It was observed in this research that with
combination of micron and nano particle size desirable connectivity of 0-3 with isolated
non-ferroelectric phases can be obtained. Though, with small volume of BST in the
composites but with effective connectivity good tunable properties can be observed.
Figure 5-35 shows the connectivity pattern in BST60micron:MgOmicron composite. The
black spots are MgO grains which are scattered through out the composite in different
shapes and sizes. MgO grains are isolated between BST and have zero connectivity
though some chemical reactivity can be visible in the composites. With good
connectivity of BST grains appreciable tunability was achieved with this composite as
shown in Figure 5-36. The DC field applied to the composites were 40 KV/cm for the
data shown in the figure. The relatively low value of dielectric constant due to high
weight percentage of MgO is also seen. But, low K-factor due to high dielectric losses
and non-uniform distribution of grains was observed. Though, with non-uniform
distribution of grains, the purpose to prepare the composite was not completely satisfied.
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Thus, further experiments were carried out with different particle sizes to study the
properties.

50 μm

Figure 5-35: Connectivity pattern and grain distribution in BST60micron :MgOmicron
composite
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Figure 5-37 and Figure 5-38 show the grain size distribution and dielectric
properties in BST60micron:MgOnano composites. In BST60micron:MgOnano composite due to
the micron size BST and nano size MgO, the connectivity pattern could not be
established. As BST has grains bigger in size than MgO thus, both BST and MgO
formed clusters during sintering. Though, with microwave sintering still 99 % relatively
dense sample could be obtained. The dielectric properties observed were as similar as in
BST60micron:MgOmicron composite. Though, higher figure of merit is observed due to low
dielectric losses, which is due to the fact that even though there is no connectivity pattern
but uniform distribution of grains result in low dielectric losses. It is interesting to
observe that the dielectric properties are not strictly dependent on the temperature, thus,
they can be used in an application with wide temperature range.

25 μm.

Figure 5-37: Connectivity pattern and grain distribution in BST60micron :MgOnano
composite
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The SEM micrographs and dielectric properties of BST50nano:MgOnano composites
are shown in Figure 5-39 and Figure 5-40. With BST50nano:MgOnano composite, the
relatively large grain size of MgO compared to BST even though both have nano sizes,
good connectivity with uniform distribution could be obtained. The black spots of MgO
grains are bigger in size and could be isolated between BST grains. BST absorb
microwaves faster and because the sintering temperature of composites were higher than
the sintering temperature of pure BST (composites were sintered at 1550 0C ~ 1575 0C
and sintering temperature of pure BST is ~ 1350 0C), the BST grains would sinter much
faster and occupy the space around MgO grains. This would result in 0-3 connectivity
pattern in the composites with zero connectivity of MgO grains and 3-dimensional
connectivity of BST grains. Also, repeated experiments were carried out to achieve
uniformity and periodicity in the composites. Though, periodicity is very difficult to
achieve in ceramic composites unless it is a laminated structure, still to some extent
periodicity of grains could be seen in the SEM micrograph of the composites. The final
grain size in composites is in several micron sizes even though the starting particle size is
nano particles. This is due to high sintering time during microwave process. In
microwave sintering, the grain growth is at higher rate than in conventional sintering
even though the time taken is less. Thus, it is advisable to sinter materials at short
sintering temperatures time to avoid it. But, to achieve the desired connectivity pattern,
these composites were sintered for longer time which resulted in large grain size in
resulted composites. Also, sintering time was optimized such that chemical reactivity
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could be minimized. Thus, it is visible that composites have no chemical reactivity
between the phases and both the phases are distinctly visible.
Due to the nano size particles of MgO, high volume ratio of MgO is present in the
composites which resulted in low dielectric constant values. Thus, dielectric constant
stays between 77 and 50 from 220 K to 325 K. Thus, there is not much change in the
value of dielectric constant in the temperature range of 100 K which is quite unusual in
ferroelectric materials. With uniform distribution of grains, low dielectric constant was
observed which resulted in high K-factor values. Tunability of 20 % with dielectric
constant of 50 at room temperature is quite impressive values for such a low dielectric
constant material. Thus, with desired connectivity pattern and uniform distribution of
grains better properties could be obtained.

50 μm

Figure 5-39: Connectivity pattern and grain distribution in BST50nano :MgOnano
composite
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It is observed that with large grains of MgO and small grains of BST good
composites can be obtained. Thus, it was expected that with nano size BST and micron
size MgO, it would result in even better properties. Figure 5-41 and Figure 5-42 show
the SEM micrographs and dielectric properties of BST50nano:MgOmicron composite. As
expected, similar grain distribution with 0-3 connectivity was observed with large grain
sizes of MgO. Also, with micron size MgO the volume ratio of MgO in
BST50nano:MgOmicron composite is less than BST50nano:MgOnano composite. Thus,
comparatively higher dielectric constant was observed as shown in figure 5.43. Also,
with micron size MgO high dielectric losses are observed with lowered the figure of
merit values. But, with little high volume of BST in the composite high tunability is
obtained with a maximum of 36 % with dielectric constant of 105.

100 μm

Figure 5-41: Connectivity pattern and grain distribution in BST50nano :MgOmicron
composite

114

80
60
35
30
25
20

K-factor

100 KHz

Dielectric Constant

0.004
0.003
0.002

Tunability (%)

0.001
225

250

275

300

0.000
325

Temperature (K)
Figure 5-42: Temperature dependent dielectric properties in BST50nano:MgOmicron composite

Dielectric Loss

100

0.005

115
Thus, with different particle size and combination of particle sizes of BST and
MgO, dielectric properties can be tailored as desired. Table 5.1 and Table 5.2 summarize
the results on the BST:MgO composites.
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Table 5.1: Dielectric data for BST:MgO composite at 100 KHz with 40:60 weight percentage ratio
Composition
BST – 40%
MgO – 60%
Ba0.6Sr0.4TiO3 (micron)
+ MgO(micron)
Ba0.6Sr0.4TiO3 (micron)
+ MgO(nano)
Ba0.5Sr0.5TiO3

(nano)

+ MgO(nano)
Ba0.5Sr0.5TiO3
+ MgO(micron)

(nano)

Maximum
Dielectric
Temperature
(Tm)

210 K

220 K

203 K

203 K

Dielectric
Constant
(* → Tm)

Dielectric Loss
(*→ Tm)

Tunability
(%)

K-factor

40 KV/cm.

190 (210 K*)

0.0088 (210 K*)

42

47

162 (273 K)

0.0053 (273 K)

35

66

128 (300 K)

0.0044 (300 K)

25

56

195 (220 K*)

0.0073 (220 K*)

44

60

167 (273 K)

0.0036 (273 K)

36

100

125 (300 K)

0.0025 (300 K)

22

88

86 (203 K*)

0.0045 (203 K*)

34

75

69 (273 K)

0.0011 (273 K)

17

154

50 (300 K)

0.0009 (300 K)

10

110

105 (203 K*)

0.0051 (203 K*)

30

58

85 (273 K)

0.0031 (273 K)

29

93

79 (300 K)

0.0029 (300 K)

22

75
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Table 5.2: Maximum K-factor observed in various composites
Temperature
Composition

at max.
K-factor

Ba0.6Sr0.4TiO3
(micron) +

MgO(nano)

Ba0.5Sr0.5TiO3
(nano) +

MgO(nano)

Ba0.5Sr0.5TiO3
(nano) +

MgO(micron)

Dielectric

Dielectric

Constant

Loss

Tunability
(%)
80 KV/cm.

Maximum
K-factor

295 K

160

0.0029

52

160

250 K

75

0.0012

37

308

250 K

95

0.0038

48

126
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5.10 High frequency dielectric measurements

The modified cavity perturbation technique was explained in previous chapter.
The compositions of BSTnano and MgOnano were prepared with different weight ratios and
their dielectric loss values were compared at microwave frequencies at 295 K. The
technique used for microwave measurements is the modification of cavity perturbation
method described earlier. The volume of sample inserted inside the quartz tube was very
small so that electric field lines are not disturbed inside the cavity and the position of
TE10N modes remain the same. The comparison of dielectric losses is shown in
Table 5.3. The technique is not very accurate with dielectric constant measurements
unless dielectric constant of the material is low. Thus, the measurements were carried out
only for dielectric losses. Moreover, the composites of BST and MgO have very little
frequency dependence of dielectric constant.
Table 5.3: Comparison of dielectric losses of Ba0.5Sr0.5TiO3:MgO composites
Dielectric loss

Dielectric Loss

f = 10 KHz

f = 3.249 GHz, 295 K

Ba0.5Sr0.5TiO3

0.03

~ 0.09

Ba0.5Sr0.5TiO3 + MgO (40:60)

0.00089

0.00635

Ba0.5Sr0.5TiO3 + MgO (50:50)

0.00126

0.00634

Ba0.5Sr0.5TiO3 + MgO (60:40)

0.00180

0.00651

Ba0.5Sr0.5TiO3 + MgO (70:30)

0.00221

0.00712

Composite

It is expected that the dielectric loss would increase at higher frequencies at the
same temperature. Therefore, pure BST may not be a good candidate material at higher
frequencies as the K-factor decreases as the high dielectric losses are associated with it.
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The dielectric constant is affected by a smaller magnitude at higher frequency and thus
little change in tunability is expected by change in frequency. Table 5.3 shows the
dielectric loss values of different compositions calculated at 295 K. By increasing the
frequency not much change in dielectric loss is observed such that appreciable K-factor
values can be achieved.

5.11 Pyroelectric Measurements and Phase Transition Studies

The pure Ba0.5Sr0.5TiO3 has three phase transitions as shown in Figure 5-43. The
maximum dielectric constant was observed at 270 K at tetragonal-cubic phase transition
temperature. In composites of BST:MgO, as the MgO ratio is increased, the dielectric
constant (κ) decreases. This is to be expected as MgO is a non-ferroelectric material with
very low κ (~9). Figure 5-44(b) shows the typical dielectric behavior of BST:MgO
composite. The shift in the dielectric peak to the lower temperature may be due to the
non-uniform internal grain boundary stresses caused by the addition of MgO. More
detailed studies are desirable to investigate this observation. The dielectric curve is
considerably broader than that of pure BST, which is generally the case in most
composites.
Figure 5-44(c) shows the pyroelectric behavior of pure BST as a function of
temperature. After poling the sample in cooling cycle at 10 KV/cm., pyroelectric
coefficients were measured from 100 K to 300 K in a heating cycle. The three
pyroelectric peaks corresponding to the three phase transitions occur in the pure material.
The first two phase transitions are identified by the changes in the polarization due to the
reorientation of the polar vector. In the rhombohedral phase, the Ps vector is oriented
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along the body diagonal (111), along a face diagonal (110) in the orthorhombic phase and
in the tetragonal phase the orientation is parallel to (001), and the polarization gradually
decreases as it approaches the cubic region. Thus, polarization becomes zero in the cubic
region. As the pyroelectric coefficient is the change of polarization with the change in
temperature i.e. the slope of polarization curve gives the magnitude of pyroelectric
coefficient. The high pyroelectric coefficient in the case of rhomohedral-orthorhombic
compared to tetragonal-cubic transition is due to the corresponding slope of polarization
vs temperature at the two phase transition temperatures.
In BST:MgO composites, the addition of MgO has suppressed the tetragonalcubic dielectric peak and thus the single broad dielectric maximum peak was observed at
lower temperature. The shift in dielectric peak does not shift the ferroelectric nature of
the pure BST as the pyroelectric behavior of the composite is similar to that of pure BST
as shown in figure 5-44(d). In Ba0.5Sr0.5TiO3:MgO (60:40) composite, the maximum
pyroelectric coefficient observed was 367 μC/m2K at 260 K. The maximum dielectric
peak for the same composition was observed at 218 K. Thus, the polarization did not
reach zero at maximum dielectric peak, which shows that the maximum dielectric
constant does not occur at tetragonal-cubic phase transition temperature, but near the
orthorhombic-tetragonal phase transition temperature.
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Figure 5-43: Dielectric and Pyroelectric properties of pure BST50 and composites
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Table 5.4: Dielectric and Pyroelectric properties of BST:MgO composites
Composition
Pyroelectric Dielectric Pyroelectric Dielectric
Maximum
Ba0.5Sr0.5TiO3
Dielectric
peak
Constant Coefficient
Loss at
temperature at Tp (κ)
(p) at Tp
(1-x) : MgO
Peak
Tp
(x)
(Tp) (K)
(μC/m2K)
(tan δ)
Temperature
(Tm) (K)

κ

Figure
of
Merit

p

x = 60

203

258

88

69

0.0024

0.78

150

x = 50

204

256

162

182

0.0019

1.13

329

x = 40

218

260

369

367

0.0019

1.0

438

x = 20

212

255

1026

765

0.0017

0.75

579

x= 0

270

270

4000

513

0.0124

0.13

73
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Table 5.4 shows the dielectric and pyroelectric properties of BST and MgO composite
with different weight ratios. The increase in pyroelectric coefficient as BST content is
increased is as expected. The pyroelectric peaks for all the composites were observed at
temperatures higher than maximum dielectric peak temperature of the composites. The
composite samples were poled in cooling cycle under 20 KV/cm. and pyroelectric
coefficients were measured in the heating run. The maximum pyroelectric coefficient of
765 μC/m2K was observed in BST:MgO (80:20) composite with maximum figure of
merit (p/(κ tanδ)1/2), of 579. The low figure of merit in pure BST is due to the high
values of κ and losses.
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Chapter 6
Mangneto-Electric Composite Materials

6.1 Introduction

This chapter describes the dielectric properties and magneto-electric properties of
the composites of Ba0.6Sr0.4TiO3 with several individual ferrite components such as
CoFe2O4, Mn0.1Zn0.9Fe2O4, NiMn0.1Fe1.9O4, and the composites of PMN-PT (31%) and
NiMn0.1Fe1.9O4. The effect of particle size and effect on properties with separate E-field
or H-field sintering in single mode microwave oven as compared to the multi-mode
microwave sintering are discussed and summarized in this chapter.

6.2 Composites of Barium Strontium Titanate and Ferrites

In this approach, the specific ferroelectric compositions of BST60 were used for
the magneto-electric composite studies.

6.2.1 Composites of Ba0.6Sr0.4TiO3:CoFe2O4
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6.2.1.1 E-field Single-mode Microwave Sintering

Figure 6-1 shows the SEM micrographs of BST60 and CoFe2O4 composite mixed
in 80:20 weight ratios and sintered in a single mode microwave oven in E-field. The
sample was sintered at 1400 0C for 10 minutes. The initial powder particle size is of
CoFe2O4 is nano size range. Thus, the two distinct sizes of grains can be seen in the SEM
picture. The bigger grains are the ferroelectric grains, while the smaller grains are the
ferrites. Also, no apparent reactivity between the two phases is observed in the
composites. There are a few voids which suggested for further optimization of sintering
conditions of the composite. Though, sintering was tried at higher temperatures which
resulted in melting of the low melting point phase in the composite. The sample shown
in figure 6-1(b) was sintered at 1500 0C in E-field shows that the sample was melted.
Also, samples sintered at intermediate temperature showed similar behavior as the sample
sintered at 1400 0C. Thus, the sintering range in single mode sintering is very narrow for
these composites. The repeated experiments were done to optimize the sintering
parameters.
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(a)

(b)
Figure 6-1: SEM micrographs of BST60:CoFe2O4 (80:20) composite sintered in E-field
(a) 1400 0C, (b) 1500 0C
Figure 6-2 shows the temperature dependence of dielectric constant of the
microwave sintered BST60:CFO (80:20) composite in cooling and heating cycles. The
similarity in the dielectric behavior anomaly was very high as thermal hystersis was
minimal in the composites. The maximum dielectric constant observed was ~825 at 225
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K. Also, the dielectric losses increase with increase in temperature at lower frequencies.
At 1 MHz and at room temperature, the dielectric loss ~ 0.008 though it increases to 0.10
at 1 KHz was observed. At lower temperature and also at high frequencies dielectric loss
increases which is associated mainly to the ferrite component in the composites. The
maximum dielectric peak and is indicative of two phase transition peak of pure BST60.
This behavior is similar to the one observed in BST:MgO composites where the
maximum dielectric peak shift to a lower phase transition temperature. Figure 6-3 shows
the highly conductive or lossy hysteresis loop behavior of the polarization – electric field
(P-E) and strain – electric field (S-E) bipolar loops in these composites. Overall at room
temperature the low frequency losses are very high as also suggested in the dielectric
measurements.
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Figure 6-2: Temperature dependence of dielectric properties of BST60:CoFe2O4 (80:20)
composite sintered in E-field at 1400 0C for 10 min
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loops suggest highly conductive behavior of the samples at low frequency and room
temperature

130
6.2.2 Composites of Ba0.6Sr0.4TiO3:Mn0.1Zn0.9Fe2O4

6.2.2.1 E-field Single-mode Microwave Sintering

Figure 6-4 show the dielectric behavior of BST60:MnZn0.1Fe1.9O4 composite
mixed in 80:20 weight ratio and sintered at 1400 0C and 1425 0C respectively. From the
dielectric plots, it is clear that higher dielectric constants were possible for the samples
sintered at higher temperature at 1425 0C. Though, SEM study shows that there is some
melting in the composites sintered at 1425 0C. The further sintering at higher
temperature (Figure 6-5) at 1450 0C shows a complete meting in the composite though
through visible inspection there was no distortion in the appearance of the sample. The
sample sintered at 1400 0C shows good sintering with minimum pores. The composite
was prepared with micron size BST and nano size ferrite phase, thus there are two sizes
of grains with bigger grain of ferroelectric phase. The dielectric losses in these samples
are higher and approaching as high as 0.27 at 1 KHz at room temperature. At 1 MHz, the
dielectric losses decrease sharply to 0.005 at room temperature. Similar to the composite
of cobalt ferrite, the dielectric maximum in BST60: MnZn0.1Fe1.9O4 is shifted to a lower
temperature. Also, there is a broad dielectric vs. T peak with a maximum at ~ 215 K.
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Figure 6-5: SEM micrographs of BST60:Mn0.1Zn1.9Fe2O4 (80:20) composite sintered in
E-field at (a) 1400 0C, (b) 1425 0C, (c) 1450 0C
The pyroelectric measurements were carried out to study the ferroelectric
behavior and the shift in dielectric peak maxima. Figure 6-6 shows the pyroelectric
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behavior of the composite. The similar behavior of pyroelectric response as in the case of
pure BST was observed in the composites with polarization approaching zero in the
vicinity of main Tc. With changing the poling conditions and increasing the poling field,
higher poling and thus the higher pyroelectric coefficients were observed. The maximum
pyroelectric coefficient observed in Ba0.6Sr0.4TiO3:Mn0.1Zn0.9Fe2O4 composite was 740
μC/m2K. Though, these composites may not be used for pyroelectric applications even
with high pyroelectric coefficients, due to the contribution in the values from the
conductive or high dielectric losses in the composite from the magnetic material
component, but the pyroelectric behavior of these composites do suggest the presence of
pure ferroelectric BST phase in the composites. Figure 6-7 shows the P-E and S-E
graphs of the composites. As mentioned earlier these plots also carry high degree of
conductive losses apparently from the magnetic component.
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The composites of BST60:MnZnFe2O4 (83:17) with lower magnetic contents
were prepared in an attempt to reduce the total dielectric losses which otherwise were
observed at low frequencies in the higher magnetic content BST60:MnZnFe2O4 (80:20)
composites. The higher ferroelectric phase has resulted better dielectric loss values as
ferrite phase makes a considerable contribution in the loss of the composites. Figure 6-8
shows the dielectric dependence of BST60:MnZnFe2O4 (83:17) composite as a function
of temperature. The dielectric loss decreased to 0.17 as compared to 0.27 in 80:20
composite at room temperature at 1 KHz. At 1 MHz, the loss decreased to ~ 0.004. The
dielectric constant anamoly is similar as expected and shifted to the lower phase
transition.
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Figure 6-8: Temperature dependence of dielectric constant of BST60:Mn0.1Zn1.9Fe2O4
(83:17) composite sintered in E-field
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Figure 6-9 shows the SEM and EDS micrographs of
Ba0.6Sr0.4TiO3:Mn0.1Zn0.9Fe2O4 (83:17) composite. Due to the higher contents of BST60
and high density of ferrites used, the volume ratio of BST60 in the composite is high.
Thus, it is difficult to differentiate between the two kinds of grains in a simple SEM
picture. Also, particle size of ferrite is reasonably smaller, thus, EDS could not generate
strong signal. Still, the signals did identify the different grains sizes and the difference of
ferroelectric from the magnetic phase and concluding the presence of two phases in the
composite with no noticeable reactivity at the boundaries. The sintering is done in single
mode microwave cavity with sintering cycle of only 15 minutes, thus, grain growth is
well controlled. The higher SEM resolution image of the composite is also shown in
figure 6-9. The difference in the grain size can be observed with small ferrite grains of
~650 nm and BST grains even bigger than double the size of ferrite grains.

137

Bigger grain

Small grain
10
μm.

Figure 6-9: SEM micrographs of BST60:Mn0.1Zn1.9Fe2O4 (83:17) composite sintered in
E-field. Smaller grains show higher Fe content and smaller Ti signal in the EDS studies

6.2.2.2 H-field Single-mode Microwave Sintering

The composite of BST60:MnZnFe2O4 with 83:17 weight percentage were also
sintered in H-field at 1450 0C. The composite showed high dielectric constant response
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with maximum dielectric constant of ~ 900 at 225 K at 10 KHz. The high dielectric
constant can be due to the high temperature or H-field sintering. It was observed earlier
in the E-field sintering that samples melt at temperatures higher than 1425 0C. But, in
both cases, the dielectric losses were quite similar as observed with E-field sintering of
the composites. Figure 6-10 shows the dielectric response under the DC bias field. The
DC field was applied with 2, 5 and 10 KV/cm in the cooling cycle and dielectric
constants were studied in a wide temperature range. The maximum dielectric constant
value was 900 which decreased to ~ 625 under a field of 10 KV/cm. The high field
response of the composites is due to the presence of high percentage of ferroelectric in
the composites. Figure 6-11 shows the P-E and S-E graphs of the composites. Again, the
loops were dominated with the large conductive losses of the magnetic component.
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6.2.3 Composite of Ba0.6Sr0.4TiO3:NiMn0.1Fe1.9O4

6.2.3.1 E-field Single-mode Microwave Sintering

The composites of BST60:NiMnFe1.9O4 (80:20) was sintered at 1400 0C for 10
min in E-field. Figure 6-12 shows the dielectric behavior with DC electric field
dependence of the composites. The composite showed the lower dielectric constant
compared to other BST:ferrite composites with the maximum of ~375 at 215 K at 10
KHz. The dielectric losses are comparatively lower at 1 KHz than other BST:ferrites.
The maximum dielectric constant of 365 at 100 KHz decrease to 275 with an applied
field of 20 KV/cm.
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Dielectric loss

400
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The composites of BST60:NiMnFe1.9O4 with 83:17 weight ratios were prepared to
study the dielectric loss behavior. Unlike, BST and manganese ferrite composites, the
dielectric loss increased with increasing the percentage of BST as shown in Figure 6-13.
The reason for this was the partial melting of the composite. Figure 6-14 shows the SEM
picture of the composite sintered at 1400 0C, 1450 0C and 1500 0C. At 1450 0C, sample
has both open pores and some visible melting spots. Thus, the irregular behavior in the
composite resulted in the high dielectric losses in the composite. At 1500 0C, clear
melting of sample is visible.
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Figure 6-14: SEM micrographs of BST60:NiMn0.1Fe1.9O4 (83:17) composite sintered in
E-field at (a) 1400 0C, (b) 1450 0C, (c) 1500 0C
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6.2.4 Magneto-Electric Behavior of BST:ferrite Composites

Magneto-electric measurements are made on the BST series by using the setup as
described in Chapter 3. Figure 6-15 shows the magneto-electric response of the
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Figure 6-15: Magneto-electric coefficients of BST60:Mn0.1Zn1.9Fe2O4 (83:17) composites
BST60:Mn0.1Zn1.9Fe2O4 (83:17) composite. The magnetic field was applied to the
composites and the electric response was observed. The maximum magnetic field
applied was 1300 Oe. The maximum magneto-electric coefficient 75 mV/cm Oe was
measured in the composite sintered in H-field at magnetic bias of 400 Oe. The
measurements to calculate the magneto-electric coefficients were carried out at room
temperature. The BST60:Mn0.1Zn1.9Fe2O4 (83:17) composite sintered in E-field showed
the maximum coefficient value of 50 mV/cm Oe at 620 Oe magnetic bias fields.
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In BST60:CoFe2O4 (80:20) composite (Figure 6-16), the values of the magnetoelectric coefficient observed was 45 mV/cm Oe at 550 Oe for the composite sintered in
E-field. BST60:NiMn0.1Fe1.9O4 (83:17) composite showed the maximum values of 45
mV/cm Oe of magneto-electric coefficient with the bias of 750 Oe with H-field sintered
samples and 38 mV/cm Oe with the E-field sintered samples as shown in Figure 6-17.
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Figure 6-16: Magneto-electric coefficients of BST60:CoFe2O4 (80:20) composite
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Figure 6-17: Magneto-electric coefficients of BST60:NiMn0.1Fe1.9O4 (83:17) composites
The composites showed increasing magneto-electric coefficient with increasing
magnetic field to a certain limit and decreases as the field is increased further 500 – 600
Oe. This behavior corresponds to the saturation of the composites to show the maximum
magneto-electric coefficient that can be achieved. Also, the dielectric measurements
suggest the tetragonal-cubic peak of pure BST60 in the vicinity of 280 K where as the
measurements were carried out at ~ 295 K, the temperature higher than the maximum
phase transition peak (i.e. cubic phase). Thus, these composites are expected to show
higher values of magneto-electric coefficients at temperatures below the room
temperature (below Tc) as they would have higher piezoelectric and magneto-electric
response in the tetragonal and rhomohedral phases.
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The higher magneto-electric response was observed in the composite sintered in
H-field compared to the composites sintered in E-field. The studies have shown earlier
(Cheng, 1999) that the magnetic materials couple in microwave faster in H-field because
of the presence of magnetic component, which would result in high heating rates and
possibly sintering of magnetic materials at lower temperature and faster in H-field
compared to the E-field sintering. Thus, the composite sintered in H-field couples faster
with the microwaves with the presence of ferrite and thus lower chemical reactivity
amongst the phase and consequently showing better resulted magneto-electric properties
in the composites. These results though interesting but need further studies of sintering
these materials in various sintering field and temperature environment to conclude and
support these observations in the present studies.

6.3 Composites of PMN-PT (31%) and Nickel Manganese Ferrite

Only the composites of PMN-PT:NFM were attempted in the current studies. The
samples were sintered via both conventional sintering technique and microwave sintering
techniques. In microwave sintering, the samples were sintered in single mode microwave
oven in either E-field or H-field environment.

6.3.1 Conventional Sintering

The composites of PMN-PT:NFM were prepared in the ratio of 20 and 40 weight
percentage of ferrite in the composites. In conventional sintering, the samples were
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sintering at two different temperatures at 1100 0C and 1200 0C in air without any extra Pb
source. The weight loss in the samples after sintering was ~4 % in PMN-PT:NFM
(60:40) and ~7 % in PMN-PT:NFM (80:20) composites. Figure 6-18 shows the dielectric
constant and loss dependence of the composites as a function of temperature measured at
1 KHz to 1 MHz. The maximum dielectric constant achieved in PMN-PT:NFM (60:40)
composite was ~7000 at 390 K. The dielectric losses were on the order of ~0.01 at the
phase transition temperature at 100 KHz. The dielectric responses of PMN-PT:NFM
(80:20) sintered at 1100 0C and 1200 0C are also shown. At 1100 0C, the composite
showed the maximum dielectric constant of ~3400 at 390 K. The loss values were
comparatively higher than the 60:40 composite. The samples sintered at 1200 0C showed
an unusual dielectric response which may be as a result of melting. Figure 6-19 and
Figure 6-20 show the SEM micrographs of the two compositions sintered at different
temperatures.
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Figure 6-18: Temperature dependence of dielectric constant of PMN-PT
(31%):NiMn0.1Fe1.9O4 (a) 60:40 (1200 0C) composite, (b) 80:20 (1100 0C) composite, (c)
80:20 (1200 0C) composite sintered via conventional sintering technique
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Sintered at 1100 0C

Sintered at 1200 0C
Figure 6-19: SEM micrograph of PMN-PT (31%):NiMn0.1Fe1.9O4 (60:40) composite
sintered via conventional sintering technique
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Sintered at 1100 0C

Sintered at 1200 0C
Figure 6-20: SEM micrograph of PMN-PT (31%):NiMn0.1Fe1.9O4 (80:20) composite
sintered via conventional sintering technique
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6.3.2 E-field Single-mode Microwave Sintering

The composites were sintered at 1100 0C and 1150 0C in E-field in a single mode
microwave heating oven. The weight loss during sintering was 1.5 % with 60:40
composite an 3.25 % with 80:20 composites. Figure 6-21 and Figure 6-22 show the
corresponding dielectric response of PMN-PT:NFM (60:40) and PMN-PT:NFM (80:20)
composites sintered at different temperatures. The samples sintered at 1150 0C show
higher values of dielectric constant with better phase transition peak temperatures. In
PMN-PT:NFM (60:40) composite, the maximum dielectric constant ~1500 was observed
at 380 K at 100 KHz. The dielectric loss values were higher compared to conventional
sintering at lower frequencies but of the same order of magnitude at higher frequencies.
In PMN-PT:NFM (80:20) composite, the constant increases from 800 to 1400 as
the sintering temperature is increased, though higher dielectric losses were also observed.
This could be due to the fact that the sample might have melted and resulted in the nonuniform chemistry and microstructure in the composites.
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Figure 6-21: Temperature dependence of dielectric constant of PMN-PT
(31%):NiMn0.1Fe1.9O4 (60:40) sintered at (a) 1100 0C (b) 1150 0C in E-field
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Figure 6-22: Temperature dependence of dielectric constant of PMN-PT
(31%):NiMn0.1Fe1.9O4 (80:20) sintered at (a) 1100 0C (b) 1150 0C in E-field
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6.3.3 H-field Single-mode Microwave Sintering

Figure 6-23 and Figure 6-24 show the temperature dependence of dielectric
properties and SEM micrographs of the PMN-PT composites sintered in H-field. The
60:40 composite showed the reduction in sintering temperature as compared to the
samples sintered in E-field. In E-field sintering, 60:40 composites showed unusual
behavior for the sintering temperature of 1100 0C. In H-field sintering, the composite
sintered at 1075 0C showed the same response as shown by the E-field sintered sample at
1150 0C. In the composites of 80:20, the dielectric response is much higher with low
dielectric losses to the samples sintered in E-field. The maximum dielectric constant ~
12000 at 390 K was observed in the 80:20 composites. SEM micrographs show the
dense sintering of the composites with a little non-uniform distribution of grains. At
temperatures higher than 1075 0C, there are signs of melting in 60:40 composites.
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Figure 6-23: Temperature dependence of dielectric constant of PMN-PT
(31%):NiMn0.1Fe1.9O4 (a) 60:40 (950 0C) composite, (b) 60:40 (1075 0C) composite, (c)
80:20 (1150 0C) composite sintered in H-field
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Figure 6-24: SEM micrographs of PMN-PT (31%):NiMn0.1Fe1.9O4 (60:40) composite
sintered at (a) 1000 0C, (b) 1075 0C, (c) 1100 0C in H-field
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6.3.4 Magneto-Electric Behavior of PMN-PT and Ferrite Composites

The magneto-electric coefficients on these samples were calculated by applying
the magnetic field and observing the changes in the electric polarization in the
composites. The maximum magnetic field of 1400 Oe was applied while measuring the
magneto-electric response. Figure 6-25 and Figure 6-26 show the measured magnetoelectric coefficient in the case of PMN-PT (31%):NiMn0.1Fe1.9O4 composite with 40 %
and 20 % by weight the content of ferrite in the composites. In 60:40 composition, the
maximum magneto-electric coefficient measured was in the sample sintered in H-field
single mode microwave oven. The measured value of magneto-electric coefficient was ~
520 mV/cm Oe. In conventionally and E-field single mode sintered samples, the
maximum magneto-electric coefficients as measured were ~ 430 mV/cm Oe and ~ 395
mV/cm Oe respectively. The high response of coefficients in the composites sintered in
H-field was speculated earlier could be due to the different processing and sintering
conditions. The studies support more experimental work to establish the relationship
between sintering characteristics and the resulted magneto-electric coefficient values.
In PMN-PT:NFM with 80:20 composition, the maximum coefficient in
conventional sintered composite was ~ 220 mV/cm Oe and in a E-field single mode
microwave sintered composite was ~ 250 mV/cm Oe. Like in the case of 60:40, the Hfield single mode microwave sintered composite did produce the larger coefficient of
~320 mV/cm Oe in the samples.
It is interesting to note also that the sample sintered in microwave and studied
here was processed at lower temperature compared to the sample sintered via
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Figure 6-25: Magneto-electric coefficients of PMN-PT(31 %):NiMn0.1Fe1.9O4 (60:40) composite
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Figure 6-26: Magneto-electric coefficients of PMN-PT(31 %):NiMn0.1Fe1.9O4 (80:20)
composite
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conventional sintering technique. The samples of both 60:40 and 80:20 composition
sintered in E-field environment at 1150 0C for 10 min compared to 1200 0C for 2 hours in
conventional sintering. In H-field, the samples of 60:40 composition was sintered at
1075 0C and 80:20 composition was sintered at 1150 0C for the optimum sintering. This
relates to the fact that due to the rapid coupling of microwaves in H-field, 60:40
compositions had faster sintering due to the high percentage of ferrite present in the
composites.
The magneto-electric response in general increases with increasing magnetic field
and then decreases as the field is further increased. It shows that the composites had
reached their maximum value for magneto-electric coefficients at much lower field
values. It is quite appealing to observe such high values of coefficients with the magnetic
field as low as 200 Oe. Thus, it shows that the composites prepared with PMN-PT and
NiMn0.1Fe1.9O4 are very sensitive to the magnetic field response which is very good for
applications such as magnetic sensors, where high responses are desirable at low
magnetic fields.
Figure 6-27 shows the magnetic hysteresis loop measurement of PMNPT(31%):NiMn0.1Fe1.9O4 (80:20) composite. The coercive field observed was 47.62 Oe
in the sample with the resonant frequency of 604.9 Hz. The respective vales of remnant
magnetization (Mr) and saturation magnetization (Ms) were 2.364 and 19.64 memu. The
ratio of Mr/Ms was 0.1204.
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Figure 6-27: Magnetic hysteresis loop measurement of PMN-PT(31 %):NiMn0.1Fe1.9O4
(80:20) composite

Chapter 7
Summary and Future Work

The aim of this study was to develop new understanding and to synthesize novel
ferroic composites for applications in dielectric tunable and magneto-electric devices
with enhanced sensitivity. The results of the studies are summarized in the following
text, along with the suggested future work that could be carried out to enhance our
understanding of these novel meta-materials or nano-composites.

7.1 Tunable Dielectric Composites

The ceramic composites of (Ba1-x, Srx)TiO3 (x = 0.40, 0.50, 0.60) and MgO were
prepared using the multi-mode microwave sintering techniques. These composites were
successfully processed by the microwave sintering and then their dielectric and tunable
properties were measured and related to the starting particle size, grain size distribution,
ordered distribution of the grains and their connectivity behavior. The following is the
summary of these results:
1. Composites of BST and low κ & low loss MgO were synthesized by the
microwave heating process. The addition of MgO to BST lowered the
dielectric constant and losses considerably giving the desirable dielectric

166
properties. The dielectric constants as low as ~ 50 and high dielectric
tunability of 20 % at 100 KHz were obtained.
2. The desired connectivity pattern of 0-3 in which the active phase was 3dimensionally connected was achieved in the composites and the nonferroelectric grains were isolated from the ferroelectric grains having a 3dimensional connectivity.
3. The pyroelectric studies was used to establish the phase transition of BST
as the broad transition in the case of BST:MgO composites shifted the Tm
of BST to the lower temperatures making it difficult to establish the real
Tm. The studies also indicated that higher pyroelectric figure of merit in
the case of BST:MgO composites can be achieved.
4. The combination of different particle/grain size of ferroelectric and nonferroelectric phases show that the dielectric properties and their tunable
behavior can be tailored, overall good K-factor > 100 is possible in these
composites.
5. Microwave sintering was used to prepare the composites with nano grain
size starting material. A noticeable enhancement in microstructure and the
tunability behavior along with the low dielectric constant & low loss and
high K-factor were obtained.
6. The two phase composites synthesized by microwave process also showed
high breakdown strength as expected. SEM studies also show that there
were less micro-cracking problems.
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7.2 Magneto-Electric Composites

The magneto-electric composites of Ba0.6Sr0.4TiO3 with several ferrite
components such as CoFe2O4, Mn0.1Zn0.9Fe2O4 or NiMn0.1Fe1.9O4 were prepared using
the single mode microwave processing. The composites of PMN-PT (31%) and
NiMn0.1Fe1.9O4 were also prepared using both the conventional and single mode
microwave sintering techniques. These composites were successfully processed and
characterized. The results on the magneto-electric composites are summarized below:
1. The composites of BST:ferrite and PMN-PT:ferrite were sintered well by
the conventional and the microwave technique in an E or H field
environment in a single mode microwave oven. Dielectric and magnetoelectric properties were measured and compared for several samples
prepared by the three different routes mentioned above.
2. Both E or H field single mode sintering resulted in conditions of the rapid
sintering and provided with low sintering temperature. The H-field
conditions provided relatively faster microwave coupling with the ferrite
phase and resulted in a steep thermal profile and shorter sintering time for
the high density composite samples.
3. BST:ferrite composites showed good magneto-electric coefficient values
even slightly above the Tm. These values were also better for the
composites sintered in H-field single mode cavities as compared to the
samples sintered in E-field single mode cavity.
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4. PMN-PT:ferrite composites sintered in H-field single mode cavity also
showed better magneto-electric coefficient values similar to the case of
BST:ferrite. The magneto-electric coefficients were very close in values
in the cases of the composites sintered in E-field or via the conventional
sintering route.
5. As expected, the weight loss of PbO during the fast sintering in
microwave sintering approach was smaller as compare to that observed in
the conventional sintering method.

7.3 Future Work

1. The rapid sintering in microwave with desired phase connectivity pattern
can be used to study other ferroics of barium or lead based electroceramic
composite materials to achieve better properties.
2. This research suggests the possibility of using single mode sintering
approach of the composites and its scope for further investigation on the
composite of ferrites.
3. The study on the use of micron/nano size particles for the composite
connectivity approach should be further extended. The short sintering
cycles and fast grain growth during microwave sintering could be useful
for the phase connectivity control of the phases in the electro-active
composites.
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4. The use of modified cavity perturbation technique developed during this
work can be further expanded to measure the microwave dielectric
properties of small dimension samples.
5. Further work should be carried out on the composites of PMN-PT with
other high magnetostrictive materials like terfenol and using the single
mode sintering approach.
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