The Pennsylvania State University
The Graduate School
Intercollege Graduate Degree Program in Materials

SIMULATION AND EVALUATION OF DIELECTRIC AND
MAGNETOELECTRIC PROPERTIES OF DIPHASIC AND LAYERED
FERROIC COMPOSITES

A Dissertation in
Materials
by
Hsiao-Yuan Wang

© 2009 Hsiao-Yuan Wang

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 2009

The dissertation of Hsiao-Yuan Wang was reviewed and approved* by the following:

Amar S. Bhalla
Professor of Materials and Electrical Engineering
Dissertation Co-Advisor
Co-Chair of Committee

Ruyan Guo
Professor of Electrical Engineering and Materials Research
Dissertation Co-Advisor
Co-Chair of Committee

Dinesh K. Agrawal
Professor of Materials and Engineering Science and Mechanics

Eric L. Cross
Evan Pugh Professor Emeritus of Electrical Engineering

Joan Redwing
Professor of Materials Science and Engineering
Chair of Intercollege Graduate Degree Program in Materials

*Signatures are on file in the Graduate School

iii

ABSTRACT

The present demand in the development of tunable devices and metamaterials require better understanding of the composite systems. Ferroelectric based
composites with solubility or impurities doped interstitially satisfied the specific
condition necessary for applications of e.g. frequency, bias, temperature, etc. On the
other hand, many composite materials using coupling phenomena have been reported
to have their effective properties surpassing the natural materials. The improvement
of the properties of composite materials lies on the better understanding of their
coupling effects. Conventional science tries to derive theories based on observation
and materials characterizations. Taken advantage of the rapid growing computer
technology, one used to say “impossible to be measured” or “impossible to see” can
now be virtually characterized and visualized by simulation models. In this thesis,
computer models of dielectric properties, piezoelectricity, magnetostriction and
magnetoelectricity were constructed and verified. And subsequently the materials of
interest were simulated and discussed. First, a three dimensional finite element model
on dielectric properties of two phases or materials mixture was constructed. The
effective permittivity and tan() of Ba0.5Sr0.5TiO3:MgO composite were simulated and
compared with the experimental results. Structural design parameters concepts such
as layers stacking, geometry effect, and effect of size of inclusion were visualized and
then discussed. Subsequently, dielectric properties of Ba0.5Sr0.5TiO3:MgO composite
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were examined changing their volume fraction using Monte Carlo simulation. The
type of connectivity of the Ba0.5Sr0.5TiO3:MgO composite was also discussed. On the
other hand, finite element method with Monte Carlo simulation was conducted for the
composition (x)Pb0.2Sr0.8TiO3: (1-x)MgO from x=0 to 1 in the paraelectric phase
(from -50˚C to 200˚C), and the results were computed and compared with the
experimental data. The temperature dependence of the relative permittivity of
composites was well predicted up to 35.5% volume fraction of (Sr0.8Pb0.2)TiO3, which
is sufficient for the composition of interest (usually a few percent of MgO). The
simulation results showed little discrepancy as MgO volume fraction increases.
Several possible factors resulting in the differences between experimental results and
simulations were discussed. The empirically estimated critical volume fraction fc
proposed by Wakino et al. for Pb0.2Sr0.8TiO3:MgO composites was here estimated at
~0.9 throughout the Pb0.2Sr0.8TiO3 paraelectric phase temperature range. The results
indicated that the critical volume fraction fc is a system varying parameter. In the final
part of the thesis, a magnetostrictive and piezoelectric coupling model that estimates
the electric/magnetic transfer efficiency (dE/dH) was presented. The magnetoelectric
model was constructed based on two simulation models i.e. piezoelectric model and
magnetostriction model. The piezoelectric model was constructed in dielectric model
template adding the third rank piezoelectric effect. A commercial PZT transducer was
experimentally measured with its properties. Related properties were then input for
simulations and the resonance frequency of the specific PZT was successfully

v

predicted. In addition, modes of resonance frequencies of the specific PZT were able
to be visualized and identified. The magnetostriction model was constituted with its
forth rank property. Mathematical formula and a modified model based on Langevin
theory were appended to the original piezoelectric and magnetostrictive equations to
simulate the saturated elastic responses in the coupled systems. A laminated TerfenolD/PZT/Terfenol-D magnetoelectric composite system was modeled that permits
simulated evaluation of coupling properties e.g., magnetostrictive coefficient and
strain vs. magnetic field response. The electromagnetic transfer efficiency of the
modeled results was in good agreement with experimental value in literature.
Magnetostrictive response of the specific Terfenol-D was discussed regarding to the
rotation of its crystallographic orientation. The results indicated that improvements
can be achieved by a proper rotation of the materials orientation.
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Chapter 1
Introduction of Composites

Single phase electroceramic materials have been used in several
electromagnetic devices. There are limitations in using single phase materials because
of the lack of flexibility of the properties associated with them. In order to overcome
this challenge, increasingly interest has focused on composite materials for their
better tunability of electric and magnetic properties. The properties of a resultant
composite can be tailored and enhanced by a proper selection of constituent materials
and

a

sophisticated

composite

processing.

Ferroelectric-ferromagnetic

and

ferroelectric-magnetostrictive composite materials which have field dependent
electromagnetic properties are the primary candidates for the electronic and
magnetoelectric composites. The composite materials are prepared by a mixture of
two or more constituent materials with different properties to achieve desired
properties.

In order to understand and predict the properties of composite materials,
several mixing rules and empirical formulas have been proposed. The properties of
the mixture components are dependent on the shape, distribution and connectivity
(self and external) of the individual components, assuming that reactions among the
components do not occur. In 1904, Weiner proposed the series and parallel rules.
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These two rules are the two extreme cases where a biphasic composite must have
dielectric properties lay in between these rules if no reaction occurred. Several mixing
rules are subsequently proposed and discussed in the later chapters.

Taking advantage of rapid growing computer technology, numerical
approaches have enabled the prediction of the properties of multi-phase composites.
Wakino et al. (1993) combined finite element method with Monte-Carlo simulation in
two dimensions to discuss the dielectric properties of a composite. He evaluated
CaTiO3 as a single phase with porosity (permittivity=1) as the second phase, and
proposed an empirical formula.

In the first part of this study, finite element method coupling Monte-Carlo
simulation is applied in three dimensions, and experimental data of the dielectric
properties of two composite systems, Ba0.5Sr0.5TiO3:MgO and Pb0.2Sr0.8TiO3:MgO, are
adopted and examined. In the second part, the finite element simulation is further
extended to evaluate the piezoelectricity and magnetostrictivity based on the dielectric
model. And the coupling effect on the magnetoelectric efficiency of a laminated
magnetostrictive/piezoelectric composite is evaluated.

3

1.1 Resultant Properties of Composites

The first discussion on synthesized composite materials was proposed by
Van Suchtelen in 1972. He described the sum and product properties in the
composites depending on the property of interest. Unchino et al. (2002) organized the
resultant properties of the composites into three categories, namely sum properties,
product properties and combination properties. The schematic representation of the
properties in a two phase mixture is shown in Figure 1.1.

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 observed in simple
physical quantities such as density and resistivity. The dielectric property of a
composite can be a sum property if no reaction occurs for the multi-phase mixing i.e.
simple mixing of multi phases. In this case, the resulted dielectric properties are
restricted within Weiner‟s series and parallel rules which will be discussed in later
chapters.

A product property is a resulted property reflected in a composite structure
that is absent in the individual phases. As shown in Figure 1.1(b), in a biphasic
composite material, if one of the phases exhibits a property AB (variable A results
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in B effect) with a relationship dB/dA=X where X can be a constant (linear proportion)
or a function (non-linear) and the second phase exhibit BC with a relationship
dC/dB=Y (again, Y can be a constant or a function), then the composite will exhibit
AC which is absent in either of the initial phases. The proportionality tensor
dC/dA=(dC/dB)(dB/dA)=Y.X is the product of the proportionality functions of the
two phases, hence called the product property. Magnetoelectric effect from a
piezoelectric-magnetomechanical composite is an example of product property.
Magnetoelectric composites often consist of a piezoelectric phase and a ferromagnetic
or magnetostrictive phase in which neither of the initial phases can obtain magnetic
polarization (magnetization) resulted from electric field (EM) or electric
polarization resulted from magnetic field (ME). The electric/magnetic transform
phenomenon is a product property of a piezoelectric and a magnetic material through
the intermediary stress/strain.

In some cases, the output property of composites exceeds that of each initial
phase. This enhancement in the property refers to a combination effect. It is mainly
due to the fact that properties of interest are not just depended on one factor, but
several other parameters. A simple demonstration of the combination effect is plotted
in Figure 1.1(c). In this case, the property of interest is depended on two parameters B
and C with the relationship B/C. Assuming that variables B and C follow convex and
concave type characters as illustrated on the left in Figure 1.1(c). The combination
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value B/C will reach a maximum at an intermediate ratio of the two phases. Thus,
composite materials with desirable properties surpassing natural materials can be
obtained by using the combination effect.

6

Figure 1.1 Resultant composite properties; (a) sum properties, (b) product properties, and (c)
combination properties (Summarized by Uchino et al. 2002)
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1.2 Connectivity Pattern

To improve the properties of composite materials, it is important to study
the phase connectivity in the composites. For dielectric/tunable device applications, a
ferroelectric phase with relatively high dielectric constant is often combined with a
lower dielectric constant phase (either ferroelectric or non-ferroelectric). In general,
by increasing the percentage of a lower dielectric constant material in a biphasic
composite, the effective dielectric constant of the composite can be decreased.
Simultaneously, with increasing the percentage of a low dielectric constant phase, the
self connectivity of each phase might be evolved into different patterns, resulting in
different effective dielectric properties than expected.

The concept of connectivity pattern in the discussion of materials mixture
was introduced by Newnham et al. (1978, 1986). They described that the resulted
properties can be different by few orders of magnitudes by artificially tailoring the
connectivity pattern of the composite materials. Figure 1.2 demonstrates a total of 10
possible connectivity patterns in two phase composite systems in cubical units. The
dark and white cubical blocks represent two different phases. Each phase in a
composite can be connected in zero, one, two or three dimensions in Cartesian
coordinate system. When the components are not self connected in any of the three
dimensions, they are stated as 0. When the components are self connected in

8

n-dimensions where n=1, 2, 3, their connectivity are denoted in n. The first and
second digits in the connectivity notation represent the dimension(s) of the self
connectivity of the first and the second phases, respectively. e.g. a composite material
with 2-3 connectivity represents that one phase connects itself in 2 dimensions and
the second phase connects itself in all three dimensions.

A particular connectivity pattern of interest in a ferroelectric/low dielectric
constant composite is the 0-3 connectivity. The 0-3 connectivity pattern of a two
phase composite material can be readily manufactured by varying the volume fraction
of each phase, changing the size of the precursor materials, selecting proper initial
materials by their nature, or other factors. Although the 0-3 connectivity pattern in
low permittivity phase-ferroelectric phase and ferroelectric phase-low permittivity
phase looks similar, they behave very different in dielectric properties. As shown in
Figure 1.3(a), when the ferroelectric phase has connectivity in all three dimensions
and the low permittivity phase is isolated, the composite exhibits lower dielectric
constant compared to the pure ferroelectric phase and an maintains appreciable
dielectric tunability. In addition, it preserves good dielectric polarization since the
ferroelectric phase is well self connected in all directions. On the other hand, when
the non-ferroelectric phase is self connected in three directions and the ferroelectric
phase is isolated as shown in Figure 1.3(b), the composite exhibits even lower
dielectric constant compared to the case of Figure 1.3(a). And the electric field is
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mostly guided through the low dielectric constant phase, resulted in the insufficient
dielectric polarization of the composite. The detail demonstration will be present in
the later chapters.

Based on the connectivity concept, researchers have obtained desirable
materials properties with multi-layer laminate composites or using the matrix of
polymer and ceramic composites. Also, self assemble phenomena of multi-phase
composite thin films are in research progresses to study the effect of different
connectivity patterns under micro-nano size engineered structures.
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Figure 1.2 Connectivity pattern in two phase composite materials; the dark and white blocks
represent two different phases, respectively. Each phase has self connectivity in zero, one, two or
three dimensions e.g. 2-3 connectivity represents that one phase connects itself in 2 dimensions
and the second phase connects itself in all three dimensions.
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Figure 1.3 0-3 (and 3-0) connectivity pattern in ferroelectric composite materials. Each phase
occupied 50% of the system (a) the ferroelectric phase has connectivity in all three dimensions
and the non-ferroelectric phase is isolated by a ferroelectric matrix (b) the non-ferroelectric phase
has connectivity in all three dimensions and the ferroelectric phase is isolated by a ferroelectric
matrix. The resultant dielectric properties of the two composite materials have significant
difference.
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1.3 Ferroelectric Based Composite Materials

1.3.1 Ferroelectricity

Ferroelectric based composites have been developed for device applications
such as tunable dielectric and magnetoelectric. It is worthwhile to review the history
and to understand the concept of ferroelectricity. Ferroelectricity, once called
Seignette-Electricity, was first reported by Valasek (1920) in his work on
“Piezoelectricity and Allied Phenomena in Rochelle Salt”. The discovered
phenomenon was described to be similar to the spontaneous alignment of permanent
dipoles proposed by Langevin (1905). Since the discovery of ferroelectricity in
polycrystalline ceramic BaTiO3 in 1940s, there has been a continuous success on the
research of new ferroelectric materials. Ferroelectricity is defined as the spontaneous
formation and ordered alignment of electric dipolar moments which can be reoriented
along two or more crystallographic directions through sufficient external electric
field.

Most of the ferroelectric materials are in perovskite structure as shown in
Figure 1.4. The general chemical formula of the perovskite structure is denoted in
ABX3 form where A is +2 ion, B is +4 ion and X is -2 ion (usually oxygen ion). In
paraelectric phase, 8 of the A site ions each occupies 1/8 of the cubic edge, B site ion
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occupies the body center and 6 of the X site negative ions each occupies 1/2 of the
face center of the unit cell. For a proper perovskite i.e. BaTiO3, its structure changes
to tetragonal below the Curie temperature, and transfers to orthorhombic and
rhombohedral subsequently as temperature continues to decrease. Based on the ABX3
structure, a variety of researches has been performed to study the material properties
of the perovskite family, and the effect of composites (two or multi phases ABX3) and
impurities (substitution or interstitial atoms, or valence charge defects).

The first ferroelectric ceramic BaTiO3 was reported by Roberts (1947).
Following the discovery of ferroelectricity in BaTiO3, several materials with similar
structure such as PbTiO3 (Nomura and Sawada, 1950), KTaO3 (Triebwasser et al.,
1955), SrTiO3 (Hegenbarth, 1964), were reported. These proper perovskite structure
materials have well defined phase transition peaks at their Curie temperatures, T c. In
some applications, it is an advantage to have a controlled phase transition temperature
of a material. Based on the understanding of simple ABX3 materials, research on
doping A and B cations with other ions were reported such as (Ba,Pb)ZrO3 (Shirane,
1952), Pb(Ti,Zr)O3 (Sawaguchi, 1953), (Ba,Sr)TiO3 (Deri, 1960), K(Ta,Nb)O3
(Bonner, 1967) etc. By tailoring the volume fraction of the dopants or solid solution
compositions, these materials can have different phase transition temperatures,
frequency and electrical characteristics, thus broadening the range of device
applications.
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Figure 1.4 Unit cell of a perovskite structure (ABX 3). A site addressed larger +2 positive ions, B
site is a smaller +4 positive ion and X addressed -2 negative ions in one unit cell.

15

1.3.2 Tunable Dielectric Composites

Tunable dielectrics are of interest for their capability of bandwidth and
frequency tuning for filters, antennas, capacitors and other radio/microwave
frequency devices. The aim of developing tunable dielectric composite materials is to
miniaturize the device as well as make it financially cost effective. Fundamental
characteristics such as phase velocity, impedance, etc. can be altered by applying
(tuning) direct current (DC) electric field in a dielectric composite material. The
tunability in a tunable material is defined by:
  0 field   field
Tunability(%)  

 0 field



  100 %



(1.1)

For microwave applications, high quality factor Q (Q=1/tanδ) dielectric
materials are required. In general, ferroelectric materials exhibit high Q in paraelectric
phase and at low frequency range (<1MHz). For most of the materials, Q decreases at
high frequency range and near the transition temperatures where the maximum of the
dielectric constant is observed. Meanwhile, tunability often reaches maximum near
the transition temperature. An eloquent parameter, K-factor, is appropriate to evaluate
the quality of a tunable device. K-factor is a product of tunability and Q that decreases
at high loss values and is defined by:
  0 field   field
K  factor  

 0 field



 1
 tan 


(1.2)
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In device applications, proper ferroelectric materials have limited usage
owing to their limit of tunability and high loss at high frequencies and near transition
temperatures. In addition, many proper ferroelectrics have poor break down strengths
at phase transition temperatures where the maximum tunability is observed. In order
to overcome this issue, development of dielectric composite materials meets the need
of high K-factor for device applications. With a ferroelectric material doped or mixed
with another substance of different dielectric properties, dielectric values can be
tailored as desired for suitable applications. Composite materials have attractive
characteristics such as (1) DC bias dependence for tunable application. (2) reasonable
relative permittivity, εr. (3) high quality factor (Q·f) and (4) matured processing
techniques enable resultants with different transition temperatures for proper
applications.

Sengupta et al. (1997) reported the work on (Ba,Sr)TiO3 (BST) and MgO
composites with low dielectric constant low losses with increasing MgO ratio in the
composites. However, with increasing MgO volume fraction the dielectric tunability
also decreases. Synowcyznski et al. (1998) reported an enhancement in the dielectric
properties of the same composite by decreasing the grain size in the composites. Cole
et al. (2000) studied Mg doped BST and reported a reduction of dielectric losses and
good tunability at ~5 mole % of Mg dopants. Yu et al. (2003) reported the relaxor
behavior of (Sr,Bi)TiO3:MgO composites. Somiya et al. (2003) compared field
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dependent properties of (Pb,Sr)TiO3 (PST):MgO with PST:Al2O3 composites. He
reported the composites of PST:MgO with lower tanδ values at microwave
frequencies. Li et al. (2005) reported the work on Ba(Zr,Ti)O3 (BZT):MgO
composites with low dielectric constant and appreciable dielectric tunability. The
general aim of the development above was to obtain low dielectric constant, low tanδ
with good dielectric tunability at the same time.

1.3.3 Meta- Materials

The term “meta-material” was coined by Walser et al. (1999). He defined
meta-materials as “macroscopic composites having a manmade, three dimensional,
periodic cellular architecture designed to produce an optimized combination, not
available in nature, of two or more responses to specific excitation.” In general,
“meta-material” is defined as the structure with its properties (electrical, magnetic,
optical, mechanical properties etc.) gained from its artificially made structure rather
than from the properties of the material candidates themselves. A meta-material is
usually called when the resulted properties in a material are omitted in naturally
formed precursors. The most common meta-materials are the left-handed materials,
which have characteristics of negative constitutive parameters such as permittivity,
permeability and reflective index. In left handed materials, the right-hand rule is not
obeyed, allowing an electromagnetic wave to convey energy (or group velocity) in the
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opposite direction to its phase velocity. Figure 1.5 shows an example of negative
refractive index in meta-materials proposed by Pendry (2000).

Magnetoelectric composites are categorized in meta-materials in broad
definition. These materials have potential for several applications such as: (1)
multiple state memory elements, in which data is stored both in the electric and the
magnetic (magnetization) polarizations; (2) novel memory media which might allow
writing of a ferroelectric data bit, and reading of the magnetic field generated by
association; (3) energy conversion in which magnetic energy losses can be recovered
from magnetic fields (e.g. giant magnetic field from superconductors); (4) or sensing
device applications.

A magnetoelectric composite often consists of a piezoelectric phase
providing a linkage between electrical and mechanical energy transformation, and a
ferromagnetic or magnetostrictive phase providing a linkage between magnetic and
mechanical

energy

transformation.

The

resulted

electrical-magnetic

energy

transformation is not observed in either of the initial phases and thus refers to
meta-material. Figure 1.6 demonstrates the energy transform mechanism of a
magnetoelectric composite. A magnetic field applied on magnetostrictive material
resulted in a mechanical strain created in the magnetic material. The adjacent
piezoelectric material experiences stress and converts mechanical energy into
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electrical polarization. Vice versa, an analogical transformation is possible from
electric field to magnetization. It is known that some of the single phase materials
have intrinsic magnetoelectricity; however, properly manufactured composites exhibit
magnetoelectricity far larger than single phase magnetoelectric materials. Thus,
magnetoelectric composite materials are of interest in this study.
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Figure 1.5 Negative reflective index in a left-handed meta-material by Pendry (2000).
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Figure 1.6 Eenergy transformation of a biphasic magnetoelectric meta-material. On the left hand
side, a magnetic field applied on magnetostrictive material resulted in a mechanical strain created
in the magnetic material. The adjacent piezoelectric material experiences stress and converts
mechanical energy into electrical polarization. An analogical transformation is possible from
electric field to magnetization.
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1.3.4 Magnetoelectric Composites

1.3.4.1 Magnetoelectric Effect

The magnetoelectric effect in its most general definition denominates the
coupling between electric and magnetic fields in matter. A systematic progression of
contributions to the magnetoelectric effect is obtained from the expansion of the full
Gibbs free energy of materials; at constant and zero stress and constant temperature:
 
G ( E , H )  G0  Pi S Ei  M iS H i  12  0  ij Ei E j  12  0  ij H i H j   ij Ei H j
 12  ijk Ei H j H k  12  ijk H i E j E k ...


(1.3)



with E and H as the electric field and magnetic fields, respectively. Pi S and
M iS are the spontaneous polarization and magnetization. Here,  0 and  0 are

permittivity and permeability of free space, and  ij and  ij are the electric and
magnetic susceptibilities. Differentiation of the free energy leads to the polarization
(electrical and magnetic):
 
G
Pi ( E , H )  
  Pi S   0 ij E j   ij H j  12  ijk H j H k   ijk H i E j  ...
Ei

(1.4)

 
G
M i ( E, H )  
  M iS   0  ij H j   ij Ei   ijk Ei H j  12  ijk E j E k  ...
H i

(1.5)

The second rank tensor  ij corresponds to the induction of polarization by
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a magnetic field or magnetization by an electric field which is designated as the linear
magnetoelectric effect. In the SI system, the magnetoelectric coefficient has the units
of (s/m). The actual magnetoelectric effect is supplemented by higher-order
magnetoelectric effects (  ,  , etc). Another coefficient, the magnetoelectric oersted
coefficient, is more experimental conditions that strain is kept constant. This
coefficient can be derived from electric Gibbs free energy functions and is defined as
 H ,ij  (H i / E j ) xT   ij /  0  r

with unit of [(m.Oe)/V] or (A/V). A direct

magnetoelectric effect (magnetoelectric voltage coefficient) can be defined from
Helmholtz free energy as  E ,ij  (Ei / H j ) xT   ij /  0 r , also under constant strain
conditions, with the unit of [V/(m.Oe)]. Several magnetic units are provided in Table
1.1 for unit conversion. The magnetoelectric oersted and voltage coefficients are
interchangeable for a single phase materials i.e  H ,ij  1 /  E ,ij but not the case for
composites. The magnetoelectric effects in multi-phase composites are not resulted
from direct electrical-magnetic transformation, but from product properties of
piezoelectric and piezomagnetic/magnetostrictive effects as it will be discussed later.
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Table 1.1. Conversion of magnetic units

Unit System

Magnetic Induction B

SI units

Tesla: 1T=1Vs/Am2

Magnetic Field H
And Magnetization
A/m

Older units

Gauss: 1G=10-4T

Oersted: 1Oe=103/4π A/m

Conversion for Magnetic Units (e.g. 1mT=10G)
mT (Tesla)

G (Gauss)

kA/m

1 mT

1

10

0.796

Oe
(Oersted)
10

1G

0.1

1

0.0796

1

1 kA/m

1.256

12.56

1

12.56

1 Oe

0.1

1

0.0796

1

1.3.4.2 History of Magnetoelectric Effect

There were two independent events that marked the discovery of the
magnetoelectric effect. In 1888 Rontgen discovered that a moving dielectric became
magnetized when placed in an electric field, and also observed the reverse effect,
polarization of a moving dielectric in a magnetic field. A few years later in 1894,
Curie pointed out the possibility of intrinsic magnetoelectric behavior of (non-moving)
crystals on the basis of symmetry considerations. The term „magnetoelectric‟ first
appeared in Debye‟s report a few years after the first (unsuccessful) attempts to
demonstrate the static magnetoelectric effect experimentally.
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Many decades passed until Dzyaloshinskii (1959) proposed that
magnetoelectric effect can be observed in anti-ferromagnetic Cr2O3 by applying the
symmetry argument. The experimental confirmation was performed by Astrov et al.
who measured the magnetoelectric effect in Cr2O3 in the temperature range from 80K
to 330K. Although he observed magnetic polarization (magnetization) in this material,
the magnetoelectric coefficient was too weak to be characterized.

Ascher and Schmid discovered the first ferromagnetic/ferroelectric material,
Ni3B7O13I, which exhibits ferroelectric and weak ferromagnetic properties
concurrently. This was followed by the synthesis of many more multiferroic boracite
compounds, all of which have complex structures with many atoms per formula unit,
and more than one formula unit per unit cell. The large number of inter-ionic
interactions in the boracites prevented isolation of the essential factors causing
multi-ferroelectricity, and of the nature of the coupling between the magnetic, electric
polarization, and structural order parameters. Nickel iodine boracite can be thought of
as the “Rochelle salt” of magnetic ferroelectrics - invaluable for demonstrating proof
of concept, but unlikely to find wide applicability, or to contribute to our increased
understanding in the field.

After a decade of intense experimental and theoretical study, the
magnetoelectric effect was summarized in 1970 by O‟Dell. However, the general
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weaknesses of the magnetoelectric effect, a limited number of compounds displaying
it, the difficulties in developing useful applications, and a limited understanding of the
microscopic sources of magnetoelectric behavior, led to a hold-back of research
activities until the early 90‟s. Instead of single phase compounds, recent research
activities are mainly focused on composites formed by two phases (magnetic/electric)
particulate mixing or by layers stacking. The primary criterion for the selection of the
individual phases in the composite is to identify materials having similar
crystallographic symmetry and possessing either large magnetic or nonlinear
dielectric response. The most prominent materials are thus primarily composites of
magnetostrictive and piezoelectric materials in which maximum magnetic/mechanical
and electrical/mechanical responses are coupled.
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1.3.4.3 Limitation of Single Phase Magnetoelectric Materials

Brown et al. found the theoretical limit of the linear magnetoelectric effect,

 of single phase magnetoelectric materials. It is shown that the term

1
2

(  0  ij H i H j )

from Equation (1.3) under a unidirectional magnetic field is always positive:
G  12 ( 0  djj H i2 )  0

i.e  G  12 ( 0  djj H i2 )  0

(1.6)

where  djj is the diamagnetic susceptibility. Omitting higher order terms from
Equation (1.3) then:
 
G ( E , H )   12  0  ii Ei2  12  0  jj H 2j   ij Ei H j

(1.7)

Combining Equation (1.6) and (1.7) results in an inequality:
1
2

 0 ii Ei2  12  0  jjp H 2j   ij Ei H j  0

(1.8)

where  jjp   jj   djj is the paramagnetic susceptibility. Since Equation (1.8) is
positive inequality, it can be shown that:

 ii  0

 jjp  0
and  ij   ii  jjp

(1.9)

The diamagnetic contribution in materials is much smaller than the paramagnetic
contribution, thus it can be neglected. i.e.  jjp   jj   djj   jj . Therefore, Equation
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(1.9) can be written as:

 ij   ii  jj

(1.10)

A different approach from thermodynamic consideration also led to the same result.
The magnetoelectric coupling coefficient can be defined as:
k ME 

U mutual
U electU mag

(1.11)

where U mutual is the mutual energy, U elect is the electrical energy and U mag is the
magnetic energy stored in the material. Assuming that the maximum magnetoelectric
coefficient, k ME , is 1, then:
U mutual  U electU mag

(1.12)

The total energy neglecting the mechanical and thermal energy is:
U  U elect  U mag  2U mutual  12  0 ii Ei2  12  0  jj H 2jj   ij Ei H j

(1.13)

Combining Equation (1.12) and (1.13) results in:
1
2

 ij Ei H j 

1
2

 0 ii Ei2  12  0  jj H 2jj

(1.14)

and further solving Equation (1.14) results in:

 ij   ii  jj

(1.15)

The theoretical limit of the first order magnetoelectric coefficient,  , is
often more than one order of magnitude larger than the experimental result. Even so,
it is still commonly used in estimating the potential limit of single phase
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magnetoelectric materials.

In crystallography, magnetoelectric coefficient is a second rank axial tensor,
 ij , by its definition. It is transformed as follows:
M i '   a aij M j   a aij  jk Ek   a aij  jk akl El '   il ' El '

 il '   a aij akl jk

(1.16)

where aijs are the transformation tensors in Cartesian coordinates. In matrix form:
( ' )   a (a)( )(a)

(1.17)

a is the transformation matrix in Cartesian coordinates and  |a| is determined by
whether the time reversal symmetry is appeared or not. To exhibit magnetoelectric
effect, a single phase material must contain electrical polarization and magnetic
polarization (magnetization) simultaneously. Because of it nature of axial dependent,
all materials with time reversal 1‟ symmetry are omitted. The effect also disappears in
point groups having ordinary inversion operation ( 1 ). Applying tensor or matrix
transformation to the magnetic groups, only 58 of the 90 magnetic point groups are
possible magnetoelectrics.

1.3.4.4 Research in Magnetoelectric Composites

There have been many magnetoelectric single phase materials discovered;
however, almost all exhibit the magnetoelectric effect at low temperatures, much
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below room temperature. The magnetoelectric coefficient drops to zero when the
long-range order in the magnetic structure disappears at the Neel temperature. On the
other hand, magnetoelectric effect can not only be obtained from direct effect of
electrical-magnetic

transformation,

but

also

from

product

effects

of

electrical-mechanical-magnetic and its reverse effect. A pyramid structure correlating
electrical, mechanical, magnetic, and thermal properties and the corresponding effects
present by J. F. Nye is shown in Figure 1.7. Instead of single phase magnetoelectric
materials, recent researches are mainly focused on multi phase particulate composites
or layers stacking. The limitation of magnetoelectric coefficient,  ij   ii  jj , can
be overcome by combining two phase materials, one with large electrical response
and

the

other

with

large

magnetic

response

through

the

coupling

of

electro–mechanical-magnetic energies.

Boomgaard

et

al.

(1976)

first

reported

multi

physics

coupled

magnetoelectric effect in the Fe-Co-Ti-Ba-O composite system. They estimated the
magnetoelectric coefficient for this particular composite system based on the
assumptions as (1) the dielectric constant of the piezoelectric phase is relatively large
compared to the dielectric constant of the ferrite phase (2) the Young‟s modulus for
both phases are equal (3) there is perfect coupling between piezoelectric phase and
ferrite phase. By making the above assumptions, the magnetoelectric coefficient can
be calculated as:
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 dE 
 dl 
 dE 
 mv 





 dH  comp
 dH  ferrite  dl  piezo

(1.18)

where dl is the strain/displacement, (dl/dH) is the change in dimension per unit
magnetic field, (dE/dl) is the change in dimension per unit electric field and mv is the
volume fraction of ferrite phase in the composite. Boomgaard et al. reported a
magnetoelectric coefficient of 130 mV/cm.Oe for BaTiO3-CoFe2O4 composites at
room temperature. This value was almost an order of magnitude higher than single
phase Cr2O3 magnetoelectric which has magnetoelectric coefficient of 20 mV/cm.Oe.

Lupeiko and Zvyagintsev (1994) reported the magnetoelectric coefficient of
151∙ 10-3 V/A for PZT-NiZnFe2O4 composites. They extended the work on laminated
magnetoelectric composites based on the study of connectivity patterns and shown
improvement of magnetoelectric coefficient. The corresponding works were carried
out in various places and reported with connectivity schemes including 3-0 and 2-0
patterns with composite materials such as BaTiO3-NiFe2O4, BaTiO3-LiFe5O8,
Bi4Ti3O12-CoFe2O4, etc. A list of several magnetoelectric materials and composite
geometries are organized and shown in Table 1.2 (by Ryu et al.).

Ryu et al. reported giant magnetoelectric effects in the laminated structure
composites of piezoelectrics (PMN-PT single crystal, PMN-PT ceramic and PZT) and
magnetostrictive terfenol-D single crystal at a DC bias of 4 kOe and a frequency of 1
kHz. The reported magnetoelectric coefficient of the specific laminated composite is
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almost two orders of magnitude higher than the best reported value of the sintered
composite. Even though the outstanding values were observed, there is a fundamental
obstacle for the use of laminated composites i.e. the long term stability of the
laminated composites is suspicious owing to the endurance of the artificial bonds
between the two phases. Also, laminated structures have their difficulty in
miniaturization for device applications.
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Figure 1.7 Relationship between mechanical, electrical and magnetic properties of a crystal (Nye,
1985). The magnetostrictive effect is the secondary property of the magneto-mechanical effect.
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Table 1.2 List of magnetoelectric composites reported in the literature (organized by Ryu et al.)
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1.3.4.5 Piezomagnetic and Magnetostrictive Effects

Piezomagnetic effect is a third rank axial property. Similar to the
piezoelectric effect, only acentric materials could exhibit piezomagnetism, and
magnetic poling process of the piezomagnetic materials is required. The direct
piezomagnetic effect is a linear relation between magnetization I and mechanical
stress X:
I i  d ijkpm X jk

(1.19)

where d ijkpm is the piezomagnetic coefficient, the magnetic analog to piezoelectricity.
Slightly different from piezoelectric, the piezomagnetic coefficients are handedness
dependent in tensor transformation:
pm
pm
pm
I i'   a aij I j   a aij d jkl
X kl   a aij amk anl d jkl
X 'mn  d 'imn
X 'mn

', pm
pm
d imn
  a aij amk anl d jkl

(1.20)

The same as magnetoelectric coefficient  , crystallographic point groups with time
reversal (1‟) do not exhibit piezomagnetic property. There are 66 out of 90 magnetic
point groups could exhibit piezomagnetic properties.

Magnetostrictive effect, on the other hand, is a forth rank polar (handedness
independent) property. The magnetostrictive coefficients N ijkl relate mechanical
strain xij to the square of the magnetization I k I l .
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xij  N ijkl  I k  I l

(1.21)

It is a higher order effect to piezomagnetism, however, in practical magnetic
materials the quadratic magnetostrictive effect is often far larger than the
piezomagnetic effect. The tensor transformation goes as follows:
x'ij  aij akl xkl  aij akl N klmn I m I n  aij akl N klmn ( a aom I 'o )( a a pn I ' p )  N 'ijop I 'o I ' p
N 'ijop  aik a jl aom a pn N klmn

(1.22)

Due to the quadratic behavior of magnetostrictive effect, the axial nature of
the magnetic property cancels out and the magnetostrictive coefficient transform as a
handedness independent property. Omitting the axial handedness is also an advantage
while dealing with magnetoelectricity. Recently, simulations on magnetoelectric
composites are often performed by a coupling of piezomagnetic and piezoelectric. It
is only true for researches more than a decade back when good magnetoelectric
effects were observed in piezomagnetic/piezoelectric composites by minimizing their
lattice mismatch. With the enhancement of composite processing technique, giant
magnetoelectric coefficients are mostly reported on magnetostrictive/piezoelectric
composites. As it is discussed above, piezomagnetic and magnetostrictive effects are
different in their fundamental properties and crystallographic natures. It is essential to
evaluate the coupling magnetoelectric effect of composites in the correct term.
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Chapter 2
Thesis Statement

This thesis work deals with the understanding of ferroic and
magnetoelectric composite materials as well as prediction of the dielectric properties
and magnetoelectric efficiency of the composites using finite element computer
modeling coupled with Monte-Carlo simulation.

2.1 Prediction of Dielectric Properties of Composites

Ferroelectric based composite materials have been found useful for
frequency, field and temperature tunable device applications. Besides trial and error
among various ferroelectric composited with other substances, it is worth a study on
the prediction of the resulted properties of ferroelectric based composite materials
using computer simulations. Also, computer simulation gives us another approach in
the understanding of the materials‟ behavior, and substantially provides support or
objection with current theories. In this thesis, two specific ferroelectric composite
systems, (Pb0.2Sr0.8)TiO3-MgO and (Ba0.5Sr0.5)TiO3-MgO, are studied. A three
dimension dielectric computer model was first constructed. Prior to the simulation of
real materials, structural design parameters concepts such as layers stacking,
geometry effect, and effect of size of inclusion are first viewed and then discussed.
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2.1.1 Ba0.5Sr0.5TiO3-MgO (BST-MgO) composites

BST is of interest in microwave device applications due to its high
dielectric tunability in broad temperature range under DC electric field. However,
pure BST has a relative dielectric permittivity (ε) over 3000 and dielectric loss, tan(),
on the order of 10-2 at room temperature. In order to make this material adaptable in
some tunable devices, it is necessary to tailor its ε and tan() to reasonably low values.
It has been reported that reducing ε as well as tan() of such materials while obtaining
high tunability is achieved by properly mixing BST with relatively low ε and low
tan() dielectrics. The connectivity of BST is recognized to be the key to maintain
high tunability of the BST-MgO composite. With optimization of the sintering
technique and proper mixtures of the two materials, BST-MgO system exhibits
dielectric constant as low as ~50 and high tunability of 20% at 100 KHz. In this thesis,
the effective permittivity of BST-MgO composites are simulated and compared with
the experimental results characterized by Agrawal.

2.1.2 Pb0.2Sr0.8TiO3-MgO (PST-MgO) Composites

PST-MgO composite system has been characterized by Somiya et al. At
room temperature, attractive relative permittivities (over 100) were obtained with an
addition of MgO in PST. At the same time, low relative dielectric losses, tan(), in the
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range of 10-4 to 10-3 were observed in the frequency range from kHz to 4GHz,
respectively. Based on the reported parameters, finite element method with Monte
Carlo simulation is conducted for the composition x (Sr0.8Pb0.2)TiO3: (1-x) MgO from
volume ratio x=0 to 1 in the paraelectric phase (typically from -50˚C to 200˚C), and
the results are computed and compared with the experimental data. Several possible
factors resulting in the differences between experimental results and simulations are
discussed. An empirical formula proposed by Wakino et al. is adopted and examined
for the discussion of critical volume fraction of the two-phase composite.

2.2 Evaluation of Magnetoelectricity of a Laminated Magnetoelectric Composite

Ryu et al. reported a giant magnetoelectric coefficient value of ~5000
mV/cm.Oe in a laminated PZT-Terfenol-D composite. It is interesting to model this
particular structure, and eventually to obtain its optimum efficiency in the idea
condition. Terfenol-D is known as a material with giant magnetostrictive response
with magnetic induced strain in 10-3 range. However in the history of simulation
modeling, it is often assumed as pseudo ferromagnetic for easy estimation. It is
important to model magnetoelectric phenomenon in the correct term for several
reasons. First, the magnetoelectric effect is resulted from a corporative phenomenon
of piezoelectricity and Magnetostriction. The coupling behavior enlarges the
simulation error of improper initial assumption. In addition, it is essential to model
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the quadratic nature (non-linear response) of magnetostrictive materials in weak
magnetic field for sensor devices accuracy. In this thesis, piezoelectric model is
coupled with magnetostrictive model to evaluate magnetoelectric efficiency (dE/dH)
of the laminated composite proposed by Ryu et al.
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Chapter 3
Modeling of Dielectric Properties

The essential step before numerical simulation of composites was the
construction of a computer model and the assumption of initial conditions. In this
chapter, a three dimensional finite element model on dielectric properties of two
phases or materials mixing was constructed. The simulation model was constructed
based on finite element method coupled with Monte-Carlo simulation. In general, a
finite element system consists of constitutive equations, boundary conditions, and
finite nodal points (or elements) inside the geometry of interest. Based on the
constitutive equations, calculation is performed on each nodal point with given
boundary conditions. Two principles are held for the finite element method i.e. (1) the
energy conservation and (2) condition continuity at the nodal interface. The dielectric
model was first confirmed with the theoretical limit of the two phases mixing (Weiner
boundary). Structural design parameters concepts such as layers stacking, geometry
effect, and effect of size of inclusion are subsequently viewed and then discussed.
Different sizes of inclusions and equally and randomly distributed inclusions are also
modeled and discussed. Finally, parameters were input for two ferroelectric based
composite systems, BST-MgO and PST-MgO, and the simulation results were
discussed and compared to the experimental results.
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3.1 Model Construction

Previously, two dimensional Models of the dielectric properties of two
material mixtures has been reported by researchers such as Wakino and Abraham
using finite element method coupled with Monte-Carlo simulation. Taking advantage
of the computer technology, more complex calculations are available, which result in
better accuracy of the output simulation results. With further modification, the
program is applied to three dimensions.

3.1.1 Finite Element Method

Finite element analysis is a method for the numerical solution of a
differential equation. The differential equation is associated with the corresponding
variational function (energy theorem). The most general form of the differential
equation is given as:
 d 2

d
V  dzi2   dzi    C dV  0

(3.1)

Where α, β and γ are materials parameters that can be a function of zi. zi is the
coordinate axial vectors in Cartesian coordinate system where i=1,2,3 ( i.e. z1=x, z2=y
and z3=z axis). C is an external source (boundary conditions).  is the solution(s) of
the differential equation. With the analysis of multi physical problems, α, β and γ
materials parameters can be complex and boundary conditions can be varied from
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case to case, however, the governing equation must be satisfied over the entire
isotropic system of interest (concept of energy balance).

A simple demonstration of one dimension dielectric model is shown in
Figure 3.1. The model consists of 5 equally distributed nodal points (point A-E) for
the calculation. Di=εiEi (i=1-5) is the constitutive equation in which the electric field
Ei=-ΔVi by definition. V1-V5 is the relative electrical potential at each nodal point. ε1
to ε4 are the permittivities related between nodal points. Node A and node E are the
boundaries where the boundary values V1 and V5 are known. Based on the description
above, calculations are performed on each nodal point as:

 1 (V2  V1 )  D2   2 (V3  V2 )

(3.2)

 2 (V3  V2 )  D3   3 (V4  V3 )

(3.3)

 3 (V4  V3 )  D4   4 (V5  V4 )

(3.4)

In this system, three unknown variables V2, V3 and V4 can be calculated by solving
the three governing equations.

Figure 3.1 A schematic of a one dimension finite element system
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The example above can be easily evaluated by hand calculations of three
simultaneous equations (or a matrix equation). However in order to calculate physical
properties over a complex system of interest, integrations must be performed. In
general, an integral is evaluated as:
1

I 

1

1

1

1

1

 

m

n

l

f ( x, y, z )dxdydz   wi w j wk s( xi , y j , z k )

(3.5)

i 1 j 1 k 1

where wi, wj and wk are the weight functions (constitutive equations) and s(xi,yj,zk) is
called the shape function, which is used for addressing each nodal point in the system.
The most commonly used shape function, Lagrange polynomial, is adopted in this
thesis work, which is defined as:
n

N k  Lk  
m 0
k m

x  xm
( x  x0 )( x  x1 )    ( x  x k 1 )( x  x k 1 )    ( x  x n )

x k  x m ( x k  x0 )( x k  x1 )    ( x k  x k 1 )( x k  x k 1 )    ( x k  x n )

(3.6)

where Nk is the shape function at nodal k, Lk is the one dimension Lagrange
polynomial. Notice that on the right hand side of Equation. 3.6, there is one term
( x  xk ) /( xk  xk ) omitted in order to avoid zero value in the denominator. In three

dimensions, the shape function can be defined as:
x  xm
 Li L j Lk  
m  0 xi  x m
p

N i , j ,k

im

x  xn

n 0 x j  x n
p

j n

p

x  xl
k  xl

x
l 0
k l

(3.7)

With the introduction of shape functions, performance of the finite element method
can be enhanced by computer calculations in matrix forms, and thus larger system
size and faster calculation speed of simulations can be achieved.
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3.1.2 Dielectric Model

The computer model is performed using FEMLAB (now Comsol
Multiphysics), a finite element based commercial template for a variety of
applications. In this dielectric model, a few statements are made before the
constitutive equation is adopted. First, we assume that at a given point both phases are
linear dielectrics. Although the modeling materials BST and PST are non-linear
dielectrics, i.e., their permittivities change with changing electric field and
temperature, we only consider the dielectric properties of the composite when
temperature and applied field are fixed (BST and PST at room temperature, 273K, are
in the paraelectric states as the Curie temperature, Tc, of BST is around 240 K and Tc
of PST is around 220K, respectively). Second, a perfect sintering process is
presumably performed where there is no or minimum chemical reaction between
PST/BST and MgO during sintering. Third, an assumption of perfect interfaces
between PST/BST and MgO is made where voids and interfacial phases are absent.
Finally, grain boundary and grain size effect are not considered since the model has
constitutive equations making allowances for this information. Based on the
assumptions above, the model is constructed starting from the constitutive equation:
D   0 E

(3.8)

where D is the dielectric displacement,  0 the permittivity of free space,  the
complex permittivity and, E the electric field. The complex permittivity  consists
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of real and imaginary components,   and   , respectively. The dielectric loss,
tan(), is defined by   /   . In this model, electrical potential, V, is the only unknown
variable. By definition, the electric field is the negative potential gradient through
each defined volume as:
E  V

(3.9)

The energy density, w , at each nodal point is calculated by:
w

1
1
S
D  E   0  ( )V 2
2
2
h

(3.10)

where S and h are the surface area and the height of a capacitor (the dielectric
model is examined through a cubic capacitor with top and bottom plate area S , and
the height h ).
At each nodal point, a calculation is performed as:
We 

1
V
V
V
 0  [( ) 2  ( ) 2  ( ) 2 ]dVolume

2 Volume
x
y
z

(3.11)

The total energy stored, We , is then the integration of energy density with
respect to electrical potential over the whole system. Because of energy conservation,
the total energy that stored in the system is left unchanged. For a parallel plate
dielectric composite, the effective complex permittivity can be back-calculated by:



2  We d
 0V0 2 A

(3.12)

where V0 is the potential applied, d the distance between the parallel plates, and
A the area of the plate.
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3.1.3 Mixing Rules

Mixing rules are useful to evaluate properties of mixtures, composites, or
materials which have at least two components. Various formulas have been proposed
by researchers and several relations are widely known for determination of the
dielectric constant of the mixture. In this section, three equations are described in
detail and several other equations are acknowledged.

Wiener (1904) first considered two layer composites as shown in Figure 3.2.
The Wiener‟s upper and lower boundary equations are listed as:

 max  f1 1  f 2 2
 min 

 1 2

f1 2  f 2 1

(3.13)
(3.14)

where max and min are the Wiener upper (parallel connection) and lower (series
connection) boundaries, f 1 and f 2 are the volume fraction of phase 1 and 2 , and 1
and 2 the permittivities of phase 1 and phase 2, respectively. Without other factors
such as chemical reaction, structural change resulted from residual stress of mixing,
the resulted effective dielectric properties of composites will be strictly within the
Wiener upper and lower limits.

Lichtenecker (1924) proposed the logarithmic mixing rule as listed in

48

equation 3.15 and 3.16 for particles dispersed in a matrix in two dimensions:

 L   1f  2f
1

(3.15)

2

log  L  f1 log  1  f 2 log  2

(3.16)

where  L is the dielectric constant of two phases mixture. Subsequently, he
proposed a general equation combining parallel, series, and logarithmic rule as:

 k  f1 1k  f 2 2k

(1  k  1)

(3.17)

If k=1 then equation 3.17 is exactly the parallel connection rule. When k=-1, equation
3.17 becomes series connection rule. Equation 3.17 is the same as Equation 3.15
when k is approaching 0. This logarithmic rule is useful to predict the dielectric
constant of the mixture when each component in the composites keeps its individual
behavior after forming the mixture i.e. interactions among the components are
negligible.

Other than the formulas listed above, there are several formulas worth
acknowledgments in materials mixing with different geometries, connectivities, or
system symmetries, which are listed in Equation 3.18-3.24. These formulas are useful
to narrow the range of effective dielectric constant of mixtures if specific conditions
of the mixtures are known.
2  
f 1 1   2   f 2  2
 3 3 1 

2  
f 1   2   f 2
 3 3 1 

(Maxwell, 1883)

(3.18)
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   1 1 




   2 1 


f1


3 f 2 ( 2   1 )
(Maxwell-Garnett, 1904)
 2  2 1  f 2 ( 2   1 ) 

(3.19)


3 f1 ( 1   2 )
(Maxwell-Wagner, 1914)
 1  2 2  f1 ( 1   2 ) 

(3.20)

1 fc
1  
 
 f2 2
0 (A
, f c  critical  volume )
 1  A
 2  A
fc

(symmetrical Bruggeman, 1935)

(3.21)

(non-symmetrical Bruggeman, 1935)

(3.22)



 2    1 
   f1
 2  1   
  2 

f1
f
1
 2
 1   2 n 2

(  2   1 ; n=isotropic dimension number of phase 2)

(Hashin-Shtrikman upper boundary, 1962)

  1 

f2
f
1
 1
 2   1 n 1

(3.23)

(  2   1 ; n=isotropic dimension number of phase 2)

(Hashin-Shtrikman lower boundary, 1962)

(3.24)

where A,  and n are shape factors.  1 is larger than  2 if not specified.

An empirical formula based on two dimension finite element model
coupling Monte-Carlo simulation was proposed by Wakino et al. (1993). The
procedure of the simulation by Wakino et al. is as follows: (1) the unit size in two
dimensions is divided in 2525 cells in which phase 1 randomly (Monte-Carlo
simulation) occupies the cells until it satisfies the volume fraction of interest. The
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other cells are assigned to the phase 2. (2) the apparent relative permittivity is
calculated by the two dimension finite element method (3) numerical results were
averaged by 1000 runs of simulation. The equation includes the effects of dielectric
polarization and infringing of electric flux at the boundary region of the two
components. In summary, the Wakino‟s formula is a modified function similar to the
logarithmic rule as:

 f  f  f11f  f  f 2 2f  f
1

c

1

c

1

(3.25)

c

And





 ln f1 1f1  f c  f 2 2f1  f c 

f1  f c



  exp 

(3.26)

where  ,  1 and  2 (  1 >  2 ) are the relative permittivities of the mixture, phase 1
and phase 2, respectively. f 1 , f 2 and f c are the volume fraction of the phase 1,
phase 2 and the critical volume fraction of phase 1. The critical volume f c is
obtained by the intersection between the proposed equation and the logarithmic rule.
According to the author, f c is approximately 0.65 of phase 1.
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Figure 3.2 Mixing rules discussed by Wiener (a) parallel mixing and (b) series mixing. The
system consist of two phases; phase 1 and phase 2
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3.2 BST:MgO Composites

BST:MgO composite system has been previously reported by Agrawal.
With microwave sintering of BST and low permittivity low loss MgO, desirable
dielectric properties such as dielectric constant of ~50 and high tunability of 20% at
100 KHz were obtained. Three-dimensional connectivity of the BST ferroelectric
phase and isolated MgO grains were obtained by processing the composites with nano
size starting materials. This resulted in the preservation of ferroelectricity and
concurrently low dielectric losses of the composites. In the following sections,
materials property results characterized by Agrawal will be adopted in comparison
with the simulation.

3.2.1 Structural Concept

The simulation is started with the simplest two cases as shown in Figure
3.3(a) and (b). In this setup, BST and MgO are stacked in layers with applied
electrical potential perpendicular and parallel to the BST/MgO interface, respectively.
The pure BST and MgO permittivities at room temperature are adopted for the
simulation of the composites. According to Agrawal, BST has ε of 3900 and tan(δ) of
0.0323 and MgO has ε of 10 and tan(δ) of 0.0005. Figure 3.3(c) and (d) show the
simulation results of the effective permittivity and tan() with respect to BST volume
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fraction in these two configurations. The modeling data indicates that these two
configurations perfectly follow the Weiner boundaries i.e. the dielectric properties
follow the lower Weiner boundary (series rule) when the applied potential is
perpendicular to the materials interface (Fig. 3.3(a)), or follow the upper Weiner
boundary (parallel rule) when the applied field is parallel to the materials interface
(Fig. 3.3(b)). Notice that neither the stacking sequence of the two materials, nor the
number of layers affects the effective dielectric properties of the composite when the
series model or parallel model is used respectively. As long as the volume fraction of
the inclusion and the direction of electrical potential are given, simulation runs lead to
consistent results.

Subsequently, the anisotropy of the effective complex permittivity is
discussed by varying geometry of the inclusion as depicted in Figure 3.4. The
inclusion is selected to be MgO with 0.1 volume fraction of the system. Evolving
from a sphere, the inclusion is extended to ellipsoids along x or z direction, and
finally a cylinder. Again, the electrical potential is applied along z axis. The modeled
dielectric properties of the leftmost plot in Figure 3.4(a) is exactly the parallel
connection discussed previously, that has the highest permittivity and tan() value.
The rightmost plot in Figure 3.4(a) can be considered as having a circular inclusion in
the former two dimensional model that has the lowest simulated dielectric properties
among this set of model. From this evaluation, a trend can be seen that the
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permittivity and tan() of the composite are proportional to the amount of
non-interrupted electric displacement flux traveling through the BST.

It was previously reported by Abraham et al. that in the two dimensional
dielectric model, the size of the inclusion has little effect on the dielectric properties
of composites. To conscientiously verify this observation before proceeding with
further simulation, a simple evaluation of inclusion size effect is performed in three
dimensions. In this model, the volume ratio of BST:MgO is fixed at 7:3. The
inclusion material is cubic shaped MgO that equally distributed inside the system as
illustrated in Figure 3.5(a). The modeled dielectric properties of the composites are
shown in Figure 3.5(b). From Figure 3.5(b), the inclusion size does affect the modeled
complex permittivity of composites. Fortunately, from 1 to 125 inclusions in which
the volume of each inclusion decreases by a factor of 125, the effective permittivity
increases only 0.86%, and the effective tan() increases 610-5. Thus, it is appropriate
to model the dielectric properties in three dimensions with a moderate inclusion size.
Notice that this discussion only verifies the resolution of the simulation instead of the
size effect of the real materials.
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Figure 3.3 An electrical potential applied on layers stacking with (a) series connection and (b)
parallel connection. (c) Effective permittivity and (d) tan() of the two stacking model.

56

Figure 3.4 Anisotropy of the effective complex permittivity. (a) Geometry of MgO inclusion
evolving from sphere, ellipsoid, to cylinder. (b) Plot of dielectric properties vs. the length of
major axis of the ellipsoid inclusion. The center of the x-axis corresponds to the spherical
structure, and the left and right edges of the x-axis correspond to the cylindrical structure with z
and x orientation, respectively. The electrodes are placed on z faces. The volume of the inclusion
is fixed at 10 % MgO
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Figure 3.5 Pre-examination of the model accuracy regarding to size effect (a) Equally distributed
cubic inclusions with 7:3 of BST:MgO volume ratio. (b) Relative size of inclusions vs. dielectric
properties plot.

3.2.2 Simulation of Dielectric Properties of BST:MgO Composites

The experimental results of effective permittivity and tan() are listed in
Table 3.1. The list of data is measured at 273K at 10 KHz. The permittivity and tan()
of BST and MgO for modeling are chosen from the measured pure Ba0.5Sr0.5TiO3 and
pure MgO prepared from nano particles. The pure Ba0.5Sr0.5TiO3 has relative
permittivity of 3900 and tan() of 0.0323, while the pure MgO has relative
permittivity of 10 and tan() of 0.0005. Notice that the BST:MgO composites from
experiments are mixed in weight ratio while the computer simulation is modeled in
volume ratio. The weight/volume ratio is converted simply based on the density of
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BST: 5.2 g/cm3 and MgO: 3.58 g/cm3.

A cubic shaped capacitor of 1 unit3 is constructed to model the dielectric
properties of the composites. The dimension of the system is not specified since it
does not affect the resulting modeled effective permittivities and tan(). Two parallel
electrodes are located on top and bottom surfaces. An electrical potential is applied
between the electrodes. A schematic diagram of the system configuration is shown in
Figure 3.6.

Table 3.1 Dielectric properties of Ba0.5Sr0.5TiO3:MgO composites measure at 273K at 10KHz
BST:MgO
0:100

40:60

50:50

60:40

70:30

80:20

90:10

100:0

0:100

32:68

41:59

51:49

62:38

73:27

86:14

100:0



10

70

163

312

486

760

1608

3900

tan()

0.0005

0.0015

0.0024

0.0017

0.0026

0.0020

0.0039

0.0323

Weight ratio
BST:MgO
Estimated volume ratio
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Figure 3.6 System configuration of the dielectric model. The electrodes are on top and bottom
plates. An electrical potential is applied along vertical direction. The composite consists of either
BST or MgO as the matrix with the other as the inclusion material.
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3.2.2.1 Equally Distributed Inclusions and Monte-Carlo Simulation

Four conditions are considered in this study and are depicted in Figure 3.7.
Either BST or MgO is modeled as the inclusion and the other as the surrounding
matrix, respectively. For modeling of equally distributed inclusions, the inclusions are
shaped either spherical or cubic as shown in Figure 3.7(a) and (b). The system
includes 27 inclusions with the same distance from each other. On the other hand,
Monte-Carlo simulation is performed to model the randomly distributed two materials
mixing as shown in Figure 3.7(c) and (d). For each composition, 100 data points are
collected, and the dielectric properties are reported as averages of the simulated data.
For Monte-Carlo simulation of spherical inclusions (Figure 3.7(c)), the system has 27
inclusions which are randomly distributed without overlapping to maintain the correct
volume ratio. For that of cubic inclusions (Figure 3.7(d)), the system is partitioned
into 101010 unit cells, and the unit cells are labeled in numbers from 1 to 1000.
According to the inclusion:matrix ratio, a range of numbers is randomly selected and
addressed to be the inclusions. For example, if the volume ratio of inclusion:matrix is
1:9, 100 numbers are chosen to be the inclusions.

Plots of modeled dielectric properties of equally distributed inclusions are
shown in Figure 3.8. The cubic shaped inclusions are modeled from 0.1 to 0.9 volume
fraction with 0.1 increments each time, while the spherical shaped inclusions are
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modeled from 0.1 to 0.4 volume fraction due to the geometry limit. The logarithmic
rule (Equation 3.17) is drawn in comparison with both experimental and modeled
data.

The accuracy of the curve fit is evaluated by Pearson‟s R value in which
R=1 represents the exact match between data points and the fitted curve. Clearly from
Figure 3.8, both the modeled effective permittivity and the tan() for spherical and
cubic shaped inclusions are nearly matched. This indicates that the geometry effect in
the three dimensional model is not as sensitive as that for two dimensional model
reported previously, as long as the inclusions are not connected to each other. The
inclusions of the three dimensional composite give more realistic resemblance of bulk
ceramics, while the inclusions of the two dimensional composite are bars when they
are expanded into three dimensions. In addition, the modeled data for composites with
MgO as inclusions have relatively high effective permittivity and high tan()
compared to that with BST as inclusions. For both cases, the modeled effective
complex permittivity seems to scale closely with the matrix phase. Observing from
the geometry in Figures 3.7(a) and (b), the inclusion materials are completely
separated from each other while the matrix material is well connected into a matrix
(0-3 connectivity). It is suggested that in a two material composite system, when one
material has greater connectivity than the other, it dominates the effective dielectric
properties of the composite. That is, for example, if MgO is selected to be the
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environment material, low effective permittivity and tan() are expected. From Figure
3.8(a), the experimental effective permittivities lay in between the modeled data of
MgO inclusions and BST inclusions. In addition, the effective tan() (Figure 3.8(b))
from the experiment behaves similar to that from the model with BST as the
inclusions. Thus if the assumption of no reactivity of the BST:MgO stands, the actual
composites should have BST inclusions surrounded by MgO well connected to itself.

The suggestion above seems unreasonable when there is a high percentage
of BST in the system. It was identified by Agrawal et al. (SEM micrographs with
EDS analysis) that BST as the matrix material and MgO as isolated inclusions when
there is a low percentage of MgO. Therefore, the dramatic drop of effective
permittivity and tan() from experiments might be due to the chemical reactions in
the composite, or stresses induced by composite processes. Another reason might be
that MgO and BST have very limited solubility (~5%) and may form thin surface
layer on grains. This is not taken into account in the computer simulation. The major
drop of the effective permittivity and tan() of the composite might occur within a
few percentage of MgO in the system as demonstrated by the dashed line in Figure
3.8. In addition, it was reported that BST:MgO composites prepared by nano-MgO
(low MgO percentage) exhibit good electrical performance. A plausible explanation
may suggest that when there is a high percentage of BST, MgO might stay connected
in the form of finer inclusions. It is also possible that due to reaction between MgO
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and BST, a continuous surface layer is formed serving as a semiconducting linkage
surrounding BST grains, even at high percentages of BST. Microstructure details are
needed to warrant further assertions based on these suggestions.

Figure 3.7 Parallel capacitor systems with equally distributed (a) spherical (b) cubic shaped
inclusions and with Monte-Carlo simulation of randomly distributed (c) spherical (d) cubic
shaped inclusions. The electrodes are placed on top and bottom faces. All four geometries (a)-(d)
have the inclusion volume fraction of 0.1.
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Figure 3.8 Volume fraction of Ba0.5Sr0.5TiO3 vs. (a) effective permittivity and (b) effective tan()
for MgO inclusions model with experimental results.
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3.2.2.2 Monte-Carlo Simulation of BST:MgO

Monte Carlo simulation is a class of computational algorithms that rely on
repeated random sampling to compute their results. Because of its reliance on
repeated computation and random or pseudo-random numbers, Monte-Carlo
simulation is most suited to calculation by a computer. Monte-Carlo method tends to
be used when it is infeasible or impossible to compute an exact result with a
deterministic algorithm e.g. amorphous phases or particulate composite materials. The
term “Monte Carlo” was coined in 1940s by physicists working on nuclear weapon
projects in the Los Alamos National Laboratory.

Figure 3.9 shows the modeling results of BST-MgO composites with
randomly distributed inclusions by Monte-Carlo simulation. The average effective
permittivity and tan() of the randomly distributed spherical inclusions are identical
to those of equally distributed inclusions discussed previously, where the environment
material dominates the dielectric properties. As for Monte-Carlo simulation of cubic
shaped inclusions, the dielectric properties of composites lay in between that of
spherical shaped MgO as inclusions and BST as inclusions. This suggests E-field
distributions within inclusions is non-uniform (geometry effect), similar to the shape
presented by AFM micrographs by Agrawal as shown in Figure 3.10. In the case of
dielectric losses as shown in Figure 3.9(b), when BST has a volume fraction higher

66

than 0.52, there is a higher probability of “BST cubic” connected together than that of
“MgO cubic”, and thus a high tan(), similar to the pure BST. The same idea and an
opposite result can be adopted for BST volume fraction lower than 0.48. At BST
volume fraction of 0.52, BST and MgO have the same possibility of connecting
themselves so th6at the effective tan() lies almost at 50:50 of that of pure BST and
pure MgO. The cubic inclusion Monte-Carlo simulation represents a mixing of the
two materials of the same kinetic properties (equal diffusivity, not favor of growing
grains in either phase) but different in dielectric properties. Comparing experimental
tan()s with this set of models, it is suggested that the real BST-MgO composite has
more random distribution of the inclusions. Furthermore, there could be a distribution
of apparent volume ratio due to the size variation of the inclusions.
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Figure 3.9 (a) Effective permittivity and (b) tan() vs. volume fraction BST of Monte-Carlo
simulation of spherical inclusions and cubic inclusions. The error bar is estimated by calculating
the standard error of all sets of data.
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Fig. 3.10 AFM micrographs of the BST films with different MgO stacking sequences and
compositions. (By Agrawal)

3.2.3 Summary of BST:MgO Model

In summary, the simulation results of BST:MgO composites did not fit
perfectly with experimental data. However, there are several discussions that can be
account by apagoge. It is suggested that at a high BST volume fraction, a few
percentage of MgO might react with BST, resulting in the initial drop of the dielectric
properties. MgO inclusions might also stay connected in finer form (or via other
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mechanisms), make themselves well linked electrically, and thus result in the decrease
of dielectric permittivities. In addition, assuming both materials have the same
distribution probabilities with different dielectric properties, the material with larger
volume ratio dominates the dielectric properties. From microscopic view point,
comparing experimental results with finite element method coupled with Monte-Carlo
simulation, it is suggested that the real BST-MgO composite system may have
non-uniform shaped, randomly distributed, size varied MgO inclusions. In conclusion,
the connectivity of BST is essential to maintain high tunability, while the connectivity
of MgO is key in reducing the effective permittivity and loss of the BST-MgO
composites.

3.3 PST:MgO Composites

Recently, composites ferroelectric/non-ferroelectric have been studied over
a broad temperature range. It is interesting to introduce temperature dependence of
the dielectric properties in the computer simulation in order to predict the resultant
dielectric properties of these phase mixtures. PST composites are of interest in tunable
microwave device applications due to its high dielectric tunability with changing
temperature and DC bias field. The particular Pb0.2Sr0.8TiO3 composition reported by
Somiya et al. has only one phase transition around -50°C and is almost frequency
independent. A pure PST follows the Curie-Weiss law well closely up to the transition
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temperature dielectric peak. (Sr0.8Pb0.2)TiO3 (PST)-MgO composite system at room
temperature has attractive relative permittivities (over 100). At the same time, low
relative dielectric losses, tan(), in the range of 10-4 to 10-3 were observed in the
frequency range from kHz to 4GHz, respectively.

Processing of calcined and sintered Pb0.2Sr0.8TiO3 composition powders are
described by Somiya et al. The reactant powders were ball milled, required amount of
magnesium oxide (99.998% MgO: Alfa Aesar) was added to the powders and the
powders were mixed. Pellets were formed from the mixed powders using an uniaxial
and a cold isostatic pressing (CIP) under a pressure of 3000 kg/cm2. Low density
plate samples were prepared without the CIP. The formed samples were annealed up
to 300°C to remove any moisture from the samples. The samples were then sintered at
1350°C for 3 hours. After the surfaces of the samples were polished, these samples
were annealed at 700°C. Gold electrodes were subsequently deposited on the samples
by thermal evaporation or sputtering.

Before simulation, it is assumed again in our approach that MgO stays
almost as a pure phase in the entire composition range and retains its dielectric
properties unchanged throughout the temperature range. Effective permittivity of
different PST-MgO compositions were first simulated at room temperature using
PST=1200 for pure PST and MgO=10 for pure MgO. Subsequently, dielectric
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properties of several PST:MgO compositions are simulated by Monte Carlo
simulation (the same configuration as Section 3.2.2.2) from -40°C to 200°C (above
Curie-Weiss temperature, Tc). In this case, PST is in paraelectric phase in which its
permittivity follows Curie-Weiss law C/(T-), where as MgO presents constant
permittivity. The results are compared and discussed with experimental data.

3.3.1 Simulation of Dielectric Properties of PST:MgO Composites

Figure 3.11 shows the effective permittivity vs. volume fraction of MgO of
the simulation and experimental results at room temperature. The calculated effective
permittivities using the Wiener boundaries (parallel and series rules), logarithmic rule,
and Wakino‟s empirical equation are plotted in Figure 3.11(b). Again, the simulation
results are averages of 100 runs of Monte-Carlo simulation at different compositions
and temperatures. The simulation results are in general good agreement with the
experimental results. There is a little discrepancy between the experimental results
and the simulation results at high PST volume fraction. From experiments, adding 0.5
wt% (~1 vol%) of MgO results in a permittivity drop from 1200 to 1100. This might
be due to a small amount of chemical reaction between PST and MgO, or
compressive stress created during the preparation. By using 1100 as the permittivity
of a starting PST powders in all the cases, the simulated permittivity of the
composites can be closer to the most realistic values i.e. the experimental results.
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Wakino‟s equation shows reasonably good fitting when the critical volume, f c , is
estimated as 0.9 where the logarithmic line and the current experimental data are
intersected. This implies that the effective permittivity is dominated by PST even up
to the limit slightly less than 90% of MgO in the composite and also taking into
account a minor chemical reactivity between the two components. From Wakino‟s
simulation in two dimensions, a critical volume of 0.65 of a low ε material was
proposed. The difference of the critical volume from Wakino‟s report and this work
might also be due to the fact that there is more freedom of electric path in three
dimensions as compare to a two dimensional system.

Remember the case in Figure 3.4. The rightmost plot can be considered as
the circular inclusion in a two dimensional model, and it has the lowest permittivity
among this set of model. However even with the right most figure in Figure 3.4,
electric field can still find its path to minimize the influence from MgO. It is always
harder to have series like behavior (lower permittivity material dominated) occurred
in three dimensions than in two dimensions if materials are randomly distributed. An
example is shown in Figure 3.12. The system in Figure 3.12 consists of 10% PST,
which is the critical volume f c estimated from Wakino‟s formula. It seems like field
stream lines intended to connect through PST cells in its nature, resulting in an
average effective permittivity of 18.
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In order to model the temperature dependence of effective permittivity,
permittivity of pure PST was measured up to 180°C as shown in Figure 3.13. The pure
Pb0.2Sr0.8TiO3 follows well Curie-Weiss behavior, and the Curie-Weiss constant (C)
and  were estimated to be 8.2104 and -47°C, respectively. Based on the measured
value, the permittivity of pure PST as a function of temperature in paraelectric phase
can be expressed by:

r   1 

8.2  10 4
T  47

(3.27)

where χ is the susceptibility. This expression was then applied in the Monte-Carlo
finite element simulation. Subsequently, a series of eight different PST:MgO
compositions were simulated in a temperature range from -40˚C to 200˚C with 10˚C
interval. Based on the assumption of no reaction occurred while mixing MgO in PST,
the simulation results were treated as dilutions of ferroelectric PST phase. Thus, the
resultant Curie-Weiss constant, C, should remain unchanged. The θ values of eight
compositions were then extrapolated and compared to that calculated from
experimental data.

Figure 3.14 shows the permittivity and reciprocal susceptibility plot of
modeling and experimental results. Some measurement and simulation values are
listed in Table 3.2. For MgO volume fraction from 1% to 35.5% (Figure 3.14(a) to
(d)), the simulation results fit reasonably well with the experimental results at 0˚C and
above. Below 0˚C to near transition temperature, the modeled permittivities, as
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expected, are higher than the measurement values and those reach to larger values
near the transition temperature. The reciprocal susceptibility for both simulation and
experimental results exhibits linear relationship. The Curie-Weiss temperature θ in
this range was estimated at around -50˚C, indicating that there is no variation of the
phase change temperature with addition of MgO in PST. As listed in Table 3.2, both
the measured transition temperature and Curie-Weiss temperature slightly decrease
with increasing MgO volume fraction. Up to 35.5% of MgO in PST/MgO composite,
the modeled reciprocal susceptibilities were linear with respect to temperature. It
appears PST is still the major phase dictating the PST/MgO composites up to 35.5%
volume fraction of MgO. Apparently, it also supports our assumptions that no
reactivity of MgO with PST occurs in the composites.

At 35.5% of MgO, both of the experimental and modeled θ values start to
deviate to a lower temperature. The composite starts to experience the influence from
the non ferroelectric phase MgO (no θ or hypothetical θ-∞ if using Curie-Weiss
law). Observing from simulations, a part of PST starts to lose its connectivity in the
system i.e. less corporative behavior of PST, resulting in a decrease in θ temperature.
It is suggested that there is a percolation limit around 35.5vol% (25wt%) of MgO
where the degradation of ferroelectricity takes place. At 51.5% of MgO, deviation
between the experimental and simulated reciprocal susceptibility was noticeable
(Figure 3.14(e)). Above 51.5% of MgO in PST/MgO composite, the reciprocal
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susceptibilities from simulations exhibit both deviation and non linear behavior near
the transition temperature, and present reasonable linearity above 100˚C (Figure
3.14(f)). Comparing the reciprocal susceptibilities of Figure 3.14(e)-(h), the
curvatures of the experimental data seem to be identical to the simulation curves with
shifted values. Also, the linearity of the reciprocal susceptibilities decreases with
increasing MgO volume fraction in which the degree of linearity of the reciprocal
susceptibilities represents the quality of the ferroelectricity of the composite. It is
believed that there is another percolation limit at high MgO volume fraction, though
the determination of this percolation limit is ambiguous pending on the discussion of
“degree of non linearity”. At 51.5% of MgO and above, the simulated effective
permittivities are larger than the experimental data. Again, it is suspected that there is
a very small amount of MgO solubility in the composite system, or stress created due
to the mismatch of the expansion of the two components, which results in an initial
drop in effective permittivity.

Figure 3.15 shows simulations of effective permittivity as a function of pure
PST permittivity values at 90% PST and 10% PST. When there is 90% PST in the
composite, the resulted effective permittivities are almost linearly proportional to the
PST permittivities. From Figure 3.15(b) where there is only 10% PST in the
composite, non linear relation between effective permittivity and PST permittivity is
observed. Furthermore, when pure PST permittivity is small (far away from the
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transition temperature), drastic change in effective permittivity is observed. Two
factors resulting in a large change of effective permittivity are concluded; low PST
volume fraction, or low pure PST permittivity. Thus, it is expected that by lowering
the initial values of pure PST permittivity for simulation (or by starting the simulation
from a few percentage of MgO), little change in effective permittivities will be
observed for high PST volume fractions i.e. Figure 3.14(a)-(d), and relatively large
change will be observed for low PST volume fractions i.e. Figure 3.14(e)-(h).

Figure 3.11 Effective permittivity vs. volume fraction of MgO at 298k (a) simulation results of
composites using εPST=1100 (□) and εPST=1200 (▲) compare to experimental data (b) simulation
results of composite using εPST=1100 compares to experimental data and Wakino‟s equation
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Figure 3.12 Electric field stream lines of 10% PST inclusions in PST/MgO composite system.
Left and right plots are the same configuration but difference in angle of view. Electric field
stream lines intended to connect through PST cells. The plot on the left represents equivalence
field stream lines over the system. The plot on the right shows one of the many observable
electric field stream lines connected through PST cubes.
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Figure 3.13 Relative permittivity and reciprocal susceptibility vs. temperature plot of pure
Pb0.2Sr0.8TiO3.  and ▲ are the ε and 1/( ε-1) values of pure PST used for calculations at various
temperatures.
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Figure 3.14 Relative permittivity and reciprocal susceptibility as a function of temperature of
PST:MgO= (a) 0.99:0.01 (b) 0.945:0.055 (c) 0.9:0.1 (d) 0.645:0.355 (e) 0.485:0.515 (f)
0.385:0.615 (g) 0.295:0.705 (h) 0.18:0.82 volume ratio. The experimental data are plotted in dash
lines ---, and the modeled data are plotted in solid lines connecting the,  (permittivity) and ▲
(reciprocal susceptibility), data points.
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Table 3.2 Transition temperature, as measured and modeled Curies-Weiss temperatures with
respect to different PST:MgO volume ratio.

Measured Tm (˚C)

Measured θ (˚C)
Modeled θ (˚C)

PST:MgO

(Transition

(Somiya)
Curie-Weiss temp.

temperature)

Curie-Weiss temp.

0.99:0.01

-52.7

-47.3

-47.1

0.945:0.055

-49.7

-48.5

-47.2

0.9:0.1

-49.9

-51.1

-47.4

0.645:0.355

-52.8

-73.9

-55.4*

0.485:0.515

-61.3

-92

-62.3*

0.385:0.615

-69.9†

-108

-114*

0.295:0.705

-76.8†

-136

-151*

0.18:0.82

-89.3†

-273**

-343**

* The linear fits of the modeled reciprocal susceptibilities were performed for temperature
between 100˚C and 200˚C with the best linear fits.
** Unrealistic values. The linear fits were based on the assumption of the composites preserve
their ferroelectric behavior in which 82% of MgO is almost linear dielectric.
† Computed values extracted from very broad dielectric maxima.
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Figure 3.15 Simulation of effective permittivity as a function of pure PST permittivity at
PST:MgO= (a) 0.9:0.1 (b) 0.1:0.9. When there is 90% PST in the composite, the resulting
effective permittivity is almost linearly proportional to the PST permittivity. When there is only
10% PST in the composite, non linear relation between effective permittivity and PST
permittivity was observed.
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3.3.2 Critical Volume of PST:MgO Composites

Wakino et al. proposed a constant critical volume

f c of ~0.65 in

synthesized three dimensional simulations (stacks of two dimensional simulations).
The question arises whether the critical volume is a universal constant while dealing
with different composite systems. Since we have both experimental data and
simulation results for PST:MgO composites over a temperature range from 0-200 °C,
critical volume f c was then estimated through the temperature range. Below 0°C,
there is no intersection between the experimental data and the simulation data and
thus the critical volume cannot be estimated. Figure 3.16 shows the effective
permittivity vs. volume percentage of MgO along with curves of the Wakino‟s
formulas. The results show that the critical volume f c values were sustained at a
constant value around 0.9 over the temperature range of 0-200°C. However, it is
different from Wakino‟s suggestion ( f c ~0.65). Despite the difference in f c values,
Equation 3.25 does help the simulation results fit better with the experimental data, as
the curvatures of Figure 3.16 using f c ~0.9 in Equation 3.25 gave better fits to the
experimental data than the raw simulation results did.

There are several differences between the three dimensional model and
Wakino‟s simulations. In Wakino‟s report, the three dimension calculations were
simulated by stacks of two dimensional planes as shown in Figure 3.17(a). Therefore,
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the inter-planary field interactions were impossible to simulate. In fact, a real
composite has electric field interactions in all three dimensions, which can be
observed in the three dimensional simulation model. Also, the distribution of the two
phases was limited in a specific condition as shown in Figure 3.17(b). For example,
when simulated 10% of one phase and 90% of the other phase in the system, each
two-dimensional plane contains the two phases in a 1:9 fixed ratio. In a real three
dimensional model with the same ratio 1:9, there might be some cross sectional
planes even without phase one; and some other planes with more than 10% of phase
one. In addition, if the critical volume is fixed at a constant value 0.65 for all
dielectrics (or all materials in paraelectric phases), the formula in Equation 3.25 is
completed (all the values ε1, ε2, f1, f2 and fc are known). Thus, any two composite
systems with similar permittivity values will exhibit similar results of the effective
permittivity. It is obviously not true in the real world.

The results suggested that the critical volume is a fixed value, like Wakino
reported, when the materials are in paraelectric phase (or normal dielectrics).
However, it is not a universal constant for all the materials i.e. each composite system
has its own value of the critical volume. With the three dimensional Monte-Carlo
simulation coupling Wakino‟s empirical Equation 3.25, other composite systems in
paraelectric phases (or normal dielectrics) can be precisely simulated over the
temperature range using only one set of measurements at a given temperature.
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Figure 3.16 Effective permittivity vs. MgO volume fraction plots of PST:MgO composites at (a)
0°C (b) 50°C (c) 100°C and (d) 150°C. The solid curves correspond to the Wakino‟s formula with
estimated critical volume. The dashed curves are interpolated from the simulation data.
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Figure 3.17 Illustrations of the difference in Monte-Carlo stacks of 2D simulations and 3D
simulations. Both systems contain 10% of the minor phase. (a) In 2D stacks, field interactions
between planes are not calculated; in 3D field interactions are calculated in every direction. (b) In
2D, each plane contains 10% inclusions; In 3D, the whole system contains 10% inclusions (not
necessary in each cross sectional plane).
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3.3.3 Summary of PST:MgO Model

From three dimensional Monte-Carlo finite element simulation of biphasic
composite, it is suggested that the high permittivity material like PST dominates the
effective permittivities of the composite because of the nature of preferred electric
field path. The effective permittivities of PST:MgO composites could be predicted up
to 35.5% of PST in the paraelectric phase (>-50˚C). For the high PST volume fraction
up to 35.5% in the composite, the reciprocal susceptibilities calculated from both
experimental and modeled data exhibit linear behavior with respect to temperature,
and the extrapolated θs were around -50˚C. As we have used the permittivity values of
the pure components for the calculation, the results also support that there is a
minimum reaction between MgO and PST. With increasing MgO volume fraction,
identical curvatures with shifted permittivity values were observed between the
experimental and simulation data. This discrepancy might, as we assumed, be due to a
few percent of MgO solubility in PST, or a stress created during the biphasic
composite processing. From the simulation of effective permittivity as a function of
pure PST permittivity at high and low PST volume fractions, two factors resulting in a
large change of effective permittivity are concluded; either low PST volume fraction,
or low pure PST permittivity. It is suggested that by lowering the initial values of pure
PST permittivity for simulation, or by starting the simulation from a few percentage
of MgO reactivity, the computer simulation would be able to predict the effective
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permittivities of PST:MgO composite system over the whole composition and
temperature range. In addition, the critical volume f c for PST:MgO composite
system was estimated at ~90%, indicating that even when the composite contains
slightly more than 10% of PST, the resulted effective permittivity is still dominated
by the PST phase. It is supported by the observation of more freedom of the electrical
path available while the two phases are randomized and simulated in three dimensions.
In summary, the dielectric model is able to precisely simulate the resulted dielectric
properties of PST:MgO composite system in PST paraelectric phase using one set of
dielectric measurements at a given temperature.
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Chapter 4
Modeling of Magnetoelectricity

Recently, the studies of magnetoelectric materials have attracted a great deal
of attention in the application of magnetic/electric transformation. In general,
piezoelectric materials are employed as the sources that provide stress coupled
electric polarization, while piezomagnetic or magnetostrictive materials are used as
the sources that provide strain coupled magnetization in magnetoelectric composites.
Computer models of magnetoelectric efficiency are often constructed based on the
coupling of piezoelectric and effective piezomagnetic properties. While in fact, the
form of piezoelectric/magnetostrictive composite has been most commonly used, and
dramatic strain as large as 10-3 (TbDyF2) has been widely reported for
magnetostrictive materials. An ideal magnetostrictive material does not show
hysteresis behavior, which makes it easy to be controlled when coupled with
piezoelectric materials. Furthermore, it is a fourth rank tensor property, which does
not contain axial handedness problem. Therefore in this approach, a model is
constructed to couple fourth rank magnetostriction with piezoelectric in composite
form to precisely and evaluate predict the magnetoelectric efficiency for such
materials.

93

4.1 Piezoelectric Model

The piezoelectric model was confirmed and discussed with the typical
material, Pb(ZrTi)O3 (PZT). The frequency response of a PZT disk was measured and
confirmed with the simulation result. The magnetoelectric model was constructed by
combining the piezoelectric and magnetostrictive models. The magnetoelectric
efficiency of the laminated composite Terfenol-D/PZT/Terfenol-D disk was simulated
and compared with the experimental result reported in the literature

4.1.1 Model Construction

The lowest order electromechanical coupling term, the piezoelectric effect,
was added into the dielectric model (Chapter 3) to obtain the constitutive equation for
piezoelectric model, under constant temperature:
Di   0 ij E j  d imn X mn
X ij  cijkl x kl  emij E m

(4.1)
(4.2)

We 

1
DE;
2

(4.3)

Ws 

1
X x
2

(4.4)

where d imn is the third rank piezoelectric coefficient, X mn is the second rank stress,
cijkl is the forth rank stiffness matrix, xkl is the second rank stain, emij is the
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piezoelectric voltage coefficient, and Ws is the mechanical (stain) energy of the
system. In Equation 4.2, the positive sign in front of the last term is commonly written
in the literature. Here however, the negative sign is chosen based on system energy
conservation argument and recognized by the computer for correct calculation.
Therefore, when dealing with the balance of the total energy, Wtotal  Ws  We .
Depending on the boundary conditions, stress X ij can result in electrical output V ,
and electric field can result in strain output, xij , respectively. The hysteresis behavior
of the piezoelectricity is not taken into account in this model.
Coefficients required in this model are permittivity, piezoelectric coefficient, and
elastic stiffness coefficient of the constitute materials. The permittivity under different
elastic condition can be converted using the following relation:
E
 ijx   ijX  d ikl d jmncklmn

(4.5)

where  ijx and  ijX are susceptibility under constant strain and stress condition,
respectively, and   1   . The piezoelectric coefficient and piezoelectric voltage
coefficient are related in terms as:
E
d mkl  emij  sijkl
or

E
emkl  d mij  cijkl

(4.6)

E
where sijkl
is the elastic compliance in constant E field. The elastic compliance can

be obtained through the inverse matrix of stiffness, (s)  (c) 1 .
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In the FEMLAB software package, frequency response can be analyzed by
coupling the piezoelectric model with the structural model. The simulation of the
frequency response of piezoelectric properties is based on the equations above with
additional density term (  ) and the time delay function. Each nodal point has a mass
component which thus enables the calculation of its oscillation. Forces (stress) are
treated as interference within each nodal point. When the resonances correlating the
system dimension are reached, overall evaluations and larger mechanical response can
be obtained.

4.1.2 Piezoelectric Model Verification and Discussion

To verify the piezoelectric model, the impedance amplitudes of a
commercial PZT transducer was measured as a function of frequency by a HP4291A
material analyzer, and the experimental result was compared with the simulation
result. The impedance in the model is simply obtained by Ohm‟s law Z=V/I, where Z
is the impedance value, V is the input electrical potential and the current, I, is
estimated by an integration of current flow over the outlet surface. The radius and the
thickness of the PZT disk transducer were 8 mm and 1.6 mm, respectively. The
density of the specific PZT is 7730 kg/m3. Other coefficients of the specific PZT are
listed in Table 4.1.
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The frequency response of the PZT was measured up to 1 MHz. The
experimental result is compared with the simulation result, which is depicted in
Figure 4.1. The piezoelectric model is in good agreement with the experimental result
where the first several resonance peaks and slops are perfectly matched. The
advantage of the computer modeling is the ability to actually resolve the strain
distribution on the PZT transducer. Hence, a specific mode at a certain resonance
frequency can be readily identified. Figure 4.2 shows the displacement (strain)
distribution of the simulated PZT disk at the resonance frequency of interest. In the
disk geometry, resonance effect is primarily resulted from the radial and thickness
mode. As the longest dimension, the first resonance frequency at 144 kHz was
identified as the first radial mode (half wave). Due to the round geometry, waves in
even modes (2, 4, 6, etc.) are omitted owing to the cancelation of the incident and
responding waves in the x-y plane. Hence, the second radial mode at 346 kHz was
observed to be one and a half wave. Taking advantage of the graphic visualization, the
first thickness mode of the PZT disk was able to be predicted at 1.37 MHz (right most
plot of Figure 4.2), by extending the simulation to 2 MHz.

In summary, frequency dependence of piezoelectricity was successfully
modeled, and the resonance modes were identified and predicted for a commercial
PZT transducer with the specific geometry. The piezoelectric model will be adopted
in the later sections for the simulation of magnetoelectric effect.
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Table 4.1 Coefficients for PZT transducer (from commercial datasheet)

Piezoelectric coefficient (d) for PZT transducer (pC/N)
0

0

0

0

578

0

0

0

0

578

0

0

-254

-254

426

0

0

0

Elastic stiffness coefficient (C) for PZT transducer (×1010 N/m2 )
9.5

4.9

5.4

0

0

0

4.9

9.5

5.4

0

0

0

5.4

5.4

9.7

0

0

0

0

0

0

3.1

0

0

0

0

0

0

3.1

0

0

0

0

0

0

3.1

Effective permittivity under

Effective permittivity under

constant stress, X

constant strain, x

2600

0

0

3780

0

0

0

2600

0

0

3780

0

0

0

2800

0

0

9515
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Figure 4.1 Impedance vs. frequency of the PZT transducer. The bolder line is the experimental
data measured by a HP4291A impedance analyzer; and the thinner line is the simulation data. The
impedance values of the experimental and simulation data are normalized to compare the
resonance peaks of the experimental and simulation results.
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Figure 4.2. Strain distribution of PZT disk at resonance frequencies. The displacements are
exaggerated in order to observe the resulted strains and the change of shape after simulation. The
three upper plots show the strain distribution in the vertical directions (z-direction) and the three
lower plots show the strain distribution in the horizontal directions ( x 2  y 2 ).
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4.2 Magnetostrictive Model

4.2.1 Experimental Data to Simulation input

Magnetostriction relates mechanical energy to the square of magnetic field.
It is a higher order effect to piezomagnetism, however, in practical magnetic materials
the quadratic magnetostrictive effect is often far larger than the linear piezomagnetic
effect. It is written in tensor form as:
xij  N ijkl  I k  I l

(4.7)

where N ijkl is the magnetostrictive coefficient and I k , I l are magnetizations. The
magnetostrictive coefficient in matrix form is formatted in a 66 matrix in voigt
notation (e.g. N1111=N11). The number of experimental measurements required ranges
from 36 in the triclinic point group to 2 in isotropic materials. Luckily, most of the
giant magnetostrictive materials are in high symmetry cubic group m3m and thus the
magnetostriction coefficient can be reduced to N11, N12 and N44 and the N matrix can
be written as:
 N 11
N
 12
N
N ij   12
 0
 0

 0

N 12
N 11

N 12
N 12

0
0

0
0

N 12
0

N 11
0

0
N 44

0
0

0

0

0

N 44

0

0

0

0

0 
0 
0 

0 
0 

N 44 

(4.8)
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The magnetostriction of a material is often characterized by its saturated
strain, . For magnetostrictive materials with cubic or pseudo-cubic structures, 111
and 100 values are commonly reported. To calculate the magnetostrictive response
of a material in all directions, a set of direction cosines is assigned to the
magnetostriction vector and another set is assigned to the direction in which the strain
is measured.
I 1  1 I s ; I 2   2 I s ; I 3   3 I s

(4.9)

'
x33
  i  j xij  12 x11  1  2 x12  1  3 x13  ...   3 1 x31   3  2 x32   32 x33

(4.10)

A schematic drawing of the relation of the saturated magnetization and
strain measure direction with corresponding directional cosines are shown in Figure
4.3.  1 ,  2 ,  3 are the angles between z1, z2, z3 crystallographic axis and the
saturated magnetization I s . β1, β2, β3 are the angles between z1, z2, z3
crystallographic axis and the direction Z‟ in which x‟33 (X‟3 in voigt notation) is
measured. Nitice that the direction vectors α and β have the relation of α12+α22+α32=1
and β12+β22+β32=1. Thus, the matrix formula for m3m group is:
 x1   N 11
  
 x 2   N12
x  N
 3    12
 x4   0
x   0
 5 
x   0
 6 

N12
N 11

N12
N12

0
0

0
0

N12
0

N 11
0

0
N 44

0
0

0

0

0

N 44

0

0

0

0

0   12 I s2 


0   22 I s2 
0   32 I s2 


0   2 3 I s2 


0   3 1 I s2 
N 44   1 2 I s2 

Six equations can be obtained from the matrix expansion:

(4.11)
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x1  h0  h1 12

(4.12)

x 2  h0  h1 22

(4.13)

x3  h0  h1 32

(4.14)

x4  h2 2 3

(4.15)

x5  h2 31

(4.16)

x6  h21 2

(4.17)

where h0 , h1 and h2 are:
h0  N12 I s2

(4.18)

h1  ( N11  N12 ) I s2

(4.19)

h0  N 44 I s2

(4.20)

Substituting Equation 4.12-4.17 into Equation 4.10, the strain expression for an
arbitrary direction Z‟ is then:
x3'  x s  h0  h1 ( 12 12   22  22   32  32 )  2h2 ( 1 2 1  2   1 3 1  3   2 3  2  3 )

(4.21)
Here, xs is the resulted strain in direction Z‟. For cubic magnetic materials, the easy
axes for magnetization are either along body diagonal <111> direction group or cubic
edge <100> group (<111> for cubic and <100> for pseudo-cubic e.g. tetragonal 4/mm‟
m‟). It is important to choose a correct reference state x‟3(0). If the <111> directions
are the easy axes of magnetization, there are eight equally favored domain states in
which their direction cosines are:
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1

[111]

1 

[1 11]

1  

[1 1 1]

1 

1

[11 1]

1 

1

[1 1 1]

1  

[1 1 1]

1 

[1 1 1]

1  

1

[1 1 1]

1  

1

3

1

3

1

, 2  

1

, 2 

1
3

1
3

3

, 3 

, 2 

3

3

1

, 2 

3

, 3 

1

, 3  

1

1

, 2  

, 2  

3

1

3

3

, 2 

3
1
3

(4.23)

3

(4.24)

3

(4.25)

3

, 3 

1

, 3  

1

, 3  

1

3

1

, 2  

(4.22)

3

, 3 

3

1

1

1
3

(4.26)

3

(4.27)

3

, 3  

(4.28)

3
1
3

(4.29)

Substituting Equation 4.22-4.29 into Equation 4.21 and let them to be equaled, the
result is:
x s (0)  h0 

h1
3

(4.30)

On the other hand if the <100> group is the easy axes, there are six equally
favored domain states and the direction cosines are:
[100 ]

1  1, 2  0, 3  0

(4.31)

[ 1 00]

1  1, 2  0, 3  0

(4.32)
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[010 ]

1  0, 2  1, 3  0

(4.33)

[0 1 0]

1  0, 2  1, 3  0

(4.34)

[001]

1  0, 2  0, 3  1

(4.35)

[00 1]

1  0, 2  0, 3  1

(4.36)

Substituting Equation 4.31-4.36 into Equation 4.21 and let them to be
equaled, the result comes out as the same as Equation 4.30. Thus for cubic or
pseudo-cubic crystal symmetry materials, the reference state is independent of the
easy axes direction. The net magnetostrictive strain relative to the demagnetization
state is then:
1
3

  x s  x s (0)  h1 ( 12 12   22  22   32  32  )  h2 ( 1 2 1  2   1 3 1  3   2 3  2  3 )
(4.37)
h1 and h2 values can be calculated from the two measured saturated strain λ111 and λ100.
λ111 represents the applied magnetization I and the strain measured at the same
direction [111]. Therefore, α1= α2= α3=β1= β2= β3=1/√3. Substituting the direction
cosines in Equation 4.37 then:

111 

h2
3

(4.38)

Here λ111 represents the applied magnetization I and the strain measured at the same
direction [100]. Then, α1=β1=1 and all other cosines are zero. Substituting the
direction cosines in Equation 4.37 we have:
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100 

2h1
3

(4.39)

Re-writing Equation 4.37 and introducing Equation 4.38 and 4.39 then:
3
2
3111 ( 1 2  1  2   1 3 1  3   2 3  2  3 )

1
3

  x s  x s (0)  100 ( 12 12   22  22   32  32  ) 

(4.40)

Using the expression above, the saturation strain of a cubic magnetostrictive material
along any direction can be expressed by 111 , 100 and its direction cosines.
However in order to model the forth rank magnetostrictive effect with different
applied magnetic field, the actual N matrix is still needed. From Equation 4.19, 4.20,
4.38 and 4.39, the relationship between N11, N12, N44, 111 and 100 can be
expressed as:

100  ( N11  N12 ) I s2

2
3

(4.41)

1
N 44 I s2
3

(4.42)

111 

Here we have two equations with three variables N11, N12 and N44. Notice the
condition of 100 is that the applied magnetization and the measured strain are along
[100] direction, that is:
x1  100 

2
( N 11  N 12 ) I s2  N 11 I s2
3

(4.43)

Rearrange Equation 4.43 then we have the third relationship:
N11  3N12

(4.44)
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So far, the measurement values 111 100 can be converted to magnetostriction
matrix N for computer simulation. The complete magnetostrictive coefficient matrix
in terms of experimental values is:
 8100
 I2
 s
 8100
 3I s2
 8
 100
 3I s2
N 
 0


 0

 0


8100
3I s2
8100
I s2
8
 100
3I s2


8100
3I s2
8
 100
3I s2
8100
I s2


0

0

0

0

0

0

0

0

3111
I s2

0

0

0

3111
I s2

0

0

0

0

0


0 

0 


0 


0 


0 

3111 
I s2 

(4.45)
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Figure 4.3 A schematic diagram of the direction of magnetization, I, and measured strain, Z‟, with
their directional cosines with respect to the crystallographic axis Z1, Z2 and Z3. α1,α2 and α3 are
the angles between magnetization direction and Z1, Z2 and Z3. β1, β2 and β3 are the angles between
measured strain direction and Z1, Z2 and Z3, respectively.
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4.2.2 Model Construction

The finite element platform described in the previous chapter is adopted for
the magnetostriction model with different constitutive equations. Magnetostrictive
materials are characterized by the state variables u, v, w, H, where u, v, w are
materials displacements in (x, y, z), spatial coordinates. The magnetic field H is used
instead of magnetization I expressed in the previous section. H and I share the same
unit (Oe or A/m) but different in their definition. However for the modeling point of
view if the boundary conditions are carefully selected, the results will make no
difference. For example, the body gravity of a specimen in computer simulation can
be addressed as an equivalent force at the boundary. The constitutive equations for a
theoretical magnetostriction model are:
Bi  ij  H j  N ijkl  xkl  H j

(4.46)

X ij  cijkl  xkl  N klij  H k  H l

(4.47)

WM 

1
( H i  Bi )
2

(4.48)

Wms  WS  WM  WE

where

Bi

is the magnetic displacement,

(4.49)
 ij

the permeability,

N ijkl

the

magnetostrictive coefficient, and Wms the total energy for the magnetostriction
materials. The term N ijkl  xkl  H j in Equation 4.46 is the inverse magnetostrictive
effect and N klij  H k  H l in Equation 4.47 is the magnetostriction effect. The above
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equations can be readily obtained from free energy derivations under constant
temperature and zero stress conditions. If only the magnetostrictive effect is interested,
Equation 4.47 can be ignored. Equation 4.47 is adopted in order to model the
mechanical strain/stress coupling between the piezoelectric and magnetostrictive
materials.

4.2.3 Modeling of Giant Magnetostrictive Terfenol-D

Terfenol-D (Tb0.27-0.30Dy0.73-0.70Fe1.90-1.95) alloys have been reported to have
giant magnetostrictive effect. It is a pseudo-cubic material and its saturated strain can
be as high as 10-3. The input parameters for computer simulations were reported by
Sandlund et al., which are listed in Table 4.2.

Table 4.2 Materials properties of the specific Terfenol-D reported by Sandlund et al.

Terfenol-D

λ111
ppm
1700

λ100
ppm
100

Is
T
0.7

Density ρ
kg/m
9.210-3

Permeability

2.2

C11
GPa
82

C12
GPa
40

C44
GPa
38

From the experimental results, the magnetostrictive coefficients for
simulation input are N11=2.5810-9, N12=8.610-10 and N44=1.6410-8 m2/A2. To
confirm that the magnetostrictive matrix N is a complete transformation of the
saturation strain λ, parametric plots of N and λ values in spherical coordinates are
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compared. The two spatial coordinate are converted by the expression below:
3
2

1
3

  100 ( 14   24   34  )  3111 ( 12 22   12 32   22 32 )

(4.50)

1  sin  cos

(4.51)

 2  sin  sin 

(4.52)

 3  cos

(4.53)

α1, α2 and α3 are the direction unit vectors in Cartesian coordinates and θ
and  are the rotation angles in spherical coordinates. A schematic plot of the θ and
 angles in spherical coordinates is shown in Figure 4.4. Equation 4.50 is the

saturation strain of a magnetostrictive material applying magnetic field and measuring
strain at the same direction (α1,α2,α3) in Cartesian coordinates. θ is the tilting angle
between the strain direction and the crystallographic Z3 axis (north pole) where 0 ≤ θ
≤ π.  is the horizontal rotation angle starting from the crystallographic Z1 axis
where 0≤  ≤2π.

Figure 4.5(a) and (b) are the parametric plots of the direct saturated strain
λ‟ii and the direct N‟ii coefficient value in all directions. Here the “direct” means the
applied magnetic field and the measured strain are along the same direction e.g. in
Figure 4.5(a), vector [111] with its quantity r represents that if one applies magnetic
field and measures strain along [111] direction, the saturation strain will be the value r.
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λ‟ii is plotted based on Equation 4.50.

In order to evaluate the magnetostrictive N, matrix form Nij is more
efficient in calculations compared to the tensor form Nmnop. A 66 matrix, α, is
commonly used for matrix transformation of a forth rank matrix. To avoid the
confusion of this matrix with the previously defined direction vector (α1,α2,α3), it is
labeled as A matrix and is defined as:

 a112

2
 a 21
 a2
A   31
 2a 21a31

 2a11a31
 2a a
 11 21

a122
2
a 21

a132
2
a 23

2a12 a13
2a 22 a 23

2a11a13
2a 21a 23

2
a32
2a 22 a32

2
a33
2a 23 a33

2a32 a33
a 23 a32  a 22 a33

2a31a33
a 23 a31  a 21a33

2a12 a32
2a12 a 22

2a13 a33
2a13 a 23

a13 a32  a12 a33
a13 a 22  a12 a 23

a13 a31  a11a33
a13 a 21  a11a 23





2a31a32

a 22 a31  a 21a32 

a12 a31  a11a32 
a12 a 21  a11a 22 
2a11a12
2a 21a 22

(4.54)
aij is a 33 matrix which is served for direction transformation between Cartesian
coordinates and spherical coordinates provided in Equation 4.55 and illustrated in
Figure 4.6:
 sin  cos sin  sin 

aij   cos cos cos sin 
  sin 
cos


cos 

 sin  
0 

(4.55)

The magnetostrictive coefficient N‟ii in arbitrary direction can be evaluated through
the matrix transformation:
N ii'  A  N  At

(4.56)
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where At is the transpose of A matrix. Thus the parametric plot of N‟ii can be
calculated based on Equation 4.56 as:
N11'  a112 (a122 N12  a132 N12  a112 N11 )  a122 (a112 N12  a132 N12  a122 N11 )
 a132 (a112 N12  a122 N12  a132 N11 )  4a112 a122 N 44  4a112 a132 N 44  4a122 a132 N 44

(4.57)

Figure 4.5(b) shows the contour magnetostrictive coefficient N‟11 of the
Terfenol-D in spherical coordinates. Figure 4.5(a) and (b) are calculated based on
different governing equations, and the contours of the saturated strain λ‟ii and the
magnetostrictive coefficient N‟ii are identical but different in value. Thus, complete
transformation of experimental saturation strain λ111 and λ100 to theoretical N matrix is
confirmed.
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Figure 4.4 A schematic plot of spherical coordinates. Z1, Z2 and Z3 are the crystallographic axes. θ
is the tilting angle between the strain direction and the crystallographic Z3 axis (north pole) where
0≤θ≤π.  is the horizontal rotation angle starting from the crystallographic Z1 axis where 0≤ 
≤2π.
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Figure 4.5 Parametric plots of (a) saturated strain λ and (b) magnetostrictive N‟ 11 matrix. r is the
(a) saturation strain and (b) N coefficient value along the direction of interest.
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Figure 4.6 Relationship of directions/angles between Cartesian coordinates and spherical
coordinates. 1‟ corresponds to the direct response where a11=α1=sinθcos  ; a12=α2=sinθsin  ;
a13=α3=cosθ. 2‟ and 3‟ correspond to 1-2 and 1-3 responses (in tensor transformations of a2j and
a3j).
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4.3 Magnetoelectric Model

In this section, magnetoelectric efficiency is evaluated by coupling the
piezoelectric model and the magnetostriction model. A laminated composite structure
reported by Ryu et al. was select for evaluation of the model quality.

4.3.1 System Configuration and Material Parameters

A magnetostriction/piezoelectric/magnetostriction structure is selected to
examine the simulation quality of magnetoelectric efficiency; an experimentally
performed system with this configuration was reported by Ryu et al. Figure 4.7 shows
the modeling geometry of the laminated magnetoelectric device. The system is in disk
shape containing three layers. A piezoelectric layer, Pb(Zr,Ti)O3 (PZT), is sandwiched
by two layers of magnetostrictive materials, TbDyF2 (Terfenol-D). The assembly has
a diameter of 12.7 mm. Top and bottom Terfenol-D layers have thickness of 1 mm
and the PZT layer has thicknesses of 0.5, 0.6 or 0.7 mm. Some parameters of the PZT
of interest are listed in Table 4.3. The piezoelectric voltage e31 of the PZT is estimated
to be one-third of e33 in value with negative sign based on the reason that most of the
PZTs have Poisson‟s ratio around 0.3. In the magnetic/electric transformation process,
there are three major losses: the electrical, magnetic, and mechanical losses. Due to
lack of information, only dielectric loss ( tan(  ) ) is considered. The density for PZT is
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8000 kg/m3 from the commercial datasheet, and that for the terfenol-D is estimated to
be 9200 kg/m3 from a similar Terfenol-D reported by Sandlund et al.

Figure 4.7 Geometry of the laminated magnetostriction/piezoelectric/magnetostriction structure.
The piezoelectric PZT disk is sandwiched by two magnetostrictive terfenol-D materials. The
assembly has a diameter of 12.7 mm. Each of the terfenol-D disks has a thickness of 1 mm. The
thickness of PZT disk varies from 0.5-0.7 mm.
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Table 4.3. Material properties of the specified PZT and Terfenol-D

PZT (APC840)

Terfenol-D

ε

1250



5

λ111

1.710-3

Tanδ

0.004

N11 (m2/A2)

2.5810-9*

λ100

0.110-3

e33 (mVm/N)

25.6

N12 (m2/A2)

8.610-10*

d33 (pC/N)

320

N44 (m2/A2)

1.6410-8*

C11 (GPa)

130

C11 (GPa)

82

C12 (GPa)

80

C12 (GPa)

40

C44 (GPa)

23

C44 (GPa)

38

* Nijs are calculated based on the measurement values λ111 and λ100
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4.3.2 Measurement of Magnetoelectric Coefficient

The measurement of the magnetoelectric effect in composites requires a DC
bias along with an AC magnetic field. A permanent magnet or a DC electromagnet
can provide the DC bias. Bunget and Raetchi have proposed and used a different
experimental configuration. Since in the magnetoelectric composites the electric
polarization is a function of the applied electric and magnetic fields, one can apply
them simultaneously and measure polarization. They have measured the polarization
by keeping the electric field constant and varying the magnetic field. Thus the ratio of
the increase in polarization per unit increase in magnetic field gives the
magnetoelectric coefficient. The experimental results reported in this thesis work
were reported by Ryu et al. using a similar method.

The magnetoelectric properties were measured in terms of the variation of
the magnetoelectric voltage coefficient dE/dH as a function of DC magnetic bias field.
An electromagnet (GMW 5403 Magnet, Power and Buckley Inc., New Zealand) was
used for the bias field up to 0.45 T (4.5 kOe). The coefficient was measured directly
as response of the sample to an AC magnetic input signal at 1 kHz and 1 Oe of
amplitude superimposed on the DC bias field, both parallel to the sample axis. A
signal generator (DS340, Stanford Research Systems) was used to drive the
Helmholtz coils and generate the AC magnetic field. The electric charge generated
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from the piezoelectric layer was measured through a charge amplifier (5010B Dual
Mode Amplifier, Kistler Instrument Co, NY). This amplifier was designed for
converting a charge signal from the piezoelectric transducer into a proportional output
voltage. The output voltage from the amplifier was measured with an oscilloscope
(HP54645A, Hewlett Packard Co.).

The measured voltage represented an electric charge from the piezoelectric
PZT layer under a short-circuit condition. The output voltage was obtained from
charge and the capacitance of the PZT layer of the composite, using V=Q/C (1 kHz).
The output voltage divided by the thickness of the PZT layer and the AC magnetic
field gives the magnetoelectric voltage coefficient of the samples. A schematic
diagram of the measurement setup for the magnetoelectric effect is shown in Figure
4.8.
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Figure 4.8 Schematic diagram of the magnetoelectric coefficient measurement system
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4.3.3 Simulation Results and Discussions

Simulations of magnetoelectric effect were performed based on DC
characteristics. A DC magnetic field from 100-5000 Oe (for matching with the
measurement values) was assigned in the magnetic domains for the biased condition.
The initial bias was applied along z direction in the system. The AC field was
simulated by considering one cycle of additional 2 Oe DC field along z direction.
After the simulation, the resulted electrical energy was integrated throughout the
system. Thus a straightforward magnetoelectric voltage coefficient dE/dH can be
calculated instead of experimentally applying magnetic field and measuring electric
polarization or applying electric field and measuring magnetization, Figure 4.9 shows
one of the simulation images of the laminated magnetoelectric composites. The
displacement in Figure 4.9 is exaggerated for visualization purpose. In Figure 4.9, the
two layers of Terfenol-D experienced an initial magnetic bias (100-5000 Oe),
resulting in tensile stresses along z direction and compressive stresses along x-y plane.
Subsequently, stresses were balanced between the magnetostrictive and piezoelectric
layers, and the PZT layer had initial displacements along x, y and z directions. After
initial bias setup, an additional 2 Oe DC field was applied on the magnetic domains,
and the electrical output was collected.
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Figure 4.9 A simulation image of the laminated magnetoelectric composite. The graph is taken at
the applied magnetic field of 5000 Oe along z-axis. The displacements are exaggerated for the
observation of the resulted strains and the change of shape.
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4.3.3.1 Simulation of Magnetoelectric Voltage Coefficient

Ryu et al. examined three different configurations of the laminated
magnetoelectric composites which are shown in Figure 4.10. The piezoelectric PZTs
for all three configurations were oriented with their d33 along the thickness direction
(z direction in the simulation model). In Figure 4.10(a), the composite was made with
two Terfenol-D disks that have their magnetostriction along the thickness direction
(T-T composite represents the two magnetostrictive domains are oriented in the
thickness direction). In Figure 4.10(b), the composite was made with one Terfenol-D
disk oriented along the thickness direction and the other Terfenol-D disk along the
radial direction (T-R composite). In Figure 4.10(c), the composite was made with two
disks that have their magnetostrictions along the radial direction (R-R composite).
They reported that the R-R composite exhibited the highest magnetoelectric voltage
coefficient among the three set. Therefore, the simulation was started with R-R
configuration.

It was previously derived that the magnetostrictive easy axes are along
<111> crystallographic direction (λ111). Therefore for this set of the models, (111)
direction of the Terfenol-D is pointed at the X axis of the system. The results of
magnetoelectric voltage coefficient vs. bias magnetic field are plotted in Figure 4.11
(both experimental and simulation results). When magnetic field under 1000 Oe was
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applied, the simulated magnetoelectric voltage coefficient vs. magnetic field of the
laminated composite follows a similar trend as the experimental data. Discrepancy of
the simulation results and the experimental results was present when magnetic biases
over 1000 Oe were applied. Notice that in this simulation model (defined by the
constitutive equations) the magnetostriction presents quadratic behavior in
magnetic-mechanical response while the piezoelectric presents linear behavior in
electrical-mechanical response. Therefore, both of the experimental data and the
simulation results exhibit non-linear coefficient values in low magnetic field (~500
Oe). Above 1000 Oe, the simulated magnetoelectric coefficients did not saturate and
reached large values at the end of the simulations. This result was explained due to
the fact that the theoretical model does not contain the concept of saturation. In order
to model the magnetoelectricity of the composite with saturation effects, two
modified models were then proposed.

In reality, both piezoelectric and magnetostrictive materials have their
saturated strains limited by the maximum electrical or magnetic polarization
achievable from microscopic point of view, under a given set of boundary conditions.
To simulate the saturated strain for both piezoelectric and magnetostriction models,
the constitutive Equation 4.2 and 4.47 for piezoelectric and magnetostrictive models
are modified as:
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X ij  cijmn  xmn  emij 

Em
Em
1
Es

X ij  cijkl  x kl  N klij 

Hk  Hl
Hk Hl
1
H s2

(4.58)

(4.59)

Figure 4.12 shows a schematic representation of the strain-charge relation
for both modified Equations 4.58 and 4.59. From Equation 4.58, strain-charge relation
follows the linear Equation 4.2 when the applied electric field is reasonably small
compared to the saturated field. At large field, the right most term of Equation 4.58
approaches a limit (approximately emij  E s ), and resulted in a saturated strain. A
similar approach was applied to the magnetostrictive model with double H fields. In
Equation 4.59, strain-charge relation follows the quadratic Equation 4.47 when the
applied magnetic field is relatively small. The strain is saturated upon large field
condition. Both modified equations preserve their tensor behaviors in low electric or
magnetic fields. The combination of Equation 4.58 and 4.59 is entitled as the
saturation model, which will be used in the following discussions.

The magnetoelectric voltage coefficient is then evaluated using the
modified constitutive equations and the results are compared with the experimental
data as shown in Figure 4.13. From Figure 4.13, the maximum magnetoelectric
voltage coefficient (approximately 4600 mV/Oe.cm) was obtained at magnetic field

127

of ~4500 Oe experimentally where as it reaches its maximum value of 5200
mV/Oe.cm at 5000 Oe through simulation. Owing to the assumption of perfect
boundaries between PZT/Terfenol-D interfaces, the simulation values show some
discrepancies with the experimental data but they are not too far off.

In addition to modify the constitutive equations in mathematical terms,
another modified equation is used for the magnetostrictive model, which gives the
saturation

behavior

some

physical

characteristics.

It

is

known

that

for

magnetostrictive materials the origin of saturation strain is from the saturation of
magnetization. Langevin function, named after Paul Langevin, is best known for
arising in the calculation of the magnetization of an ideal paramagnetic material.
When a material is in paramagnetic phase, the magnetization and magnetic field can
be related as:
1

I ( x)  C  coth x  
x

x

H  I0
k BT

(4.60)

(4.61)

where I(x) is the magnetization. C is a materials variable. I0 is the demagnetization
state. kB and T are the Boltzmann constant and temperature, respectively. Because
Terfenol-D has high symmetry (cubic or pseudo-cubic) crystal structure, its third rank
hysteresis behavior can be ignored. Therefore, it is suitable to describe its
magnetization using the paramagnetic formulas. The modified Langevin equation for
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the simulation is listed as:
X ij  cijkl  xkl  N klij  H k'  H l'

1
H k'  C  coth( B  H k ) 
B  Hk


(4.62)




(4.63)

where H‟k and H‟l are the effective magnetizations. Hk is the applied magnetic field. C
and B are coefficients that can be easily obtained by curve fitting. In this thesis, the
Terfenol-D was estimated to have C=1.63 A/m and B=7.710-3 m/A (although the unit
Oe is widely seen in this thesis, all simulations were constructed and performed in SI
units). After the B and C coefficients were estimated by fitting λ100 curve, a simulation
run was performed on λ111 which is shown in Figure 4.14. The simulation result was
in good agreement with the experimental data. Subsequently, modeling of the
magnetoelectric coefficient was performed with the same system configuration
described in the beginning of this chapter.

To compare the experimental data with the three simulation models using
three different constitutive equations which were described above, magnetoelectric
coefficient of 5 mm thickness PZT with the highest efficiency is plotted in Figure
4.15. From Figure 4.15, in low magnetic field the saturation model has dramatic
increments of the magnetoelectric voltage coefficient with increasing bias field, while
in high magnetic field the modeled magnetoelectric voltage coefficient saturates more
rapidly compared to the modified Langevin model and the experimental results. It is
observed that the simulated magnetoelectric voltage coefficients from the modified
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Langevin model are closer to the experimental values in which its magnetoelectric
voltage coefficient reaches 4950 mV/Oe.cm at magnetic field of 5000 Oe. Also, the
curvature of the modified Langevin model from Figure 4.15 is much similar to the
experimental results compared to the saturation model i.e. its magnetoelectric
behavior is similar to the real laminated composite. This is due to the successful
conversion of the magnetization in the material with respect to the applied magnetic
field. It is suggested that the real magnetoelectric laminated composite produced by
Ryu et al. has high quality as the experimental magnetoelectric coefficients yielded
approximately 90% of the idea magnetoelectric efficiency from simulations.
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Figure 4.10 Schematic illustrations for three different Terfenol-D/PZT/Terfenol-D composites by
Ryu et al. (a) the composite was made with two Terfenol-D disks that have their magnetostriction
along the thickness direction (b) the composite was made with one Terfenol-D disk with
thickness magnetostriction direction and the other Terfenol-D disk with radial magnetostriction
direction (c) the composite was made with two disks that have their magnetostriction along the
radial direction.
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Figure 4.11 Plot of magnetic bias field vs. magnetoelectric voltage coefficient of the R-R
composites.
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Figure 4.12 Demonstration of strain-charge relation of modified (a) piezoelectric and (b)
magnetostrictive equations. Piezoelectric and magnetostriction preserve their linear and quadratic
behavior in small field and approach limits among saturation fields.
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Figure 4.13 Plots of magnetic field vs. magnetoelectric voltage coefficient of the experimental
result and the modeling result using modified magnetostriction matrix.
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Figure 4.14 Experimental data by Sandlund et al. and simulation result of magnetostrictive λ111
using modified Langevin model
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Figure 4.15 Comparison of three simulation models and the experimental results.
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4.3.3.2 Crystallographic Direction of Terfenol-D

Ryu et al. compared the T-T, T-R and R-R composites as described in the
previous section and concluded that the R-R composite exhibits the best
magnetoelectric efficiency among three. It is interesting to know if this particular
structure can be further improved in its magnetoelectric efficiency by rotating the
crystallographic direction in addition to the three configurations proposed by Ryu et
al. In this section, magnetostrictive responses with respect to crystallographic
directions of the specific Terfenol-D are discussed. Subsequently, simulation of the
magnetoelectric effect was performed and discussed.

For Ryu‟s configuration, magnetic biases as well as AC fields were applied
on the normal direction of the surface of the magnetoelectric disks. The
magnetostrictive Terfenol-D experienced the magnetic field, resulting in an
elongation along its normal direction and simultaneously a compression along the
radius direction. The piezoelectric PZT received the compressive stress and convert
the mechanical stress into electrical output. From the description above, the
magnetoelectric efficiency of this configuration depends on the strength of the
compressive stress communicating the magnetostrictive and the piezoelectric
materials i.e. the effective N┴ values of the magnetostrictive materials. Here, N┴ is
defined as the resulted mechanical response which is perpendicular to the applied
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magnetic field. In spherical coordinates, the transverse response is estimated from a
combination of two quantities N‟12 and N‟13. The prime notation in N‟12 and N‟13 is
used to avoid the confusion with the crystallographic N12 and N13 coefficient of the
materials, respectively. N‟12 and N‟13 can be calculated in any direction of interest
based on Equation 4.54 and 4.56 as:
2
2
2
2
2
2
2
2
2
N12'  (a122 a 21
 a132 a 21
 a112 a 22
 a132 a 22
 a112 a23
 a122 a 23
) N12  (a112 a 21
 a122 a 22
 a132 a 23
) N11

 4a11a12 a21a 22 N 44  4a11a13a 21a 23 N 44  4a12 a13a 22 a 23 N 44
N 13'  (a122 a312  a132 a312  a112 a322  a132 a322  a112 a332  a122 a332 ) N 12  (a112 a312  a122 a322  a132 a332 ) N 11
 4a11a12 a31a32 N 44  4a11a13 a31a33 N 44  4a12 a13 a32 a33 N 44

(4.64)

(4.65)

where aij are the direction cosines which can be substituted using Equation 4.55. The
contour of effective magnetostrictive coefficient N‟12 in all directions is plotted in
Figure 4.16(a). The Z1-Z3 cross section of N‟12 is plotted in Figure 4.16(b). The
contour of effective magnetostrictive coefficient N‟13 in all direction is plotted in
Figure 4.17. Since N‟12 and N‟13 is always perpendicular to each other, the transversal
magnetostrictive response N┴ is then calculated by combining the coefficient
quantities of N‟12 and N‟13:
N   N12'2  N13'2

(4.66)

The contour of effective transversal magnetostrictive coefficient N┴ in all
direction is plotted in Figure 4.18. It is observed from Figure 4.18 that the maximum
N┴ occurs when the magnetic field is applied at the <110> crystallographic direction
group (12 directions) of the specific Terfenol-D where the cosine angle between
<110> and Z3 axis is 45°. In Ryu‟s configuration, the Terfenol-D was oriented with

138

the direction group <111> where the cosine angle between <111> and Z3 axis is
approximately 57° ( cos  1/ 3 ). The calculation result indicates that the
magnetoelectric efficiency can be improved by aligning the specific Terfenol-D with
its <110> along the field direction.

The disk shape laminated magnetoelectric composite was then reconfigured
and examined with the Terfenol-D phase having its <110> crystallographic axis along
the magnetic field direction (Z direction). Figure 4.19 shows the simulation
magnetoelectric voltage coefficient with respect to the applied magnetic bias of this
model. It is exciting that the simulation results show an approximately 17%
improvement of the magnetoelectric effect by using this configuration, in which the
magnetoelectric voltage coefficient reaches ~5800 mV/Oe.cm at the magnetic field of
5000 Oe.
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Figure 4.16 (a) Contour of effective magnetostrictive coefficient N‟12 of Terfenol-D in all
directions. The maximum 1-2 coefficient occurs at [101] directions. (b) cross sectional contour
plot of the effective magnetostrictive coefficient N‟12 of the Terfenol-D on crystallographic Z1-Z3
plane.
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Figure 4.17 Contour of effective magnetostrictive coefficient N‟13 of Terfenol-D in all directions.
The maximum 1-3 coefficient occurs at [110] directions.
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Figure 4.18 Contour of effective transversal magnetostrictive coefficient N┴ of Terfenol-D in all
directions. The maximum transversal response occurs at <110> direction group.
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Figure 4.19 Magnetoelectric voltage coefficients vs. magnetic field plot of the experimental data,
simulated <111> Terfenol-D direction and simulated <110> Terfenol-D direction results.
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4.4 Summary of Magnetoelectric Model

A magnetoelectric model is successfully constructed by coupling the
piezoelectric (third rank tensor property) and the magnetostriction (fourth rank tensor
property) theory. In the piezoelectric model, the resonance behavior of the
piezoelectric response was simulated and the resulted impedance with respect to
frequency was in good agreement with the experimental data. In the mean while,
piezoelectric responses were able to be visualized and thus the modes can be easily
identified. In the magnetostriction model, practical values λ111 and λ100 were able to be
converted to the magnetostrictive coefficient matrix N for simulations. Effective
magnetostrictive N‟11 were calculated over the space and the maximum N‟11 value
occurred at the <111> crystallographic direction. Effective magnetostrictive N┴ were
also calculated for the evaluation of magnetoelectric effect of the specific
Terfenol-D/PZT /Terfenol-D composite. The results indicate that the strongest N┴
response occurred when the magnetic field is applied at <110> crystallographic
direction of the Terfenol-D. Saturation strain of the piezoelectric and magnetostriction
are simulated by modifying the theoretical equation (quadratic saturation model and
the modified Langevin model). The experimental result by Ryu et al. is compared
with the simulation of the same geometry. The magnetoelectric voltage coefficient
from the modified Langevin model gives the best fit of the experimental data. Less
than 10% difference of the magnetoelectric efficiency was observed between
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simulation (ideal condition) and the experimental data, indicating that the real
specimen was well produced. It is suggested through calculation that a 17%
improvement of the magnetoelectric efficiency can be obtained by aligning the
specific Terfenol-D with its <110> crystallographic direction along magnetic field
direction.
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Chapter 5
Conclusions and Future Work

5.1 Conclusions

In summary, ferroic particulate composites and laminated magnetoelectric
composites have been studied by theoretical modeling. Simulation models of
dielectric, piezoelectric and magnetostrictive effects have been constructed and
confirmed to be valid for the composite systems of interest. Sections below are the
lists of conclusions from this thesis work.

5.1.1 BST:MgO Composites

(1) For macroscopic devices or thin film application, layer stacking of BST with
MgO in series connection can effectively minimize the effective permittivity
and tan() of the system.
(2) In a system consisted of BST as the matrix and MgO as inclusions, if more
MgO grains are connected in the direction perpendicular to the applied
electric potential, lower permittivity and loss are expected.
(3) Size and geometry effect of the inclusions are not essential when the grain
boundary is not taken into account.
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(4) At a high BST volume fraction, a few percentage of MgO might react with
BST, resulting in the initial drop of the dielectric properties. MgO inclusions
might also stay connected in finer form (or via other mechanisms), make them
well linked electrically, and thus result in the decrease of dielectric
permittivities.
(5) If assuming both materials have the same distribution probabilities with
different dielectric properties, the material with larger volume ratio dominates
the dielectric properties.
(6) From microscopic view point, comparing experimental results with finite
element method and coupling Monte-Carlo simulation, it is suggested that the
real BST-MgO composite system may have non-uniform shaped, randomly
distributed, size varied MgO inclusions.
(7) The connectivity of BST is essential to maintain high tunability, while the
connectivity of MgO is the key in reducing the effective permittivity and loss
of the BST-MgO composites.

5.1.2 PST:MgO Composites

(1) From 3D Monte-Carlo finite element simulation of biphasic composite, it is
suggested that high permittivity material like PST dominates the effective
permittivities of the composite because of the nature of preferred electric field
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path.
(2) The effective permittivities of PST:MgO composites could be predicted up to
35.5% of PST in the paraelectric phase (>-50˚C).
(3) For the high PST volume fraction up to 35.5% in the composite, the reciprocal
susceptibilities calculated from both experimental and modeled data exhibit
linear behavior with respect to temperature, and the extrapolated θs were
around -50˚C. As we have used the permittivity values of the pure components
for the calculation, the results also support that there is a minimum reaction
between MgO and PST.
(4) With increasing MgO volume fraction, identical curvatures with shifted
permittivity values were observed between the experimental and simulation
data. This discrepancy is suggested due to a few percent of MgO solubility in
PST, or a stress created during the biphasic composite processing.
(5) From the simulation of effective permittivity as a function of pure PST
permittivity at high and low PST volume fractions, two factors resulting in a
large change of effective permittivity are concluded; either low PST volume
fraction, or low pure PST permittivity.
(6) It is suggested that by lowering the initial values of pure PST permittivity for
simulation, or by starting the simulation from a few percentage of MgO
reactivity, the computer simulation would be able to predict the effective
permittivities of PST:MgO composite system over the whole composition and
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temperature range.
(7) The critical volume for PST:MgO composites was estimated to be ~0.9
throughout the temperature range from 0-200°C (paraelectric phase of PST).
(8) The critical volume is a fixed value when the materials are in paraelectric
phase. In addition, it is not a universal constant for all the materials i.e. each
composite system has its own critical volume.
(9) With the three dimensional Monte-Carlo simulation coupling Wakino‟s
empirical formula, other composite systems in paraelectric phases (or normal
dielectrics) can be precisely simulated over the temperature range using one
set of measurements at a given temperature.

5.1.3 Laminated Magnetoelectric Composites

(1) The piezoelectric model was able to predict the frequency response of
piezoelectricity.
(2) Visualization of the piezoelectric response through simulations makes it easy
for the identification of piezoelectric resonance modes.
(3) For the magnetostriction model, the practical reported values λ111 and λ100 were
successfully converted to the theoretical 66 magnetostrictive coefficient
matrix N.
(4) The maximum longitudinal magnetostrictive response N‟11 occurs when the
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Terfenol-D has its <111> crystallographic axis aligned to the magnetic field.
(5) The maximum transversal magnetostrictive response N┴ occurs when the
Terfenol-D has its <110> crystallographic axis aligned to the magnetic field.
(6) The magnetoelectric efficiency (magnetoelectric voltage coefficient) of the
magnetoelectric composites can be modeled by coupling the piezoelectric
effect and the magnetostrictive effect.
(7) High accuracy of the magnetostrictive model was achieved using the modified
Langevin model.
(8) The simulated magnetoelectric voltage coefficients are in good agreement with
the

experimental

data

for

the

laminated

Terfenol-D/PZT/Terfenol-D

composites. Less than 10% discrepancy of the simulation and the experimental
results were observed. The results also indicate that the real composite
material was well processed.
(9) Theoretically, by aligning the <110> crystallographic direction of the specific
Terfenol-D to the magnetic field, magnetoelectric voltage coefficient as high
as ~5800 mV/Oe.cm (~17% improvement) can be obtained for the particular
configuration in this thesis.

5.2 Future Work

(1) So far in this thesis, particulate composites were successfully modeled with the
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introduction of Curie-Weiss law. The dielectric model can be further extended
on the simulation of dielectric properties of composites containing linear
dielectric, ferroelectric and/or relaxor ferroelectric by introducing other
theories e.g. Vogel-Fulcher relation.
(2) Magnetoelectric efficiency in the particulate composite system is low
compared to the laminated composite system. The enhancement may be
insight if for instance selective nano phased sintering of magnetoelectric
composites are successful. A variety of discussions on the understanding of
electrical/magnetic /mechanical behavior on the microscopic level is reported
in the literature. Numerical simulation is a valuable tool as it permits “virtual
observations” of coupling effects in the magnetoelectric composites. With
better understanding of materials in quantum view, adjustments of the
computer model capable of calculating piezoelectric magnetostrictive coupling
among particles of orientations and shape variations might be required.
(3) Frequency dependence of magnetoelectric efficiency can be studied through
simulation. The enhancement of the magnetoelectric efficiency is expected
under specific frequency. In a complex system, resonance, anti-resonance, or
other frequencies have subtle effect on piezoelectric phases, however, there is
little knowledge how that impacts the magnetoelectric efficiency. For example,
in piezoelectric materials, a fixed electrical input operating in anti-resonance
results in low mechanical response. It is suspected that in this specific
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frequency if a magnetostrictive material offers a stress that induces a large
strain in the piezoelectric side, there will be more electric polarization (or
E-field) obtained, or, it is the opposite way around; and/or, other operating
frequencies might result in high magnetoelectric efficiency due to the wave
interference in the system. It is better to argue after the simulation is done on
the composites.
(4) Macroscopically, laminated composites are mostly prepared in simple structure,
for example, disk composites. Upon further development, the simulation
method may be used to aid composite design and for performance
optimizations.
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