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. General Introduction

The study of composite materials has become a major research focus over the past several decades
due to their ability to provide physicochemical and electrical properties tailored to the specific
requirements of diverse applications [1]. A composite material typically consists of two or more
distinct phases, which may be arranged randomly or in an ordered structure [2,3]. The constituent
phases are selected according to the desired application, with criteria including electrical, thermal,

and mechanical properties.

Among these materials, ferroelectric polymer-ceramic composites with high dielectric permittivity
[4,5] have received particular attention. These composites are widely used as structural materials
due to their excellent dielectric properties across a broad frequency range, including microwaves.
Additionally, they are considered promising candidates for electromagnetic wave absorbers,
exploiting their ability to attenuate electromagnetic energy, a property strongly dependent on the

concentration, size, and spatial distribution of the ceramic inclusions within the polymer matrix.

Effective permittivity is a complex dielectric property that describes the response of a material to
an applied electric field. It depends not only on the intrinsic properties of the constituent phases,
but also on the distribution, arrangement, orientation, and shape of the inclusions dispersed within
the matrix. To meet current scientific and industrial requirements, significant effort is being
devoted to the development of composite materials with higher effective permittivities, suitable
for specific applications such as telecommunications [6,7], electromagnetic compatibility,

aerospace, and microwave devices.

Since the advent of modern electromagnetism, accurately predicting the dielectric response of
heterogeneous composites has remained a significant challenge. A variety of analytical models
have been proposed in the literature since the early developments of post-Maxwellian
electromagnetism, with varying degrees of success [§—12]. Most of these models adopt a quasi-
static approximation, in which the polarization properties of the material are analyzed under the
interaction of a long-wavelength electromagnetic field. The theoretical description of
electromagnetic wave propagation in heterostructures is inherently complex due to the multi-scale
nature of local fluctuations, both spatial and temporal, associated with material inhomogeneities.

Nevertheless, under the long-wavelength approximation, where small-scale variations are
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neglected, the concept of an effective medium becomes well-defined, allowing the dielectric
response of the heterogeneous system to be represented as an average over a representative volume

of the material [13].

Historically, the development of models for composite permittivity can be categorized into several
stages. Initially, researchers proposed phenomenological or empirical “mixing laws,” which
express the effective permittivity of a heterogeneous mixture as a function of the permittivities and
volume fractions of its constituent phases. Although these laws provide simple estimates, they fail
to capture the underlying physics of interactions between inclusions or between inclusions and the
matrix, and they provide limited information regarding the microstructural characteristics of the
material. Consequently, their validity is generally restricted to dilute systems, and they are often

not transferable between different composite systems.

A subsequent class of models, grounded in electrodynamics, introduced theoretical formulations
based on the concepts of local and mean fields. Notably, the Maxwell-Garnett (MG) and
Bruggeman (SBG) approaches provided a first-principles framework to overcome the limitations
of purely empirical mixing laws. Between the 1960s and 1980s, concepts from statistical physics
were incorporated to describe more accurately the dielectric behavior of dielectric/conductor
mixtures. In such systems, abrupt transitions in conductivity are observed at specific particle
concentrations, known as critical percolation thresholds. The application of scaling laws and
critical exponents enables detailed characterization of the variations in permittivity and
conductivity near these thresholds. However, these advanced models are often challenging to
validate experimentally, as they require a large number of measurements in the vicinity of the

critical concentration and detailed information on the morphology of the composite.

In parallel, during these same decades, methods emerged that define limits not as a precise
evaluation of the actual quantities, but as an interval within which the values of these quantities
are permissible. More recently, numerical electromagnetism methods based on Monte Carlo
methods, finite elements... etc., have appeared. Given that it is impossible to conduct an exact
electromagnetic study for most heterogeneous materials of a random type, for which the spatial
distribution of phases is described by probabilistic laws, because this would require knowledge of
the local electric field at every point of the material (and in general, the details of the microscopic
arrangement of the various constituents are impossible to know precisely), only an approach in
terms of moments is relevant. Moreover, even if it were possible to know the morphology of the

material "exactly," the analytical calculation would be impossible to perform. However, a number
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of theoretical approaches, based on simplifications or approximations, do exist. From an
electromagnetic transport perspective, this type of modeling is highly dependent on the ratio
between a typical inclusion size and the electromagnetic wavelength. The fundamental assumption
is that this typical size is much smaller than the wavelength or any other absorption scale, such as
the skin thickness. The effective permittivity is then the permittivity of a hypothetical
homogeneous material that behaves identically to the real heterogeneous material with respect to
electromagnetic wave transport. The principle of the existence of an effective permittivity is
absolutely fundamental, as it underlies much work on the electromagnetic modeling of mixtures

using numerical approaches [13,14].

The introduction of numerical computation methods, such as the finite element method (FEM),
which forms the methodological basis of our study, has profoundly transformed the analysis of
composite materials. These approaches allow us to obtain precise results that serve to verify the
validity of mixing laws, identify their limitations, and, when necessary, propose improvements or

new formulations better suited to complex composites.

Computational electromagnetism has also clarified the application domains of analytical models
and produced useful results for optimizing materials according to specific needs. Furthermore,
these methods make it possible to explore composite structures that are difficult, or even

impossible, to fabricate experimentally, thus paving the way for the design of innovative materials.

Advances in the numerical modeling of effective dielectric permittivity show that these techniques
can provide estimates closer to real values than those obtained from classical mixing laws. Rooted
in applied mathematics, numerical methods aim to solve complex physical models in an
approximate but controlled manner. Their use in the study of composites offers significant time
and cost savings, while also enabling detailed analysis of the effects related to the shape,

distribution, and concentration of inclusions.

Previous research conducted at the Scientific Instrumentation Laboratory (LIS) has primarily
focused on studying the dielectric behavior of composite materials under quasi-static and
microwave conditions, relying on experimental characterization methods using various

measurement setups.

Within this framework, the present thesis marks a significant methodological shift by introducing,
for the first time within the laboratory, a numerical modeling approach based on the finite element
method (FEM). This approach constitutes a complementary and strategic step both before and after

experimentation, enabling a better understanding of the physical mechanisms governing the
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dielectric behavior of composites, while offering significant time and cost savings from both a

scientific and industrial perspective.

The research focuses primarily on the study of the dielectric properties, and more specifically the
effective permittivity, of binary dielectric composites based on epoxy resin and titanate-type
ceramic inclusions. The analysis is conducted using a two-dimensional numerical model,
performed under quasi-static conditions, with the finite element method. Particular attention is
paid to the realistic representation of the composite microstructure, notably through the numerical

generation of random distributions of ellipsoidal inclusions.

The main objective of this thesis is to develop a comprehensive numerical model to analyze the
influence of the composite microstructure on its dielectric behavior. To this end, the impact of
several key parameters is systematically studied, such as the permittivity of the inclusions, the
surface fraction, the particle size, and their statistical distribution within the matrix. This approach
aims to highlight the relationships between the microstructure and the effective permittivity of the

composite material.

The results obtained through numerical simulation are then compared with available experimental
data and with predictions derived from classical and modified dielectric mixing laws. This
comparison makes it possible to evaluate the domains of validity of these theoretical models and
to highlight the interest of advanced numerical approaches as a reference tool for predicting the

dielectric behavior of composite materials.
This thesis is structured in four main parts.

The first part presents a literature review of the fundamental concepts necessary for understanding
the dielectric properties of heterogeneous materials. It aims to establish the theoretical framework

for composites and the models describing their electromagnetic behavior.

The second part describes the experimental characterization methods applied to two types of
composites: binary and ternary. Two techniques are implemented: X-band rectangular waveguide
measurement and time-domain reflectometry. This part also introduces the finite element method

used to calculate the effective permittivity of composite materials.

The third part is devoted to the experimental results obtained at microwave frequencies. The
measured electrical properties, particularly the dielectric permittivities, are analyzed and compared

to the predictions provided by various theoretical mixing laws.
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The fourth part presents the results of the numerical simulations. Which is based on a quasi-static
model of several binary composites and examines the influence of the distribution, concentration,
and size of the particles included in the matrix on the material's effective permittivity. A global
comparison is then established between all the cases studied, by comparing the permittivities
obtained with two categories of mixing laws: classical laws that do not take microstructure into

account, and laws that explicitly incorporate this microstructure.

Finally, the thesis concludes with a synthesis of the main results and contributions of this work.
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CHAPTER

Modeling the Dielectric Properties of
Composite Materials

1.1 Introduction

Dielectric and composite materials play a fundamental role in the development of modern
technologies, particularly in the fields of electrical engineering, electronics, and
telecommunications. Their role extends beyond electrical insulation, as they actively participate in
the control, modulation and storage of electrostatic energy within numerous devices such as
capacitors, antennas, transmission lines, and integrated circuits. Understanding the dielectric
behavior of a material is therefore essential for designing high-performance, reliable components
adapted to the constraints of high-frequency, high-voltage, or miniaturized applications. This
behavior is closely dependent on the chemical nature, crystalline structure, microstructure, and
interfaces present within the material, which determine how it reacts to an external electrical field

by influencing its polarization, and consequently, its permittivity.

However, the study of dielectric composites cannot be limited to a single scale of analysis, as the
electrical and electrostatic phenomena that occur result from complex interactions linking several
levels of organization. At the atomic and molecular scale, electronic and ionic polarization is
governed by the polarizability of elementary entities. At the mesoscopic scale, microstructure and
local field affects appear, related to the distribution and geometry of phases in a heterogeneous
material. Finally, at the macroscopic scale, these interactions translate into observable global

properties, such as effective permittivity, dielectric losses, and energy storage capacity.

Thus, a multiscale approach is essential to link microscopic phenomena to the measurable
macroscopic response. This integrated understanding not only explains the intrinsic behavior of
dielectric materials but also enables the design and optimization of functional composites whose
performances can be tailored to specific technological needs. This chapter is devoted to the study
of the fundamental principles governing the polarization of dielectric materials. It first presents the

basic definitions and essential properties of dielectric media, then develops the microscopic and
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macroscopic notions of polarization, before addressing the electrostatic equations and local field
models, prerequisites necessary for understanding the mixing laws describing heterogeneous

media.

1.2 Definition and Fundamental Principles

1.2.1 Dielectrics

A dielectric material is essentially a non-conductive medium, characterized by the absence or very
low density of free charges. Its fundamental property lies in its ability to become polarized under
the influence of an electric field, that is, to induce a limited relative displacement of the bound
charges within its atomic or molecular structure [15-18]. This polarization allows dielectrics to
temporarily store electrostatic energy and to locally modify the distribution of the electric field, a

property described by their dielectric permittivity.

To better understand the concept and behavior of dielectric materials, it is common to study them
using the parallel-plate capacitor model, which serves as the reference system for analyzing their
electrical properties. A capacitor consists of two parallel conducting plates with the same geometry
and identical surface area, separated by a dielectric medium. When a voltage is applied between
the two electrodes, an electric field is created inside the capacitor, allowing the storage of

electrostatic energy [19].

The nature of the dielectric material interposed between the plates depends on the desired
properties: it can be air, mica, plastic, glass, Teflon, or ferroelectric materials. The capacitance C
of a parallel-plate capacitor, representing the quantity of electric charge Q stored per unit voltage

U, is expressed by the relation:

C:F)E (11)

where S and d denote respectively the surface area of the plates and the distance between them,

and ¢ is the permittivity of the dielectric material.

Equation (1.1) shows that the stored charge depends on:

a) the nature of the dielectric: the higher the permittivity, the greater the capacitance of
the capacitor;

b) Capacitor geometry: the ratio between the plate area and the dielectric thickness.
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The development of new capacitors aims to optimize these two parameters. In a context of high
component integration, the objective is to increase the volumetric capacitance, either by increasing

the material permittivity or by reducing the dielectric layer thickness [20,21].

Although often considered electrical insulators, dielectric materials exhibit residual conduction
due to impurities and environmental conditions, resulting in dielectric losses that depend, in
particular, on the frequency of the applied field, the temperature, and the material's microstructure.
These characteristics directly determine their performance in electrotechnical devices, electronic

circuits, and energy storage systems.
1.2.2 Composites

Many materials used in modern technologies have a non-homogeneous structure; they are called
composites. By definition, a composite material results from the combination of two or more
constituents of different natures, combined in such a way as to obtain a material whose overall

properties surpass those that each component could offer individually [22].
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Figure 1.1: Schematic illustration of the geometrical and spatial features of dispersed-phase
particles that affect composite properties: (a) concentration, (b) size, (c) shape, (d) distribution,

(e) orientation [23].

Most composites consist of two main phases:

e amatrix, a continuous phase that ensures the cohesion of the whole,
e and a dispersed phase, generally discontinuous, which gives the composite certain

specific properties.
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The performance of a composite material depends both on the intrinsic properties of each phase,
their relative proportions, and the geometry of the dispersed phase, that is, the shape, size,

distribution, and orientation of the particles or fibers it contains (illustrated in Figure 1.1).
1.3 Microscopic and Macroscopic Concepts of Polarization
1.3.1 Electric Dipole and Dipole Moment

At the microscopic scale, the fundamental entity that describes the response of a dielectric is the

electric dipole. An electric dipole is formed when two equal and opposite charges, +¢g and —g, are

separated by a distance vector J(Figure 1.2). There are two types of dipoles: permanent and
induced. The former are always present even in the resting state (absence of external excitation).
They are found in certain materials characterized by asymmetry at the molecular level where the
centers of positive and negative charges do not coincide. Those belonging to the second type

appear only under the effect of an external electric field applied to the dielectric material [24].

The fundamental quantity describing this system is the dipole moment;,deﬁned as:

p=qd (1.2)

—

() o)

Figure 1.2: Electric dipole.

Where ¢ is the magnitude of the charge and d is the displacement vector directed from the negative

to the positive charge.

The dipole moment is a vector quantity, pointing from the negative to the positive charge, and

represents both the magnitude and orientation of the dipole.

1.3.2 Macroscopic Polarization

On a macroscopic scale, the polarization P of a material corresponds to the volume density of
dipole moments, that is, the vector sum of the elementary dipole moments referred to the unit

volume:

ﬁ:ﬁg zN<;> (1.3)
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Where V' is the volume of the dielectric, N is the number of dipoles per unit volume and (;9 )is

the average dipole moment.

1.3.3 Atomic or Molecular Polarizability

Polarizability is a microscopic property of an atom or molecule that quantifies how easily its

electron cloud can be distorted by an external electric field [25].

When placed in a uniform static electric field, the atom or molecule develops an induced dipole

moment p proportional to the local electric field Elo ol

p=oE (1.4)
and at the macroscopic scale:
P=NaE (1.5)

Where a is the molecular polarizability (SI units: C-m?%V), the higher a is, the more easily the

atom or molecule is deformable, which contributes to a stronger macroscopic polarization.
1.3.4 Chemical Classification of Dielectric Materials and Influence on Polarization

Before addressing the different polarization mechanisms, it is important to remember that the
dielectric properties of a material depend closely on its chemical nature and internal structure.
Materials used as dielectrics can belong to different families depending on their atomic
composition, the type of chemical bonds (ionic, covalent, or mixed), and the arrangement of atoms

in the crystal lattice.

Understanding this relationship between structure, composition, and dielectric behavior is an
essential step in interpreting the response of a material subjected to an external electric field.
Materials can thus be classified into two broad categories: Inorganic materials and organic

materials.

a) Inorganic Materials
Inorganic materials are characterized by a well-ordered crystalline structure, whose symmetry and
the nature of the chemical bonds (ionic or covalent) largely determine their electrical and dielectric
properties. Depending on the presence or absence of a center of symmetry in their crystal lattice,
some of these materials exhibit piezoelectric behavior: they develop electrical polarization when

subjected to mechanical stress, due to the displacement of charges in the unit cell [26-27].
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A typical example of an inorganic material is barium titanate (BaTiOs), belonging to the family of
ferroelectric ceramics. Its perovskite-type crystalline structure (Figure 1.3) is composed of barium
(Ba*"), oxygen (O?), and titanium (Ti*") ions, the latter occupying a slightly off-center position in
the oxygen octahedron. This displacement of the Ti*" cation generates a spontaneous dipole
moment, responsible for permanent internal polarization, even in the absence of an external

electric field.

Under the effect of an applied electric field, the dipoles orient themselves preferentially, producing
an observable macroscopic polarization. This property gives BaTiOs ferroelectric behavior, i.e.,
the ability to reverse the direction of its polarization under the action of a sufficiently intense
electric field [26]. However, when the temperature exceeds a critical value called the Curie
temperature, the crystalline structure becomes cubic and symmetrical; the material then loses its

spontaneous polarization and becomes paraelectric.

centroid of positive charges

0.403 nm
Elementary electric dipole moment
é | centroid of negative charges

0399 nm —*

Figure 1.3: Schematic representation of the BaTiO3 quadratic unit cell.

Thanks to these characteristics, inorganic materials such as BaTiO; are widely used in electronics
and electrical engineering, particularly for the manufacture of ceramic capacitors, piezoelectric
sensors, and electromechanical actuators. Their strong response to an electric field or mechanical

stress makes them essential elements in high-performance devices.

b) Organic Materials
Organic materials, primarily composed of molecular chains based on carbon, hydrogen, oxygen,
and nitrogen, are characterized by an amorphous or semi-crystalline structure and the presence of
flexible covalent bonds. These properties give them high mechanical flexibility, low density, and
a good ability to be processed into thin films or insulating layers. Among these materials, organic

polymers occupy a prominent place in dielectric applications [28-29].

Page | 11



Chapter 1 Modeling the Dielectric Properties of composite Materials

Epoxy resin [30] is a representative example of an organic material of great technological interest.

This thermosetting polymer offers numerous qualities:

e excellent adhesion to most substrates,

o excellent toughness and chemical resistance,

e low shrinkage during polymerization, ensuring good dimensional stability,

e good electrical and dielectric properties,

e absence of volatile matter during the curing phase.
From an electrical perspective, polarization in organic materials primarily results from the
orientation of permanent dipoles present in the polymer chain. Polar functional groups (such as
hydroxyl (OH) or epoxide groups) can align under the influence of an external electric field,
resulting in orientable polarization. This response depends on the temperature, the frequency of

the applied field, and the molecular mobility of the chain segments.

Thus, polar polymers such as epoxy resin can exhibit, under certain field and temperature
conditions, a non-zero macroscopic polarization, similar to that observed in some ferroelectric
materials. However, unlike ceramics such as BaTiOs, the polarization of organic materials is
generally reversible and dependent on molecular flexibility, rather than an ordered crystalline

structure [31].

Thanks to their unique combination of mechanical, chemical, and dielectric properties, organic
materials such as epoxy resin are now widely used as insulating materials, matrices for dielectric

composites, and encapsulants in electronic devices.
1.4 Mechanisms and Types of Polarization

The effect of dielectric polarization was discovered by Michael Faraday in 1837, marking the

starting point of the modern understanding of the electrical properties of insulators.

Polarization mechanisms are numerous and occur at various temporal and spatial scales. Four main
types are distinguished: electronic polarization, ionic polarization, dipole polarization, and

interfacial (or Maxwell-Wagner) polarization.

These different mechanisms can coexist within the same material or manifest themselves

independently, depending on the chemical nature and structure of the dielectric.

Furthermore, all these polarizations can be classified into two main categories according to their

dynamic behavior [32-33]:
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e FElastic (or resonance) polarization, which corresponds to rapid and reversible
deformations of the electron cloud or ionic lattice.
e Relaxation polarization, associated with slower processes, such as the reorientation
of permanent dipoles or the accumulation of charges at interfaces.
Thus, the total polarization of a material results from the superposition of the different

contributions from these elementary mechanisms [34-35].
1.4.1 Electronic Polarization

Electronic polarization is a phenomenon present in all dielectric materials, without exception. It
results from the deformation of the electron cloud surrounding each atom under the effect of an
applied electric field. When this field acts, the center of gravity of the negative charges (electrons)
shifts slightly in the opposite direction to the field, while the center of gravity of the positive
charges (nucleus) shifts in the direction of the field (Figurel.4). This results in an induced dipole

moment at the atomic level.

This polarization establishes itself extremely rapidly, with a characteristic time of around 107'° s,
and it remains effective up to very high frequencies, particularly in the ultraviolet range (=10"—

10'6 Hz).

Since electron displacement is elastic, the energy required to deform the cloud is not dissipated as
heat, but temporarily stored in the electric field. Although the effect is relatively weak, it
constitutes the universal polarization mechanism and the only one active at very high frequencies,

contributing directly to the optical dielectric permittivity of materials.

Nucleus Dipole

i Lo
. Electron cloud ! !
' -

Figurel.4: Schematic representation of electronic polarization
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1.4.2 Ionic Polarization

Ionic polarization, sometimes referred to as atomic polarization in certain contexts, occurs
primarily in solid materials with an ionic crystalline structure, such as ceramics or inorganic
compounds. It results from the relative displacement of positive ions (cations) and negative ions
(anions) under the action of an applied electric field (Figurel.5). This displacement creates an
induced dipole moment at the crystal lattice level. Due to the large mass of the ions, this
phenomenon develops more slowly than electronic polarization, with a characteristic time of about

107"* s, and it operates in the infrared frequency range (=10'>~10" Hz).

Figure 1.5: Schematic representation of ionic polarization

Ionic polarization strongly depends on the charge of the ions and the strength of the interionic
bonds connecting the atoms in the lattice. Like electronic polarization, this is an elastic mechanism:
it does not cause energy losses and disappears as soon as the applied field is removed. However,

it induces a frequency-dependent dielectric delay, linked to the resonance of ionic motion.

This type of polarization plays a decisive role in the dielectric constant of materials at low and
medium frequencies and contributes significantly to the dielectric properties of ionic and ceramic

solids.
1.4.3 Orientational Polarization

Orientational polarization corresponds to the partial alignment of permanent dipoles present in
polar molecules when an external electric field is applied. In the absence of a field, the dipole
moments are randomly oriented, resulting in zero net polarization (Figure 1.6). Under the influence
of the field, these dipoles tend to orient themselves in its direction, but their movement is limited

by internal frictional forces and thermal agitation.
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Figure 1.6: Schematic representation of orientational polarization

This type of polarization is characteristic of polar materials (such as H-O, HCI, NHs) and is highly
temperature-dependent, decreasing as temperature increases. Orientational polarization occurs
primarily in the microwave range (=10°-10° Hz) and is responsible for a significant portion of the

dielectric losses associated with delayed rotations of permanent dipoles.
1.4.4 Interfacial Polarization

Interfacial polarization (or the Maxwell-Wagner-Sillaris effect [10]) appears in non-homogeneous
dielectrics. This phenomenon occurs in heterogeneous materials and results from the accumulation
of charges at the interface of two materials, that is, at the boundary of the two media exhibiting

different dielectric conductivities and/or permittivities (Figure 1.7).

Figure 1.7: Schematic representation of interfacial polarization

This type of polarization also exhibits a relaxation characteristic; the relaxation time increases as
conductivity decreases. Generally, interfacial polarization weakens in the vicinity of frequencies

above acoustic frequencies in the low and mid-range frequencies, below 10% Hz.

Depending on the establishment time of each contribution, the aforementioned polarizations will
appear successively under the effect of the electric field applied across the terminals of the
material, as shown in figure 1.8. Beyond an establishment time t > 103s, a conduction phenomenon
appears in the system, due to the appearance of small leakage currents caused by the movement of
electric charge carriers passing through the material. This phenomenon hinders the detection of
dipole relaxations at low frequencies and high temperatures. The effect of these movements is

called dielectric losses [36].
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Figure 1.8: Contribution of different polarizations in a dielectric material.
1.5 Fundamental Equations of Electrostatics in Dielectric Media

The study of response of dielectric materials to an electric field relies on the fundamental equations
of electrostatics, derived from Maxwell’s laws in the static regime. These equations allow us to
relate the distribution of dielectric charges to the polarization of the medium and the electric flux

density.
1.5.1 Gauss’s Law in Dielectric Media

The analysis of electrostatic behavior in dielectric media relies on Gauss's law, one of the

fundamental relationships of electromagnetism [37-38].

This law establishes a direct correlation between the electric field flux through a closed surface

and the total charge enclosed within the volume delimited by that surface.

In its integral form, it is written as:

<j'>SE.dS=% (1.6)

€
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Where E represents the electric field, dS the surface vector element, Q; the total charge enclosed

in the volume ¥V, and ¢y the permittivity of free space.

This relationship indicates that the outward flux of the electric field through a closed surface is

proportional to the amount of charge contained in the corresponding volume.

By applying the divergence theorem, Gauss's law can be written in its differential form, called the

Maxwell-Gauss equation:

vVE=L (1.7)

where p denotes the volume charge density.

This equation states that the divergence of the electric field at a point in space is proportional to

the charge density present at that point.

It is the first of Maxwell's four fundamental equations in electrostatics and rigorously describes

the behavior of the field in a vacuum, where only free charges contribute to field generation.

However, when we introduce a dielectric medium, the situation becomes more complex. In such
materials, the microscopic dipoles induced by the external electric field contribute additional
charges and currents. This microscopic response cannot be neglected, and therefore Maxwell-

Gauss equation must be reformulated to account for the presence of matter.

In a dielectric, we distinguish between two kinds of charges: free charges and bound charges. Free
charges are those that can move over macroscopic distances, such as conduction electrons in metals
or doped semiconductors. In insulators and dielectrics, free charges are usually absent or
negligible, but when present, they are the ones directly controlled from the outside, for example

by applying a voltage source.

Bound charges, on the other hand, originate from the displacement of charges inside atoms or
molecules under the influence of an external electric field. When the field is applied, the negative
electronic cloud is slightly displaced relative to the positive nucleus, creating microscopic dipoles.
Although these dipoles are neutral as a whole, their spatial arrangement results in a redistribution

of charges at the microscopic scale. This redistribution is expressed by the concept of polarization.

The bound charge density is given by:

=-V.P (1.8)

ID bound

Page | 17



Chapter 1 Modeling the Dielectric Properties of composite Materials

where P is the polarization vector, defined as the dipole moment per unit volume.

Thus, the total charge density inside the dielectric is the sum of the free and bound contributions:

pzpFree+pbound (19)

So, the total field inside the dielectric therefore results from the superposition of the external field
and the polarization field. To account for this contribution, it is necessary to introduce the electric

displacement vector, or Maxwell vector, defined by:
D=¢,E+P (1.10)

The vector D therefore represents the overall response of the material to the electric field,
integrating both the contribution of the vacuum (aoE ) and that of the polarized medium (P). Its

unit in the International System of Units is the coulomb per square meter (C/m?).
and the generalized form of Gauss’s law then becomes:

v.D=p,,,, (1.11)
This equation is much more practical than the original formulation, because the complicated
contribution of bound charges is now hidden inside P.

Figure 1.9 illustrates the application of Gauss's theorem to a parallel-plate capacitor, showing the

Gaussian surface and the effect of the dielectric on the electric field inside the capacitor.
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Figure 1.9: Application of Gauss's theorem to a parallel-plate capacitor
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1.5.2 Electrical Susceptibility and Constitutive Relationship

To establish a quantitative link between polarization and the applied field, we introduce the concept
of electric susceptibility. For a linear, isotropic, and homogeneous dielectric, the polarization

vector is proportional to the local electric field:

P=¢ y E (1.12)

O/ve

where y. is the electric susceptibility of the material, a dimensionless quantity that measures the

ease with which the medium becomes polarized under the effect of an electric field. Substituting

this relation into the expression of D we obtain:
5:50(1+;(Q)E':5E' (1.13)

The quantity e=¢o (I+y.) is defined as the absolute permittivity of the medium, while the ratio
&=1+y. 1s the relative permittivity, or dielectric constant. This relationship expresses that the
density of the electric flux in a material depends directly on the applied electric field, weighted by
the material's capacity to polarize. Thus, permittivity summarizes, at the macroscopic scale, all the

microscopic polarization phenomena that occur in the dielectric.
1.6 Dielectric Permittivity and Dielectric Losses

The response of a dielectric material subjected to an alternating electric field depends on all the
polarization mechanisms present in the medium. This response is described by the dielectric
permittivity, a quantity that relates the applied electric field to the material's polarization. A
distinction is made between absolute permittivity and relative permittivity &, the latter being

normalized with respect to the permittivity of free space.

e =X (1.14)

In the harmonic regime, the polarization does not instantaneously follow the applied field, which
induces a phase shift and leads to the definition of a complex permittivity. The real part of this
complex permittivity represents the electrostatic energy storage capacity, while the imaginary part
reflects the dielectric losses associated with relaxation phenomena and, where applicable, the

material's electrical conductivity [39-40].

& =c—j& (1.15)
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The loss tangent tand , equal to the ratio of these two components, is a direct indicator of the energy
dissipation level, while its inverse defines the quality factor Q. Thus, the complex permittivity, the
loss tangent, and the quality factor are fundamental quantities for evaluating the dynamic behavior

of a dielectric in high-frequency applications.

tans = & (1.16)
&
1
- 1.17
tand ( )

1.7 Electrical Conductivity

Electrical conductivity is a physical quantity associated with conduction currents resulting from
the movement of free charges [41]. It expresses a material's ability to allow these charges to flow
under the influence of an electric field, and this transport is accompanied by energy losses
responsible for the attenuation of electromagnetic waves in the propagation medium. Electrical
conductivity, denoted o, is generally expressed in Siemens per meter (S/m) and can, in certain

applications, be considered a complex quantity.

At low frequencies (LF), the study of the ohmic behavior of the mixture is of major importance.

The complex permittivity is given by the expression:

E —¢&
8*(a)):gw+( - w)—j s (1.18)
I+ jor wE,

With t: the relaxation time, &: the static permittivity, os: the static conductivity, and e.: the

permittivity at very high frequencies.

Where the influence of the third term is decisive in the low-frequency region.

g = (1.19)

The last relationship proves that the dielectric mixture exhibits conductive behavior at low
frequencies. From equation (1.19), the conductivity of the composite can be obtained from the

following relationship:

o, =we . g, (1.20)
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1.8 Parameters Influencing Relative Dielectric Permittivity

The amplitude of the applied electric field, the frequency, the temperature, the microstructure,
external constraints, etc., are the parameters according to which the relative permittivity and the

dissipation factor can vary.
1.8.1 Influence of the Amplitude

The variation of the electric field across the terminals of a dielectric material influences its
permittivity. This is particularly true for ferroelectrics, whose spontaneous polarization can be
oriented, or even reversed, by applying a sufficient electric field. Their polarization is not a linear
function of the applied electric field, and a spontaneous polarization persists even in the absence
of a field. This polarization exhibits hysteresis as a function of the applied electric field (Figure

1.10) [42].

JD

/E-:"
df - =

Figure 1.10: Hysteresis loop characteristic of a ferroelectric: polarization P as a function of the

Pr

applied electric field E. P, 1s the remanent polarization and E. the coercive field required to

cancel the spontaneous polarization [36].
1.8.2 Influence of frequency

At the lowest frequencies, the four mechanisms of polarization contribute to the relative
permittivity value. As the frequency increases, the contributions of each type of polarization
disappear one after the other, and the permittivity therefore decreases with frequency [43]. The

polarization lags behind the electric field, resulting in energy dissipation [2].
1.8.3 Influence of grain size

Over the past few decades, the impact of grain size has been the subject of several studies. A close

relationship between this parameter and the dielectric susceptibility of different materials is
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observed, particularly in the case of BaTiO3 [44]. The dielectric permittivity of BaTiO3 at room
temperature exhibits a distinctive variation as a function of grain size, associated with the evolution
of the ferroelectric domain configuration [45-47]. A maximum permittivity at room temperature
can be reached with grains on the order of 0.8 to 11 um, as shown in Figure 1.11 [44]. This is the

size at which the structural distortion of the perovskite begins to decrease.
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Figurel.11: Dielectric constant as a function of average grain size for BaTiO3 ceramics at 25°C.

1.8.4 Influence of temperature

The variation of relative permittivity with temperature is generally characterized by the
capacitance temperature coefficient (CTC), expressed in ppm/°C. Temperature influences the
polarization mechanisms of a material differently, particularly oriented and interfacial
polarizations, which are the most sensitive: the former due to the increase in dipole mobility, the

latter due to the increase in charge mobility at interfaces [42].

The effect of temperature depends strongly on the nature of the material. In polymers, approaching
the glass transition temperature leads to a significant increase in permittivity, linked to the release
of permanent dipole mobility. In ceramics, the emblematic example is BaTiOs: increasing the
temperature progressively alters its crystal lattice, shifting the relative charge centers and
generating spontaneous polarization. Each crystalline phase transition is then accompanied by a
reorganization of this polarization, which produces characteristic local maxima in the evolution of

permittivity, as illustrated in Figure 1.12.
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Figure 1.12: Evolution of the dielectric constant as a function of temperature in a BaTiO3

crystal.
1.9. Mixing Laws and Effective Field Models

In a homogeneous medium, permittivity does not depend on spatial variables; it has the same value
at every point. This is no longer the case in a heterogeneous medium. However, when the size of
the heterogeneities is small compared to the signal wavelength, the medium can be represented by

an average permittivity and can be considered effectively homogeneous.

The problem then arises of relating this average (effective) permittivity to those of the different
constituents (Figure 1.13). This quantity depends on the specific properties of the constituents

(morphology, topology), their volume fractions, their shapes, and their sizes.
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E .. «— £ E
! -
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Figure 1.13: Homogenization consists of replacing the heterogeneous medium with an effective

homogeneous medium that has the same dielectric properties.
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In general, the effective permittivity depends on the degree of complexity of the composite
structure. If the distribution of inhomogeneities is periodically distributed in the matrix, the
effective permittivity can be analytically evaluated under certain conditions using various methods
[48-49]. However, for media with a disordered spatial distribution of inclusions, there is no
rigorous solution. The use of either numerical methods to construct the internal morphology, or
phenomenological laws (mixture laws), or effective medium type approaches, or even boundary

methods, which then become essential for evaluating the permittivity.
1.9.1 Quasi-Static Approach

When studying the propagation of an electromagnetic wave in a heterogeneous medium, several
spatial scales must be considered. The first is the wavelength of the incident wave, to which is
added the typical size of the material's heterogeneities (inclusions, pores, interfaces). An
attenuation length & (skin depth) can also be introduced, as well as characteristic transport lengths,

such as the elastic mean free path /, =1/(nc,), associated with scattering, and the absorption
mean free path /[ =1/(na ), related to losses. These quantities are governed by the inclusion

density n and by the scattering cross sections ¢, S and absorption cross sections o, .

In the long wavelength (quasi-static) scenario, everything happens as if the wave propagating
through the medium does not perceive the intricate details of the spatial disorder. The medium can
then be considered a homogeneous medium characterized by an effective permittivity if the

following conditions are met:

|kd| < 1 (1.21)

kdl<1 i=1,2 (1.22)
[kd

1
Where k, = 2(el. U, )5 representing the wave vectors associated with the media of permittivity &,
c
and &2 and permeability u; and u2; k being the wave vector in the medium and d defining a typical
size of the disorder. From Eq. 21, it is easy to show that the quasi-static approach is only valid in

a low-frequency regime whose upper limit in angular frequency of the excitation field is given by:

c

1.23
d(eu)’ (129

In what follows, we will primarily consider heterogeneous media satisfying d>la>le, that is,

systems for which scattering and absorption are sufficiently weak so as not to significantly disrupt
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the electric field distribution. Under these assumptions, losses and multiple scattering can be
neglected, and the concept of the effective medium becomes fully relevant. The domain of validity
of this approach is therefore directly linked to the size of the inclusions: if these become
comparable to or larger than the wavelength in the material, the scattering of the incident wave
becomes significant, and the effective medium approximation is no longer applicable. In this case,
more advanced methods, explicitly incorporating scattering or resonance phenomena, are

necessary to accurately describe the dielectric properties of composites [49].
1.9.2 Local Electric Field Theories

The study of the effective properties of heterogeneous media can be introduced particularly clearly
using the concept of a local field. This approach allows for a direct link to be established between
the microscopic behavior of inclusions and the macroscopic response of the composite material.
Depending on the assumptions made about the average environment in which each inclusion is
immersed, we find the classic Maxwell-Garnett (MG) or Bruggeman (SBG) expressions, which

constitute the two reference formulations for effective medium models.

The starting point for this analysis is based on the hypothesis, derived from the Clausius-Mossotti
theory, that a dielectric particle subjected to a uniform field behaves like an electric dipole. In a
composite material, each inclusion is therefore influenced not only by the applied field, but also
by the field resulting from the presence of other particles. The field actually experienced by an
inclusion, called the local field, is thus the sum of the external field and the interaction

contributions.

Figure 1.14: Macroscopic cavity located in an external electric field E .
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To determine this local field, it is common to use the Lorentz sphere principle. This involves
considering an imaginary spherical cavity surrounding the particle under study (Figure 1.14).
Inclusions located outside this cavity are modeled as a polarized continuum, while those inside
directly influence the local field. The total field within this cavity is then the sum of the applied
field, the field due to the surrounding continuum, and the field generated by the particles inside

[50].

The Lorentz approximation assumes that the dipolar contribution of particles located inside the
cavity is negligible. This approximation is rigorous in a complete cubic lattice and remains valid
when the concentration of inclusions is sufficiently low. Multipolar contributions, which are more
complex, are not considered in this framework. The macroscopic field created by a uniformly

polarized continuous medium, for a spherical cavity, is given by:
Ee=— (1.24)

From this, we can deduce the expression for the local field:

a=z~0+7s’e=2;5fo (1.25)

The polarization per unit volume of a medium consisting of k types of particles, each with a

polarizability ax and a number density N, is expressed as:

P=> N,aEica (1.26)
k

By introducing Eq. 1.25 into Eq. 1.26, and using the definition of polarization (Eq. 1.21), we obtain

the Clausius Mossotti relation:

-1 1
-~ SN, (1.27)

This equation again reveals a relationship between two macro-meso scales. If we repeat the
reasoning to move from the mesoscopic to the microscopic scale (see Figure 1.15), assuming that
the application assumptions of Eq. 1.27 remain valid, we arrive at:

-1 1
g +2 3¢,

N,.a, (1.28)

where Nuis the number of atoms per unit volume of material .
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The macro-micro transition relationship is then given by:

8—121 N, 3g, & —1 (1.29)
e+2 3% N, &, +2

because Nu/ Ni is equal to the volume fraction V' occupied by material k£ in the composite.

Therefore, we obtain:

= g (1.30)

Macroscopic state

& .
+——— Mesoscopic state

<+—— Macroscopic state

Figure 1.15: Principle of multi-scale analysis of the transition from macroscopic to microscopic

[49].

We thus recover the MG equation defined for spherically shaped inclusions. By setting ¢ = 1 in

the left-hand side of Eq. 1.30, we recover the SBG equation [8-9].
1.9.3 Maxwell-Garnett Mixing Law

The Maxwell-Garnett (MG) model [8], derived from the Clausius-Mossotti relation, was
developed in 1904 to explain the coloration of glasses containing a small fraction of metallic

particles dispersed in a permittivity matrix.

The key principle is to consider each inclusion as an isolated dipole, whose total polarizability is

the sum of its individual polarizabilities, neglecting interactions between inclusions (Lorentz field
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approximation). The effective permittivity of the composite is obtained by applying the Clausius-

Mossotti relation at the microscopic and then macroscopic scales:

&—¢
— 1 m
e=¢, +3ve,

1.31
&+2¢, —v(e —¢,) (131)
where €i and em are respectively the permittivities of the inclusions and the matrix, and vis the

volume fraction of the inclusions.

The MG model accurately describes composites with a low inclusion fraction, particularly
dispersed metallic particles, but becomes inaccurate for concentrations above 50%. Figure 1.16
shows a medium composed of material spheres inserted into a host medium that can be described

by this theory.

Ol
‘) ()Ué 0 MaxweIIGarnett) Eoff
0 0

Figure 1.16: The composite medium described by Maxwell-Garnett's theory.

The modified formulation takes into account the depolarization factor 4 of the inclusions

0<A4<1).

v[e /e, —1]
1+ A(1-v)[(g / &,) 1]

) (1.32)

e=¢,(1+

For inclusions with circular geometry, A=1/2.
1.9.4 Bruggeman mixing law

To deal with high volume fractions, Bruggeman [9] proposed in 1935 an alternative approach

known as the Effective Medium Approximation (EMA). Unlike the Maxwell-Garnett model, the
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existence of an explicit host material is no longer assumed. Each component of the mixture is
considered to be immersed in a homogeneous effective medium of unknown permittivity eeff,

which is to be determined (Figure 1.17).

Figure 1.17: Unit cell of the Bruggeman model.

For spherical inclusions with permittivity &; and volume fraction v, immersed in an environment

with permittivity em, the Bruggeman equation is written:

E —& E —&
(1—y)—2—L 4y L T — (1.33)
g, + 286_[7 g+ 2geff

This symmetrical relationship balances the contributions of the two components by weighting
them by their respective volume fractions. It contrasts with the Maxwell-Garnett law, which is
inherently asymmetric, since each inclusion is immersed in a predefined matrix. In Figure 2.3,

the inclusions interact through the same effective medium.

A modified version of Bruggeman's formula can also be used to estimate the effective

permittivity of a composite with two distinct components.

1= A+ Zy 4w & —1)i\/[1—A(l+ Sy L A=) (EE )P da—a) &
& & & & &
£= " " " " " (1.34)
21— A)
1.9.5 Birchak Law

Birchak [51] proposed the so-called CRIM (Complex Refractive Index Method) for calculating
the dielectric permittivity of a binary mixture, assuming that the size of the inclusions is small

enough compared to the wavelength. This method is given by the formula:

Jeu =we +1-)s, (1.35)
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1.9.6 Looyenga Law

In his formulation of the mixture, Looyenga [52] proposes a valid approximation when the two

components exhibit low dielectric contrast, that is, when their permittivities are close. He assumes

that these can be expressed in the form ¢, =¢,, —Ve,, and, ¢, =¢,, +A¢,, and vice versa. Under

this assumption, the effective permittivity eeff can be estimated by:
)" =(g)" v+(g,) " (1-v) (1.36)
1.9.7 Wiener Law

Regardless of the shape, size, physical state, volume concentration, or orientation of the different
phases, the effective dielectric response of the mixture always lies between two limits known as

the Wiener boundaries.

This theory assumes that an emulsion is formed by parallel and superimposed layers of the
continuous and dispersed phases in their pure state. Wiener [53] proposes two equations. The first
(lower Wiener law) considers the layers to be parallel to the plates of the measuring capacitor; the

system then behaves like two capacitors in series, whose permittivity is given by:

L v v (1.37)

The second expression (upper Wiener's law) is obtained by considering that the layers are
perpendicular to the plates of the measuring capacitor, and then the permittivity of the system is

calculated as that of two capacitors in parallel:

Ean =VE +(1=V)g, (1.38)

wsup

1.9.8 Lichtenecker-Rother Law

This law 1s based on a static approach to dielectric mixtures. Experimental work shows that
Lichtenecker's formula is widely used, including for anisotropic media, due to its high flexibility.
It proves particularly suitable for describing the dielectric behavior, whether static or dynamic, of

statistical mixtures across all volume fractions.

Lichtenecker and Rother [54] consider that the effective permittivity of a composite can be
expressed as a general function G of the individual permittivities of each of the constituents and

their volume fractions. For a mixture containing N phases, this relationship is generally written as:
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Epy = G658y e ExoVisVysereniVy) (1.39)

The purpose of this law is to determine the form of G; they found two possible forms for this

function. For two components, the expression can be written in the form:

&

o =68 (1.40)

1
e =gl v,e7)* with (-1 <a<1) (1.41)

Generalizing to a mixture of N phases leads to:

g =" ve’ with(-1<a<l) (1.42)

a N %
e =11_¢" (1.43)
1.9.9 Bottreau Law

Following numerous measurements carried out on dielectric composites whose behavior did not
follow the conventional Lichtenecker law, particularly those exhibiting percolation or a non-
spherical granular structure, Bottreau [55] proposed a new method of representation. Instead of
plotting the logarithm of the permittivity as a function of the volume fraction of the constituents,

he chose to express it as a function of the logarithm of these volume fractions.

Considering that vz represents the volume fraction corresponding to the inflection point of the
experimental curves, Bottreau made an initial change of origin by taking In(vy) as the reference.
The resulting curves then exhibit a shape close to a hyperbolic tangent, provided that /n(v>/v)) is

used in the first case and —In(v;/(1—v;)) in the second case.

He then defined:

oW

ID(VO) =In m

(1.44)

where v| and v> denote the volume fractions of the two constituents.

By applying a second change of origin, he obtains the final abscissas, which serve as the basis

for the analysis and become functions of In(v2/v;). This step leads to:

n(2)—tn [—2% »n(A-v) (1.45)
v, v,(1-v,) A2
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By proceeding similarly with the variable In ((1-v;) /v;), we obtain:

ln(—(l_vi)J—ln N /—Vz(l_vf) (1.46)
v, v,(1-v,) A2

Since the two forms obtained for the abscissas are identical, it becomes possible to process all the
experimental data within the same coordinate system. By setting this common variable equal to
In(vy), considered as a normalized variable, it then suffices to normalize the variations of In(g’)

between the values +1 and —1.

This normalization leads to a hyperbolic tangent-type function, whose slope at the origin, denoted

o, must be determined. Bottreau thus obtains the final relation of his model, which is written in the

form:
In(z,) = 2 EE) o oh E i) (1.47)
In(%) 2
&
With v, = 1Y% (1.48)
AR
. vy —1
This leads to: In(ey ) =— (1.49)
vy +1

Lo _In(2)=In(&)

" In(e,) —In(e) (1.50)

So we will have:

After expansion, we obtain: n(e) = p,In(g)) + p, In(e,) (1.51)

=)
1=y ! (1.52)

2]
% _ (1.53)
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1.9.10 Bergman Law

In 1978, Bergman [56] established a general formulation by analyzing the distribution of the
electric field inside and outside an ellipsoid embedded in a homogeneous medium. His approach
involves evaluating how the applied field is modified by the presence of the inclusion, which
induces a local perturbation and a redistribution of the electric field in its vicinity. This detailed
analysis of the electrostatic behavior of an ellipsoid allowed Bergman to derive a more general
expression for the effective dielectric response of composites.

E —&

E=¢, tve,—"——— 1.54
&+ A(gm _81‘) ( :

1.9.11 Yamada Law

Yamada and al. [57] proposed an expression describing the dielectric behavior of a composite
consisting of a random distribution of ellipsoidal particles dispersed in a continuous matrix. Their
model explicitly takes into account the influence of the geometry of the inclusions by introducing
a shape parameter, denoted n, which characterizes the ellipticity or elongation of the particles. This
approach thus makes it possible to modulate the effective response of the material according to the

actual morphology of the inclusions, beyond the more restrictive assumption of spherical particles.

g=g | 14— EE) (1.55)
ne, +(1-v)(e —¢,)

The theoretical models discussed above can be classified into two main categories, as presented in

Table 1.1. The first category comprises the original empirical models, which do not account for

factors such as depolarization effects, filler shape, or distribution. The second category consists of

modified laws in which these factors are explicitly taken into account.

Table 1.1: Classification of Theoretical Models

Original Mixing Laws Modified Mixing Laws
e Maxwell Garnett e Modified Maxwell Garnett
e Bruggeman e Modified Bruggeman
e [Looyenga e Bottreau
e  Weiner e Bergman
e Lichtenecker-Rother e Yamada
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1.10 Conclusion

This chapter introduces the fundamental concepts of composite dielectric materials to establish the
theoretical framework for this study. The different types of polarization, at both microscopic and
macroscopic scales, are presented, as is the application of Gauss's law to dielectrics. The concepts
of permittivity, losses, and conductivity are examined, along with the influence of key parameters
such as frequency, temperature, and grain size on dielectric properties. Furthermore, the concepts
of local and effective fields, as well as approaches based on mixing laws, are discussed to better
understand the behavior of composites. These theoretical elements form the necessary foundation
for the following chapter, which will focus on characterization methods and sample preparation
procedures, in order to connect the experimental results to the theoretical concepts presented in

this chapter.
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CHAPTER

Electromagnetic Characterization of
Dielectric Materials

2.1 Introduction

Characterizing the dielectric properties of materials is an essential step in analyzing the
electromagnetic behavior of composites. Among the various existing approaches, several
techniques provide access to complex permittivity, such as waveguide methods, resonant devices,

coaxial probes, and reflectometry techniques.

This chapter focuses on three complementary methods used to study dielectric composites. The
first relies on time-domain reflectometry (TDR), a broadband technique that involves injecting an
electromagnetic pulse into a coaxial line to analyze the reflected signals and deduce the material's
frequency response. The second method uses a rectangular X-band waveguide to determine the
complex permittivity at a fixed microwave frequency by observing how the sample modifies wave
propagation within the waveguide. The third method presented is the finite element method, which
allows for the accurate modeling of the electromagnetic behavior of complex dielectric structures

and overcomes the limitations of classical analytical approaches.
2.2 Characterization by Time-Domain Reflectometry

The time-domain reflectometry (TDR) technique adopted in this study is a broadband microwave
method, recognized for its conceptual simplicity, speed of execution, and reliability in determining
the electromagnetic properties of materials, particularly dielectric properties. It is based on
studying the reflection generated by the interaction of an electromagnetic pulse with the sample to

be characterized, placed in a transmission line.
2.2.1 Measurement Principle

The principle of TDR is based on analyzing the reflection generated when a short electromagnetic
pulse, with a rise time typically less than 35ps, interacts with a sample placed in a coaxial

transmission line. The sample used in our study consists of a solid tube with an external diameter
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of 7 mm and an internal diameter of 3 mm, providing a characteristic impedance of 50 Q, with a

thickness that varies according to experimental requirements.

The pulse stimulus travels along the coaxial line and, when it encounters an impedance
discontinuity at the sample-line interface, part of the wave is reflected while another part is
transmitted. Successive reflections, including those reflected by the end plate of the measurement
cell, are recorded by a sampler connected to a digital oscilloscope, and their time-domain analysis
allows for the precise deduction of the sample's dielectric properties, such as the complex
permittivity. Examining reflected signals also allows for a detailed characterization of the nature
of discontinuities along the line, whether capacitive, inductive, or resistive, as well as the
assessment of any potential losses. The complete measurement setup (Figure 2.1) includes a step
pulse generator (HP 54121A), a digitizing oscilloscope (HP54120B), the coaxial transmission line,
the measurement cell, and a computer system for data processing and storage. This configuration
enables the acquisition, analysis, and visualization of time-domain signals, and, due to the
broadband nature of the stimulus, TDR provides information on dielectric properties over a wide
frequency range. The technique can also be adapted to the frequency domain using a vector
network analyzer when sensitivity, accuracy, or spectral resolution are required. Its conceptual
simplicity, combined with the wealth of information provided, has enabled TDR to find a wide
range of applications in the characterization of dielectric materials, whether solid or liquid, and
today constitutes a preferred tool for the study of microwave composites in an advanced scientific

research context [58-61].

/ \ pulse step transmission  matched
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Figure 2.1: TDR experimental setup [61].
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2.2.2 Measurement Cell

The coaxial measurement cell used in this study, supplied by Maury Microwave and illustrated in
Figure 2.2, plays a crucial role in the microwave characterization of dielectric materials. Made of
gold-plated copper, it offers excellent conductivity and very low losses, ensuring stable signal
propagation. Its geometric dimensions are calculated to guarantee a characteristic impedance of
50 Q, a standard value in microwave metrology. The transitions are achieved using APC-7 mm

connectors, renowned for their mechanical precision and low impedance mismatch [61].

In the line segments before and after the sample, the impedance depends solely on the internal
geometry of the cell. Thus, the only electromagnetic discontinuity originates from the inserted
material, allowing the measured reflections to be clearly correlated with the sample's inherent
properties. This configuration allows for the determination of the dielectric properties (complex
permittivity) of the material over a wide frequency range, using well-established analytical models.
This choice of a coaxial cell is particularly well-suited to composite materials, whose civil
applications often require operation in lower frequency bands, where the coaxial line provides a

simple, precise, and ideally adapted solution.

caaxial line

Cell body

Inner conductor

HP washer

Contact screw

APC connector

Figure 2.2: (a) Geometric dimensions of the measurement cell in reflection/transmission, (b)
Composition of the APC-7 measurement cell.
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2.2.3 Experimental Methods Used in TDR

To fully exploit the reflected signals obtained by the TDR technique [62], various measurement
methods have been developed, each adapted to the geometry of the line and the characteristics of
the sample. These methods are all based on the analysis of the reflection coefticient and allow the

measured signals to be linked to the dielectric permittivity of the sample.

The main distinctions are [63]:

a) The first reflection method.
b) Multiple reflection methods: It comes in three experimental configurations, namely the

short-circuited line, the open line and the adapted line.

2.2.3.1 First Reflection Method

The first reflection method relies on the exclusive analysis of the first wave reflected at the
interface between the surface and the sample, that is, at the first interface encountered by the
voltage step in the coaxial line. In practice, the total reflected signal results from the superposition
of this first reflection and additional reflections generated at subsequent interfaces, particularly at
the opposite end of the sample. However, this method aims to isolate only the first reflection;
therefore, the sample must be long enough so that subsequent reflections do not interfere with the
first detected pulse. This condition ensures that the contribution of reflections generated at the

second interface is negligible during the analysis.

The analysis of this first reflected wave allows for the direct estimation of the material's complex
permittivity, and the desired information is contained within the time signature of this initial
reflection. This approach has the advantage of being conceptually simple and leading to relatively

straightforward calculations once the reflection coefficient is determined experimentally.

However, the method suffers from a major limitation: it is only applicable to samples long enough
to temporally separate the first reflection from the multiple internal reflections. Otherwise, the
successive contributions overlap, rendering the analysis invalid. Since the samples studied in our
work do not meet this condition, the first reflection method is not suitable for our experimental

setup [64].
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2.2.3.2 Multiple Reflection Methods

These methods, unlike the first one presented above, take into account the reflections generated
between the two interfaces (air-sample and sample-load). The total reflection coefficient in the

medium (1) will therefore include the contribution of all these reflections (Figure 2.3).

P1
(1) Air (2) Sample
Incident wave >
.‘_
Reflected wave

Figure 2.3: Multiple reflections in a sample.

According to Figure 2.3, when a wave at normal incidence reaches the first interface, part of the

wave penetrates the sample while the other part is reflected. The transmitted portion propagates
with a propagation constant ¥, = j.—./€,.4. throughout the sample until it encounters the second
c

interface. At this point, it undergoes the same process as the fundamental incident wave.

The reflected portion will now return to the first interface and will also generate two other waves:
reflected and transmitted. The transmitted wave from medium (2) to medium (1) will be added to
the fundamental reflected wave. Therefore, in the end, the total reflected wave will be the sum of
the fundamental reflected wave plus the secondary reflected waves generated by the multiple

reflections, and we write:
E =E +E, +=YE, 2.1)
i=0

The total reflection coefficient will be:

—27,d

R(C())Z pl+p2e

2.2
L+ ppye 7 (22)
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where p,and p, are respectively the reflection coefficients of the first and second diopters,

which are defined by the following relations:

7/ -7
p(w)==2—< (2.3)
1 ZL'd +ZL
Z. -7
pr@) =2 @4

C cd

In methods based on multiple reflections, the choice of experimental setup depends primarily on
the terminal load placed at the end of the coaxial line, immediately after the sample. Three
configurations are commonly used: the short-circuited line, the open line, and the matched line,
each with specific characteristics depending on the type of material and the frequency range being
studied. In the short-circuited line method, the zero-terminal impedance (Z=0) simplifies the
analysis but eliminates the contribution of permittivity for small sample thicknesses or low
frequencies, making it unsuitable for dielectric characterization while remaining relevant for

magnetic materials. The open-line method, which consists of terminating the line only (Z, = )

with the sample, is suitable for purely dielectric materials in the low-frequency regime but does
not allow access to the permeability of magnetic materials. Conversely, the matched line method

(Z, =Z,) is the most robust approach, as it allows for a direct interpretation of the time-domain

signals, provides access to the complex permittivity, and also enables the estimation of electrical

conductivity from the asymptotic behavior of the reflection coefficient.

In this work, the objective is to present only the method used in our experimental protocol, which
is the matched line method detailed in the following section. The principle of two other

configurations is explained in detail in [64, 65].
2.2.4 Adapted Line Method: Principle and Experimental Protocol

The experimental method chosen is that of the adapted line, the appropriate setup of which we

anticipate in Figure 2.4. The impedances in the matched measurement line are given by Figure 2.5.
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_/' Step Generator

Coaxial Load
Line

it [z Z: = 500

Sampling Oscilloscope Sample

Figure 2.4: Experimental setup of the adapted line.

Figure 2.5: The impedances in the adapted measurement line.

In this case, the terminal load is equal to the characteristic impedance of the waveguide: Z, = Z,

and p, = —p,, where the reflection coefficient can be given by the following expression:

(1-pe ")
e 2.5)
1

By introducing the concept of reduced impedance, we obtain:

Z(a)) — (1 + pl)(l B ple:th) (2.6)
A+ p)A+pe™)

This formula can be expressed as a function of & and g, in the following form:

1-e" 1+ Jg (1+e7)
Z(w)y=\u /¢, : (2.7)
(@)=# Ji (A+e )+ e, 1+
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—27,d

If we divide the numerator and denominator of the fraction by (1—-e ~**) and use the following

relation:

l—e
tanh(yzd) = w (28)
We will obtain the following:
1+./u /€, .tanh(y,.d
2(0) = Ju Tz, AN L& tanh(y, d) (2.9)

. /€. .tanh(y,.d)

@ .
In the case where y, = j—./¢,4, and u =1, the relation becomes:
c

1+ /1/¢ .tanh(j 2 .d)
Z(@)=\1/¢.. c (2.10)
J1/ s, tanh(j 2 [e, .d)
C

To simplify the calculations, we use admittance instead of impedance, i.e.:

1+./¢, .tanh(j 2 fd)

V(@)=—— =J_ 2.11)

Je, .tanh(j = f d)

To solve this equation, we decompose all complex numbers into real and imaginary parts by

setting: \/&. =a+ jb andtanh(jg g.d)=c+jd. By separating the two parts, real and
g4/, o Ve Yy s€p g p

imaginary, we find:

(I+ac—-bd)(c+a)—(ad +bc)(d +b)

Re[¥(@)]= (c+a) —(d+b)

(2.12)

(1+ac—-bd)(d+b)—(ad +bc)(c+a)
(c+a)’ —(d+b)

Im[Y(@)]= (2.13)

Solving these two equations will give the expressions for ¢ = f(a, b) and d = g(a, b) . Substituting

them into the equation y,d = c+ jd , will give us the values of a and b, and therefore the value of

Page | 42



Chapter 2 Electromagnetic Characterization of Dielectric Materials

Another approach can be used when w tends towards O (t tends towards infinity) and when
y2d < 1. In this case, we can approximate the exponential to its first-order Taylor series expansion:

e =1-2y,d.

This will lead to:

R(w - 0) = f"%dz (2.14)
L=pi +2p;.7,d

By substituting 7, and p, using their respective relation and simplifying the expression, we obtain:

i.d%(1-¢)

R(@—0)= ¢ (2.15)

24id L (1-fg )
C

For a material with non-zero electrical conductivity, the expression for dielectric permittivity takes

the form:
. ! o o -o.d/cg,
£1(0) = &, (0)~i(6)(@) + ) = R(0) = — 50 (2.16)
we, 2+o0d/cg,
o268 RO 2.17)
d 1+ R(0)

This approach allows us to easily deduce the electrical conductivity of the material by knowing
only the asymptotic value of R(?) when t tends towards infinity.

The first advantage of this method is therefore to easily obtain the DC conductivity of the material
from the asymptotic value of R(?), and the second advantage is to define a priori and very simply,

by simple observation of the time signal, the nature of the type of material to be studied.

This experimental protocol, as can be seen in Figure 2.6, allows the properties of the material
(dielectric composite (a) [6=0, u=1], or a composite with a non-zero conductivity (b) [¢£0, u=1],

or a magnetic composite (c) [u#1, 0=0]) to be visualized directly on the oscilloscope screen.
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Figure 2.6: Schematic representations of the different time-domain responses adapted to the

electromagnetic characteristics of the material.

Before initiating measurements, the entire reflectometry system is run for more than four hours to

ensure thermal stability and optimal acquisition accuracy. To improve the signal-to-noise ratio,

each reflected response is obtained by averaging several successive recordings for each sample

[31].

Time-domain reflectometry (TDR) measurements are performed according to the following

procedure for all samples studied. First, a short circuit is placed at the end of the measurement cell,

and the corresponding response is recorded. Then, the sample is inserted into the cell, the matched

load is positioned at the termination, and the associated TDR response is acquired [64].

The time-domain reflectometry system then implements the operational sequence described in

[65].

1) A voltage step with a very short rise time (approximately 28 ps) is injected into a matched

coaxial line terminated by the sample. The impedance discontinuity introduced by the

sample generates a reflected wave.

2) The sampling head converts the superposition of the incident and reflected waves into a

low-frequency signal, which is displayed by a digital sampling oscilloscope.

3) The resulting time-domain signal is recorded and then digitally processed to extract the

desired information. Several processing steps are necessary to obtain the final results.

Page | 44



Chapter 2 Electromagnetic Characterization of Dielectric Materials

The signal processing methods used in this work, as well as their theoretical justification, are

presented in detail in references [64].
2.3 Microwave Propagation in A Rectangular Waveguide [66-68]

The rectangular waveguide used in this study is a hollow metallic conduit designed to confine and
direct the propagation of electromagnetic waves. The dimensions of this waveguide are chosen to

allow signal propagation in the frequency band between 8.2 and 12.4 GHz, known as the X-band.

Propagation in such a waveguide does not occur as a classical plane wave, but rather according to
natural modes, which are solutions to Maxwell's equations associated with the boundary conditions
imposed by the conductive walls. Among the various possible modes, the TEio (Transverse
Electric) mode is the most commonly used, as it exhibits the lowest attenuation and constitutes the

fundamental mode of the rectangular waveguide.

In a perfectly conductive waveguide, the boundary conditions require that the electric field be
perpendicular to the metallic walls, while the magnetic field be tangent to them. These conditions
prevent the propagation of a TEM mode, and only TE (Transverse Electric) or TM (Transverse

Magnetic) waves can exist.

The minimum frequency at which a given mode (m,n) can propagate is called the cutoff frequency.
Below this frequency, the wave does not propagate and its amplitude decreases exponentially; it is

given by:

5y + (%)2 (2.18)

faen= 5|
c(mn) 27[ IL[E a

where:

e g and b are the internal dimensions of the waveguide (a>b),
e s and ¢ are respectively the permeability and permittivity of the medium in the

waveguide.
For the fundamental mode TEo (m=1, n=0) :

c

fclo =Z (2.19)
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Therefore, the corresponding cutoff wavelength is:
Ao =2a (2.20)

(4

The wavelength in the waveguide, denoted /g, is related to the wavelength in free space Ap=c/f by

the relation:

Y — — (2.21)

This wavelength is always greater than the wavelength in air. A0, and becomes infinite at the cutoff

frequency (f=fc), which means that the wave no longer propagates.

The propagation constant in the waveguide is written as:
2 f ’
V4
—a +iB =i2= [1-| Lo 2.22
V=0, +]p, J/10 (fj (2.22)

e [, is the phase constant,

where:

® 0, is the attenuation constant (zero for a perfect empty waveguide).

-

~of A g

Figure 2.7: Diagram of the rectangular waveguide.
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2.3.1 Determination of Complex Permittivity

The electromagnetic characterization of dielectric materials in rectangular waveguides relies on
analyzing the behavior of a microwave propagating within the waveguide when it is loaded by a
sample. The main objective of this method is to determine the complex permittivity from

experimental measurements using the fixed-frequency short-circuited line technique proposed by

Von Hippel.
Medium0 Medium 1

> B+——>A onort -

7 Circuit
\ Sample

(Zog. Yog) Ps P

4—-/ s
4+——>
c

Figure 2.8: Waveguide filled by the dielectric and short circuit.

Figure 2.8 represents the theoretical model of a waveguide filled with a dielectric and terminated

by a short circuit. It consists of two distinct media:

e Medium 0 corresponds to the air-filled (or vacuum) portion of the waveguide. In this
region, losses are assumed to be negligible, therefore:

y, =0 (2.23)

Propagation is then entirely reactive, described by the propagation constant and the

characteristic impedance of the air-filled waveguide. These two quantities are given by the

following relationships:

. .27
Yog =JBog =J . (2.24)

0g

A (2.25)

0Og >
f
e Medium 1: the region of the waveguide containing the dielectric sample of thickness e,

characterized by y;¢ and Zjg; given by:
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A
e =T [ fj (2.26)

. — (2.27)

Where: ¢’ is the relative complex permittivity of the dielectric material.

For non-magnetic media (4, =1), the Z_y, product remains invariant:
Z, Vg =ZogVo, = JOM, (2.28)

So, L _Tow _27m 1

(2.29)
ZOg 7lg /’i’Og j/lg

At point A, corresponding to the plane of the short circuit, the physical impedance is zero

( Z4=0) since the tangential electric field is zero. The reduced impedance is therefore also zero.

The associated reflection coefficient is then:
p,=-1 (2.30)

This corresponds to total internal reflection with phase inversion. However, the reflection
measured at the entrance of the waveguide differs, as it undergoes a transformation during

propagation over the distance separating plane A from the observation point.
At point B, the system impedance is given by:

Z, =2,, tanh(y, e) (2.31)

From this expression, it is possible to define two forms of reduced impedances allowing the

impedance to be normalized with respect to the chosen reference medium:

e The reduced impedance at point B with respect to the material:

Z
Zp = Z_B = tanh(y, e) (2.32)

lg
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e Reduced impedance at point B relative to the empty waveguide:
_ Zlg tanh(j/lge)
Z

0g

V4
ZBO=Z

B

(2.33)

0g

By substituting the expressions of equations (2.26) and (2.29) into equation (2.33), we obtain:

(2.34)

When a material is inserted, the standing waves move. At the minimum electric field strength, the

measured impedance is:

1- Z
z, =7, 2] _ Zog (2.35)
1+ | pB| 0
Since we are working with reduced impedances, we define:
—tanh(y,,d
Zm :ﬁ: 0g ZBO (7/0g m) _l (2'36)
Zy, 1+ z,, tanh(y, ,dm) 6
1+ jOtan(2zd /| A,
So, _1+jotan@rd, [ 4,) (2.37)

Zpo = 09—
—jtan(2zd, / 4,)

Where dm is the distance between the minimum of the field and the plane passing though by B,

and @ correspond to the standing wave ration (SWR).

From equations (2.34) and (2.37), we deduce the equation (2.28) which relates the complex

permittivity of the material to the quantities measured experimentally (9,d,,, 4,,,4,,e) within the

framework of the short-circuited line method.

1 &
tanh| 27e 5
A L) ” 1+ jOtan(2zdm/ A,)

L & 70— janQrdml i)
272'6 PTRETY
/lc A’O

(2.38)
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2.3.2 Experimental Measurement by X-band Waveguide Bench

When the waveguide is empty and terminated by a metallic short circuit, the propagation of a
microwave wave generates standing waves, characterized by maxima and minima of the electric
field along the guide. The insertion of a dielectric sample modifies this distribution due to partial
reflections at the air-material interface and propagation within the material. This perturbation of
the standing waves forms the basis of the measurement. The observed variations in the position of
the minima and maxima allow the measurable quantities to be experimentally related to the

complex permittivity of the material.

The experimental setup shown as a bloc diagram in Figure 2.9 includes a microwave generator
injecting the signal into the waveguide, a detector for measuring the electric field along the
waveguide, and an attenuator to control the amplitude. The end of the waveguide is closed by a
metallic short circuit, and the sample is placed directly against this short circuit. The measurement

consists of recording the position of the electric field minima with and without the sample.

VSWR meter
or
Klystron Milli voltmeter
Power Supply
' Short-circuit
Crystal Detector
I
Klystron — Frequency Variable Slotted line | | sample et
Mount Tube ORON T meter [ Attenuator [ withprobe [ el it
i f‘j'll
SUT
Figure 2.9: Bloc diagram of X-band waveguide bench.
The displacement of the minima, denoted dm, is given by:
d =X —-X +e (2.39)
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where X and X, are the positions of the minimum with and without the sample, and ¢ is the

thickness of the sample. The measurement principle of dm is shown in Figure 2.10.

7t

Short Circuit

Short Circuit

K+
Figure 2.10: Principle of measuring the distance from the minimum dn, with and without the

sample.

The determination of Ao is direct. It suffices to measure the distance between two minima, either

in the case of the short circuit (m 'y ,m ) or with the sample (m;,m>):

2o () = () (2:40)

The standing wave ratio (SWR), is defined as the ratio between the maximum and minimum

amplitudes of the electric field in the waveguide:

SWR=0=

Vma"=—1+|p|, =222 (2.41)
1-|p O+1

With1< 0 <o
p: The charge reflection coefficient.
Vmax: The maximum voltage value.

Vnin: The minimum voltage value.
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2.4 Numerical Characterization Methods

The introduction of numerical methods into the design process of new composite materials is
becoming essential for studying the properties of these heterogeneous structures. Numerical
modeling is becoming a necessary step for the "virtual" fabrication of heterogeneous structures
before they are tested in the laboratory. It allows us to avoid unsuccessful synthesis methods. This
is all the more true given that previously proposed analytical approaches all rely on approximations
that limit their application. Their transferability and universality also pose an unresolved problem.
The spatial disorder of heterogeneities, their shapes, their orientations relative to the external
electric field, their potential interactions, and their concentrations constitute a set of parameters
that can each be considered independently by numerical simulation in order to assess their

influence. This undoubtedly represents yet another advantage of numerical methods.

In our work, we use the finite element method (FEM) [69-71] in order to be able to use it to
evaluate the effective permittivity of random composite materials. The advantage of this method

lies in the fact that it allows the simulation of highly heterogeneous structures.
2.4.1 Finite Element Method (FEM)

The finite element method (FEM) [72] is one of the numerical tools that has proven effective in a
wide variety of fields (electromagnetism, mechanics, thermodynamics, etc.). This method is one
of the most widely used today for solving partial differential equations, particularly Maxwell's
equations, which govern electromagnetic phenomena. It is based on the finite element
approximation technique [73], which allows us to approximate a polynomial function in a given
space using the values at certain nodes of the domain. This requires dividing the domain of study
of these functions into elementary subdomains called elements. These local functions have the
advantage of being simpler than those that could potentially be used to represent the entire
computational domain. Thanks to the diversity of elements that can be used, notably triangles in
2D or tetrahedra in 3D, this method is very common for modeling complex geometries. The
repetitive nature of the method, which involves applying the same operator to each element, has
made it very efficient. This method requires specific treatment of the equations, which are
transformed using an integral formulation and then discretized to arrive at a system of algebraic

equations. The method is robust but generally requires significant computational resources.
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In this method, the focus is not on solving the equation (for example, Laplace's equation), but
rather on a variation problem associated with the principle of minimum energy in a closed region
of the electrostatic field. The energy stored in the field always takes the lowest possible value. The
region of the electric field under consideration is divided into elements of arbitrary shapes and

sizes (Figure 2.11).

yi

L -
0 X

Figure 2.11: Fragment of the field with the mesh intended for calculations using the finite

element method.

The FEM method uses a parts-based approximation of the unknown function to solve a differential
equation. Physical equivalence can be used to find a solution to the partial differential equation.
However, the complexity of the geometries of the systems considered makes it very difficult, if
not impossible, to find an approximation of the solution across the entire domain. To overcome
this difficulty, the domain is subdivided into subdomains called finite elements, on which
interpolation is performed locally to approximate the unknown function. The domain is bounded
by a boundary where the potential value is assumed to be known. The finite elements used to
discretize the domain are generally grouped into topological families: line segments, triangles,
quadrilaterals, tetrahedra, parallelepipeds, and prisms. Each element is represented by points called
geometric nodes. Interpolation nodes, where the unknown function will be calculated, are
associated with each element. Thus, for each element resulting from the subdivision, the function

modeling the phenomenon is defined by a polynomial interpolation [2].

V=> 1V, (2.42)
i=1
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n is the number of interpolation nodes; 4; are the interpolation functions and V; are the nodal values.

The basic principle is to find the distribution of nodal values /; that satisfy the partial differential
equations and the boundary conditions. This can be done either by a variational method that
minimizes a function equivalent to the posed differential problem, or by using a projection method
such as the Galerkin projection, which directly addresses the partial differential equation. The
order of the polynomial depends on the type of element; for example, for a one-dimensional
quadratic element described by the curvilinear abscissa u located in the interval [-1, 1], the

interpolation functions are [74].

A= (=1
A(u)y=1-4 (2.43)

ﬂs(ﬂ)=%ﬂ(ﬂ+1)

Consider, for example, the Poisson equation. We are looking for an approximation V' of V that

minimizes the quantity R:

R=(AV +- 2 (2.44)
£,

where p is the volume charge density.

Among the methods for setting a given quantity to zero in a domain, the weighted residuals method
is often used. A system of independent linear functions W,, called projection functions, is chosen,

and then all integrals (Eq. 2.45) are set to zero at each finite element.

1,=| w,RdQ (2.45)

This yields a comprehensive formulation of the finite element method. Sub-methods of the
weighted residual method also exist (point-by-point collocation, subdomain collocation, Galerkin,

least squares), depending on the choice of weighted functions.
2,(0) =W (1) (2.46)

For each element, we set to zero the n integrals (Eq. 2.45) corresponding to the n projection

functions. This system of equations can be written in matrix form:
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AV, =b. (2.47)

e

with Ae being the matrix associated with the element under consideration, whose coefficients
depend on the coordinates of the element's nodes. The components of V. are the unknowns at the
nodes of the same element. The vectors take into account any boundary conditions at certain nodes
of the element under consideration. Writing Eq. 2.47 for all elements, we obtain a series of

algebraic equations, among which is the potential solution in the domain studied [2].

Numerous commercial software packages (Comsol Multiphysics, HFSS, etc.) are available for
modeling complex three-dimensional structures, particularly through adaptive meshing. The

functions used are functionals constructed with respect to potentials or electromagnetic fields.

We used the FEM method to evaluate the effective permittivity of composite materials containing
inclusions of arbitrary shape. We briefly describe the principle of its application to heterogeneous

structures below.
2.4.2 Application to composite materials

The FE method has been widely used for modeling random or periodic, linear or nonlinear, lossless
or lossless composite materials, in both 2D and 3D cases. This method has been employed by
various authors [75] for calculating the complex effective permittivity of composite materials by

solving the Laplace equation and using appropriate boundary conditions.

In the numerical approach we developed, we used the COMSOL Multiphysics finite element code
[76], which integrates all the functions of the MATLAB software for developing quasistatic models

and solving them.

V=1, I‘K
F 9 1
IS,

82 Y . Sl <__al =0
av e ar L»X —L——) on
— =0 —p 1 e —=0 o
on on Z oL zF

on ’ &
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!
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Figure 2.12: Modeling of a composite: (a) 2D, (b) 3D.

Let us first consider the case of a lossless periodic structure. Consider a two-phase periodic
dielectric composite containing an inclusion of arbitrary shape in a matrix. Taking into account the
symmetry and periodicity properties, the geometry of the material is reduced to an elementary cell,

as shown in Figure 2.12, which is approximated by a parallel-plate capacitor.

The calculation of the effective permittivity of 2D composite structures proceeds in three steps:
(1) definition of elementary cells containing a grid of points allowing a good approximation of the
spatial domain. The space is filled with the desired arrangement, i.e., the effective permittivities
of the cells are equal to &; or &2 depending on whether the cell is filled with phase 1 or phase 2; (2)
calculation of the local potential distribution within the cell, where there are neither free charges

nor currents, obtained by solving Eq. 2.48.
V.(e(r)VV(r)) =0 (2.48)
Where ¢(7) and V(r) denote the local permittivity and potential.

The electrostatic energy can be calculated from the values of the derivatives of the potential V at

the nodes of the mesh over the entire surface S of the composite using the equation:

E, :% j Lg(x, y)[(%—zj +(%VJ }dxdy (2.49)

The effective permittivity in the direction of the applied electric field, i.e., & = ¢, is obtained by

the continuity condition of the normal component of the electric displacement vector via:

[ (a—Vj _Lhg (2.50)
s\ on ), L

where V> — V; represents the potential difference imposed in the y direction, L is the thickness of
the composite in the same direction, and S denotes the "surface" of the unit cell that is
perpendicular to the applied field. The potential on the top of the structure is set to V> = 1V, while
on the other face V1 is taken to be 0V; and (3) automatic or semi-automatic mesh generation

performed by the Comsol Multiphysics software.

As we recalled in Chapter 1, the interaction of an electromagnetic field with a homogeneous and

isotropic dielectric material can be characterized by a (relative) permittivity described by a
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complex number ¢ = &' — je". The calculation of ¢" and ¢” is easily generalized from the previous

evaluation of ¢ as follows:

For a dielectric medium, the numerical solutions of the electrostatic problem are based, in the

general case, on solving Poisson's equation:
V.(eg,VV)=—p (2.51)
If the medium is conductive, with no free charges or sources, the solution to the problem is given
by solving:
V.(oVV)=0 (2.52)
with ¢ defining the conductivity of the medium.

When the medium considered is intermediate between the two limiting cases considered
previously (medium with dielectric losses), then the solution to the problem depends on time, and

is given by a complex electrical potential that satisfies the continuity equation:
—  —  —(? _
V.(oVI)+V. E(E%VV) =0 (2.53)

or equivalently in Fourier space (taking a harmonic potential proportional to exp(jot)), considering

a medium without free charges, by

V.(je,e(@)oVV)=0 (2.54)
Eq. 2.54, is analogous to Eq. 2.48, by setting ¢ = ¢’ — je" , with ¢"" = o/ wel
2.4.3 FEM Mesh

Generating a high-quality mesh plays a crucial role in finite element analysis. This is achieved
using the COMSOL MultiPhysics software. COMSOL MultiPhysics allows for the controlled
generation of finite element meshes using input files containing complete instructions with node-
by-node and element-by-element mesh characteristics. This results in a mesh that is both fine
enough to guarantee high-quality convergence and sufficiently reduced to obtain results with
limited resources and time. COMSOL MultiPhysics also allows the use of both unstructured
meshes (triangles in 2D (Figure 2.13), tetrahedra in 3D) and structured meshes. In 2D, structured
meshes are composed of quadrangles [75]. Meshing surfaces is one of the essential steps in

modeling heterogeneous materials. This step transforms the surfaces from outlines into elementary
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surfaces. It's worth noting that a manual mesher can be used, where surfaces are meshed either one

by one, i.e., surface by surface, or all at once. The COMSOL MultiPhysics software includes an

- * | \ 7
- / = o BT /
q * 5 \ /
1t X ’ /
| / X
T L) N PRI Bl -

automatic mesher that generates quadrilateral or triangular elements. The mesh is then refined by

propagating one or more mesh lines and/or by dividing the mesh elements.

Figure 2.13: 2D unit cell mesh.
2.5 Conclusion

In this chapter, we presented and examined the two experimental techniques used for the
electromagnetic characterization of dielectric materials. The first, based on time-domain
reflectometry (TDS), relies on the matched line method and proves particularly relevant for
studying dielectric composites over a wide frequency range. Thanks to the use of broadband pulsed

signals, this approach allows for the rapid and robust extraction of electromagnetic parameters.

The second technique studied is based on the use of a rectangular X-band waveguide. We detailed
its principle and the experimental parameters required for estimating the complex permittivity.
Commonly used in the microwave regime, this method offers high accuracy in determining
dielectric properties, notably through the equivalent impedance model and the exploitation of the

reflection coefficient.

Furthermore, a numerical calculation tool based on the finite element method was presented. Its
formulation principle and its contribution to the determination of permittivity in heterogeneous

materials have been explained.
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Thus, this chapter has laid the theoretical and methodological foundations necessary for all the
experimental and numerical analyses carried out in this work. The following chapter will focus on
the procedure for preparing the samples studied and will present, analyze, and interpret the results

obtained using the two experimental characterization techniques introduced here.
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CHAPTER

Experimental Results and Modeling
of Binary and Ternary Composites

3.1 Introduction

In this chapter, we present our contribution to the study and characterization of two types of
titanate-based composites. The first is a binary composite consisting of an epoxy resin matrix and
barium titanate, while the second is a ternary composite combining the same matrix with calcium

titanate and ferrite.

The chapter is organized into three main sections. The first section describes the materials used
and the sample preparation protocols for the measurements. The second section presents a
comparative analysis of the dielectric properties obtained using two experimental techniques: an
X-band bench operating at 9.49 GHz and time-domain spectroscopy covering the range from 0 to
9.49 GHz. Several theoretical mixing models are also applied to determine which best reproduces

the experimental results.

Finally, the third section presents the experimental results for the ternary composite, covering the
microwave range from DC to 5 GHz as well as low-frequency measurements (500 MHz). This
approach makes it possible to link the dielectric characteristics to the charge concentrations and
the structure of the composites, thus providing a comprehensive overview of the electrical behavior

of these materials.

3.2 Fabrication and Preparation of Composites

This section details the procedures for preparing samples to be characterized using the two
measurement benches (TDS, X-band). The objective is to describe the composite materials used,
their formulations, and the shaping methods adopted, in order to obtain composites that are

compatible with the measurement devices used.
3.2.1 Materials Used

The composites studied in this work are binary and ternary composites consisting of a

thermosetting polymer matrix and a ceramic filler. The matrix used for both composites is an epoxy
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resin (Figure 3.1(a)), composed of a resin-hardener mixture [77] that ensures the mechanical
cohesion of the composite and the uniform coating of the filler grains. The ceramic filler consists
of Barium Titanate (BaTiOs) (Figure 3.1(b)) for the binary composite, and Calcium Titanate
(CaTiO3) (Figure 3.1(c)) with Manganese-Zinc Ferrite (MnZn Fe:0.) (Figure 3.1(d)) for the

ternary composite.

(b)

(d) (c)

Figure 3.1: Materials used in the composition of binary composites: (a) Epoxy resin, (b) Barium

titanate, (c) calcium titanate, (d) Manganese-Zinc Ferrite.

The composites were manufactured at the LIS laboratory, Ferhat Abbas University, Setif 1. The
minimum resin volume fraction was set at 70% to ensure good shaping, sufficient mechanical

stability, and limited filler agglomeration. The formulations studied differ in the volume fraction
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of BaTiO3, which was increased in regular 5% increments to progressively examine the effect of
ceramic concentration on dielectric properties. Table 3.1 lists all the prepared compositions with

their corresponding volume percentages and the main properties of the constituents.

Table 3.1 Main materials used in the experiment.

EPOXY BARIUM CALCUIM MANGANESE-
MATERIALS RESIN TITANATE TITANATE ZINC
FERRITE
Chemical - BaTiO3 CaTiO3 MnZn Fe:O4
Formula
Transparent, White powder, White powder, Black powder,
viscous liquid, | high permittivity, Moderate soft magnetic,
Phys.iczfl excellent ferroelectric permittivity, high
proprieties adhesive properties, electrical permeability,
properties, electrical resistivity, low coercivity,
high strength resistivity, Perovskite spinel
after curing. Perovskite
Density [g/cm3] 1.07 6.02
Particle size - <3 pum <100 nm <S5 pum
Materials RE (%) BT (%) CT(%) FE(%)
concentration
RBO 100 0
RB1 95 5
Binary | RB2 90 10 - -
Sample | RB3 85 15
code RB3 80 20
RB5 75 25
RB6 70 30
RCFO1 70 0 30
RCF02 70 2.5 27.5
RCFO03 70 5 25
RCF04 70 7 22.5
RCF05 70 10 20
Ternary | RCF06 70 -——- 12.5 17.5
Sample | RCF07 70 15 15
code | RCF08 70 17.5 12.5
RCF09 70 20 10
RCF10 70 22.5 7.5
RCF11 70 25 5
RCF12 70 27.5 2.5
RCF13 70 30 0

3.2.2 Determination of Volume Fraction

Determining the volume fractions is a crucial step, as the mixing laws used in this study depend

directly on the volumes of the constituents. For powdered materials, such as barium titanate, direct
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volume measurement is impossible; therefore, it is obtained from the mass using the material's
density. The procedure begins by establishing the total volume (Vi) of the sample, defined
according to the mold dimensions. Once this volume is established, the matrix volume fraction

(Fmatrix) 1s selected, which allows the required resin volume to be deduced based on:

14

matrix

= Vtot : Fmatrix (3 : 1 )

The same approach is applied to the ceramic filler. Starting with the fixed volume fraction Fier of

the filler, the corresponding volume is calculated by:

Vﬁller = I/tot . F

Sfiller

(3.2)

Since the filler is in powder form, its volume is then converted into mass using its density,

according to the following relationship:

M

sitter = PitterV ftier (3.3)

The use of these equations ensures correct formulation of volume fractions, and the different
masses of powders are weighed using a precision electronic balance (1mg), thus ensuring the

accuracy of the quantities introduced and the reproducibility of the samples obtained.
3.2.3 Samples Preparation

The manufacturing technique used, as described in Figure 3.2, is the hand-pouring method, the
most traditional and simplest method for molding composites. It always involves the following

three steps: mixing, polymerization, and shaping.
The different stages of preparing epoxy-based composite samples are as follows:

e The resin, consisting of one volume of pure epoxy resin and the same volume of hardener,
is poured into a container.

e The two products are thoroughly mixed until they form a single viscous liquid. Air bubbles
will appear and be expelled by the resin.

e Next, the desired BaTiO3 ceramic fillers are added, and the mixture is thoroughly mixed
until no isolated grains remain.

e The mixture is then stirred for an extended period to achieve maximum homogeneity,

ensuring a uniform distribution of the BaTiO3 grains. The resin must completely coat the
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powder. It should be noted that the mixing phase determines the homogeneity of the final
product. After that, a vacuum degassing chamber will be used to remove any air bubbles
trapped during mixing.

e Then, the mixture is gently poured into the appropriate molds, after their interior walls have
been coated with a layer of wax to facilitate later demolding. The first mold is a rectangular

parallelepiped used for the waveguide, and the second is a hollow cylindrical shape (Figure

3.3) for the TDS device.

Resin + Hardner

X / 0000 IS

P g '™ |

Degassing '
the mixture \/‘

parallelepiped samples

Cylindrical Samples

Filler

Figure 3.2: Main steps in a sample manufacturing process by molding.

The filler powder grains are bonded after the epoxy resin polymerizes, which must coat all of
these grains. The use of the resin, which replaces the air space between the grains, allows for

precise control of the volume of this phase of the composite (Figure 3.4).

Due to the high viscosity of the mixture, especially with high filler volume fractions, it is poured
into the mold, aiming for a uniform spatial distribution. Once poured, the mixture is left for over
sixteen hours until the resin has fully polymerized. During this time, the degassing of air bubbles
can be observed. Using a vibrator would have helped to eliminate these bubbles from the mixture.
Once the resin has fully polymerized and the mixture has hardened, it is carefully demolded. This
results in a relatively hard composite material, ranging in color from cream to yellowish-white,
depending on the filler concentration. As the filler volume fraction increases, it becomes more

difficult for the resin to retain the grains, eventually saturating the resin. The viscosity of the
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mixture increases, creating further difficulties in its flow through the mold. This constraint

essentially determines the maximum filler fraction that cannot be exceeded.

(b)
Figure 3.3: (a) Mold and Sample of pure resin (7x3 mm) for TDS bench, (b) Mold and Sample
of pure resin (22,86x10,16mm) for X-band rectangular bench.

Figure 3.4: Representation of Inclusions (Loads) in the Host Matrix (Resin).
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3.3 RE-BT Binary Composite

This section presents a collaborative research project that resulted in the publication of a scientific
article and several presentations at national and international conferences. Our contribution
focuses on the characterization and modeling of a set of binary composite samples made of epoxy
resin and barium titanate RE-BT. The main objective of this work is to compare the dielectric
properties obtained at a fixed frequency of 9.49 GHz from measurements performed on an X-band
microwave test bench (MTB) with those obtained from time-domain spectroscopy (TDS). TDS
covers a frequency range from direct current up to 9.49 GHz and is distinguished by a nearly
invariant response to field length, characteristic of a practically flat spectrum. Furthermore, a
modeling study based on the application of empirical mixing laws was conducted to identify the

most suitable law for accurately representing the experimental results.
3.3.1 Raw Results Obtained by TDS

Techniques that combine time-domain signal analysis with appropriate frequency-domain
processing (Fourier analysis) are frequently used due to their ease of implementation and the
advantages they offer the user by adding the benefits of time-domain reflectometry to those
provided by frequency-domain processing. They are grouped under the name "Time Domain

Spectroscopy" or TDS [78-80]. The process involves two steps:

e Measurement (time domain): the first step is performed using time-domain reflectometry
(TDR) .

e Second step (frequency analysis): the data from the previous step; which are time-domain
in nature; are processed using appropriate mathematical tools to transform them into the

frequency domain and then extract the desired parameters [81].

Characterization using the RDT measurement bench yields two time-domain curves: one for a
short circuit and one for the sample being characterized. Figures 3.4 and 3.5 show some raw results

from measurements performed using this technique.

By observing Figures 3.5 and 3.6, we can directly deduce the nature of the samples, which are
dielectrics, since the recorded RDT response is characteristic of a dielectric material. We note that
the minimum value of the sample's TDR curve changes depending on the concentrations of the
different phases in the mixture [65]. The dashed curve, corresponding to the TDR response to a

short circuit, exhibits some slight undulations, which are generally due either to static charges on
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the short circuit placed at the end of the measurement cell or to poor contact between the different

recordings.

----- Short-Circuit
Sample (Pure Resin)

RBO

0,95

0,8

0,85

0.8

Normalized tension

0,75

0,7

0,65

0 50 100 150 200 250 300 350
t(ps)

Figure 3.5: TDR response of pure epoxy resin (100%), with an observation window T=320ps

..... Short-Circuit
Sample (Resin-BaTiO3)

1,05

0,95

=]
4]
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[
.D o
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Figure 3.6: Response by TDR of the binary composite (RE-TBa) at (70%, 30%), with an
observation window T=500ps.
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3.3.2 Comparison of dielectric properties determined by the two measurement benches

3.3.2.1 Dielectric Constant

The analysis of the complex dielectric permittivity of RE-BaTiOs composites, presented in Figures
3.7and 3.8, highlights the influence of the barium titanate volume fraction on the electromagnetic

behavior of the system, for both experimental methodologies used (TDS and MTB).
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Figure 3.7: Variation of dielectric permittivity for RE-TBA composite as function of TBA

concentration for the two measurements benches (TDS and MTB).

Figure 3.7 shows that the real permittivity increases monotonically with the BaTiOs conentration
[82-86]. This trend reflects the effect of the high polarizability of barium titanate, a well-
established phenomenon in perovskite-structured polymer-ceramic composites based on titanates.
For all the compositions studied, both measurement techniques reproduce the same general trend,

confirming the robustness of the observation.

However, a systematic divergence appears between the absolute values obtained by TDS and those
from the microwave bench. The MTB measurements generally show slightly higher permittivities

for the same volume fraction. This difference can be explained by several factors:

e the difference in the frequency regimes explored.
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o the distinct wave-material coupling methods.

e and, the significant difference in the dimensions of the samples used.

In particular, the large sample used on the MTB bench promotes a more homogeneous distribution
of the ceramic charge, whereas the TDS sample, three times smaller, induces local densification
of the filler, which can alter the polarization trajectories. The extreme values observed range from
a minimum permittivity of approximately 2.6 for the pure matrix to a maximum close to 7.8 for a

30% BaTiOs volume fraction, obtained with the TDS technique.
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Figure 3.8: Variation of dielectric losses for RE-TBA composite as function of TBA

concentration for the two measurements benches (TDS and MTB).

The dielectric losses, illustrated in Figure 3.8, also show an increasing dependence on the BaTiOs
content. Both measurement benches reveal a moderate but steady increase in losses as the volume
fraction of the ceramic charge increases. Nevertheless, the dispersion of values differs between the

two techniques.

The microwave results show a smooth and relatively stable evolution within the considered loss
range (approximately 0.21 to 0.28). In contrast, the TDS measurements show more pronounced
fluctuations, reflecting a more complex material behavior when probed over a broad spectral band.

These variations may be associated with the emergence of dipolar relaxation phenomena or
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dispersive effects specific to composites, which the microwave technique, limited to a fixed

frequency, cannot necessarily reveal.

3.3.2.2 Electrical Modulus
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Figure 3.9: Variation of electrical modulus for RE-TBA as function of TBA concentration for the

two measurements benches (TDS and MTB).
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Figure 3.9 shows the evolution of the electrical modulus, including its real and imaginary
components, as a function of the BaTiOs concentration in the RE-BaTiOs composite, as measured
by two characterization techniques: TDS and MTB. The results show that the real and imaginary
components of the electrical modulus decrease progressively as the volume fraction of BaTiOs
increases. For the pure matrix composite (0% BaTiOs), the maximum values obtained are
approximately 0.34 and 0.025 for the real and imaginary parts, respectively, according to the MTB
method, and between 0.38 and 0.03 according to the TDS analysis. These observations confirm
that the addition of BaTiOs significantly influences the electrical behavior of the composite,

leading to a reduction in the components of the electrical modulus with increasing concentration.
3.3.2.3 Electrical Conductivity

Figure 3.10 shows the evolution of the electrical conductivity of the RE-BaTiOs composite as a
function of the BaTiOs volume fraction, measured by TDS and MTB. The TDS results indicate a
significant decrease in conductivity at high concentrations, while MTB reveals a slight, relatively
constant increase, ranging from 5.81 x 1073 to 7.82 x 107* (Q-m)~". This difference is related to the
wider frequency range used by TDS, allowing for better characterization. Between 0 and 20%
BaTiO:s, the conductivity stabilizes, suggesting the onset of quasi-percolation, where the particles
begin to form conductive pathways. This behavior depends on the size, shape, and distribution of

the particles within the composite.
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Figure 3.10: Variation of electrical conductivity for RE-TBA as function of TBA for two

benches.
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3.3.2.4 Dissipation & Quality Factors

Figures 3.11 and 3.12 show the effect of the BaTiOs volume fraction on the dissipation factor

(tand) and the quality factor (Q) of RE-BaTiOs composites, measured by TDS and MTB.
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Figure 3.11: Variation of dissipation factor for RE-TBA as function of TBA for the two benches.
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Figure 3.12: Variation of quality factor for RE-TBA as function of TBA for the two benches.
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The dissipation factor decreases overall with increasing BaTiOs, from 0.072 to 0.045 for MTB and
from 0.079 to 0.042 for TDS, reflecting a reduction in energy losses. This decrease is more
pronounced for intermediate BaTiOs fractions (10-20%), while it remains almost constant for
higher (20-30%) or low (0-10%) concentrations. Concurrently, the quality factor increases, from
13.72 to 21.85 for MTB and from 12.60 to 23.48 for TDS, indicating maximum energy storage

and minimum dissipation.

The higher values obtained by TDS, covering a wide frequency range (DC-9.490 GHz), compared
to those of the microwave bench (9.490 GHz), highlight the influence of the frequency range on
tand. These results confirm that the addition of BaTiOs significantly improves the dielectric
properties of the composite, reducing losses while increasing the quality factor, which is essential

for electronic applications.
3.3.3 Modeling Using Mixture Laws

Figure 3.13 shows the evolution of the effective dielectric permittivity of RE-BaTiOs composites
as a function of the BaTiOs volume fraction, compared with several predictive models.
Experimental measurements show a progressive increase in permittivity with the addition of
barium titanate, a trend generally consistent with the theoretical models considered. Beyond 20%
filler, the effective permittivity increases further, particularly for the values obtained by the TDS
method, which remain consistently higher than those obtained by the MTB method.
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Figure 3.13: Experimental results Vs mixing laws.
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The comparative analysis highlights that the Maxwell-Garnett and Bruggeman models deviate
significantly from the experimental results as the filler concentration increases, with these
predictions falling outside the Wiener domain. In contrast, the Looyenga, Kim, and Birchak
models offer a better approximation, although their ability to reproduce the composite's behavior
remains limited by interface effects present in the material studied. The Bottreau and Lichtenecker-
Rother models, characterized by a quasi-linear evolution of permittivity as a function of
concentration, partially overlap and show the best overall agreement with experimental

measurements.

The following equation was used to determine the mean squared error Ag, used as an indicator of
the difference between experimental values and those predicted by empirical models. In this
expression, Ae denotes the mean squared error, while gexp and emodel correspond respectively to

the experimentally measured and theoretically calculated permittivities.

N
A¢9=i
N\'=

géxp (Z) - grinodel (Z)‘ ]2 (3 4)

max ‘g:nod el (l)‘

Table 3.2 presents the square root of the mean squared error Ae obtained for the two
characterization methods, TDS and MTB, applied to the RE-BaTiOs binary composite. The results
indicate that the Lichtenecker-Rother model offers the best agreement with experimental

measurements, as evidenced by the low values of Ag, equal to 0.058 for TDS and 0.11 for MTB.

Table 3.2: Values of A& obtained for the different mixing laws.

Ag

Mixing laws models MTB TDS
Wiener lower 0.3206 0.4123
Wiener upper 0.5938 0.5672
Maxwell-Garnett 2.0214 2.1933
Bruggeman 1.8224 1.9577
Looyenga 0.2888 0.2432
Birchak 0.3828 0.3447
Lichtenecker-Rother 0.1065 0.0584
Bottreau 0.1959 0.1368
Kim 0.3708 0.3292
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3.4 RE-CT-FE Ternary Composite

This section focuses on the study and modeling of the dielectric behavior of a ternary composite
made of epoxy resin, calcium titanates, and manganese-zinc ferrite. The TDS characterization of
this composite was performed during my internship at the Fisica Aplicada Laboratory of the
University of Zaragoza, Spain. This work is currently being written; therefore, only the raw results

are presented.

3.4.1 Study of Dielectric Constant From DC to 5 GHz

Figure 3.14 shows the variation of the real permittivity ¢ of the RE-TC—FE ternary composite as
a function of frequency, from the DC regime up to 5 GHz. It can be observed that increasing the
TC volume fraction leads to a progressive increase in permittivity. This is close to =4.5 for a

volume fraction of 0%, and reaches approximately = 11.5 when the concentration reaches 30%.

Furthermore, for each concentration studied, the permittivity remains almost stable across the
entire frequency range [87]. The nearly horizontal curves indicate that, at a constant volume
fraction, the permittivity does not depend significantly on the frequency. The slight variations
observed can be attributed to experimental uncertainties. This behavior, characterized by a nearly
constant permittivity, is consistent with what has been reported in previous studies on ternary

composites.
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Figure 3.14: Variation of real permittivity of RE-TC-FE as function of frequency.
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Figure 3.15 illustrates the evolution of the imaginary permittivity & of the ternary composite of
RE-TC-FE as a function of frequency, from the DC regime up to 5 GHz. The imaginary
permittivity remains very low, with values close to zero across the entire frequency range.
However, a slight increase is observed as the frequency increases. This behavior has already been

reported in previous work on ternary composites exhibiting low dielectric losses.
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Figure 3.15: evolution of the imaginary permittivity & of the ternary composite (RE-TC-FE) as
a function of frequency.

3.4.2 Study of Static Permittivity at low Frequency of S00MHz

Figure3.16 shows the evolution of the static permittivity, measured at 500 MHz, of the ternary
composite of RE-TC-FE, as a function of the CaTiOs volume fraction. A nearly linear increase in
permittivity is observed as the CaTiOs concentration increases. For reference, the permittivity is
approximately 4.2 at zero concentration and reaches nearly 11 when the volume fraction reaches

30%.

Furthermore, a decrease in permittivity is observed as the ferrite fraction increases. This can be
attributed to the intrinsically lower permittivity of ferrite and the reduction in the polarizable
contribution of calcium titanate in the composite. Similar behavior has been reported in several

previous studies on ternary composites based on epoxy resin and dielectric oxides.
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Figure 3.16: Evaluation of static permittivity as the function of CaTiO3 volume fraction.

3.5 Conclusion

This chapter presented a comparative study of two families of composites, analyzing their

dielectric behavior from sample preparation to characterization.

The first material examined is a binary RE-BaTiOs composite. Its dielectric properties were
measured at room temperature using two complementary techniques: an X-band microwave bench
(9.490 GHz) and time-domain spectroscopy covering the 0-9.490 GHz range. The various
dielectric properties were determined as a function of the BaTiOs volume fraction. The results
show that increasing the ceramic charge systematically improves the permittivity, with maximum
values of approximately 7.25 (TDS) and 6.15 (MTB), while losses remain moderate and quality
factors reach high values, indicating low dissipation. The comparative study of empirical models
reveals that those of Lichtenecker and Bottreau most accurately reproduce the effective

permittivity.

The second material studied is a ternary RE-CaTiO3— MnZn Fe.O4 composite characterized using
a TDS bench. The real and imaginary permittivity were measured over a wide frequency range,
from DC to 5 GHz. The results show quasi-static behavior, with an imaginary permittivity close
to zero. Furthermore, the analysis of the static permittivity at 500 MHz highlights an increase in

permittivity as the calcium titanate concentration increases.

Overall, this work provides significant insights into the understanding and modeling of polymer-
ceramic composites and constitutes a solid foundation for the development of advanced materials
for microwave applications, sensors, resonators, absorbers, and energy harvesting or storage

systems.

Page | 77



CHAPTER

Characterization and Modeling of Dielectric
Composites by Finite Element Method

4.1 Introduction

This chapter presents the numerical modeling of dielectric composite materials using the Finite
Element Method (FEM). This chapter focuses on the implementation of FEM to determine the
effective permittivity of binary composites composed of an epoxy matrix filled with ceramic
particles. The numerical approach is employed to investigate how particle morphology, size
distribution, concentration, and intrinsic permittivity influence the macroscopic dielectric response

of the composite.

To reproduce realistic heterogeneous microstructures while maintaining computational efficiency,
the analysis is carried out in two dimensions. Several statistical distribution models are used to
generate random sets of ellipsoidal inclusions, allowing the study of different configurations and
their impact on the computed effective permittivity. This procedure enables the systematic
evaluation of microstructural effects that are difficult to capture through analytical formulations

alone.

A central component of this chapter is the comparison between FEM results and classical
analytical mixing laws. These theoretical models, commonly used to estimate the effective
dielectric properties of composite media, provide reference values that help assess the validity and
limitations of the numerical predictions. By examining the correspondence between the two
approaches, the chapter highlights conditions under which analytical laws remain reliable and

identifies cases where FEM provides a more accurate description of heterogeneous systems.

The chapter is structured as follows: the modeling framework and boundary conditions are first
described; the generation of composite geometries and statistical distributions is then presented;
finally, the numerical results are discussed and compared with selected mixing laws. This structure
provides a coherent basis for understanding the modeling strategy and for evaluating the

performance of FEM in the dielectric characterization of composite materials.
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4.2 Simulation methodology
4.2.1 Model structure and computational details

Our work focuses specifically on the study of the effective permittivity of random and lossless
dielectric composite materials in the quasi-static state. The quasi-static regime is determined when
the temporal variations of the electromagnetic field are negligible compared to the spatial
variations. This condition is valid when the wavelength of the incident wave is much larger than

the typical size of the inhomogeneities presented in the material.

This study consisted in simulating several samples with different permittivities, sizes,
concentration, and distribution of ellipsoidal particles. This was achieved by doing a numerical
modeling using COMSOL Multiphysics® [76] software version 5.6 which integrates all the
functions of MATLAB software containing the parameters of each particle distributed in the epoxy
resin polymer matrix. This software uses the finite element method to develop and solve the

quasistatic models. A thorough description of this method is available in the literature [69, 88,89].

X
(@
O

Figure 4.1: (a) Rectangular waveguide WR-90, (b) Unit cell of the composite material studied
and boundary conditions.
Figure 4.1 shows the geometry of the unit cell of the composite under study. This cell has
dimensions equivalent to those of the rectangular WR-90 waveguide (0.9 in [22.86 mm] x 0.4 in
[10.16 mm]). Our two-dimensional structure of the binary composite consists of an epoxy resin
host matrix of permittivity em = 2, and ellipsoidal ceramic particles randomly distributed without
overlap in the matrix. In order to determine the evolution of the effective permittivity as a function
of the surface fraction, the permittivity &;, and the particle sizes, the finite element method was

used.
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Consider the unit cell in Figure 4.1 as a capacitor model. It is composed of two opposite faces with
a area A and a height H between them. These faces are subject to a potential difference (Vi-V2).
The periodic boundary conditions 0V / on = 0 are applied to the planes parallel to the direction
(Oy). To calculate the effective permittivity, the FEM uses a finely discretized mesh of the spatial

domain, where it divides the rectangular geometry into smaller triangular elements (Figure 4. 2).

This meshing strategy facilitates the precise calculation of the spatial distribution of the potential
(Figure 4.3) inside this geometry, which is devoid of free charges or currents, via the resolution of

Laplace's equation:
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Figure 4.2. Mesh Representation of the unit cell
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Figure 4.3: Spatial distribution of electric potential and electric field.
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With & (7' ) and V representing respectively the local relative permittivity and the spatial

distribution of the potential in the cell, where the free charge density is zero, and

€, =8.85x10™" [F/m] as the permittivity of vacuum, the electrostatic energy W can be expressed in

terms of the partial derivatives of " over the entire surface of the unit cell.

1 ov ov
W==e,|]|eCx, )| () +()" | dndy 42
Sl I [ X G (4.2)
By imposing periodic boundary conditions 0}/ dn = 0 on the planes parallel to the direction (Oy).

the effective permittivity is obtained by evaluating the energy stored in the capacitor:

1 A
W:Egogeﬁﬁ(K -7,y (4.3)

4.2.2 Calculation algorithm

To determine the parameters of the ellipses, we created a MATLAB code that integrates a
computational algorithm. The main objective of the algorithm is to generate a non-overlap random
distribution of ceramic particles in the epoxy resin matrix. To achieve this, the algorithm follows
two main procedures: particle surface area distribution and particle location determination. Here

we present the outline of the developed generation algorithm.

a. The algorithm takes several input parameters, including the total particle surface fraction,
mean value of particles surface area ( /), standard deviation of particles ( o ), minimum
particle ratio (#min), maximum particle ratio (7max), minimum (Xmi») and maximum (Xmax)

grand axis of particles.

Figure 4.4: Illustration of the shape characteristics of an ellipse. The aspect ratio was calculated

by dividing the grand axis by the minor axis.
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b. Particle surface area distribution procedure:
The particle size distribution procedure begins by generating particles one by one. Each
particle is assigned a random ratio (») within the specified range (#min tO 7max). This
randomness influences the distribution of particle sizes within the polymer matrix.

c. Particle location determination procedure:
The procedure focuses on assigning positions to the generated particles within the polymer
matrix. It calculates the x parameter, which characterizes particle location (c¢), based on the
particle ratio and random values. The calculated (x) value must fall within the range defined
by (Xmin) and (Xmax).

d. Intersection avoidance:
To ensure that the particles do not overlap, the algorithm checks whether the sum of the
radii of the two ellipses is less than the distance between their centers ( Figure 4.5).
Mathematically this can be expressed by the equation 4. This check consists of solving a
system of mathematical equations presented in [90]. If an intersection is detected,
indicating particle overlap, the algorithm iteratively repositions the particles until no
intersection occurs. The maximum number of iterations (itermax) prevents the algorithm

from getting stuck in infinite loops.

\/(xz-x1)2+(y2-y1)2 >a, +a, 4)

Figure 4.5: Illustration of two ellipses overlap.
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e. Surface fraction calculation:
The algorithm calculates the surface fraction of the particles within the polymer matrix.
This calculation is based on the areas of the ellipses and their corresponding particle ratios.

f. The particle generation and location determination steps continue until a specific condition
is met, such as generating a desired number of particles or reaching a maximum iteration
limit.

g. The resulting particle locations (c), grand axes (gx), small axes (sx), and surface fraction

(S) are obtained as output.

To integrate the parameters of the ellipses obtained in the unit cell, we establish a connection
between the MATLAB software and COMSOL using LiveLink [91]. This integration allows us to
use the Finite element method available in COMSOL to extract the effective permittivity of the
composite samples. It is noteworthy that this simulation may be time-consuming, particularly for

distributions with a high concentration of particles.

4.3 Results and discussion

Dielectric composites, which generally combine ceramic particles with a polymer matrix, offer a
remarkable synergy between the properties of the two materials: the flexibility and lightness of the
polymer, combined with the high permittivity and low dielectric losses of ceramics. However, the
performance of these composites is not limited to the dielectric constant of the ceramic particles.
Aspects such as the shape, size and distribution of particles in the polymer matrix, as well as their
volume fraction, also play a significant role in the overall performance of the material. In this
section, we explore the impact of these parameters on the overall permittivity through detailed
simulations, allowing an in-depth analysis of the influence of microstructure on dielectric
properties. Furthermore, we examine how mixing laws can be used to model the dielectric
constant, highlighting the relevance and accuracy of these approaches in predicting the
electromagnetic behavior of composites. By integrating these two aspects, our study provides
essential insights for the design and optimization of advanced dielectric composites, paving the

way for further advancements in various fields of electronics and telecommunications.
4.3.1 Dielectric constant sweep

In our study, we employed epoxy resin with a constant permittivity of (ex= 2) as a matrix to bind

the charged ceramic particles. We analyzed the dielectric permittivity of three epoxy resin/ceramic
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(RC) composites with ceramic permittivities (&i) of 80, 400, and 3600, respectively. For each
composite, we performed simulations on several samples, varying the surface fraction (S) of
ellipsoidal particles included in the matrix from 0.05 (5%) to about 0.4 (40%). Each composite
was modeled according to three random distributions of ceramic particles: normal (N), log-normal
(LN), and Rayleigh (R). For each distribution, we examined three cases of different particle sizes.
This approach allowed us to study the impact of the permittivity of the ceramic particles, their

concentration, their size and their distribution on the overall permittivity of the composite.
4.3.1.1 Normal distribution (N)

The normal distribution (N), also called the Gaussian distribution, is widely used to model various
physical systems due to its ease of use and flexibility. In our case study, we apply this distribution
to the surface area of ellipsoid-shaped particles present in an epoxy polymer matrix. This approach
allows us to statistically characterize the distribution of areas within the matrix, which results in a

distinctive bell-shaped curve in our curves ( Figures. 4.6.a, 4.7.a and 4.8.a).

Table 4.1 lists the designation and composition of 3 sets of simulated RC samples. each series
represents a distinct case of particle sizes that follow the normal distribution N-(RC), which is

defined by the mean area Y and the standard deviation ¢ values.

Table 4.1. Characteristics of Three Series of RC Composites Simulated Using the Normal

Distribution (N).
N-(RC); N-(RC): N-(RC)s
u=0.I mm?, 5=0.005 1=0.02 mm?, 5=0.001 mm? 1=0.005 mm?, 6= 0.001
mm? mm?

N’ Samples N? particles S N? particles S N particles S
1 250 0.059 600 0.052 2600 0.052
2 300 0.109 1000 0.087 4400 0.087
3 350 0.131 1400 0.112 6200 0.122
4 400 0.163 1800 0.147 7995 0.157
5 450 0.194 2200 0.172 9795 0.192
6 500 0.226 2600 0.207 11589 0.227
7 550 0.259 3000 0.232 13361 0.262
8 600 0.281 3400 0.267 15154 0.297
9 650 0.311 3800 0.292 16841 0.332
10 700 0.344 4200 0.327 18528 0.367
11 750 0.375 4600 0.357 20215 0.392
12 800 0.399 5000 0.395
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Figure 4.6: N-(RC);: (a) Normal distribution of all samples, (b) Sample N° 1 (S=0.059), (c)
Sample N° 12 (S=0.399).
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Figure 4.7: N-(RC)2: (a) Normal distribution of the samples, (b) Sample N° 1 (S=0.052), (¢)
Sample N° 12 (S=0.395).
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Figure 4.8: N-(RC)3: (a) Normal distribution of the samples, (b) Sample N° 1(S=0.052), (c)
Sample N° 11 (S=0.392).

Page | 85



6.5

55

Permittivity (¢)
>
PSR I

@
o

w

Chapter 4

Characterization and Modeling of Dielectric Composites by Finite Element Method

For (ei)=80

L /
= = v
— -y - N-(RC),1=0.025=0.001 o

e — N-(RC), =0.10=0.005

— & — N-RC), 41=0.0055=0.001

Permittivity ()

For (¢,)=400

— e — N+(RC), i=0.15=0.005
— - — NRC),;s=0.025=0.001
— —&— N-RC),41=0.0050=0.001

Permittivity (e)

For (¢)=3600

L |--¥ - N+RC),=0.025=0.001

@~ N-RC), 4=0.15=0.005

~ -a- — N+(RC),11=0.0055=0.001

0.15 0.2 0.25 0.3
Surface fraction (S)

0.15 0.2 0.25 0.3 0.35 0.4

Surface fraction (S)

n L L L L
0.15 0.2 0.25 0.3 0.35

Surface fraction (S)

Figure 4.9: Evolution of the effective permittivity as a function of surface fraction for N-(RC)
composites.

Figure 4.6.a shows the normal distribution of the simulated samples for case N-(RC)1, giving us
an idea of how the particle sizes are spread out. The average particle size is 0.1 mm?, with a small

standard deviation of 0.005 mm?, meaning most of the particles are quite similar in size.

Figures 4.6.b and 6.c present 2D COMSOL simulations of two different samples, helping to
visualize how the particles are distributed in the material. Figure 4.6.b represents the first sample,
where the particle surface fraction (S) is 0.05, so the particles are more spaced out. On the other
hand, Figure 4.6.c corresponds to the last sample, with S = 0.39, where the particles are much
denser. Even though this sample has a higher fraction of particles, their relatively large size means

there aren’t that many overall, with only 800 particles.

Figure 4.7 illustrates the distribution of N-(RC), and presents 2D models of the first and last
samples. A key difference compared to N-(RC); is the smaller particle size of 0.02 mm?, which
significantly impacts the overall microstructure. Since the particles are much smaller, there is a
higher number of ellipsoidal inclusions in the composite, as clearly depicted in Figures 4.7.b and

4.7.c.

For instance, when considering the last sample from Table 1 with S = 0.39, we observe a
remarkable increase in particle density, with approximately 5,000 particles embedded within the
epoxy matrix. This sharp contrast with N-(RC); (which had only 800 particles for the same S
value) highlights the influence of particle size on dispersion and composite microstructure. The
higher number of inclusions suggests a greater interfacial area between the particles and the
surrounding matrix, which may lead to enhanced dielectric and mechanical properties, depending

on particle-matrix interactions.
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For the N-(RC);s case, interesting illustrations have been shown in Figure 4.8. It is notable that the
distribution of particles in this case has a lower mean (u=0.005 mm?) with a large standard
deviation (6=0.001mm?), which results in a large number particles of various sizes. For the same

case where S=0.39, there are 20215 inclusions.

Figure 4.9 represents the evolution of the effective permittivity depending on the surface fraction
of the three series of simulated composite samples (N-(RC)i, N-(RC), and N-(RC)3) for three
cases of permittivity of ellipsoid particles &= 80, 400 and 3600.

It is observed that the distribution of N-(RC)s particles gives a better permittivity compared to
N-(RC); and N-(RC); in all cases of particle permittivity. It is likely that this is due to the diversity
of particle sizes in this case, where the standard deviation is larger compared to the mean. This
size diversity could lead to greater variability in the dielectric properties of the particles, which
could help improve the overall permittivity of the composite. In addition, the number of inclusions
is also large, which could enhance the interactions between the matrix and the filler. These matrix-
filler interactions, resulting from a wider distribution of particles in the matrix, could play a crucial

role in improving the dielectric properties of the composite material.

We also notice, for the three cases of permittivity of ceramic particles, When the surface fraction
is low (S <0.1), indicating a low concentration of inclusions, minimal fluctuations in the
permittivity values are observed, this is due to the minimum interaction between particles within
the composite. These charge-matrix interactions become more important as S increases, producing
a higher effective permittivity. This increase in dielectric permittivity indicates the same effect of

titanates compared to that obtained in previous works [84-87,92, 93].

On the other hand, it is evident that the ceramic charge permittivity has a direct impact on the
electromagnetic interactions between the charge and the matrix in the composite material. When
the permittivity of the ceramic is very high than the permittivity of the matrix (case of 400 and
3600), this means that the particles interact more strongly with the matrix, which can lead to a
greater increase in the effective permittivity of the composite material. Let us take the example of
sample N° 12 in Tab .1 for case N-(RC)s: at a surface fraction (S) of 0.39, the effective permittivity
of the material varies. For a permittivity (&i) of 80, the effective permittivity value is measured at
6.3. This value increases to 7.4 when the permittivity is 400, then reaches 8 for a permittivity of

3600.
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4.3.1.2 Log-normal distribution (LN)

A Log-normal distribution is a statistical distribution of logarithmic values derived from an
associated normal distribution. The use of this distribution is appropriate for modeling a wide
variety of particle sizes due to its skewed nature, characterized by a long tail to the right (see

Figures. 4.10.a, 4.11.a, and 4.12.a).

Table 4.2 shows the simulation results obtained by applying log-normal modeling to three distinct

series (LN-(RC)i, LN-(RC),, and LN-(RC)3).

Table 4.2: Characteristics of Three Series of RC Composites Simulated Using the Log-normal

Distribution (LN).
LN-(RC)1 LN-(RC): LN-(RC)s
u=0.1 mm 2?=0.15 mm? 1=0.03 mm? 6=0.02 mm? 1=0.01 mm?>0 =0.01 mm?
N’ Samples N? particles S N? particles S N particles S
1 144 0.054 348 0.056 996 0.050
2 224 0.091 628 0.093 1688 0.090
3 310 0.132 900 0.133 2363 0.119
4 385 0.163 1450 0.171 3018 0.156
5 445 0.218 1700 0.212 3668 0.194
6 528 0.231 1955 0.239 4306 0.229
7 603 0.255 2440 0.259 4914 0.259
8 644 0.286 2635 0.288 5485 0.297
9 725 0.305 2824 0.306 6036 0.315
10 775 0.322 3150 0.326 6610 0.331
11 812 0.342 3307 0.345 7022 0.348
12 850 0.367 3403 0.365 7447 0.379
13 930 0.386 3518 0.373 7507 0.382
14 997 0.399 3661 0.398 7914 0.394

According to the three series illustrated in Figures 4.10, 4.11 and 4.12. we observe that there is a
great variety in the sizes of the particles. This observation can be explained by the nature of this

distribution on the one hand with the high value of ¢ on the other hand.

The particle distribution for the LN-(RC): sample series is shown in Figures 4.10.a. A visualization
of the particle distribution for sample N° 1 and 14, performed under COMSOL, is shown in Figures

4.10.b and 4.10.c respectively. Significant variability in particle sizes was observed given that
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standard deviation is large (6= 0.15 mm?) with a high mean surface area (u = 0.1 mm?). This
translates into a relatively low number of inclusions. For example, in the last sample visualized in

Figure 4.10.c, for a concentration of S=0.39, only 997 particles are present.

In LN-(RC); and LN-(RC)3, on the other hand, the number of particles increases as p decreases.
However, in this distribution, we encountered difficulties in the simulation of inclusions for lower
standard deviation (o) values, in contrast to the case of the normal distribution. The characteristics
of this distribution can make the simulation more complex, as the algorithm must guarantee an
appropriate distribution of particles in the matrix without overlap, while taking into account the

skewed nature and narrow range of the log-normal distribution.

The permittivity values found for the different series of simulated samples as a function of the

surface fraction S when €, = 80, 400, and 3600, respectively, are shown in Figure 4.13.

The graphs show that permittivity increases with increasing particle surface fraction (S). However,
the permittivity (¢) found for the three distribution cases LN-(RC);, LN-(RC)2, and LN-(RC); is
relatively close when the permittivity of the ceramic particles is relatively low (g= 80). This
behavior can be explained by two points: on the one hand, a ceramic particle permittivity of 80,
which is not significantly higher than that of the epoxy matrix (¢,=2), leads to a weaker
polarization effect. On the other hand, particle size has a minimal impact on the overall permittivity
of the composite, as they all interact in the same way with the weak polarization effect. In contrast,
when the ceramic permittivity is significantly higher (400 and 3600), the inclusions exert a
stronger influence on the effective permittivity of the composite. The large contrast between the
matrix and particles permittivities leads to a stronger polarization effect, and the size of the

particles becomes a more critical factor.

It is remarkable that LN- RC3 gives a better permittivity than LN-RC; and LN-RC: for g = 400
and & = 3600, This is attributed to two parameters: a low mean (u=0.01 mm?2) associated with a
large standard deviation (6=0.01), indicating a large number of inclusions with a high variability
in particle sizes. This situation can have a significant impact on interfacial polarization, and
consequently on the permittivity of the composite. For instance, for & = 3600 and S = 0.39, we

find that ¢ = 6.8 for the LN-RC>, 7.2 for LN-RCj, and 8.9 for LN-RC3
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Figure 4.13: Evolution of the effective permittivity as a function of surface fraction for LN-(RC)

4.3.1.3 Rayleigh Distribution (R)

composites.

The Rayleigh distribution is a common distribution used to model particle size. This distribution

is characterized by a slow exponential decay of the Probability Density Function (PDF) as particle

size increases (Figures 4.14.a, 4.15.a, and 4.16.a). Because of this slower decay, the Rayleigh

distribution is able to generate a wider range of particle sizes than the Log-normal distribution.

The simulation results obtained with the Rayleigh distribution model of three series of samples

(R-(RC)1, R-(RC)2, and R-(RC)3) are summarized in Table 4.3.

. Table 4.3. Characteristics of Three Series of RC Composites Simulated Using the Rayleigh

Distribution (R).
R-(RC); R-(RC): R-(RC)s
#=0.01 mm 2 6-0.006 mm? $=0.003 mm? 6=0.001mm? | p=0.001 mm? & = 0.0006 mm’
N’ Samples N? particles S N? particles S N particles S
1 1198 0.050 4092 0.055 11908 0.050
2 1748 0.094 5881 0.080 15864 0.094
3 2290 0.127 8459 0.116 23776 0.127
4 2830 0.152 11244 0.153 31632 0.152
5 3384 0.181 13012 0.177 37485 0.181
6 3916 0.214 15791 0.213 43327 0.214
7 4447 0.241 18305 0.249 54816 0.241
8 4980 0.270 21673 0.296 54816 0.270
9 5497 0.298 23355 0.315 59619 0.298
10 5977 0.325 24937 0.335 64422 0.325
11 6296 0.355 26501 0.354 69225 0.355
12 7351 0.385 29334 0.376 73066 0.385
13 7670 0.396 33372 0.399 76907 0.396
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It is remarkable that, in the context of the Rayleigh distribution, as the value of p decreases, the
number of inclusions increases. This trend is consistent with what we have observed in previous
distributions. However, one significant achievement stands out here, demonstrating the
effectiveness of the Rayleigh distribution in generating large numbers of particles. Taking the
example of sample N’ 13 in Table. 3 with a surface fraction of 0.39, we observed 7670 particles
for R-(RC); where u =0.01mm? (represented in Figure 4.14.c), 33372 particles for R-(RC), with
u =0.03 mm? (Figure 4.15.c), and 76907 particles for R-RC3 with 4=0.001mm? (Figure 4.16.c)

In Figure 4.17, we plot the variation of the effective dielectric constant (¢) as a function of the size
and surface fraction of the ellipsoidal particles for the three permittivities of particles &=80 ,400,
and 3600. several salient features can be observed. on the one hand, the results demonstrate that
the permittivity (¢) of the composite is influenced both by the surface fraction (S) and by the
permittivity and the size of the ellipsoidal inclusions. The graphs show that at low inclusion rates
ranging from 0.05 to 0.12, the effective permittivity € shows minimal differences whatever the size
and permittivity of the inclusions. However, beyond this range, as the surface fraction increases, a
notable increase in effective permittivity is observed with divergence between the different
simulated composites R-(RC)1, R-(RC), and R-(RC)3. This divergence is more pronounced for
inclusions with high permittivity (400 and 3600) due to its accentuated contrast with the matrix.
The Rayleigh distribution model sensitivity to substantial changes in permittivity, together with
intensified polarization effects, amplifies variations between simulated composites with different
mean u and standard deviation o values. In particular, the R-(RC), composite stands out with a
higher permittivity than R-(RC); and R-(RC)3 because its inclusion size distribution provides
superior balance. While R-(RC): contains larger inclusions that may not interact effectively with
the electric field due to their size, Conversely, in R-(RC)3, the abundance of very small inclusions
of very similar size, where the standard deviation is too small ( 6 =0.0006 mm?) offers limited

interaction with the electric field, leading to minimal impact on permittivity.
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Figure 4.14: R-(RC):: (a) Rayleigh distribution of the samples, (b) Sample No 1 (S=0.50),
(c) Sample N° 13 (5=0.396).
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Figure 4.15: R-(RC),: (a) Rayleigh distribution of the samples, (b) Sample No 1 (S=0.55),
(¢) Sample N°13 (S=0.399).
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Figure 4.16: R-(RC)3: (a) Rayleigh distribution of the samples, (b) Sample No 1 (S=0.50),
(c) Sample N° 13 (5=0.396).
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Figure 4.17: Evolution of the effective permittivity as a function of surface fraction for R-(RC)
composites.

4.3.2 Simulated results Vs theorical models

Figures 4.18 and 4.19 show the correlation between the simulation results and the analytical
models. The dielectric constant of the RC composites is plotted for each model as a function of the
surface fraction of the ceramic filler particles. For the different distributions and particle sizes, the
simulation results are presented alongside the theoretical predictions in each figure to examine the

degree of agreement between them.

In order to quantify the average deviation between different values predict by models and the
values found by simulation, a Root Mean Square Error (RMSE) was calculated by the following

equation (Eq.13):

RMSE = (13)

1 N 2
ﬁ Zi:1 (gexp B 8model)

Where N represents the number of samples, while €oxp and € represent the simulated and

mod el

theorical permittivity, respectively.

4.3.2.1 Original empirical models

Figure 4.18 presents a comparison between the theoretical predictions of the original models and
the corresponding simulation results. After careful examination of the graphs, it becomes apparent
that models by Lichtenecker, Bruggeman, and Looyenga fail to accurately align with our simulated

results. However, what is truly remarkable is the net advantage observed in the case of the
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Maxwell-Garnett (MG) model. This model displays a higher level of accuracy in its predictions,
especially when dealing with RC composites with moderate inclusion permittivity (g = 80).
Nevertheless, as the permittivity of inclusions increases to levels of 400 and 3600, the disparities
between our empirical results and theoretical projections derived from the Maxwell-Garnett model

become more evident.

It is imperative to emphasize that the limitations inherent in the Maxwell-Garnett model appear in
situations where interactions between particles become more complex due to high permittivity
values with more pronounced particle concentration. it is remarkable in most graphs, when the
surface fraction remains less than 0.15, the performance of the MG presents a certain degree of
adequacy. Conversely, for surface fractions greater than 0.15, the MG equation does not correctly

describe the simulated results, independently of the particle size and the type of distribution.

Table 4 lists the RMSE calculation between the dielectric constant predicted by the original mixing

laws and the simulation results, for all cases of RC composites.

On the one hand, when €, = 80, we note that the error is smaller than 14 for every law in Table

4.4. this error becomes more important when the permittivity of the particles increases. Taking the

case of N-(RC); as an example, applying Lich's law, we find an RMSE= of 2.29 for g, =80, it

becomes 5.98 for €, =400, then 16.43 for €, =3600. On the other hand, all results show that the

Maxwell-Garnett model has the lowest error for all distributions. This could be due to the
sensitivity of this model in predicting the effective properties of composites when the shape of the
inclusions is close to spherical. It is noteworthy that this group of original laws does not effectively
predict the dielectric constant because they do not have information about the size and distribution

of the particles in the matrix.
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Figure 4.18: The effective permittivity modeling by original mixing laws for the different

simulated RC composites.
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Table 4.4. Root Mean Square Error values of original mixture laws for the different simulated

RC composites.

Models Maxwell- Lichtenecker | Bruggeman Looyenga
Garnett
N-RC;y 0.6399 2.2967 13.8217 6.053
N-RC: 0.2355 1.293 12.1959 4.7817
N-RC3 0.4839 1.11 12.2737 4.7262
% LN-RC: 0.2312 1.5782 13.7945 5.6132
) LN-RC: 0.1105 1.7117 13.9626 5.7462
S LN-RC3 0.3997 1.442 13.7049 5.5221
0
E R-RCy 0.2786 1.408 13.0052 5.2042
R-RC: 0.3671 1.3511 13.0724 5.214
R-RC3 0.2003 1.7829 13.1908 5.4648
N-RC; 0.6751 5,9812 75,7035 24,2876
N-RC» 0,3778 4,445 70,0941 21,2408
N-RC3 0,9915 4.1102 71,5216 21.6725
=]
? LN-RCi 0,5855 5,18 79,1841 24,9691
%) LN-RC: 0,2891 5,4281 79,5433 25,132
S LN-RC3 0,9748 4,8931 79,2298 24,9848
)
E R-RC; 0,7382 4,6625 74,7894 23,2108
R-RC: 1,0167 4,4931 75,4467 23,4257
R-RC3 0,1115 5,1562 73,995 5.4648
N-RCi 0,6808 16,4342 695,9904 159,6589
N-RC: 0,4255 13,7069 652,0291 143,6422
N-RC3 1,3448 13,679 670,4512 150,6533
g
g LN-RC; 0,7587 16,3582 738,379 171,8925
:.17 LN-RC: 0,3903 16,4427 739,0499 170,6463
:c_“ LN-RC;3 1,3611 16,1096 741,84 174,659
7
§ R-RC; 0,9765 15,0867 698,7134 160,6552
R-RC: 1,4737 14,9055 706,9592 163,7853
R-RC3 0,0878 14,9197 684,7853 152,5478
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4.3.2.2 modified empirical models

The comparison between the modified theoretical models and the simulated results for the different
dielectric composites is shown in Figure 4.19. Obviously, these models show improved
performance compared to the original laws. This improvement can be attributed to the
incorporation of information on the shape and polarization of inclusions into these models,

highlighting their importance in predicting composite dielectric permittivity.

More precisely, when examining the graphs for €, =80, we observe that the models of Maxwell-

Garnett, Yamada project with greater precision than those of Bruggeman and Bergman, in

particular for surface fractions of charge greater than 0.2.

To go further, the models of Maxwell Garnett, Yamada were selectively applied to scenarios of
high inclusion permittivities (&€, =400 and &, = 3600). This research aimed to understand the

variable influence of factors related to shape and depolarization.

Looking at the Maxwell-Garnett and Yamada models, the Maxwell-Garnett depolarization factor
(A) and Yamada shape parameter (n) show limited variation with increased inclusion permittivity.
More specifically, Maxwell Garnett's depolarization factor (A) is a parameter that measures the
capacity of a material to polarize in response to an applied electric field. Lower A values indicate

a high polarizability of the inclusions, this can lead to an improved effective permittivity of the
composite material. Considering the case of the normal distribution of RC composites for €,

=400 in Figure 4.19.b. it is clear that N-(RC)s, which gives the best permittivity, has a lower A
factor o 0.23 compared to N-(RC); and N-(RC)>, which have factors of 0.47 and 0.28, respectively.

Furthermore, in the context of the Yamada model, taking the same example, we observe a transition
from n = 2.1 for N-(RC); to n = 4.4 for N-(RC)s. An n value of 2.1 implies relatively rounded but
not spherical ellipsoidal inclusions, while n = 4.4 suggests elongated inclusions. This increased
elongation corresponds to a stronger alignment of the inclusions with the electric field, potentially

contributing to distinct electrical responses within the composite.

Table 4.5 summarizes the RMSE found, determined by Eq. (13), between theoretical and simulated
results for the modified mixing laws. we can see that the modified Yamada and Maxwell Garnett
models give the best fit to the simulated results compared to Bruggeman and Bergman with an

error value less than 0.2.
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Figure 4.19: The effective permittivity modeling by modified mixing laws for the different

simulated RC composites.
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Table 4.5. Root Mean Square Error values of modified mixture laws for the different simulated

RC composites.

Models Modified Modified Bergman Yamada
MG Bruggeman

N-RC, 0.0956 1.7969 0.0999 0.0943
N-RC: 0.1061 0.8175 0.3095 0.1113
N-RGC; 0.0343 1.8564 0.2560 0.0376

% LN-RC; 0.0802 1.1034 0.8827 0.0827

f LN-RC: 0.0935 1.1590 0.7364 0.0914

i LN-RC;3 0.1298 0.9555 1.0674 0.1309

%)

5 R-RC; 0.0678 1.0027 0.2771 0.0771
R-RC; 0.1032 0.9008 0.3028 0.0805
R-RC3 0.0821 1.5050 0.2102 0.0820
N-RC, 0.1014 - - 0.0994
N-RC: 0.1478 - - 0.1616
N-RC3 0.0904 - - 0.0811

=

; LN-RC: 0.1431 - - 0.1436

%)

2
R-RCI 0,1693 - - 0,1495
R-RC3 0,0879 - - 0.081
N-RCi 0.1008 - - 0.1023
N-RC: 0.1559 - - 0.1586
N-RC3 0.1312 - - 0.1259

S

2 LN-RC; 0.1548 - - 0.1468

I

o) LN-RC: 0.1746 - - 0.1746

I

S LN-RC3 0.2957 - - 0.3024

7

=

o~ R-RC; 0,19 - - 0,184
R-RC; 0,2627 - - 0,279
R-RC3 0,0983 - - 0,0878
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4.4 Conclusion

In this article, we studied binary epoxy resin/ceramics (RC) composite materials through a series
of 2D simulations using the finite element method (FEM) under quasistatic conditions. A new
algorithm was developed and implemented in MATLAB to generate random distributions of
ellipsoidal ceramic particles within the epoxy resin polymer matrix which has dimensions of a

WRO90 rectangular waveguide.

This work aimed to conduct a thorough examination of the impact of permittivity, concentration,
distribution and particle size on the dielectric behavior of the RC composite on the one hand, and
to meeting the challenge to simulate a significant number of ceramic particles distributed in the

matrix on the other hand.

Divided into two distinct parts, in the first one, the research effort focused on the study of three
distribution models (Normal, Log-normal, and Rayleigh) to describe the distribution of surface
particles at the matrix level. For each distribution model, three cases of particle sizes were
examined and applied on three RC composites with an inclusion permittivity of 80, 400, and 3600
leaving the permittivity of the matrix fixed. Notably, in all models, the results showed that the
effective permittivity of all RC composites increases when the permittivity and the surface fraction
of the particles also increase. Furthermore, the results show the major impact of particle size and
distribution on the interfacial interactions in the material, where it was observed that composites
that contain a diversity of particle sizes introduce an obvious effect on the overall permittivity of
composite. In addition, the Rayleigh distribution demonstrated exceptional efficiency in allowing
the successful simulation of more than 70,000 non overlap ellipsoidal particles distributed in the

rectangular matrix, which is not the case for the Normal and Log-normal distributions.

In the second part, theoretical “mixing laws” models were applied to predict the dielectric
permittivity of our RC materials, stratified into two categories. The first category includes classical
models with spherical inclusions dispersed in a continuous matrix. In contrast, the second category
contains modified laws that introduce information about the shape and depolarization factors of
particles. Through a systematic analysis of these models with our different simulated results, it
becomes evident that the modified models more accurately predict the dielectric behavior of
composites. it was found that the modified models of Maxwell-Garnett and Yamada turned out to
be exceptionally accurate. where it was observed that these models agree with the simulated results

with an error lower than 0.2.
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The implications of this research are of considerable importance, as they contribute to the
development of new optimized materials (such as phase shifters, filters, and various microwave
devices) through a comprehensive analysis of their electromagnetic properties before their

production using detailed simulations.
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. General Conclusion

The work presented in this thesis focused on the experimental and numerical characterization of
binary and ternary dielectric composites, supported by theoretical modeling based on various
mixing laws. These three complementary approaches; experiment, simulation, and theory, enabled

a precise and consistent analysis of the dielectric behavior of the materials studied.

Experimentally, two systems were examined. The first is a binary composite consisting of an
Epoxy resin matrix loaded with Barium Titanate powder. The second is a ternary composite,
prepared from the same matrix, in which two powders; Manganese-Zinc Ferrite and Calcium
Titanate; were homogeneously mixed to form the dispersed phases. Two measurement techniques
were used to characterize these materials: a fixed-frequency rectangular waveguide X-band and

time-domain spectroscopy (TDS) covering a broad frequency band.

Numerical characterization was performed using the finite element method FEM applied to several
binary composites under quasi-static conditions. This approach has the advantage of being able to
handle dense materials containing geometrically complex inclusions at high concentrations,
situations in which analytical models reach their limits. The simulations also take into account the
interactions between inclusions randomly dispersed within the matrix, unlike classical mixing
laws. They thus offer an efficient way to predict the dielectric behavior of materials before their

fabrication, resulting in significant savings in time and resources.

The study was organized into three parts. The first part focused on the binary composite based on
epoxy resin and barium titanate. A comparative study was conducted between the dielectric
properties obtained using a rectangular waveguide measurement system at a fixed frequency of
9.49 GHz and those extracted by TDS spectroscopy covering the DC-9.49 GHz range. In this
frequency range, the permittivity measured by TDS was found to be almost constant, allowing for
a consistent and reliable comparison between the two techniques. The analysis focused on relative
permittivity, conductivity, and loss and quality factors. The experimental results were then
compared with theoretical models derived from mixing laws to identify the most appropriate

approaches for predicting the dielectric behavior of this composite.
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The second part presented the raw real and imaginary permittivity results for the ternary composite,
obtained by TDS between DC and 5 GHz, supplemented by quasi-static measurements at 500 MHz

for different barium titanate concentrations.

The third part focused on the finite element numerical modeling of two-phase composites
consisting of an epoxy matrix and ellipsoidal ceramic inclusions. The simulations allowed us to
study the influence of several parameters, including charge concentration, the random distribution
of particles according to three statistical models (normal, log-normal, and Rayleigh), particle size,
and the intrinsic permittivity of the ceramic phase. Detailed analysis of the results and their
comparison with different mixing laws made it possible to identify the limits of validity of these
models. A specific program was also developed to simulate a large number of inclusions, thus
bringing the modeling closer to real-world configurations and representing a methodological

challenge that was successfully met.

Several research avenues can be explored following this work, which was based on two-
dimensional simulations of binary composites and experimental characterization using TDS and

rectangular waveguides:

1) Extension of the numerical modeling to three-dimensional simulations: Moving from a 2D
to a 3D modeling approach would allow for a more realistic representation of the spatial
distribution of inclusions, their interactions, and percolation phenomena. Such a development
would improve the accuracy of determining the effective permittivity, particularly for highly filled

materials or those with non-ellipsoidal inclusions.

2) Simulation of ternary and quaternary composites with greater geometric diversity of
inclusions: Future studies could incorporate complex multiphase systems as well as particles of
various shapes (fibers, platelets, irregular inclusions). This would pave the way for a more detailed

exploration of the role of microstructure on electromagnetic properties.

3) Microwave characterization in transmission and reflection on three-dimensional devices:
The use of suitable beamlines or waveguides (circular waveguide, resonant cavity, coplanar
beamline, etc.) would offer a more comprehensive analysis of dielectric and magnetic materials

and would allow for the validation of models in configurations close to application conditions.
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4) Experimental and numerical study in coaxial waveguides: The development of methodology
combining coaxial measurements and FEM simulations in coaxial geometry would allow for the
evaluation of consistency between modeling and experiment. This configuration is particularly

well-suited for materials with a wide range of permittivities.

5) Integration of artificial intelligence techniques for the optimization of material properties:
Machine learning could be used to predict the effective permittivity from microstructural

parameters or to identify optimal compositions that meet specific electromagnetic criteria.

6) Characterization of nanocomposites: Investigating nanoscale systems would offer new
perspectives, particularly due to the surface effects and interfacial polarization phenomena that are

accentuated at these dimensions. This would extend current results to high-performance materials.

7) Evaluation of materials for antenna or microwave applications: The studied or simulated
composites could be integrated as substrates, superlayers, or filler materials in antenna structures.
Analyzing their impact on efficiency, bandwidth, or reflection coefficient would constitute an

important application extension.
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Abstract

This thesis focuses on the analysis, characterization, and modeling of the dielectric properties of
composite materials under quasi-static conditions. Two-dimensional simulations were performed
using the finite element method on binary composites consisting of an epoxy resin matrix and
ellipsoidal ceramic inclusions randomly distributed according to three statistical distributions
(normal, log-normal, and Rayleigh). The study was conducted on three composites with distinct
charge permittivities (gi = 80, 400, and 3600) by varying key parameters such as charge
concentration, particle distribution, and particle size and morphology to assess the impact of each
parameter on the overall effective permittivity of the material. The values obtained from the FEM
simulation were compared to several classical and modified analytical models, allowing the
identification of the most relevant distributions for predicting dielectric behavior. The results from
this work offer essential elements for the optimization of materials for energy storage and
conversion, sensors, and various electronic applications, by providing a thorough understanding
of their performance before experimental realization.

Key words: characterization, modeling, dielectric, composite materials, quasi-static, finite
element method, epoxy resin, ceramic, distributions.

Résumé

Cette theése est consacrée a l’analyse, la caractérisation et la modélisation des propriétés
di¢lectriques de matériaux composites en régime quasi statique. Des simulations 2D ont été
réalisées a 1’aide de la méthode des éléments finis sur des composites binaires constitués d’une
matrice en résine époxy et d’inclusions céramiques ellipsoidales réparties aléatoirement selon trois
lois statistiques (normale, log-normale et Rayleigh). L’étude a été réalisée sur Trois cas de
composites présentant des permittivités de charge distinctes (& = 80, 400 et 3600) en changeant de
parametres clés tels que la concentration de la charge, la distribution des particules, ainsi que la
taille et la morphologie des particules afin d’évaluer ’impact de chaque parameétre sur permittivité
effective globale du matériau. Les valeurs obtenues par la simulation FEM ont été comparées a
plusieurs modeles analytiques classiques et modifi¢s, permettant d’identifier les lois les plus
pertinentes pour la prédiction du comportement diélectrique. Les résultats issus de ce travail
offrent des €¢léments essentiels pour 1’optimisation des matériaux destinés au stockage et a la
conversion d’énergie, aux capteurs, ainsi qu’a diverses applications électroniques, en fournissant
une compréhension approfondie de leurs performances avant leur réalisation expérimentale.

Mots clés: caractérisation, modélisation, diélectrique, matériaux composites, quasi-statique,
méthode des €léments finis, résine €époxy, céramique, distributions.
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