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INTRODUCTION

Nanoscale objects properties investigations, their production methods,
characterization, and control have been promising, intensively developing
scientific direction for already several decades. One of the reasons for the
great demand for nanosized particles is their ability to adjust the properties of
polymers through incorporation, leading to the creation of new composite
materials with enhanced desired characteristics. Moreover, the rise of the
particles surface area with the reduction of their size (from micro- to
nanoscale)'2 promotes more effective interactions between the filler particles,
as well as between the intermixed phases, that favorably affects mechanical
strength, thermal stability®, etc.

Electrically conductive polymer composites occupy an exclusive position
in composite technologies, since they can be used as structural, electronic, and
sensory materials. For these purposes, an ordinary and obvious solution is to
choose various nanocarbon forms as fillers, which, despite their already rather
broad research history’2°, have not been able to lose their popularity. Besides,
the conductivity control ability of the final composite product through the
polymer and nanocarbon filler selection, the variation of their relative content
and the processing methods conditions makes the application range extremely
wide: antistatic materials'!, conductive films and coatings*?*3, solar cells and
biosensors!*, electromagnetic shielding materials®?'°, etc. However,
nanoparticles of non-carbon origin (such as goethites, ferrites, metal particles,
etc.) are also gaining interest as additives in polymer matrices. Usually, the
scientists attention is focused on the magnetic and ferromagnetic properties of
these materials, which have been successfully demonstrated in such
application areas as magnetic recording media devices®, ferrofluid®, for
biomedical applications (magnetic resonance imaging, tissue engineering,
drug delivery, etc.)?%, and as electromagnetic absorbers due to magnetic
losses?428, Nevertheless, magnetic nanoparticles investigations in terms of
electrical properties may also be interesting to make them applicable (along
with very popular carbon inclusions) as conductive materials.

One of the goals of modern materials science is the development of
composites with enhanced electrical conductivity accompanied by superior
mechanical properties, but such requirements represent conflicting scenarios.
This problem is particularly typical for nanocarbon materials, including
carbon nanotubes (CNTS), despite their high aspect ratio, which is much more
conducive to forming of conductive pathways in the polymer matrix at low
percolation threshold?®-*2. CNTs have a tendency to agglomerate®-3¢ in the
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polymer due to the strong Van der Waals interactions, which translates into
the need to increase their content that negatively affects the mechanical
properties (the material becomes porous and weak). Alternatively, the
simultaneous usage of various nanofiller combinations may be a facile and
promising strategy to effectively boost the electrical properties of composites.
Such manipulations consequence maybe not only a mixture of individual
fillers advantages, but also the synergistic effects emergence. The properties
synergy is not magic, but simply the result of preventing nanofiller
agglomeration due to the favorable formation of co-supporting networks
based on several types of inclusions®”8, Usually, the electrical properties
synergy is accompanied by the percolation threshold decrease. Despite
numerous studies on both carbon/carbon®3"*41 and carbon/non-carbon*?-4°
hybrid polymer systems, the possible activity space in this direction still
remains wide.

Among a wide application range of electrically conductive composites, a
significant place is occupied by microwave electromagnetic shielding and
absorbing. The electromagnetic response can be manipulated not only by the
selection a material with certain bulk properties, but also by the creation of
structures on its basis of complex geometry, with a special individual
components ordering, as well as with a functionally dependent refractive
index®5t, With the thermoplastic polymers discovery and additive
technologies®>®® development, it has become possible to easily, quickly and
economically create three-dimensional structures of different shapes®, which
opens up possibilities for the design, in particular, of microwave devices
(absorbers, matched loads). For instance, the waveguide matched load, often
in the form of a long wedge or pyramid®, is a common example of a device
that absorbs electromagnetic energy without reflecting the incident
electromagnetic wave. The periodic pyramidal structures based on dielectric
lossless materials as broadband absorbers have been extensively studied
before; they are known as anechoic chambers®-°, However, replacing a
dielectric lossless material with a conductive lossy material offers the
possibility of absorbers and matched loads miniaturization.

This work is devoted to the investigation of several epoxy-based composite
systems: (i) binary with different magnetic particles (Fe.Os-H.O, MnFe;0s4,
Ni@C) and (ii) ternary hybrids with a combination of magnetic particles and
multi-walled carbon nanotubes (MWCNTS). Experimental investigations are
focused on the dielectric/electrical properties of these materials over wide
frequency and temperature ranges. Besides, the robust design of compact
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microwave absorbers and waveguide matched loads based on a conductive
lossy composite is demonstrated.

Aims and tasks of the work

The main aim of the current work is to investigate the dielectric properties
of epoxy-based binary composites with magnetic inclusions, and to find
synergy effects between two fillers in ternary hybrid composite systems.
Another aim is to find the relation between microwave electromagnetic
response and size geometry of pyramidal periodic structure based on
conductive lossy material in order to get superior shielding efficiency
performance.

The tasks of the current work to achieve the aims are:

1. To study the dielectric properties of epoxy-based composites filled with
three types of magnetic nanoparticles (Fe,O3-H,O, MnFe;O4, Ni@C) in
wide frequency and temperature ranges.

2. To study the dielectric properties of the ternary hybrid epoxy-based
composite systems with MWCNTs and small additives of magnetic
particles.

3. To investigate experimentally and via simulations the microwave
electromagnetic response of a pyramidal periodic structure based on a
conductive lossy material.

Scientific novelty

1. The dielectric properties experimental study of several epoxy-based
binary composite systems with different types of magnetic nanoparticles
(Fe203-H,0, MnFe;04, Ni@C) in wide frequency and temperature ranges
was performed. The electrical percolation thresholds for each system were
determined. The behavior features of the temperature and frequency
spectra of the dielectric permittivity and electrical conductivity of the
composites both below and above the percolation threshold were
demonstrated and explained.

2. The dielectric properties experimental study of ternary hybrid
epoxy/MWCNT/MnFe;0, and epoxy/MWCNT/Ni@C composite
systems in wide frequency and temperature ranges was performed. In both
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systems, when the MWCNTSs are in a pre-percolation state, at certain
small amounts of the magnetic component, a pronounced electrical
properties synergy was demonstrated. The observed synergy explanation
through the MWCNTSs dispersion improvement due to the favorable
formation of a co-supporting network by two types of nanofillers was
applied.

A pyramidal periodic structure based on conductive lossy material as an
effective compact microwave absorber and waveguide matched load was
considered. The shielding efficiency optimization method, which takes
into account the material properties, the required frequency range, and the
structure geometry, was successfully used at the pre-experimental step to
evaluate the pyramids parameters. The shielding efficiency of the
pyramids with the estimated optimal parameters was experimentally
demonstrated as 20 dB for both reflected and transmitted signals in the
microwave frequency range.

Author’s contribution

The dielectric investigations presented in the thesis were performed by the

author personally under the supervision of dr. Jan Macutkevic. She also
produced all the epoxy-based composites in the Nanoelectromagnetics
laboratory of Institute for Nuclear Problems BSU. The model for
electromagnetic properties simulations of pyramidal structures was developed
with dr. Dzmitry Bychanok. The published articles were written by the author
with the great discussion support of J. Macutkevic, P. Kuzhir, J. Banys,
D. Bychanok and other co-authors.

Statements presented for the defense

1. The percolation threshold of spherical particles in the polymer matrix can

vary significantly: in the MnFe;Os/epoxy composite system, the
percolation concentration is close to 30 vol.%, which is in agreement with
theoretical predictions, while the Ni@C/epoxy composite system
demonstrates a much lower critical fraction in the range between 10 and
15 vol.%. Polymer-filler interaction difference leads to Ni@C particle
ability to form a percolation network at lower concentrations.
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2. The electromagnetic properties of epoxy-based composites with
MWCNTSs in the pre-percolation state are significantly improved over a
wide temperature range by the addition of certain small amounts of
magnetic inclusions due to the enhanced particle distribution by the
creation of a favorable co-supporting network.

3. The perspective of using conductive lossy materials for microwave
devices miniaturization was demonstrated by the pyramidal periodic
structure example. To predict the remarkable shielding efficiency, the
evaluation model of the optimal geometry parameters of the pyramids
(taking into account their bulk characteristics and the considered
frequency range) at the pre-experimental step was proposed.
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1. LITERATURE OVERVIEW
1.1 Complex parameters of the medium

The state of excitation which is established in space by the presence of
electric charges is said to constitute an electromagnetic field. It is represented
by two vectors: the electric vector E and the magnetic induction B. Todescribe
the effect of the field on matter, it is necessary to introduce the second set of
vectors: the electric current density j, the electric displacement D, and the
magnetic vector H. Then these five vectors listed above are interconnected by
Maxwell's equations, which in the case of an isotropic medium in the Sl units
have the following form?®:62;

rotH = j+%’ (1.1)
roef = s (12)
divD =p 1.3)
divB =0 (1.4)
j=0E (1.5)

D = ¢,E (1.6)

B =u,H (1.7)

where p is the electric charge density, o is the electric conductivity; &, is the
absolute dielectric permittivity; u, is the absolute magnetic permeability. Let's
introduce the relative permittivity € and permeability p as e, = ¢y and p, =
Ui, respectively, where g, and p, are the permittivity and permeability of the
vacuum, respectively.

In the case of charges absence (p=0), using Maxwell's equations (1.1)-
(1.7), one can obtain the wave motion equations for each field vector
separately by excluding the remaining vectors. Thus, the wave motion
equation for the E vector has the following form (the wave motion equation

for the H vector has a similar form):

oF
> (1.8)

The search of a solution of Equation (1.8) is carried out as a plane harmonic
wave of a complex form, which in the case of its propagation along the x axis
with a v velocity takes the form:

E = Eexpliw(t — x/v)] (1.9)
where £ is the vector amplitude and w is the angular frequency of this wave.
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For equation (1.9) to be a solution of equation (1.8), the following
condition must be satisfied:
(3—22 = wleyp, — iwp,o (1.10)
For the case of vacuum (g = 0, v = c¢), equation (1.10) is transformed into
the:
c? =1/gouy (1.11)
Multiplying equation (1.10) by equation (1.11) and dividing by w?, it turns
out the following:
2
nt==me it s — i = (' —in")? = et (L12)
where n is the dimensionless parameter of the medium, which is known as the
complex refractive index, n' is the real part of the refractive index, n"’ is the

imaginary part of the refractive index (or the extinction coefficient). The £* =

£ — ii = ¢’ — ig" is the complex dielectirc permittivity; u* = u’ — iy is
0

the complex permeability.
Taking into account (1.12), equation (1.9) for a plane harmonic wave takes
the form:

=2 . .2 2 . , 2nn’

E = Eexp [lwt - l%nx] = Eexp [— x] exp [lwt - l”Tnx] (1.13)
where A = 2mc/w is the wavelength, and the significance of n'’ emerges as
being a measure of the absorption in the medium.

2nn’’

1.2 Electromagnetic response simulation of multi-layered systems
by matrix method

The normal incidence of an electromagnetic wave on a plane-parallel layer
of material is accompanied by its successive reflections from each boundary
(two boundaries in the case of one layer), and the layer properties are
determined by the summation of these waves. The consideration is limited to
thin layers, when the path difference between the beams is less than the
radiation wavelength (the long-wave approach). Using the Maxwell's
equations (Equations (1.1)-(1.7)) directly can give the values of the electric
and magnetic fields at the boundaries of the layer. If the electromagnetic
waves are plane in form according Equation (1.9), then these fields can be
represented in matrix notation as follows®.-62;
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cos(kt) l?sm(kr)]
2] (1.14)

il
Ml fiZsin(lr)  cos(kr)
0

where E;, H; and E,, H, are the electric and magnetic fields at the first and
second boundaries of the layer with thickness of 7; k and k, are the
wavenumbers inside the layer with refractive index n (according
Equation (1.12)) and in air (refractive index ny = 1). In the case of free space,

2mng
2
waveguide system of width a, they are defined in the form: k =

27 A2 27 A2 .
242 — 2.2 .
Aa In a?—~ and kg PP L Ly’ where v is the frequency;

c=3-108m/s is vacuum light speed. The first term in the right part of
Equation (1.14) is known as the characteristic matrix of the layer.

The result obtained can easily be transformed to the case of two or more
layers placed sequentially one after the other (multi-layered system). In the
case of a N-layer system, the characteristic matrix of the whole structure is
simply the product of the individual matrices of each layer taken in the correct
order. Then the reflection R and transmission T coefficients of such structure
take the form:

. 2 . ..
the wavenumbers are written as k =%n and ky = , While inside a

(no——)2
R =52 B 1.15
b=tk (115)

2
T =82 =2 1.16
=it (116)

where

cos(k;t i % sin(k,t
(2] =T | o, _( ) fsmlen) L] @i
e sin(k;t)  cos(k.T) 0
and Sy, and S, are the relative amplitudes of the reflected and transmitted
signals, respectively. Equation (1.17) is the particular case with the refractive
index of air ng in the right part, but generally this refractive index corresponds
to the last layer.

The long-wave approach method described above can be useful in the case
of the electromagnetic response simulations of more complex structures.
Having performed the homogenization procedure for such structures, they can
be considered as multi-layered systems with a spatially distributed refractive
index®%. The homogenization procedure means the refractive indices
averaging in each infinitely thin layer of multi-layered system®.65,
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1.3 Percolation theory

Percolation theory is the simplest, not exactly solved model for multiphase
materials description®®®”. This theory found broadest application as a powerful
tool to describe of the physical properties of heterogeneous materials.
Dramatic changes in the physical properties of a heterogeneous medium (e.g.
composite material) occur when filler particles form a percolating network (by
coming into contact with each other) throughout the system, particularly when
the difference between the properties of the constitutive phases is large. This
happens when the volume fraction p of filler particles (minor phase)
approaches a critical value p, called the percolation threshold. The behaviour
of the conductivity versus inclusions volume fraction close to the percolation
threshold of the conducting constituent is defined by the following laws!®%-
72.

{0 =01(pc = P)7° P <Dc

o =0a,(p— D) P> P

where s and t are critical exponents; g, is the electrical conductivity of the

insulating matrix and o is the electrical conductivity of inclusions. Since the

percolation model is independent of the nature of the filler particles and the

nature of the insulating host matrix, it can be applied to most polymers filled
with different kind of electrically conductive inclusions.

The behaviour of the dielectric permittivity near the percolation threshold

is also extraordinary’>3™ and is given by the following power
IaW66’68'7l'72’75'76:

(1.18)

e o (p,—p)" (1.19)
A qualitative interpretation of this phenomenon may be as follows. Near
the percolation threshold the conducting clusters are separated by thin
dielectric regions. Each pair of the nearest clusters forms a capacitor whose
effective surface tends to infinity near the percolation threshold. Then the
effective capacity of the system also diverges. These factors can contribute to
the enhancement of the dielectric permittivity of the systems near the
percolation threshold.
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1.4 Maxwell-Wagner relaxation

The dipole relaxation analogue for heterogeneous materials (particularly
for composites based on insulating matrices and conducting inclusions) is
Maxwell-Wagner relaxation’”%, In this case, the polarization mechanism
consists in the accumulation of moving charge carriers at the interfacial
boundaries under the external electric field. Such a spatial redistribution of
charge carriers strongly affects the overall polarizability of the material, and,
therefore, the latter can exhibit a very large effective dielectric permittivity.

One of the possible way to describe Maxwell-Wagner relaxation is the
impedance formalism, in frame of which the complex impedance Z* = Z' —
iZ"" is determined as follows®82;

* __ 1 _ 1 _ gl . & i
T iweee*  iweg(e'-ig") (£’2+£”2 ls’2+s”2) weg (1.20)
where the real (Z') and imaginary (Z'") parts of Z* are separately expressed as
1 _ E—” 1
Z = s’2+s”2 2mve (121)
2" = oy — (1.22)

g% tglt? 2MVEy

The complex impedance of heterogeneous systems with Maxwell-Wagner
relaxation cannot be described using a single RC-circuit (a capacitor C and a
resistor R connected in series), when the relaxation time would be determined
by the simple expression T = RC. Instead, the Z* spectra need to be modelled
by an infinite chain of RC circuits connected in series. Then the relaxation
time distribution f(r) can be found using the Tikhonov regularization
technique.

1.5 Relaxation time distribution determination

In an external electric field, the polarization, and hence relaxation time
distribution of the heterogeneous system depends on system constituent
components, their shape, size, and dispersion in the matrix (the agglomerates
presence). Therefore, the relaxation time distribution function f(7), as well as
f(r) versus temperature can provide very valuable information about
collective phenomena in composites.

The procedure used for calculating the relaxation time distribution is
described in detail in®84, In short, it consists in solving an integral equation
with known frequency dependence of the complex impedance Z*(w):
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Z'(0) = Zo + 47 [, L2 d(g ) (1.23)
where Z,, is the impedance at the high-frequency limit, AZ is difference
between the static impedance (low frequency impedance) and the high-
frequency limit of impedance.

The method of solving integral equation (1.23) is the discretization and
Tikhonov regularization. The first step - discretization - consists in
transforming the integral equation (1.23) to the linear non-homogeneous
algebraic equations set. Since the number of equations in this set exceeds the
number of variables, it cannot be solved directly. Thereby, the second step is
necessary: the introduction of a minimization condition according to the
Tikhonov regularization procedure. The regularization parameter a appears,
which is responsible for smoothing noisy data. Then finding a truthful
relaxation time distribution f(t) is reduced to the correct determination of
regularization parameter «, besides, the limiting of the minimization problem
by fixing the static impedance and/or the high-frequency limit of impedance
can also help.

1.6 Hybrid composites systems

A composite material (or composite) is a heterogeneous system consisting
of two or more distinct phases with a pronounced interphase boundary®. This
intentional combination of several constituents leads to a new material that
can exhibit properties that do not necessarily appear in the individual
components. If the number of phases is more than two, the hybrid composite
definition is introduced. In the case of polymer hybrid composites, they are
systems, where two or more types of fillers are placed in a single matrix or
one filler is introduced to a mixture of different matrices®8. Obviously, in
hybrid composites, a combination of various properties, as well as their
synergy effects due to the favorable distribution of particles and the interaction
between them, can be expected®’. Mixing inorganic or organic fillers origin of
different geometrical features, such as shape, size, and aspect ratio, allows
obtaining composites with controlled desired properties. Fillers may assume a
geometrical form of fibers, flakes, rods, platelets, spheres, and other irregular
particles®®. A schematic illustration of a unique network based on two fillers
of different geometries responsible for the properties synergy in a hybrid
composite is shown in Figure 1.1.
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a b c

Figure 1.1: Schematic illustration of the network in (a,b) composites with one
filler and (c) hybrid composite®.

By comparison with monofiller system, hybrid composites have the
following main advantages®®-:

1. Improving filler dispersion;

2. Forming  hybrid  filler  networks  with  better filler-filler
connection/interaction;

3. Lowering the percolation threshold;

4. Improving mechanical®®, piezoresistive properties and thermal
conductivities®>®;

The existence of synergy between different types of fillers, inorganic or
organic, shows great potential and could significantly increase applications of
such nanomaterials.

1.6.1 Synergy definition

The definition of “synergy” can be introduced as a deviation from the
simple rule of mixtures®, since the early theoretical treatments of the hybrid
effect according to this rule showed a contradiction with the experimental
results®®. Rule of mixtures is given by a mathematical expression that
describes the property of a heterogeneous composite as the sum of the
weighted volume average of the component properties in isolation®:

P = vy S piVi (1.24)
where p is the homogenized property of interest, V; is the corresponding
volume of the part that has the specific property p;.

However, the rule of mixtures does not take into account the interfacial
adhesion between the filler and the matrix, as well as the interaction of fillers,
therefore it cannot be used directly to predict the properties of the hybrid
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composite. In each case for a hybrid composite, the experimental results
should be considered. A positive hybrid effect (synergy) occurs when the real
properties of the composite are better than the values calculated from the rule
of mixtures, whereas a negative hybrid effect corresponds to the opposite
situation. Thus, synergy takes place in the case of the elements set whose
combination gives a total effect that is greater than the sum of the effects of
the individual elements (elements increase the effectiveness of each other in
combination).

1.6.2 The occurrence mechanisms of electrical conductivity synergy in ternary
systems

In electrical conductivity point of view in ternary systems, synergy is
achieved through the use of two conductive fillers with distinct geometric
shapes, aspect ratios, and individual conductivity values. The synergy of
electrical properties is accompanied by the decrease of the percolation
threshold compared to monofiller systems. Even if one of the fillers is
insulating or poorly conductive, the percolation threshold may decrease due
to the volume exclusion effect®% and the improved dispersion of the second
highly conductive filler®®. Reviewing numerous researches®:°:1% jn this area,
the following conclusion can be done: a filler with a large aspect ratio (i.e. the
main filler) has priority in the formation of a network of conductive pathways
at content close to its percolation threshold in monofiller case, while another
filler acting as a “spacer” is able to improve the dispersion of the main filler
in the matrix.

In this regard, to understand the mechanisms of synergy effects in the
ternary composite containing one filler with a large aspect ratio (such as fibers
or rods) and the second filler with a much smaller one (such as sphere or
platelets), two theoretical situations are possible.

The first case consists in a significant change of the network structure of
the first filler by the second one. A fractal-like structure of the first filler (e.g.
carbon nanotubes - CNTS) is equipped with many redundant shoulders in the
network that do not contribute to the effective conductive pathway (so-called
“dead” branches). It means only a certain amount of MWCNTSs are involved
in charge transport. The addition of the second filler aggregates leads to the
formation of new conductive pathways between “dead” MWCNT branches.
Since the tunneling distance between CNTs determines the total conductivity
in the monofiller CNTs/polymer composites®, an increase in the conductivity
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of the CNTs-based hybrid composite can be a direct result of the reduction of
the tunneling distances due to the placement of a second filler between carbon
nanotubes®®.

The second case occurs when the second filler is incorporated into the
conductive “active” CNT pathways, then the final conductivity should mainly
be preserved or decreased. An exception is a situation when the CNTs are in
a pre-percolation state, then the putting of the second filler between them can
contribute to the final conducting network formation.

1.6.3 Electrical percolation theory in ternary composites

The change in the electrical conductivity with increasing concentrations of
the electrically conducting filler is nonlinear and described by the classical
percolation theory (see subchapter 1.3). However, for hybrid (ternary)
composites with two different filler types, Equation (1.18) is no longer valid
to describe the relation between the percolation threshold and each filler
concentration. A new theoretical model based on the excluded volume theory
has been proposed®?. According to this model, the percolation thresholds of
each kind of filler in the corresponding monofiller (binary) composites obey
the following relation%%:

|4 |4
Atop=1 (1.25)

where V, and Vy are the volume fractions of filler A and B, respectively; and.
p4 and pB are the percolation thresholds of filler A and B in the corresponding
monofiller composites, respectively. Equation (1.25) indicates that if its left
part is equal to 1, the conductive fillers begin to percolate in the matrix; if its
left part is greater than 1, the conductive fillers combine with each other, and
the material becomes conductive; if its left part is less than 1, the fillers
separately disperse in the matrix, and percolative network is absent. The
considered model has been repeatedly successfully applied to composites with
various systems of mixed fillers'®2%, Equation (1.25) can be used for
predicting the electrical properties of ternary composites with two fillers,
providing that the percolation concentrations for the corresponding monofiller
systems are known. Moreover, for the convenience of practical use, the
volume fraction can be generalized as the weight fraction.

However, a lot of experimental researches show the occurrence of the
percolation even if the left part of Equation (1.25) is less than 14086107108 |
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this case, when the percolation occurs at concentrations lower than predicted
by Equation (1.25), the synergy effect of electrical properties takes place.

1.7 Magnetic nanoparticles as additives in polymers for
electromagnetic shielding applications: recent progress

Magnetic nanoparticles (such as goethite Fe,O3-H,O nanorods, manganese
ferrite  MnFe;0s, NIi@C core-shell nanoparticles, etc.) and polymer
composites on their basis are usually interesting from magnetic and
ferromagnetic properties point of view, therefore have already found
numerous applications?:210%110 However, investigations of these particles in
terms of electrical properties can also be interesting, because it allows to
expand the application range, in particular, to use them as conductive
materials too. For this reason, it is important to determine the electrical
percolation threshold of polymer composite systems filled with magnetic
nanoparticles. Moreover, due to the combination of magnetic and dielectric
losses, such materials can be promising for electromagnetic shielding
applications.

Investigations of polymer composites with goethite (Fe,O3z-H>QO) nanorods
are rare enough®', however, due to high nanorods aspect ratio, they can be
attractive in shielding area similarly to iron nanowires**2** or iron fibers*4115,
Yang et al*? showed that epoxy-based composites filled with iron nanowires
of high concentrations exhibit superior absorption properties (>97% of
incident power at few mm of thickness) in microwave 7-14 GHz frequency
range compared to composites with iron nanoparticles. Wu et al**
investigated the microwave (2.60-3.95 GHz) dielectric and magnetic losses of
composites with iron fibers in epoxy resin matrix depending on the fiber
diameter: both types of losses decrease with increasing fiber diameter (or
decreasing aspect ratio). Moreover, Wu et al'’® showed the reflection
coefficient of 1.0 mm-thick epoxy-based sample with 20 vol.% of iron fibers:
less than -8 dB in 9.7-14.5 GHz and less than -5 dB in the 8-18 GHz frequency
ranges.

Manganese ferrite (MnFe,O4) is an excellent inorganic candidate for the
role of magnetic inclusions in polymer composites due to its electrical, optical,
magnetic, and catalytic propertiest!®. Magnetic properties (in particular, the
saturation magnetization, the ferrimagnetic to paramagnetic transition) of
manganese ferrite depend on particle sizes!*”8, their forms!®2° and, for
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example, modifications by carbon?12!, Moreover, MnFe,O4-based polymer
composites both monofiller'?212> and hybrid!?®-1%8 cases have already
demonstrated a high level of electromagnetic shielding performance.
Chakraborty et al*?? got the results of -8 dB for a reflection loss at 10.5 GHz
for nano-size manganese ferrite reinforced conductive polypyrrole
composites. Lakshmi et al*® considered the composite system based on
manganese ferrite, chemically modified with polymethyl methacrylate and
polyaniline, and demonstrated the value of shielding efficiency due to the
transmittance as -44 dB in 8-12 GHz frequency range. According to Hosseini
et al?*'% jnvestigations, composites based on manganese ferrite in
polyaniline matrix show a minimum reflection loss of -15.3 dB at 10.4 GHz,
while in polypyrrole matrix — around -12 dB at 11.3 GHz (sample thickness
in both cases is close to 1.5 mm). Reduced graphene oxide — manganese ferrite
hybrids with multiwalled carbon nanotubes inside polyvinylidene fluoride
matrix demonstrated high absorption and a total electromagnetic shielding of
-38 dB at 18 GHz as reported in'%,

Carbon-coated Ni nanoparticles (Ni@C), being superparamagnetic or
ferromagnetic, are also promising for the design of microwave absorbing
devices due to the presence of magnetic losses?”?, According to the study of
Zhang et al?®'?° the composites based on carbon-coated Ni nanocapsules
inside paraffin matrix demonstrate the maximum reflection loss of -32 dB at
13 GHz with 2mm in thickness. Wu et al®™*® investigated microwave
absorption properties of paraffin-based composites with carbon-coated nickel
nanocapsules depending on particles size: sample with the average particle
size of 25 nm exhibits reflection loss value of -32 dB at 11.6 GHz, and with
increase particle size the reflection loss decreases. High microwave absorption
of Ni/Graphitic carbon core-shell powder in elastomeric rubber matrix was
also demonstrated by Saini et al**!: the sample with the highest content of
70 wt.% shows reflection loss value of -48 dB at 17 GHz at the thickness of
1 mm. Similar polymer-based composite systems filled with such as carbon-
coated Co'®2133 Mg, Fe!®13% nanoparticles have also exhibited significant
attenuation of microwave electromagnetic radiation.
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2. EXPERIMENTAL TECHNIQUE
2.1 Dielectric permittivity measurements

211 Low frequency range (20 Hz - 1 MHz)

In the low frequency range, the most common used method of the dielectric
permittivity measurements is the plane parallel capacitor method. The method
is based on comparison of the capacitor capacitance filled with sample and the
capacitance of an empty capacitor®®*’. By measuring the capacitance (C) and
loss tangent (tgd = &' /€') of the sample, the dielectric permittivity can be
recalculated using the following formulas:

0 2.1)
_ Cstgds—Cotgdy (
tgd = T

where C, and tgd, are the capacitance and tangent losses of the system with
the sample, C, and tgd, are the capacitance and tangent losses of the system
without the sample, d is the distance between the capacitor plates (sample
thickness), S is the area of the sample, ¢, is the dielectric permittivity of
vacuum.

Low frequency (20 Hz — 1 MHz) measurements of the complex dielectric
permittivity were performed using LCR HP4284A meter. For heating mode
(300 — 500 K) in all experiments a home made furnace was used, for cooling
mode (25— 300 K) closed-cycle cryostat or liquid nitrogen were used. All
temperature measurements were performed with a heating/cooling rate of
around 1 K/min. The silver paste was used to improve the contacts between
electrodes and the sample.

At higher frequencies, the measurement system errors become significant,
and therefore the described above method is no longer suitable.

2.1.2 Coaxial line technique (1 MHz - 3 GHz)

The coaxial line method is the most convenient method for the dielectric
measurements in the 1 MHz — 3 GHz frequency range. The coaxial dielectric
spectrometer based on vector network analyzer Agilent 8714ET capable of
complex reflection coefficient R* measurement was used. The small samples
were placed at the end of the coaxial line between the inner conductor and the
short piston, which formed a capacitor'®,
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The complex reflection coefficient is related to the impedance of the
sample by the following equation:

R* — Z;_ZO

T Zi+ 2, (22)
where R* is the complex reflection coefficient, Z; is the complex impedance
of the sample, Z, is the impedance of the transmission line (50 Q).

In the quasi-static case, when the electric field is homogeneously
distributed inside the sample (the dielectric permittivity of the sample is low),
the plane capacitor model is applicable®®®. In the frame of this model, the
relation between impedance and capacitance of the plane capacitor is as
follows:

Zr=—"L =_2¢ (2.3)

iwC* lwe*gyS

Then, from Equations (2.2)-(2.3) the real and imaginary parts of the
complex dielectric permittivity €* of the sample can be calculated.

In general case, when the electric field components are described through
the Bessel functions, the calculations of the sample dielectric permittivity are
presented in%, It can be demonstrated, that the capacitance of the dynamic
capacitor reads:

ICRRIRCIEES
TGRS
where r is the radial coordinate.

However, from the low-frequency end, the range is unlimited, while from
the high-frequency end (above 3 GHz), there are some difficulties related to
the coaxial line itself. The limit is determined by the following condition:

A>n(rz+1) (2.5)
where r3 and r, are the radii of the inner and outer conductors of the coaxial
line, A is the wavelength of radiation.

(2.4)

2.1.3 Microwave frequency range

A vector analyzer MICRAN R4M-18 with 16x8 mm? and a scalar network
analyzer Elmika R2-408R with 7.2x3.4 mm? waveguide systems were used
for microwave measurements in 12-18 GHz and 26-37 GHz frequency ranges,
respectively. Both setups allow to directly get the frequency dependencies of
the scattering parameters, transmitted/input (S,;) and reflected/input (S;;)
signals. The S-parameters can then be transformed into the dielectric
permittivity of the sample. The procedure of this transformation depends on
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the experimental technique used. Two different techniques are available: the
thin-rod method and the full fill waveguide method. Each technique details
are discussed in the current subchapter.

Full fill waveguide method

The full fill method consists in measuring the electromagnetic response of
the sample of rectangular parallelepiped shape with a thickness of T and cross-
section equal to the waveguide cell. A schematic representation of the
waveguide space with the sample inside is shown in Figure 2.1.

Figure 2.1: Schematic representation of the waveguide space with the sample
inside.

In this case, the waveguide space can be conventionally divided into three
regions: | - the region where the incident radiation falls on the sample, Il - the
region filled with the sample, Il - the region where transmitted signal
propagates after passing through the sample. Then the equations of the waves
in the waveguide for these regions write3%140;

{ lpl = COS (%) [Cleikoz + Cze_ikoz],z S O,
!11’11 = cos (=) [Ce™# + Ce™],0 < z <7, (2.6)

Yy = cos (RT:) [C5eik02],z >1,
where expressions for wavenumbers k, and k in the waveguide were
introduced in subchapter 1.2.
Using the following boundary conditions for regions 1-1115%;
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one can obtain expressions for the unknown coefficients C; and, therefore, for

the S-parameters:

_ G _ —[(ko/k)?—1]sin(kT)
S11.= €1 —2i(ko/k)cos(kt)—[(ko/k)2+1]sin(kT) (2.8)

Sy = Cs _ —2(k/ko)[cos({cor)—isin(kor.)] (2.9)
C1 —2(k/ko)cos(kt)+i[(k/ky)%+1]sin(kT)

Thus, numerically solving the equations system (2.8)-(2.9) by using the
experimentally measured frequency dependences of the S;; and S,,
parameters, it is possible to obtain the complex dielectric permittivity * =
e’ —ig'"" spectra. However, this method is only suitable for samples with low
€' and & values when the transmitted/input S, signal is non-zero.

Thin cylindrical rod method

According to the considered method, the cylindrical rod-like sample with
a diameter of around 1 mm is placed in the center of the waveguide
perpendicularly to the broad waveguide wall (or parallel to the electric field
vector of the dominant TE1, mode) as shown in Figure 2.2. The place in the
center of the waveguide is ideal for the sample to be placed since the
fundamental mode has a single maximum there.

Figure 2.2: Schematic representation of the rectangular waveguide with the

cylindrical rod-like sample inside.
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Complex dielectric permittivity can be estimated, similarly to the previous
method, from measured electromagnetic response coefficients (S;; and S,,).
For this case, the waveguide space can also be divided into three regions I-111
(see Figure 2.3), where the intrinsic TEio wave propagates from the region |
to region Il. Then, by determining all the field components (in regions | and
I11, in region 1l outside and inside the cylinder) and by setting up the boundary
conditions for all regions and at all discontinuity surfaces, it is possible to find
the system of linear equations:

S11=f(,€")
lser = e e (210
The system (2.10) can be numerically solved and the complex dielectric

permittivity can be found. The details of the described procedure are presented
in 138,141.

x=a/2

z=—a/z2 z=a/2

7

I I7 IiT

Figure 2.3: Schematic representation of the rectangular waveguide with the
cylindrical rod-like sample inside (top view).

2.14 Teraherz frequency range

Time-domain terahertz-transmission spectroscopy (TDTTS) method was
used for dielectric measurements in the frequency range from 100 GHz to
3 THz}2, These measurements were performed using a time-domain THz
spectrometer T-SPEC series (Ekspla Ltd.) based on a femtosecond fiber laser
(wavelength 1 um, pulse duration less than 150fs) and a GaBiAs
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photoconductive terahertz emitter and detector. The experimental setup is
presented in Figure 2.4.

The TDTTS method consists in the measurement of a reference waveform
E,(t) through the empty diaphragm without sample and signal waveform
E¢(t) through the sample attached to the diaphragm. Using the Fast Fourier
Transform, the time-domain functions E,.(t) and E(t) are transformed into
frequency-domain functions E,(w) and Es(w), after that the complex
transmission function is defined as'#43:

Es(w)
T(w) ==—= 2.11
( ) Er(w) ( )
ATl BS PR3 "3
Laser H H \/;
source BHA PR1
< 7 M2
M1 |
=11 L2<g—=
PR2|IN THz THz
- Emitter] Detector
o |
Fast PR4
delay
- line
Laser beam Slow
— delay
line
THz beam M4 Sample M5

Figure 2.4: Schematic representation of the TDTTS setup*,

In the case of a homogeneous sample, the complex refraction index n =
n' + in’" is related to the complex transmission as'#2:

4 i —-1)d -1 .
T(w) = ”e"pg;‘ﬁz Mg (23 expliond /O (212)

where d is the sample thickness, c is the light velocity and m is the number of
reflections in the sample. The value of the coefficient m can be easily
determined experimentally (at least for thick samples), since the reflections in
the sample form separate pulses in the measured signal.

The complex transmission function (2.12) can be divided into two real
equations for the modulus |T'| and phase ¢ (can be determined experimentally)
with two real variables n' and n'" (e.g. the simplest particular case when
m=0)2, The equations can then be solved numerically for n" and n’’. The
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same algorithm is in principle valid for the case of m # 0, however slightly
more complicated expressions are obtained, but they can be also solved
numerically

All described above experimental techniques allow to measure the
effective dielectric permittivity e.rr = eu =n?2, where the predominant
contribution in microwave frequency range is made by the dielectric
permittivity e, while the magnetic permeability u is negligible for composites
based on NIi@C core-shell nanoparticles?®?*13!  manganese ferrite
MnFe 042414 jron nanowires'*? and iron fibers4115,

2.2 Sample preparation procedures

2.2.1 Monofiller composite samples

Commercial Epikote 828 epoxy resin with a density of 1.16 g/cm?® and a
triethylenetetramine hardener (TETA) were used to prepare the composites.
The used polymer allows the easy dispersion of various additives and shows
high mechanical and chemical resistance!*46,

Three types of commercially available magnetic nanoparticles provided by
US Research Nanomaterials, Inc were used as fillers in corresponding
monofiller composite series:

1. Goethite (Fe;05-H:0 alpha, 98%, 50 nm x 10 nm) nanorod powder
(https://www.us-nano.com/inc/sdetail/42381). It is a yellow powder with
a rod-shaped structure, which is widely used in coating, plastic, paint, and
pharmaceutical fields. The aspect ratio of nanorods is close to 5, as proved
by scanning electron microscopy (SEM) image (see Figure 2.5a). The
nanopowder density is 4.4 g/cm?®.

2. Manganese ferrite (MnFe;Os) nanopowder with spherical-shaped
particles of 28 and 60 nm in size (https://www.us-
nano.com/inc/sdetail/7019 and https://www.us-nano.com/inc/sdetail/595)
with a density of about 5.4 g/cm? for both.

3. Ni@C core-shell nanoparticles (https://www.us-
nano.com/inc/sdetail/171), which are 20 nm-thick Ni particles coated with
several closely compacted carbon layers being a few nanometers
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thick#"148, The density is 8.9 g/cm®. The microstructure of Ni@C
nanoparticles is represented in Figure 2.5b.

Figure 2.5: Scanning electron microscopy images of (a) goethite nanorods and
(b) Ni@C (carbon-coated Ni) nanoparticles.

Each type of aforementioned magnetic nanoparticles is easily dispersed in
the polymer matrix and enables the production of composites with high
volume concentrations.

Monofiller composite series were prepared according to the standard
procedure for filler particles dispersing in a polymer matrix'*®5l, The
preparation processes details of composites based on goethite nanorods and
manganese ferrite completely coincide, while for Ni@C-based composites,
certain steps of the procedure undergo minor differences. As the first stage,
the required nanoparticle amount was mechanically crushed and stirred in
ethanol (for Fe,Os3 H.O and MnFe;0.) or isopropanol (for Ni@C) for
30 minutes. Then, nanoparticles/alcohol suspensions were treated by 1 h-
ultrasonication: bath for ethanol-based ones and probe for isopropanol-based
ones. Afterward, the resulting mixtures were combined with the epoxy resin
and underwent additional ultrasonication by the probe for 1-2 hours. After
alcohol evaporation, a hardener was added to the mixture of resin and
nanoparticles, and manually mixed for 5-7 min. The hardener was added in a
ratio of 1:10 with respect to the epoxy resin. The blend was poured into molds
and left as such for 20 h for the curing process at room temperature, and then
for 2 h in an oven at a temperature of 100 °C for the final polymerization step.
Such parameters of the preparation procedure were experimentally
determined as optimal for the best dispersion of each type of considered
nanoparticles in the epoxy resin matrix.

After the above manipulations, epoxy-based samples’ list of monofiller
composite series represents as follows:
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1. 0,5, 10, 20, 30 and 40 vol.% of Fe,O3-H,0;
2. 0,10, 20, 23, 25, 28 and 30 vol.% of MnFe,Oyq;
3. 0,10, 15, 25 and 30 vol.% of Ni@C.

The filler concentrations in each composite system were chosen close to
the percolation threshold theoretical value (below and above) for these
particles®2!%3, The volume concentrations were evaluated from weight
concentrations taking into account the densities of nanopowders and epoxy
resin.

2.2.2 Bifiller composite samples

Bifiller (or hybrid) composite series consisting of two types of particles
inside epoxy resin matrix are considered. The first filler is multi-walled carbon
nanotubes (MWCNTS) grown by the chemical vapor deposition method!41°6
with an average outer diameter of 20-40 nm, the length of 0.5-200 pm and the
density of 2.0 g/cm?. Scanning electron microscopy micrograph of MWCNTs
is presented in Figure 2.6. Manganese ferrite (28 nm-spherical particles) or
Ni@C nanoparticles in the epoxy/MWCNT/MnFe;0. or
epoxy/MWCNT/Ni@C composite series, respectively, are used as the second
fillers.

Figure 2.6: Scanning electron microscopy image of multi-walled carbon
nanotubes.

The preparation method of bifiller composites does not differ essentially
from the dispersion of one filler in a polymer matrix4°-'%!, The only difference
is the separate dispersion of each inclusion type in alcohol (in our particular
case, ethanol for epoxy/MWCNT/MnFe,O, and isopropanol for
epoxy/MWCNT/NIi@C systems) by using ultrasonication (1-h probe for
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magnetic particles/alcohol suspensions, 1-h probe and 1-h bath for
MWCNTSs/alcohol suspensions). Thereafter, epoxy resin (Epikote 828) was
added to the MWCNTSs/alcohol suspension, and the resulting mixture was
processed with an ultrasonic probe for 1 h. This preparation protocol is
associated with the high MWCNTS ability to form agglomerates (due to their
huge aspect ratio), and therefore they require more intense dispersion by
ultrasonic treatment. The final 1 h ultrasonic probe treatment took place after
mixing together both the magnetic particles/alcohol and
MWCNTs/epoxy/alcohol obtained suspensions. Then, after complete alcohol
evaporation, the resulting mixture was cured by a triethylenetramine (TETA)
hardener for 20 h at room temperature and 2 h at 100 °C in the oven.

Using the technique  described above, two  series of
epoxy/MWCNT/MnFe;0O4 and one series of epoxy/ MWCNT/Ni@C hybrid
composites with a fixed MWCNTSs-content and various second-filler amounts
were prepared. As a result, the final hybrid samples’ list is as follows:

1. 0.09 vol.% of MWCNT + 0, 0.025, 0.05, 0.35, 0.65, 5 and 10 vol.% of
MnFe,0yq;

2. 0.58 vol.% of MWCNT + 0, 0.025 and 0.58 vol.% of MnFe;Oy;

3. 0.09 vol.% of MWCNT + 0, 0.025, 0.2, 0.6 and 1 vol.% of Ni@C.

The MWCNT content of 0.09 vol.% is the concentration just below the
percolation state in corresponding monofiller composites'®’, while the higher
MWCNT content of 0.58 vol.% is above the percolation threshold. And such
relatively low second-filler concentrations were chosen because hybrid
composites with higher concentrations demonstrate non-uniform nanoparticle
distributions as it will be shown further.
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3. RESULTS AND DISCUSSION

3.1 Dielectric properties and electrical percolation in epoxy resin
composites based on magnetic nanoparticles

Nowadays, there is a great interest in polymer composite materials filled
with various nanoparticles, caused by the ability to control their properties at
the nanoscale and as a consequence to apply them in different functional
devices!®!®8, Electrically conductive polymer composites based on both
organic and inorganic nanofillers attract the attention of scientists because of
their potential applications, such as antistatic materials! and electromagnetic
coatings'?, solar cells and biosensors®*, electromagnetic shielding, and
absorption of radiation in different frequency ranges®®. Epoxy resin, due to its
attractive mechanical and thermal properties, is a very popular polymer matrix
for composite preparation®°1€,

Due to the low percolation threshold, as well as their unique electrical,
thermal, and mechanical properties, various carbon fillers are popular and
already studied quite well in recent years!®3270161 However, materials based
on metal and metal oxide nanoparticles are also gaining popularity because of
their wide range of applications, from catalysis to nanoelectronics'®®. The
range of their potential applications, in particular, iron oxide nanoparticles,
expands even more if one considers that in addition to dielectric properties,
they can have magnetic and ferromagnetic properties. Then, these particles
can also be applied in such areas as magnetic resonance imaging, tissue
engineering, and drug delivery and also as hyperthermia agents?.

Particularly, nanowires, nanorods, and others as magnetic particles of high
aspect ratio are interesting for composites''#13, However, investigations of
polymer composites with goethite (Fe.Os-H,0) nanorods are rare enough'?,
Moreover, the investigations of goethite-based siloxane composites show the
relatively small dielectric permittivity value'*!. Therefore, it is important to
determine the electrical percolation threshold in composites with goethite
nanorods and find the relation between the electrical percolation threshold and
composite preparation technology.

Manganese ferrite (MnFe,O4) nanoparticles are already studied quite well
from the magnetic properties point of view and on this basis they have found
applications in many directions, such as magnetic recording media devices?,
ferrofluid®!, biosensors!®, and for biomedical applications??. However,
investigations of MnFe,O, in terms of electrical properties can also be
interesting, to make them applicable (along with very popular carbon
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materials) in fields such as electromagnetic shielding'>¢2 and compatibility®®,
Nevertheless, the electrical percolation phenomena were not studied in
composites with MnFe;O4 inclusions.

Nickel (Ni) nanosized particles and carbon-coated Ni nanoparticles
(Ni@C) have superparamagnetic or ferromagnetic features, which, due to the
presence of magnetic losses?’-?8, make them also promising for the design of
microwave absorbing devices. The thermal behavior of broadband dielectric
and magnetic properties has been studied for the composites made of polymer
filled with Ni@C concentrations below the percolation threshold!®. However,
the dielectric properties of composites with Ni@C content above the
percolation threshold, as well as the electrical percolation in these composites
have not been studied yet. The electrical percolation threshold in composites
with quasi-spherical particles (MnFe204 or Ni@C) can be substantially lower
than it is expected by the excluded volume theory and dependent on particle
size, so that these composites can substitute carbon-based composites in
various electronics applications6166,

This subchapter is devoted to the dielectric/electric properties experimental
investigations of three epoxy resin composite systems based on different
magnetic nanoparticles: goethite (Fe.Os;-H>0) nanorods, manganese ferrite
(MnFe204) and Ni@C core-shell nanoparticles.

3.1.1 Goethite nanorods / epoxy resin composites
Room-temperature region

The surface of goethite nanorods/epoxy resin composites was
investigated by scanning electron microscopy. The results for the highest
concentration available are presented in Figure 3.1. It can be concluded that
nanorods are dispersed homogeneously.

The concentration dependence of the complex dielectric permittivity of
Fe,03-H20 / epoxy resin composites at room temperature and frequency of
129 Hz is shown in Figure 3.2a. The addition of nanorods into the polymer
matrix leads to an increase of dielectric permittivity according to the power
law of percolation (Equation (1.19))%:68.71.7275.76.167 Approximation of the real
part of the dielectric permittivity according to the percolation law is shown in
Figure 3.2b. This calculation indicates that the electrical percolation for the
Fe203-H20 / epoxy resin composites is reached when the filler concentration
is close to 40 vol.%. This is also confirmed by the plateau in conductivity

38



spectrum for composite with 40 vol.%, while for lower filler concentrations
this plateau is absent. In order to increase the determination accuracy of p.,
many more samples with different goethite nanorods concentrations in a range
between 30 and 40 vol.% are needed.

Figure 3.1: Scanning electron microscopy images of Fe203-H20 / epoxy resin
composites with 40 vol.% filler concentration (at different magnification
levels).
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Figure 3.2: (a) Concentration dependence of the complex dielectric
permittivity of Fe,O3-H,O / epoxy resin composites at room temperature and
frequency of 129 Hz; (b) A percolation law of the real part of permittivity &’ o
(40 — p)~°72 for Fe203-H20 / epoxy resin composites.
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The frequency dependence of the complex dielectric permittivity in a wide
frequency range (from hertz to terahertz) at room temperature is shown in
Figure 3.3. However, measurements above 1 MHz were performed only for
two composites with the highest concentrations (30 and 40 vol.%). This
choice was due to the fact that the permittivity of composites below the
percolation threshold at room temperature is almost frequency-independent
and its value is close to pure epoxy resin permittivity4®*, In the microwave
frequency range, the value of complex dielectric permittivity is very similar
to the corresponding properties of epoxy resin composites filled with iron
nanowires and nanoparticles*?,
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Figure 3.3: Room-temperature broadband frequency dependence of complex
dielectric permittivity of Fe,O3-H>O / epoxy resin composites.

Temperature-dependent region: dielectric permittivity spectra

The temperature dependence of the complex dielectric permittivity for
Fe,03-H20 / epoxy resin composites at 129 Hz is shown in Figure 3.4. At low
temperature, composites below the percolation threshold demonstrate a
dielectric permittivity close to pure epoxy resin permittivity and it is almost
temperature-independent. The imaginary part is quite noisy because its values
at these temperatures are of the same order as the measurement’s accuracy.
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Meanwhile, at high temperatures, the imaginary part of the dielectric
permittivity increases strongly even for composites below the percolation
threshold. Such behavior at high temperatures is typical for epoxy resin
composites!t1® and it indicates the electrical conductivity phenomenon,
which dominates in composites both above and below the percolation
threshold.
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Figure 3.4: Temperature dependence of the complex dielectric permittivity of
Fe,03-H20 / epoxy resin composites at 129 Hz.

The temperature dependence of the complex dielectric permittivity at
different frequencies of Fe203-H20 / epoxy resin composite with 5 vol.% filler
concentration is shown in Figure 3.5. The imaginary part of the dielectric
permittivity has a maximum, which position is frequency-dependent. When
the frequency increases, the maximum expands and shifts towards higher
temperatures. The real part of the dielectric permittivity decreases with
increasing frequency. Such dielectric dispersion is due to the molecule
dynamics of epoxy resin*1® At high temperatures (above 350 K), the
complex dielectric permittivity and the loss tangent ¢'' /&' sharply increases
due to the appearance of electrical conductivity.
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Figure 3.5: Temperature dependence of the complex dielectric permittivity of
Fe.03-H,0 / epoxy resin composite with 5vol.% filler concentration at
different frequencies.

The frequency dependence of the complex dielectric permittivity at
different temperatures for Fe;Os-H,O / epoxy resin composite with 5 vol.%
filler concentration is shown in Figure 3.6. At temperatures above 25 °C, the
spectra of the imaginary part of the dielectric permittivity present a maximum
corresponding to the absorption peak. The physical process that causes the
absorption peak is the reorientation of the dipoles. This behavior is typical for
composites below the percolation threshold, and it is due to the dipole
relaxationt151:170,

On cooling, the maximum of &' expands and shifts towards low
frequencies, while at low temperatures (below 270 K), it generally disappears.
The frequency at the maximum of the imaginary part of the dielectric
permittivity (vmax) at a fixed temperature allows to determine the average
relaxation time by using the following equation: T = 1/v,,4,. Then, on
cooling, the relaxation time increases according to the Vogel-Fulcher law*™*
174 (see Figure 3.7):

Ep
T = 1yeksT-To) (3.2)
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where T, is the relaxation time at very high temperatures, Ej is the activation
energy, kg is the Boltzmann constant, and T, is the glass transition
temperature. Obtained parameters are presented in Table 3.1. In composites,
the glass transition temperature increases with goethite nanorod concentration.
This increase can be explained by the strong interactions between the epoxy
resin and Fe,Os3H,O nanorods. Moreover, according to the theoretical
calculations, the density of composite could be higher than the pure polymer
density, and therefore the increase of the glass transition temperature with the
filler concentration could be observed*®17s,

Table 3.1: Parameters of the Vogel-Fulcher law fits (according to
Equation (3.1)) of the average relaxation time to the data of Figure 3.7.

Concentration, vol. % | In{to, S} | Eel/ks, K | To, K
0 -27.4 2689 142
5 -20 1649 91
10 -18 773 152
20 -18 805 180
5 — Bl il T il T
a o 350K 0.20 - b o o
e 320K ooy
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Figure 3.6: Frequency dependence of the complex dielectric permittivity of
Fe,03-H20 / epoxy resin composite with 5vol.% filler concentration at
different temperatures.
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Figure 3.7: Temperature dependence of the average relaxation time of
Fe,03-H,0 / epoxy resin composites. The solid lines correspond to the
approximations by Vogel-Fulcher law (Equation (3.1)).

Temperature-dependent region: electrical conductivity spectra

The electrical conductivity ¢ was calculated according to the following
equation: o = weye'’, where w = 2y, v is the frequency, and g, is the
dielectric permittivity of vacuum. The frequency dependence of the electrical
conductivity (o(v)) for Fe.Os-H.O / epoxy resin composite with 20 vol.%
filler concentration at different temperatures (at temperatures not lower than
370 K, where any relaxation related to the polymer matrix is observed in
dielectric spectra) is shown in Figure 3.8.

In the investigated frequency range, two separate regions of electrical
conductivity can be observed, namely, the region of the frequency-
independent plateau (at low frequencies) and the frequency-dependent region
(at high frequencies). Therefore, the a(v) can be well fitted according to the
universal Almond-West power law!%176:

0 = opc + Aw® (3.2)
where ap is the DC conductivity and Aw® is the AC conductivity. The
DC conductivity is due to a random distribution of electrical charge carriers.
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The AC conductivity (o4c) increases, approximately, according to a power
law with an almost equivalent slope.

G, S/m

o C =TT 3

Frequency. Hz

Figure 3.8: Frequency dependence of the electrical conductivity of
Fe»,03-H,0 / epoxy resin composite with 20 vol.% filler concentration at
different temperatures. The solid lines are the best fit according to
Equation (3.2).

The conductivity spectra are fitted with Equation (3.2) quite well, except
the data at very low frequencies, where discrepancies appear due to blocking
contact effects!”’. This behavior of both DC and AC conductivity can be
addressed to the contribution of electronic conductivity inside epoxy resin®!.
A similar conductivity behavior was observed for all other investigated
composites (see Figure 3.9) and has good agreement with the data presented
in the literature for metal oxide composites?, as well as for composites based
on, for example, carbon fillers!*“*178  Another characteristic feature is an
increase of the DC conductivity with the filler concentration (see Figure 3.9).
When the filler concentration changes from 20 to 30 vol.%, a significant jump
in the DC conductivity absolute value is observed. It is because the
concentration of 30 vol.% is below but close to the percolation threshold
value, when the percolation network is almost formed, but there is no
percolation yet.
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The temperature dependence of DC conductivity was approximated by the
Arrhenius law!7180;
E
Opc = O'OeXp (_ kaAiT) (33)
where g, is the pre-exponential factor and E, is the conductivity activation
energy. Obtained parameters are presented in Table 3.2.
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Figure 3.9: Temperature dependence of DC electrical conductivity of
Fe203-H20 / epoxy resin composites.

Table 3.2: Parameters of the Arrhenius law fits (according to Equation (3.3))
of the DC conductivity to the data of Figure 3.9.

Concentration, | oo, S/cm | Ealks, K
vol. %
0 7969 13225
5 18 10480
10 8.3 10073
20 39 10438
30 1808 9973
40 42 7498

In Fe,O3-H>O / epoxy resin composites, the conductivity activation energy
is almost independent of filler concentration below the percolation threshold,
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while above the percolation threshold, it decreases with filler concentration.
Similar results are observed for epoxy resin composites filled with carbon
nanotubes and carbon black!!8L,

Thus, at high temperatures, because of the finite conductivity of the epoxy
resin, electrical conductivity occurs in composites both above and below the
percolation threshold.

3.1.2 Manganese ferrite / epoxy resin composites
Room-temperature region

Scanning electron microscopy images of manganese ferrite / epoxy resin
composites with different sizes of spherical-shaped MnFe;O4 nanoparticles
(28 and 60 nm) are shown in Figure 3.10. It can be concluded that
nanoparticles are distributed homogeneously in both cases.

Figure 3.10: Scanning electron microscopy images of MnFe,O, / epoxy resin
composites with different particles size (left: 60 nm, right: 28 nm).

The frequency dependencies of the real part of dielectric permittivity (')
and the electrical conductivity (o) of MnFe2O4 / epoxy resin composites with
60 nm particle size at room temperature are shown in Figure 3.11.

An increase of the MnFe;O4 concentration in epoxy resin leads to the
monotonic increase of the dielectric permittivity and electrical conductivity
values. Moreover, for composites with a filler concentration of <20 vol.%, the
dielectric permittivity is a completely frequency-independent function, and
the DC conductivity plateau is absent (similar to pure epoxy resin). However,
for composites with filler concentration of >20vol.%, the dielectric
permittivity is frequency-dependent and at a maximum concentration of
30 vol.% &' decreases strongly with the increasing frequency, and a weakly
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pronounced plateau of o appears, which indicates that the percolation
threshold is close to 30 vol.%.
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Figure 3.11: Frequency dependence of (a) the dielectric permittivity and (b)
the electrical conductivity of MnFe,O4 / epoxy resin composites with 60 nm
particle size at room temperature.

To determine the percolation threshold values of MnFe,O. / epoxy resin
composites with 28 and 60 nm particle sizes, the dielectric permittivity at
396 Hz and the room temperature was plotted as a function of filler
concentration in Figure 3.12. Since all the studied concentrations (except the
maximum one of 30 vol.%) do not have a frequency-independent plateau at
low frequencies, the dielectric permittivity was fitted according to the classical
power law for composites below the percolation threshold
(Equation (1.19))%06871.727576.167 The obtained approximation parameters are
listed in Table 3.3.
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Figure 3.12: Concentration dependence of the real part of dielectric
permittivity of MnFe,O4/epoxy resin composites with (a) 28 nm and (b)
60 nm particles sizes at room temperature and 396 Hz (symbols), and fits with
Equation (1.19) (solid curves).

Table 3.3: Parameters of the percolation threshold law fits (according to
Equation (1.19)) to the data of Figure 3.12.

Pc, VOL.% t
28 nm 30 0.58
60 nm 29.3 1.13

This calculation indicates that the electrical percolation for
MnFe,O4 / epoxy resin composites is reached when the filler concentration is
close to 30 vol.%. Moreover, it seems that the percolation threshold depends
on the size of the manganese ferrite spherical particles. However, according
to the excluded volume theory'9%1% the percolation threshold depends only
on the shape of the particles, and not on their size. Therefore, it should be
assumed that the difference in the conductive capacity of composites based on
MnFe,O4 nanoparticles of different sizes is due to their different distributions
in the polymer matrix.
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Temperature-dependent region: dielectric permittivity spectra

Consider the typical behavior of a composite below the percolation
threshold using a sample with 20 vol.% MnFe,Os (60 nm-sized) as an
example. For the latter, the temperature dependence of the complex dielectric
permittivity at different frequencies and frequency dependence of complex
dielectric  permittivity at different temperatures are shown in
Figures 3.13 and 3.14, respectively. For comparison in Figure 3.13, the data
for pure epoxy resin are plotted.
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Figure 3.13: Temperature dependence of the complex dielectric permittivity
for pure epoxy resin (open symbols) and MnFe;O. / epoxy resin composite
(close symbols) with 20 vol.% filler concentration (60 nm-sized) at different
frequencies.

In the temperature range of 150-250 K, the imaginary part of € versus T
and v is characterized by maxima, whose position is frequency- and
temperature-dependent, respectively. With increasing frequency, the
maximum of &”(T) expands and shifts toward higher temperatures
(Figure 3.13b), whereas during cooling, the maximum of " (v) expands and
shifts toward lower frequencies (Figure 3.14b). The real part of € versus T
(Figure 3.13a) and v (Figure 3.14a) decreases with increasing frequency and
decreasing temperature, respectively. Similar behavior was observed for each
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composite below the percolation threshold of both sizes, as well as for pure
epoxy resin (see open symbols in Figure 3.13). This behavior is because of the
dipole relaxationt151170,

rorrTT ML | AL 3 A | LR | T
a m 250K b
20 1 o 230K
| |
. 210 K | LA
" < 190K | - n Roo o =
0O, Wa ¥ 170K - nlx Yy n
O ™1 Egul7 N
o. "a » 150 K o000
154 i - . 24 xgﬁgg <><> o
o - O # RS % i
< e g % O C
- < u H Ld S &
w 00 C L W » *
*x_ %o oy L] > * ©
* <> ) o m > * o
* ) Y e > * &
104» *x 04 O, m+ > * o
’; * & e} > * <
pb X)K <><> ] > %
> * >
P> ¥>K% <><><> 1 > *%ﬁ -
4 ’biﬂf%x;ﬁ .‘P X%k
’}p * b’
5+ 3 >> )
10° 10* 10° 10° 10° 10* 10° 10°
Frequency, Hz Frequency, Hz

Figure 3.14: Frequency dependence of the complex dielectric permittivity for
MnFe,O4 / epoxy resin composite with 20 vol.% filler concentration (60 nm-
sized) at different temperatures.

The relaxation time, defined as the reciprocal frequency value at the
maximum of the imaginary part of ¢ at a fixed temperature, increases
according to the Vogel-Fulcher law (Equation (3.1)) with cooling
(Figure 3.15). The approximation parameters are listed in Table 3.4. In
composites, the glass transition temperature decreases with the MnFe;O4
addition (any size) compared with pure epoxy resin. Moreover, when
concentration increases, the glass transition temperature slightly increases for
smaller particles (28 nm) and decreases for larger particles (60 nm). For
smaller particles, an increase of the glass transition temperature with the
concentration is due to the decrease in the interfacial space between the
polymer and nanoparticles, and the opposite situation is observed for larger
particles.
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Figure 3.15: Temperature dependence of the relaxation time for
MnFe,O4 / epoxy resin composites below the percolation threshold. Solid
lines are calculated according to Equation (3.1).

Table 3.4: Parameters of the Vogel-Fulcher law fits (according to
Equation (3.1)) of the average relaxation time to the data of Figure 3.15.

Concentration, | Particle size, | In{to, S} | Es/ks, K | To, K
vol.% nm
0 - -23 1969 137
10 28 -15 634 74
20 28 -16.5 798 80
10 60 -16.5 672 83
20 60 -16.5 782 77

Temperature-dependent region: electrical conductivity spectra

For composites below the percolation threshold (e.g., Figure 3.13b) at high
temperatures (above 380 K), the imaginary part of the dielectric permittivity
increases strongly and becomes higher than the real part, which means that the
composite has become conductive. Indeed, at high temperatures (Figure 3.16),
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the frequency dependence of the electrical conductivity demonstrates a
frequency-independent plateau at low frequencies (corresponds to
DC conductivity), and region increasing with frequency at high frequencies
(corresponds to AC conductivity). Therefore, the frequency dependence of the
electrical conductivity can be fitted according to the Almond-West power law
(Equation (3.2)).
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Figure 3.16: Frequency dependence of electrical conductivity for
MnFe,O4 / epoxy resin composite with 20 vol.% filler concentration (60 nm-
sized) at different temperatures. Solid lines are calculated according to
Equation (3.2).

DC conductivity values for all investigated MnFe,O4/epoxy resin
composites with 28 nm particle size are shown in Figure 3.17.

For composites below the percolation threshold (10-25 vol.%) and for pure
epoxy resin, DC conductivity appears at higher temperatures only, above
380 K. This DC conductivity appearance is due to the epoxy resin becoming
conductive at high temperature. The opc can be fitted by Arrhenius law
(Equation (3.3)). Obtained parameters are listed in Table 3.5. As it can be
seen, the conductivity activation energy decreases with filler concentration.
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For composites above the percolation threshold (30 vol.%), the
DC conductivity is already observed at room temperature and also increases
its absolute value during heating.

Table 3.5: Parameters of the Arrhenius law fits (according to Equation (3.3))
of the DC conductivity to the data of Figure 3.17.

Concentration, | oo, S/m | Eal/kg, K
vol.%

0 0.7-108 13185
10 0.2-10° 10841
20 0.4-10° 8745
23 7.31 6247
25 7.30 5961
30 6.67 3791
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Figure 3.17: Temperature dependence of the DC electrical conductivity for
MnFe,O4 / epoxy resin composites with 28 nm particle size.

A similar conductivity behavior was observed for all other investigated
MnFe;O4 / epoxy resin composites with 60 nm particle size.
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3.1.3 Ni@C nanoparticles / epoxy resin composites
Room-temperature region

Scanning electron microscopy images of Ni@C nanoparticles / epoxy
resin composites are presented in Figure 3.18. The composites filled with the
lowest Ni@C content (10 vol.%) are characterized by a good distribution of
nanoparticles, while high (25 vol.%) loading leads to a lower quality
dispersion, which manifests in the presence of a larger number of Ni@C
agglomerates of different sizes.

Figure 3.18: Scanning electron microscopy images of Ni@C / epoxy resin
composites with (a) 10 and (b) 25 vol.% of Ni@C.

The frequency dependencies of the real part of dielectric permittivity (')
and the electrical conductivity (o) of Ni@C / epoxy resin composites at room
temperature are presented in Figure 3.19.

For the sample with the lowest Ni@C concentration of 10 vol.% (dark
green close symbols), the dielectric permittivity is weakly dependent on the
frequency, and the DC conductivity plateau is absent (similarly to empty
epoxy resin). Meanwhile, the rest of the samples demonstrate a pronounced
conductive behavior, namely, the presence of a strong &' frequency
dependence and the DC conductivity plateau (frequency-independent part
of g). With the increasing embedded Ni@C nanoparticle concentration, the
DC conductivity absolute value increases. Such a result indicates that the
percolation threshold of Ni@C /epoxy resin composites is in the range
between 10 and 15 vol.% of Ni@C nanoparticles.

Moreover, for composites above the percolation threshold the dielectric
permittivity (¢") and the electrical conductivity (o) are very high (¢'=10° and
0=0.6 S/m at 100 Hz for composites with 30 vol.% Ni@C). The dielectric
permittivity strongly decreases, while the electrical conductivity strongly
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increases with frequency. However, the complex dielectric permittivity
remains quite high even in the microwave frequency range, so that these
composites are suitable for electromagnetic shielding applications.
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Figure 3.19: Broadband frequency dependencies of (a) the real part of
dielectric permittivity and (b) the electrical conductivity of Ni@C / epoxy
resin composites at room temperature.

Temperature-dependent region

The temperature dependencies of DC conductivity in a wide temperature
range of Ni@C / epoxy resin composites are presented in Figure 3.20.

For non-conductive at room temperature composite with 10 vol.% Ni@C
content, DC conductivity appeared at temperatures above 350 K, coursed by
the epoxy resin conductivity contribution (at high temperatures epoxy resin
becomes conductive)!®2, For the conductive at room temperature samples, a
small narrow-temperature (from room temperature to 310 K) reduction in DC
conductivity is observed, which is obviously associated with polymer matrix
thermal expansion. Then, further heating up to the maximum temperature
(500 K) was accompanied by a monotonic increase in DC conductivity values
by 2-3 orders of magnitude, which is related to the epoxy resin conductivity
contribution. The second process affecting the increase of oy, is nanoparticles
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redistribution inside the matrix (large agglomerates break down into smaller
ones)t6818218  That is why, after annealing, there is such pronounced
hysteresis of DC conductivity for all samples, which intensifies even more on
the back way (from 500 K to room temperature) during cooling due to the
compression of the polymer matrix. Moreover, after annealing the DC
conductivity of sample with 15 vol.% of Ni@C became higher than with
25 vol.%, which indicates a more successful nanoparticles redistribution in the
composite with a lower filler content due to initially smaller agglomerates
number and their size. The composite with 10 vol.% of Ni@C remains
conductive after annealing. It means that annealing can be effectively used to
decrease the percolation threshold in Ni@C / epoxy resin composites. The
lowest increase of electrical conductivity after annealing is observed for
composites with the highest Ni@C concentration obviously due to the lowest
distances between conductive clusters and the most stable initial percolation
network formed before thermal treatment.

Ni@C (vol.%)

vy

200 300 400 500
Temperature, K

Figure 3.20: Temperature dependence of the DC conductivity of
Ni@C / epoxy resin composites. Solid lines at high temperatures correspond
to approximations according to Equation (3.3).

Cooling of unannealed samples from room temperature to 30 K is
characterized by a monotonic increase in DC conductivity. A possible
explanation is the epoxy resin compression during cooling, which reduces the
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distance between the nanoparticles and, as a result, contributes to an increase
in conductivity.

In the heating mode, the DC conductivity can be fitted by the Arrhenius
law (Equation (3.3)). The Arrhenius behavior is typical for the thermally
activated conductivity, which is observed, e. g., in pure epoxy resin',
Obtained parameters are presented in Table 3.6. The following observation
can be made: the higher Ni@C concentration (and, consequently, the initial
room temperature DC conductivity), the lower the activation energy
(Table 3.6). This effect can be explained by the lower impact of the epoxy
resin conductivity on the resultant composite conductivity at higher
nanoparticles concentrations.

Table 3.6: Parameters of the Arrhenius law fits (according to Equation (3.3))
of the DC conductivity to the data of Figure 3.20.

Before Annealing
0o, S/m EA/kB, K
10 vol.% Ni@C | 2.9-10° | 14314
15 vol.% Ni@C | 3.8-10%* | 13886
25vol.% Ni@C | 2.7-10° 7579
30 vol.% Ni@C | 2.2-10° 7436
Pure epoxy 1.3-10* | 11363

Sample

Results of thermogravimetric analysis of MWCNTSs, Ni@C nanoparticles,
epoxy and composites with these inclusions are presented in Figure 3.21 (the
data of 0.6vol.% Ni@C+0.09vol.% MWCNT sample linked to
subchapter 3.2.2). The small weight decrease in the temperature range 300—
600 K can be explained by the decrease of humidity. Therefore, it is possible
to conclude that powders and composites are stable up to 600 K. The oxidation
processes in powders, epoxy and composites start at higher temperatures
(above 600 K) and are followed by a significant decrease in weight.

Thus, the selected temperature range for broadband investigations and for
annealing (up to 500 K) is conditioned by two reasons: (i) the
thermogravimetric analysis results (the composites stability up to 600 K) and
(ii) the fact that epoxy resin heating above 400 K is characterized by changing
properties of composites based on it'!8,
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Figure 3.21: Thermogravimetric analysis of MWCNTSs, Ni@C nanoparticles,
epoxy and composites with these inclusions.

Relaxation time distributions

The procedure used for calculating the relaxation time distribution is
described in detail in subchapter 1.5.

The calculated frequency dependences of complex impedance for
Ni@C / epoxy resin composites before and after annealing at 500 K according
to equations (1.21)-(1.22) are presented in Figure 3.22.

The frequency-independent plateau of Z’ disappears and Z'' has a
maximum close to the critical frequency (frequency at which the conductivity
starts to increase from its DC conductivity plateau). The critical frequency
position determines the relaxation time (the position of the relaxation time
distribution maximum). For this reason, if the critical frequency is outside the
investigated experimental frequency range, then it is not possible to determine
quantitatively the relaxation time distribution. Thus, analyzing Figure 3.22,
one can conclude that, among the studied samples, only for three of them, the
relaxation time distributions are available from the collected experimental
data: 15, 25 vol.% of Ni@C before annealing and 10 vol.% of Ni@C after
annealing.
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Figure 3.22: Frequency dependence of the complex impedance (calculated
according to Equations (1.21)-(1.22)) for Ni@C / epoxy resin composites at
room temperature before and after annealing at 500 K.

The obtained distributions of relaxation times are presented in Figure 3.23.
Considering the interpretation of the distribution of relaxation times in
percolative composites, the relaxation time defines as t = RC = C/o , where
C is the capacitance of one cluster of conductive nanoparticles, R is the
resistivity and ¢ is the conductivity inside one cluster or between neighboring
clusters. The capacitance of clusters is dependent only on the geometrical
parameters of clusters, for example, if we assume spherical clusters, their
capacitance is C = 4me,r, where r is the effective radius of clusters. The
tunneling conductivity between clusters is also dependent on nanoparticles
distribution inside the polymer matrix. Thus, short relaxation times in
distributions correspond to the relaxation in small Ni@C clusters where they
are distributed more homogeneously and long relaxation times correspond to
large clusters of nanoparticles. From the distribution of relaxation times, it is
difficult to speak about the real Ni@C geometrical shape distribution because
the conductivity o is also dependent on the Ni@C concentration (Figure 3.19)
and on the potential barrier for electrons tunneling between clusters.
Therefore, if the distribution of conductive nanoparticles is the same, the
distribution of relaxation times should be observed at the shortest relaxation
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times for composites with higher nanoparticles concentrations. In Figure 3.23
the opposite situation is observed: the distribution of relaxation times of
composites with 15 vol.% of Ni@C corresponds to shorter relaxation times in
comparison with the distribution of relaxation times of composites with
25 vol.% of Ni@C. This indicates a better distribution of Ni@C nanoparticles
in composites with smaller Ni@C concentrations in good agreement with
SEM investigations (Figure 3.18).
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Figure 3.23: Relaxation time distributions (calculated according to
Equation (1.23)) for Ni@C / epoxy resin composites at room temperature
before and after annealing at 500 K.

Thus, the relaxation time distributions show a clear deviation from the
classical percolation theory: a more conductive sample (25 vol.%) has a lower
critical frequency (Figure 3.19) and, consequently, a longer relaxation time.
After annealing, this effect is enhanced: the DC conductivity of 15 vol.%
Ni@C/epoxy is higher than that of 25 vol.% Ni@C/epoxy. Thus, the physics
coming from the analysis of dielectric spectra, in particular the dielectric
relaxation spectroscopy, allows to estimate the nanoparticle distribution level
in the polymer matrix.

61



Microwave shielding efficiency

The Ni@C /epoxy resin composites were analyzed in terms of the
microwave shielding efficiency ability; the results for 2 mm-thick samples
before annealing are presented in Table 3.7. The concentration increase leads
to substantial attenuation of electromagnetic radiation in the microwave
region, and the maximum concentration (30 vol.% Ni@C) transmits only 17%
of the incident wave. Since DC conductivity exhibits a pronounced hysteresis
after annealing (see Figure 3.20), expectedly that in microwaves the
conductivity (and the dielectric permittivity imaginary part) will also increase,
which should lead to the transmittance decrease even more. Thus, these
materials are interesting for shielding applications.

Table 3.7: Shielding efficiency of 2 mm-thick Ni@C composite layer at the
frequency of 30 GHz.

Sample Reflectance, % | Transmittance, % | Absorbance, %
10 vol.% Ni@C 36 16 48
15 vol.% Ni@C 28 43 29
25 vol.% Ni@C 11 30 44
30 vol.% Ni@C 21 17 62

Percolation thresholds differences explanation

According to theoretical models, the percolation threshold of spherical
particles is close to 30 vol% and does not depend on their size®284, However,
these models consider the percolation as a geometric phenomenon, when
micron-sized particles uniformly distributed in a unit volume are in
mechanical contact. When it comes to the percolation from an electrical point
of view, the particles do not have to touch, there may be a characteristic
distance (tunneling distance) between them, through which the electron can
tunnel, overcoming the potential barrier. Moreover, when passing from
micron-sized particles to nanoscale, the percolation threshold can decrease
when the particle size becomes commensurate with the tunneling distance!®-
187

Thus, in our case, epoxy-based composite systems filled with two types of
spherical particles of different nature, but close size (manganese ferrite
MnFe;O4 and carbon-coated nickel nanoparticles Ni@C), demonstrate
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significantly different percolation thresholds. For MnFe,O., the percolation
threshold is close to 30 vol%, which is in agreement with theoretical
predictions. For Ni@C, the percolation threshold is much lower, between 10
and 15 vol%. According to the literature, real composite systems based on
polymer matrices with spherical particles can have a wide range of percolation
thresholds: from 10 to 30 vol.%1%, Generally, the percolation threshold
depends on the filler particles shape, their size, polymer, manufacturing
technology, spatial distribution of the filler in the matrix, and the interaction
between the filler and the host polymer®1%, In our case, only the last two
factors can differ. In this regard, two possible explanations of the differences
in the percolation thresholds can take place. Assuming the particles
distribution in both systems is equally uniform, then the difference is
determined by the interaction between the filler and the host polymer:
different contact resistance due to different wetting*%1%, However, a second
explanation related to the spatial distribution of the filler in the matrix can also
be valid. There are known studies where spherical particles (for example,
carbon black), forming small aggregates, demonstrate a lower percolation
threshold than in the case of individual isolated particles®®%, This is due to
the fact that the formed aggregates have an aspect ratio greater than one
(unlike the case of the isolated spherical particles), which means that the
probability of meeting a neighboring particle to create a percolation network
is higher. Such a situation, when the percolation threshold is lower for the case
with  non-perfect distribution, is called a favorable segregated
geometry!80194.198.19 'gma|| nano-sized spherical particles are not presentable
in panoramic SEM images, therefore it is impossible to conclude
unequivocally. However, in any case, the experimental results show that
Ni@C nanoparticles are able to create a percolation network at lower
concentrations.
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3.1.4 Summary

Three types of epoxy resin composite systems based on different magnetic
nanoparticles have been studied.

The dielectric properties of Fe,03-H-0 nanorods / epoxy resin composites
have been studied in a wide frequency range from hertz to terahertz at
temperatures of 200-450 K. The percolation threshold in this system is close
to 40 vol.%.

The dielectric properties of MnFe2O4/ epoxy resin composites with two
different sizes of spherical-shaped particles (28 and 60 nm) have been studied
in the frequency range from 20 Hz to 1 MHz and temperature range of 150-
500 K. It was demonstrated that the percolation thresholds in these composites
are 30and 29.3vol.% for small and large MnFe;Os nanoparticles,
respectively. The minor difference in the percolation threshold value is related
to the better distribution of larger nanoparticles.

The following several common features for Fe,Os;-H2O /epoxy and
MnFe,O4 / epoxy systems are observed. The dielectric behavior of composites
below the percolation threshold is mainly determined by relaxation in a pure
polymer matrix. The dielectric properties of composites above the percolation
threshold are determined by the percolation network, which is formed by the
filler particles inside the composite. At low frequencies, the DC conductivity
is produced by the random distribution of electric charge carriers and increases
with the filler concentration. At high temperatures, because of the finite
conductivity of the epoxy resin, DC electrical conductivity occurs in the
composites both above and below the percolation threshold. The activation
energy decreases with fillers concentration indicating that the electrical
transport occurs together in fillers and epoxy matrix subsystems.

The dielectric/electric properties of the Ni@C / epoxy resin composites
have been studied in broad frequency (20 Hz-40 GHz) and temperature (30—
500 K) ranges. For such a system, it was possible to roughly estimate the
percolation threshold, which is in the range between 10 and 15 vol.%.
Additional annealing of these composites up to 500 K substantially decreases
the percolation threshold down to below 10 vol.%. However, with a Ni@C
concentration increase, the nanoparticles dispersion quality in the polymer is
suppressed dramatically. This is proved by the SEM micrographs and the
analysis of relaxation time distributions. Moreover, Ni@C / epoxy resin
composites demonstrate substantial attenuation of electromagnetic radiation
in the microwave region, thus, these materials are interesting for shielding
applications.
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3.2 Dielectric relaxation spectroscopy and synergy effects in
ternary hybrid epoxy-based composites with multi-walled
carbon nanotubes and magnetic nanoparticles

Polymer composites loaded with carbon nanoparticles have attracted
superior attention due to the variety of their electric, mechanical and thermal
properties, a wide range of their functionalities and multifunctionalities,
followed by the possibility of fine tuning/control of their specific features by
playing with the fillers concentrations, fabrication methods, matrices origins
and applying external forces’®. The high aspect ratio carbon nanotubes
(CNTs) give conductive properties to the insulating matrices at their
sufficiently low content up to 1-2 wt.%%®, However, huge Van der Waals
forces between individual CNTSs lead to their agglomeration, which increases
the percolation threshold (some critical concentration at which sharp
insulator-conductor transition occurs?). Rising the CNTs concentration not
only makes the composite manufacturing process more laborious, but also
might impair the mechanical properties of the resultant polymer product.
Moreover, CNTSs are expensive and might be toxic?®2. Therefore, reducing the
electrical percolation threshold along with simultaneously maintaining the
optimal mechanical properties of the polymer composites at as low as possible
amount of expensive and toxic filler is still an actual problem.

One of the possible solutions is the development of hybrid multifunctional
composite materials containing two or more nanofillers. Often, due to the
proper distribution of several different fillers in the matrix and their
simultaneous participation in the percolation network formation, synergy
effects can occur®”. Mostly, the electrical conductivity improvement of a
multiphase composite is accompanied by a decrease in the percolation
threshold compared to monofiller composite series. A considerable number of
papers have been published with successful detection of synergy effects of
different carbon allotropes®’=%#1, Composites with the combination of
particles of different natures (carbon and non-carbon) can have optimal
dielectric and magnetic properties*>. In particular, the introduction of cobalt
nanoparticles inside MWCNTSs led not only to a substantial increase in
electrical conductivity, but also stimulated the emergence of ferromagnetism
as well?®, Such multiphase systems are especially interesting for solving the
problems of electromagnetic compatibility, since the regulation of the
dissimilar particles ratio leads to a variation of dielectric and magnetic losses
with the electromagnetic response control*24205, For instance, it has been
shown that composites with MnFe,O,4 coated multi-walled carbon nanotubes
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(MWCNTSs) are very appealing for electromagnetic shielding tasks®®.
However, the dielectric properties of hybrid composites combining MnFe;0.
and MWCNTs, as well as hybrid composites with Ni@C and MWCNTSs have
not been studied yet.

This subchapter is devoted to the dielectric/electric properties experimental
investigations of epoxy/MWCNT/MnFe.O4 and epoxy/MWCNT/Ni@C
hybrid composites systems in order to discover the possible synergy between
constituent components.

3.2.1 Epoxy/MWCNT / MnFexO4 hybrid composites
Room-temperature region

Scanning electron microscopy micrographs of epoxy/MWCNT/MnFe;O4
hybrid composites  with 0.09 vol.% of MWCNTSs and
0.025, 0.35, and 0.65 vol.% of MnFe,0, at the same middle magnification are
presented in Figure 3.24. It can be concluded that the best distribution of
MWCNTs was observed for composites with the lowest MnFe;O,
concentration (0.025 vol.%). With increasing MnFe,O4 content, MWCNT
agglomerates were more pronounced. The SEM-micrograph with low
magnification (see Figure 3.25a) proved that MWCNTs could disperse
uniformly in the epoxy resin matrix. Due to the low MnFe,O,;-content and
their nanometer particle size, a high magnification was required to detect them
(see Figure 3.25b).
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Figure 3.24: Scanning electron microscopy images of
epoxy/MWCNT/MnFe204 hybrid composites with 0.09 vol.% of MWCNTSs
and (a) 0.025, (b) 0.35, and (c) 0.65 vol.% of MnFe;Oa4.

29.00 nm

Figure 3.25: Scanning electron microscopy images of
epoxy/MWCNT/MnFe;04 hybrid composites with 0.09 vol.% of MWCNTSs
and 0.025 vol.% of MnFe;04 at (a) low and (b) high magnifications.

Frequency dependencies of the real part of dielectric permittivity (') and
the electrical conductivity (o) of epoxy/ MWCNT/MnFe;Os hybrid
composites at room temperature are presented in Figure 3.26.

At low frequencies (below 1 MHz), the dielectric permittivity and the
electrical conductivity of composites are strongly dependent on MnFe;0O4
concentration.
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Figure 3.26: Frequency dependencies of (a) the real part of dielectric
permittivity and (b) the electrical conductivity of epoxy/MWCNT/MnFe;0,
hybrid composites at room temperature.

In the case of the first sample series with an MWCNT concentration of
0.09 vol.%, after the addition of a small amount of MnFe,O, (0.025 vol.%) to
the initially non-conductive composite (open green symbols in Figure 3.26),
the hybrid composite became conductive and its conductivity value increased
by three orders of magnitude. With a further increase in MnFe,Q, content
(0.05 and 0.35 vol.%), the electrical conductivity decreased and at the three
highest concentrations (0.65, 5, and 10 vol.%), the samples became fully non-
conductive (the o conductivity plateau is absent) with o values even lower
than that for composites without MnFe;O4. This maximum of ¢ close to the
0.025 vol.% of MnFe,Os was visually pronounced on the corresponding
concentration dependence at room temperature and 129 Hz, as shown in
Figure 3.27a (the results of €" and o are presented before and after annealing
at 500 K).
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Thus, in this composite series with a pre-percolation MWCNT content, one
can observe a synergy effect between two fillers, which takes place only at
certain small amounts of MnFe;QO,. This result can be partially explained by
the analysis of the SEM-micrographs. The best MWCNT distribution was
observed for the sample with a minimum MnFe,O. concentration. In addition,
electrical transport could occur between the MWCNT and MnFe2O; clusters,
and this mechanism should lead to the rise in the total composite conductivity.
However, its contribution to the total conductivity is obviously much smaller
than the tunneling conductivity between the MWCNT clusters.

In the case of the second sample series with a high MWCNT concentration
of 0.58 vol.%, after the addition of any small (0.025 vol.%) or relatively large
(0.58 vol.%) amounts of MnFe20; to the initially conductive composite, the
absolute values of electrical conductivity became smaller (see Figures 3.26
and 3.27b). Thus, in the case of an initially well-formed percolation network
of nanotubes, any amount of magnetic MnFe,O4 particles leads to a decrease
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in electrical conductivity. This means that there is no synergy effect for this
sample series. The observed effect can be explained by the worse distribution
of MWCNTSs after the addition of MnFe,O4 nanoparticles.

Temperature-dependent region

The temperature dependencies of DC conductivity in a wide temperature
range are presented in Figure 3.28. For two composites from the first series
(with 0.09 vol.% of MWCNTSs and 0 and 0.65 vol.% of MnFe;O,), which
were initially non-conductive at room temperature, DC conductivity appeared
only at high temperatures (above 400 K). This is due to the fact that at high
temperatures, the epoxy resin becomes conductive (yellow curve in
Figure 3.28)182_ A similar DC conductivity behavior was observed for other
non-conductive composites at room temperature (5and 10 vol.% of
MnFe;0.).

For these composites, which are initially conductive at room temperature,
the following DC conductivity behavior features were observed. First, during
heating from room temperature to 400-450 K (depending on the particular
sample), the DC conductivity slightly decreased due to the thermal expansion
of epoxy resin and the increase in the distance between the particles!®8182,
Then, the DC conductivity began to increase up to 500 K (epoxy resin
contribution). Cooling from 500 K to room temperature had a similar
tendency, the difference was mainly in the absolute value of DC conductivity.
Basically, after annealing at 500 K, the DC conductivity at room temperature
increased, which indicates that some redistribution of particles in the matrix
occurs (large conductive agglomerates broke up into small ones)!68182.183
However, one composition (with 0.09 vol.% of MWCNTSs and 0.025 vol.% of
MnFe,O4) showed the opposite behavior. Due to the smallest MnFe;0O4 and
MWCNT concentrations, the distance between the particles was the largest,
therefore the percolation network was the most unstable, and its partial
destruction was possible after annealing due to the rapid thermal expansion of
the polymer matrix. Further cooling from room temperature to 30 K is
characterized by a gradual decrease of DC conductivity. The inflections in the
electrical conductivity data around 375-400 K can be related to the occurrence
of the glass transition'®?,
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Figure 3.28: Temperature dependence of the DC conductivity of
epoxy/MWCNT/MnFe;O. hybrid composites. Solid lines at high and low
temperatures correspond to approximations according to Equations (3.3) and
(3.4), respectively.

At high temperatures, op. can be fitted by the Arrhenius law
(Equation (3.3)). Obtained parameters are presented in Table 3.8. In the
composite series with 0.09 vol.% MWCNTS, the activation energy showed the
minimum at the MnFe,O4 concentration of 0.025 vol.%, which corresponded
to the maximum of conductivity (see Figure 3.27a). In the composite series
with 0.58 vol.% MWCNTSs, the lowest activation energy was observed for the
most conductive sample (without MnFe,0,); for the two other samples, E,4
had close values. In addition, for both series, the activation energy decreased
after annealing. Thus, it can be concluded that the lowest activation energy is
typical for the highest electrical conductivity composites as the contribution
of the matrix electrical conductivity was insufficient for these composites.
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Table 3.8: Parameters of the Arrhenius law fits (according to Equation (3.3))
of the DC conductivity to the data of Figure 3.28.

Sample Before Annealing After Annealing
P Go, S/ | Enlks, K | o0, S/m | Enks, K

Pure epoxy 1.3-10* 11363 1.6-10° 12433
0.09 vol.% MWCNT | 2.2-10? 8892 5.6-10° 9338
0.09 vol.% MWCNT+ = "
0.025 vol.% MnFe,Os 9.5-10 2357 6.7-10 898
0.09 vol.% MWCNT+ i "
0.05 vol.% MnEe,Os 7.5-10 3736 5.7-10 1266
0.09 vol.% MWCNT+ , 5
0.35 vol.% MnFe,0x 2.0-10 7998 1.0-10 3103
0.09 vol.% MWCNT+
0.65 vol.% MnFe,Ox 4.1-10* 11380 1.7-10° 9755
0.58 vol.% MWCNT 3.0 1272 0.58-10 446
0.58 vol.% MWCNT+ , 9
0.025 vol.% MnFe,Os 5.0-10 5056 1.9:10 897
0.58 vol.% MWCNT+ 3 .
0.58 v0l.% MnFe,Os 1.6-10 5623 1.1:10 724

At low temperatures, the DC conductivity fitted well according to the
tunneling model?"’:

=T;
Opc = 0pexp (F;o) (3.4)
where g is the pre-exponential factor; T, represents the energy required for
an electron to cross the insulator gap between the conductive particle
aggregates; and T, is the temperature above which thermally activated
conduction over the barriers begins to occur.

In the tunneling model, parameters T; and T, are determined by T; =
WA By/8mky and T, = 2T,;/myw expressions, respectively. Here, y =
J2mVy/h and B, = 4V,/ew; m and e are the electron mass and charge,
respectively; V, is the potential barrier amplitude; w is the inter-particles
distance (gap width); A is the area of capacitance formed by the junction; h is
the Dirac constant; and m is the pi number. Obtained parameters are presented
in Table 3.9. The ratio T, /T, is proportional to the gap width w and the
potential barrier V, amplitude. Indeed, according to the last column in
Table 3.9, for composites with a 0.09 vol.% of MWCNTS, the highest value
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of the T, /T, ratio was observed for the lowest concentrations of MnFe,O4 due
to the large potential barrier V, amplitude for particle tunneling. The
importance of the potential barrier V; amplitude for the electrical transport
mechanism was also clearly observed for hybrid composites with a 0.58 vol.%
of MWCNTSs, where the ratio T; /T, was the largest for composites with the
middle values of the conductivity and distances between nanoparticles. Thus,
at low temperatures, the main transport mechanism is electron tunneling
through the potential barrier, and MnFe.O, is the factor that can tune the
potential barrier.

Table 3.9: Tunneling model parameters (according to Equation (3.4)) to the
data of Figure 3.28.

Sample 09, SIm | Ty, K | Ty, K | Ty/Ty
0.09 vol.% MWCNT+
0.025 vol.% MnFe;04
0.09 vol.% MWCNT+
0.05 vol.% MnFe;04
0.09 vol.% MWCNT+
0.35 vol.% MnFe;04
0.58 vol.% MWCNT | 2.1.101 | 49.2 47.4 1.0

0.58 vol.% MWCNT+
0.025 vol.% MnFe,04
0.58 vol.% MWCNT+
0.58 vol.% MnFe,04

8.7:10° | 553 26.2 2.1

2.8:10° | 595 40.4 15

7.3-10° | 59.3 32.9 1.8

2.2:102 | 20.7 5.3 3.9

1.8:102 | 27.3 116 2.4

The electrical properties of the composites can also be characterized in
terms of the critical frequency. The critical frequency f, is the frequency at
which the DC conductivity plateau passes into the frequency-dependent
region. It is possible to calculate f.. from the o frequency spectra (see
Figure 3.26). The critical frequency for all composites with the MWCNT
concentration of 0.58 vol.% was higher than 1 MHz. The results f,,. for
conductive composites with an MWCNT concentration of 0.09 vol.%. are
presented in Figure 3.29. The temperature dependence (from 500 K to 30 K)
of the critical frequency has a basically similar behavior as the temperature
dependence of DC conductivity (see Figure 3.28) for the corresponding
samples. The MnFe,O4 concentration increase, and the critical frequency
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decrease. The information about the critical frequency before annealing can
be obtained from the inset of Figure 3.29.

The temperature dependence of the critical frequency mainly correspond
to the temperature dependence of DC conductivity according to the
relations!82207;

for == (35)
Opc~fer (3.6)

where &, is a static permittivity and z is an exponent, which characterizes the
relation between capacitive and conductive networks in the composite. Above
400 K, both the DC conductivity and critical frequency strongly increase with
temperature and the z value was close to 0.5. This value corresponds to the
strong variation of conductivity and the weak variation of permittivity on the
gaps between clusters?®. After annealing, the critical frequency also increases
together with DC conductivity (Figures 3.27 and 3.29 inset).
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Figure 3.29: Temperature dependence of critical frequency for
epoxy/MWCNT/MnFe;0. hybrid composites with 0.09 vol.% of MWCNTSs
(Insert: critical frequency versus MnFe,O, concentration at room temperature
before and after annealing at 500 K).
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Relaxation time distributions

Experimental data of complex dielectric permittivity was converted to
complex impedance (Z = Z' —iZ"") using the Equations (1.21)-(1.22). The
results are presented in Figure 3.30. The frequency at which the frequency-
independent plateau of Z' disappears and the Z'' has a maximum is close to
the critical frequency f,, as discussed earlier. This critical frequency f, is
related to the relaxation time 7 by a simple expression:

2nfTr =1 (3.7)

10’ 5 10°3
] MnFe, 0y (vol.%)
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Figure 3.30: Frequency dependence of the complex impedance (calculated
according to Equations (1.21)-(1.22)) for epoxy/MWCNT/MnFe,04 hybrid
composites at room temperature before and after annealing at 500 K.

However, since the considered composites are heterogeneous systems
consisting of particles with a size and shape dispersion, their relaxation time
has some distribution f (). Since this relaxation is a Maxwell-Wagner one,
the relaxation time distribution can be obtained from complex impedance by
solving integral equation (Equation (1.23)). The obtained distributions of
relaxation times before and after annealing are presented in Figure 3.31. The
distributions were calculated only for those samples where the 7 value was
within the experimental range under consideration. The distributions were
symmetrical for all presented samples. The relaxation time of the system was
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directly related to its conductivity (Equations (3.6)-(3.7)), while the
distributions of the relaxation times were related to the distribution of
nanoparticles inside the polymer matrix in accordance with the data presented
in Figures 3.24-3.25%°. Exactly the same pattern can be observed in
Figure 3.31, which completely correlates with the conductivity behavior (see
Figures 3.27a or 3.28).
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Figure 3.31: Relaxation time distributions (calculated according to
Equation (1.23)) for epoxy/MWCNT/MnFe,O4 hybrid composites at room
temperature before and after annealing at 500 K.

3.2.2 Epoxy/ MWCNT / Ni@C hybrid composites
Room-temperature region

The MWCNTSs distribution in the composite without Ni@C is rather
homogeneous (see Figure 3.32a). However, Figure 3.32b,c clearly shows that
an increase of NI@C concentration from 0.6 to 1vol.% in
epoxy/MWCNT/Ni@C hybrid composites is accompanied by an MWCNTSs
distribution deterioration (an increase of the agglomerates number).

In order to see the macroscopic distribution of MWCNTS, the panoramic
SEM images of epoxy/MWCNT/Ni@C hybrid composites are presented in
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Figure 3.33 (MWCNT clusters are observed as black spots, which are
confirmed by higher resolution SEM pictures). The MWCNT network is
clearly observed in composites with 0.6 vol.% of Ni@C (Figure 3.33b), in
composites with 1 vol.% clusters of MWCNT are uniformly distributed, while
in composites without Ni@C, no macroscopic structure of the MWCNT is
observed. This is in good agreement with previously reported results that the
MWCNT clustering can decrease the percolation threshold value?®t. Smaller
Ni@C clusters act as separators of MWCNT clusters (Figure 3.32b) and
support certain macroscopic structures of the MWCNT network
(Figure 3.33b,¢).

Figure 3.32: Scanning electron microscopy images of epoxy/MWCNT/Ni@C
hybrid composites with 0.09 vol.% of MWCNTs and (a) 0, (b) 0.6, and
(c) 1 vol.% of Ni@C.
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Figure 3.33: Panoramic scanning electron microscopy images of
epoxy/MWCNT/Ni@C hybrid composites with 0.09 vol.% of MWCNTSs and
(@) 0, (b) 0.6, and (c) 1 vol.% of Ni@C.

The frequency and concentration dependencies of & and o for
epoxy/MWCNT/Ni@C hybrid composites at room temperature are presented
in Figures 3.34 and 3.35, respectively.

The addition of Ni@C to initially non-conductive composite with
MWCNTs (a pre-percolation state) causes the appearance of the DC
conductivity. The DC conductivity changes in a non-monotonically manner
with increasing Ni@C concentration. First, the op increases, then, having
reached a maximum at the Ni@C concentration of 0.2 vol.%, it begins
decreasing. This indicates the synergy effect between two fillers at low Ni@C
content. Perhaps small Ni@C clusters, located between the nanotubes, help
them to complete the formation of the MWCNTS percolation network. Small
Ni@C amounts up to 0.2 vol.% improve the MWCNTSs dispersion in the
polymer matrix, while at higher Ni@C concentrations an increase of the
agglomerates number and, as a consequence, an MWCNTSs distribution
deterioration is observed (see SEM-images in Figure 3.32).
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Figure 3.34: Frequency dependencies of the real part of dielectric permittivity
and the electrical conductivity of epoxy/MWCNT/Ni@C hybrid composites
at room temperature.
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Figure 3.35: Ni@C-concentration dependencies of the real part of dielectric
permittivity and the electrical conductivity of epoxy/MWCNT/Ni@C hybrid
composites with fixed MWCNTSs content of 0.09 vol.% at room temperature
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Temperature-dependent region

The temperature dependencies of DC conductivity in a wide temperature
range for epoxy/MWCNT/NIi@C hybrid composites are presented in
Figure 3.36.

In the sample without Ni@C the DC conductivity is observed only at
temperatures above 400 K due to the epoxy resin contribution. All composites
with Ni@C have qualitatively similar temperature dependencies of ap. The
temperature sections from room temperature to 500 K and from 500 K to room
temperature have the character that was observed for the heating area in the
monofiller Ni@C /epoxy resin composite series (presented in
subchapter 3.1.3). The only difference is the temperature intervals of each
separate zone (see Figure 3.36 for more details). All samples from the
epoxy/MWCNT/NI@C hybrid series are also characterized by hysteresis, but
this is accompanied by a decrease of DC conductivity after annealing at room
temperature. This may be due to the partial destruction of the percolation
network after annealing. At high temperatures, the o, before and after
annealing is well fitted by the Arrhenius law according to Equation (3.3) with
approximation parameters presented in Table 3.10. Before annealing, the
minimum activation energy is characteristic for the sample with the lowest
Ni@C concentration (0.025 vol.%). After annealing, the activation energy
completely correlates with the DC conductivity values: the higher op( , the
lower E,. In this case, the minimum activation energy is observed for the most
conductive sample of 0.2 vol.% Ni@C. Similarly, as in the case of monofiller
Ni@C/epoxy resin composites (subchapter 3.1.3) the lowest activation energy
indicates the lowest contribution of polymer matrix conductivity to the total
conductivity of composite, because the electrical conductivity of the
percolation network is much bigger.
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Figure 3.36: Temperature dependence of the DC conductivity of
epoxy/MWCNT/NIi@C hybrid composites. Solid lines at high and low
temperatures correspond to approximations according to Equations (3.3) and
(3.4), respectively.

Table 3.10: Parameters of the Arrhenius law fits (according to Equation (3.3))
of the DC conductivity to the data of Figure 3.36.

Before Annealing After Annealing

Sample co, S/Im | Ealke, K | ©0, S/m | Ealks, K

0.09 vol.% MWCNT | 4.1-10? 9213 5.1-10% 9284
0.09 vol.% MWCNT+ 4 4

0.025 vol.% Ni@C 4.8-10 1532 5.7-10 1527

0.09 vol.% MWCNT+
0.2 vol.% Ni@C

0.09 vol.% MWCNT+
0.6 vol.% Ni@C

0.09 vol.% MWCNT+
1 vol.% Ni@C

1.8-101 3302 4.7-103 1308

2.3-101 8049 4.0-10° 3601

1.9-10° 12634 | 7.1-10°3 3887

Cooling of the annealed samples from room temperature to 30 K is
characterized by a monotonic DC conductivity decrease. On the low-
temperature region, the op is fitted well according to the tunneling model
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(Equation (3.4))%7. Obtained parameters are presented in Table 3.11. The
ratio T; /T, is proportional to the gap width w and the potential barrier 1,
amplitude. The minimum of T, /T, is observed at 0.025 vol.% Ni@C, which
is close to the optimal concentration (0.2 vol.% Ni@C) for electrical
properties. Thus, at low temperatures, the main transport mechanism is
electron tunneling through the potential barrier. Obviously, the tunneling
conductivity is the typical electrical transport mechanism also in monofiller
Ni@C/epoxy resin composites series. However, due to the small size of Ni@C
nanoparticles, the value of T, is very low and the tunneling conductivity could
be observed at very low temperatures (lower than that available by our
experimental technique).

Table 3.11: Tunneling model parameters (according to Equation (3.4)) to the
data of Figure 3.36.

Sample 0o, },lS/m Tl,K To,K Tl/To

0.09 vol.% MWCNT+
0.025 vol.% Ni@C
0.09 vol.% MWCNT+
0.2 vol.% Ni@C
0.09 vol.% MWCNT+
0.6 vol.% Ni@C
0.09 vol.% MWCNT+
1vol.% Ni@C

18 281 | 17.7 | 16

250 28.1 | 45 6.2

2.2 246 | 2.7 9.1

2.7 185 | 3.8 4.9

Relaxation time distributions

The frequency dependences of complex impedance and relaxation time
distributions for epoxy/MWCNT/Ni@C hybrid composites before and after
annealing at 500 K are presented in Figures 3.37 and 3.38, respectively.
Before annealing, the relaxation time distributions are not symmetric;
however, one should trust the short-time maxima, because the additional
maximum at longer relaxation times is related to nonohmic contacts. After
annealing, the relaxation time distributions become symmetric for all
composites, and the maxima of f(z) shifts towards longer relaxation times,
which corresponds to the conductivity decrease. The shortest relaxation time
is observed for the sample with the best Ni@C nanoparticles distribution
(0.2 vol.%). Moreover, for this sample the DC conductivity (and,
consequently, the nanoparticles distribution) almost does not change after
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annealing (see Figure 3.36), while for the rest of the samples the op.
deteriorates significantly.
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Figure 3.37: Frequency dependence of the complex impedance (calculated
according to Equations (1.21)-(1.22)) for epoxy/MWCNT/Ni@C hybrid
composites at room temperature before and after annealing at 500 K.
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temperature before and after annealing at 500 K.
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3.23 Summary

The dielectric/electric properties of the epoxy/MWCNT/MnFe.O. hybrid
composites with two fixed MWCNTSs amounts (below and above percolation
threshold for the case of monofiller composite series) and varying MnFe;O4
concentrations up to 10 vol.% were investigated in the broad frequency
(20 Hz-40 GHz) and temperature (20-500 K) regions. At low frequencies, the
dielectric permittivity and the electrical conductivity of composites are
strongly dependent on MnFe,O4 concentration. Moreover, for composites
with MWCNT concentrations just below the percolation threshold, the
electrical conductivity had a maximum close to 0.025 vol.% of manganese
ferrite, which gave up to 10° larger conductivity than that of the composite
without MnFe;O4. This indicates that a pronounced synergy effect between
two types of particles occurs. In contrast, for composites with MWCNT
concentrations above the percolation threshold (for the case of just the
polymer comprising MWCNTs), the synergy effect was not observed with any
MnFe.Os content. The occurrence of synergy effects in the electrical
properties of polymer composites is strongly related to the favorable
distribution of nanoparticles inside the polymer matrix, which was suggested
by the SEM investigations and calculations of the distribution of relaxation
times.

Similar dielectric spectroscopy investigations were performed for
epoxy/MWCNT/Ni@C hybrid composites with fixed MWCNTs amount (just
below percolation threshold in corresponding monofiller composite series)
and different Ni@C concentrations up to 1 vol.%. For this composite series,
the electrical conductivity had a maximum close to 0.2 vol.% of Ni@C with
absolute value several orders of magnitude higher than for sample with
MWCNTSs only. It means a pronounced synergy effect between two types of
particles occurs at optimal Ni@C concentration.

The dielectric relaxation spectroscopy in polymer-based multiphase
composites could be used as a non-invasive platform for the estimation of the
nanoparticle distribution within the bulk of the polymer matrix. The latter is
directly related to the synergy effect from the use of a few different
nanoinclusions. To conclude, the analysis of the dielectric relaxation
processes in multiphase composites at given fixed concentrations of the
conductive functional filler and varying content of an additional one could
help to optimize the relative amount of the second filler for achieving synergy.

84



3.3 Robust design of compact microwave absorbers and
waveguide matched loads based on lossy materials

The development of effective absorbers of electromagnetic radiation is
very important for many actual practical problems related to electromagnetic
compatibility®3°821%, The waveguide matched load is a common example of a
device, which absorbs electromagnetic energy almost without reflecting the
incident electromagnetic wave. Usually, the design of such components is
based on a long wedge or pyramid placed in the center of the waveguide®®.
The wedge is made of lossy material (e.g. dispersed carbonyl iron particles in
the epoxy resin) and its top is oriented to the incident wave source. The
existence of the optimal value of complex dielectric permittivity (or electrical
conductivity in the range of “several Siemens per meter” for microwave
frequencies) for effective absorption in the material was shown
previously#®?11 Nevertheless, in practice, it is often difficult to achieve
optimal dielectric permittivity and control simultaneously both material losses
and its mechanical properties. The losses in available conventional materials
are often below optimal values leading to an increase in the length of the
wedge to achieve the necessary level of electromagnetic attenuation.

The periodic pyramidal structures are used as broadband absorbers for the
anechoic chambers®®®’, Viskadourakis et al investigated the shielding
efficiency of the lossless pyramidal structure in 3.5-7 GHz®®, Nornikman et al
studied the hexagonal pyramids® in 1-20 GHz, Jenks® applied the pyramidal
structures as the antenna for 3.3-8.0 GHz frequencies. However, all the
mentioned components were produced from non-conductive polymers. The
development of pyramidal structures based on lossy materials opens new
possibilities in the field of electromagnetic interference (EMI) shielding
applications. In particular, it allows to miniaturize microwave components,
such as absorbers and loads.

The cheap and time-saving possibility to produce devices and structures of
complex shape is additive manufacturing (3D-printing). It will be shown that
DC-conductive filament of intermediate electrical conductivity (i.e. = 1 S/m)
is a universal mean for microwave attenuation elements design by 3D-
printing.

This subchapter is devoted to study the advantages of the application of
periodic pyramidal structures based on lossy materials as shielding
components and matched loads design. The numerical method for
electromagnetic properties simulations and optimal geometrical parameters
evaluation will be presented. The effectiveness of the method will be verified
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by experimental studying the shielding performances of the 3D-printed
nanocarbon-based lossy pyramidal structures in 12-18 GHz (Ku-band) and
26-37 GHz (Ka-band) frequency ranges.

3.3.1 Homogenization procedure of pyramidal structures

The classical matched load working principle is based on a smooth
transition from an empty waveguide to a waveguide filled with lossy material.
The smooth transition is necessary to vanish the reflected power from
inhomogeneity inside the waveguide. Usually, the lossy region is made in the
shape of a long wedge or pyramid and placed in the center of the waveguide,
which top oriented to the incident electromagnetic wave (Figure 3.39 (inset)).
The coordinate of the base of the pyramid is assigned as (x=0), dh is the
pyramid’s height, h is the substrate (base of the pyramid) thickness. By
propagation through the waveguide from the top of the pyramid to the base,
the relative volume fraction of the lossy material increases and vice-versa the
air fraction decreases. Since the transition is smooth, homogenization can be
done and the pyramid may be considered as a structure with spatially
distributed refractive index®%4, In references®® was demonstrated
experimentally and numerically that the scattering parameters of the
homogenized layer are equivalent to the initial structure for spheres, hollow
spheres, corrugated composites and similar structures inside the waveguide.

The cross-section of a waveguide along the plane perpendicular to the
pyramid base consists of the rectangle-like lossy region and air region. The
homogenization procedure, in this case, means that the air regions can be
averaged with lossy regions according to their relative surface fractions S(x).
The dependence of the effective refractive index n on the coordinate x is as
follows®35;

n(x) = ny(1 - S(x)) + neS(x) (3.8)
where
( 1, x < —(hy + dh)
2
se= 11— (M) —(he+d)<x<—hy (39
l 0, —hy<x<0
1, x>0

and n,, = Ve is the refractive index of the pyramid’s bulk material, ny=1 is
the refractive index of air. The spatial distribution of refractive index n(x)
Equation (3.8) is parabolic and presented in Figure 3.39.
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Figure 3.39: Spatial distribution of refractive index in the pyramidal structure
after homogenization (inset: the side view of the pyramid inside the
waveguide).

The relative amplitudes of reflected S;; and transmitted S,; trough the
pyramid signals may be easily calculated using a multi-layered approach (see
subchapter 1.2) developed in optics and discussed in detail in®-255, The
shielding efficiency SE is defined?2?3 as SE; = —20l0g;(S,,. Similarly, the
efficiency due to reflectance is SEx = —20log10S11-

The presented model gives the dependence of the shielding efficiency of
pyramids placed in the waveguide transmission line on their geometrical
parameters (hy, dh) and dielectric properties (&). Important to note, that in the
case of an array of pyramids inside the waveguide or in the free space it is
enough to consider and perform averaging and homogenization within one
unit cell.

3.3.2  Sample preparation and characterization
Conductive filament production

The DC-conductive filament is based on the poly(lactic) acid (PLA)
Ingeo™ Biopolymer PLA-3D850 (Nature Works) with a 12 wt.%-content of
-OH modified multiwalled carbon nanotubes (MWCNTS) supplied by

87



TimesNano, China. The following procedure was used to prepare this filament
ready for further 3D-printing.

Firstly, the masterbatch of 12 wt % MWCNTSs was prepared by melt
mixing of the filler and the polymer in the twin-screw extruder (COLLIN
Teach-Line ZK25T) by setting a screw speed of 40 rpm and keeping the
temperature in the range 170-180 °C. After that, the composite pellets were
extruded by a single screw extruder (Friend Machinery Co., Zhangjiagang,
China) in the temperature range 170-180 °C and a screw speed of 10 rpm for
producing filament for 3D printing (FDM) with 1.75 mm in diameter.

Filament properties and printing

Scanning electron microscopy analysis was performed to get information
about the dispersion of nanofiller in the PLA host and its effect on the
microstructure. Figure 3.40a,b showed the surfaces of both neat PLA and
12 wt% MWCNT/PLA, respectively, after liquid nitrogen breakage of the
filament. Very different fracture surfaces are visible for the tested PLA and
composite filaments, which are largely attributed to their brittle or ductile
mechanical behavior. The neat PLA surfaces appear very flat due to the ductile
fracture type, typical for an isotropic polymeric material. In contrast, a
network-type structure is developed over the entire surface of the
MWCNT/PLA composite, due to the interconnection of well-dispersed
MWCNTSs and to a fine structure of micro-voids that is typical for a more
brittle material.
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Figure 3.40: Scanning electron microscopy images: the cross-section of the
PLA (a) and 12 wt.% MWCNT/PLA (b) filaments; (c) the surface of the 3D
printed structure using 12 wt% MWCNT/PLA.

In general, the network filler—polymer microstructure, formed by the
strong and conductive MWCNTSs in the PLA matrix is typically associated
with percolation, which may result in enhanced mechanical and physical
properties of nanocomposites compared to the neat PLA. The details of
mechanical  properties, electrical and thermal conductivity and
electromagnetic shielding efficiency of both neat PLA and 12 wt%
MWCNT/PLA filaments, obtained from earlier studies®*?142% are
summarized in Table 3.12. As seen, the addition of 12 wt% MWCNTSs
enhances significantly mechanical properties of the filament, e.g. tensile
elastic modulus and hardness, but decrease twice the elongation at ultimate
strength, compared to the neat PLA. Moreover, the composite filament
demonstrates twice higher thermal conductivity, compared to the PLA. This
confirms the microstructural prediction, that the percolation structure of
12 wt% MWCNTS in the nanocomposite filament is highly conductive, lossy
and stronger, but more brittle, than the neat PLA.

The improvement of Young’s modulus (21%), hardness (11%) and
electrical conductivity (10 decades) could be associated with the dense,
conductive network structure formed by the carbon nanotubes above the
percolation threshold, which allows a transfer of the extraordinary mechanical
and electrical properties of carbon nanotubes through the polymer. In contrast,
a twice decrease of % elongation of the composite filament compared to the
neat PLA may be attributed to the large surface area of the filler which absorbs
most of the polymer at the interfaces, as shown in Figure 3.40b, which leads
to increase of the brittleness of the composite material®*?*>, However, the
thermal conductivity of 12 wt% MWCNT/PLA filament was observed only
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twice higher compared to the neat PLA, in spite of the extremely high thermal
conductivity of carbon nanotubes (3000 W/mK). This can be explained by the
complex process of thermal diffusion through a polymer, influenced by
temperature, crystallinity, macromolecular orientation, etc. Moreover, carbon
nanotubes within polymers are usually considered to have many defects that
contribute  to numerous phonon scattering lowering the thermal
conductivity?*,

The fused deposition modeling (FDM-FFF)-type 3D printer X400 PRO
German RepRap with an extrusion nozzle with a diameter of 0.5 mm was
used. During printing, the filament was heated above its melting temperature
and then extruded using a PC-controlled moving nozzle®. Thus, the desired
3D-structure is formed as a result of a layered process. The processing
parameters of the 3D printing were a temperature of 200 °C, an extrusion
speed of 100 mm/min, and a platform temperature of 60 °C. Samples were
printed with 100% infill, in a rectangular direction from one layer to another,
as shown in Figure 3.40c.

Table 3.12: Mechanical and physical properties of the filaments.

Filament Tensile Tensile Elongation, | Hardness, Electrical Thermal
type strength, | young’s % MPa conductivity, | conductivity,
MPa modulus, S/m W/mK
MPa
PLA 28.143.9 | 593.6+8.5 8.5+1.6 176+5 8.3-10t 0.18+0.03
12 wit. 23.3£1.9 | 719.9+6.2 4.3+0.4 19549 0.39 0.37+0.02
MWCNT

3.3.3 Optimal pyramid parameters determination

The complex dielectric permittivity and refractive index of the used
filament recalculated from experimentally measured S-parameters of the
printed plane-parallel layer®'® are presented in Figure 3.41. The filament has a
high loss tangent (not less than 0.4 within the whole frequency range).
Moreover, the material is dispersive, its dielectric permittivity is generally
decreasing with frequency. This type of dispersion is typical for nanocarbon
composites with filler content above the percolation threshold in the
microwave frequency range%2%°,
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Figure 3.41: Frequency dependencies of dielectric permittivity and refractive
index (inset) of the printed material in Ku-and Ka-bands.

The minimal height of pyramids and the substrate thickness were
computed using proposed model Equations (3.8)-(3.9). Several
simplifications were made. The frequency was fixed as 30 GHz, the effective
shielding criteria were introduced as SE;>20dB and SER>20 dB (this is
equivalent to the absorption of more than 99% of the power of incident wave).

For the computations of dh, substrate height was taken as hy=2 mm. In
this case, SE of the pyramid is dependent only on its height and dielectric
permittivity of used material. The combinations of dh and ¢ that satisfy the
mentioned criteria for SE are presented as the regions in ¢ (¢") coordinates
in Figure 3.42. The decrease of the dh result in narrowing the region of
possible e combinations. The measured dielectric permittivity of the filament
at 30 GHz is e=16.74-i6.17 (Figure 3.41). The minimal pyramid’s height dh,
required for the effective shielding is 8-9 mm for the Ka-band. Similarly,
dh=22 mm was evaluated for the Ku-band.
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Figure 3.42: The pyramid height dh, required for the effective (20 dB) EMI
shielding, presented as the dependence on the dielectric permittivity. Dot
stands for the measured ¢ of used filament at frequency 30 GHz.

For substrate thickness h, computations the obtained dh=8 mm was used.
The dependencies SE and SER on the substrate thickness h, are presented in
Figure 3.43 (filled symbols). The oscillations of SE; related to the
interference, while SE increases monotonously. These oscillations may be
significantly dumped by increasing the height of the pyramids dh. The SE vs
h, for the plane-parallel layer (dh=0 mm) are also presented in Figure 3.43
(see open symbols). Both SE; and SE; of the plane layer are significantly
lower in comparison with the pyramidal structure. The SE; expectedly
increases with the thickness, but the SE; remains lower than 5 dB. It means
that a planar layer cannot simultaneously demonstrate high SE; and SE;
parameters (or in other words absorption ability) at any substrate thickness.
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Figure 3.43: The dependence of the SE and SER on the substrate thickness.
Pyramid heights are dh=8 mm (close symbols) and dh=0 mm (open symbols).

The proposed graded index approach is useful for the practical design of
pyramidal matched loads. It provides the minimal geometrical parameters
required for the effective SE taking into account the dielectric properties of
used material. In the particular case of the filament’s permittivity, the
combinations of hy=2 mm, dh=8-9 mm (Ka-band) and dh=22 mm (Ku-
band) are the minimal parameters, which allow to meet 20 dB level for both
SE; and SEp.

3.3.4 Microwave measurements

The printed pyramidal samples and the experimentally measured in Ku-
and Ka-bands shielding efficiency are presented in Figures 3.44 and 3.45,
correspondingly.

Both structures for Ku- and Ka-bands demonstrate a high level of
SE;>20dB and SER>20dB, even despite some printing issues (see
Figure 3.44), and may be used as effective matched loads or absorbers in
anechoic chambers. Usage of lossy material with high &' and &'" allows to
obtain similar shielding performance with smaller pyramids (see Table 3.13).
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Even more, in contrast to the results listed in Table 3.13%217-22! Figure 3.45
demonstrates that both transmitted and reflected signals are well attenuated. It
is possible due to the combination of high Ohmic losses within the material
bulk and waves scattering due to the sample’s geometry. Important to note,
that high Ohmic losses in considered materials were achieved because of
forming DC conductive MWCNT-based network within the polymer matrix.
Due to depolarization effects?® the MWCNT agglomerates in the composite
below percolation weakly interact with microwave radiation. Nevertheless,
when agglomerates are incorporated in the percolative network of DC-
conductive composite (which is exactly corresponds to our experimental
situation) they contribute to effective scattering and attenuation of the
electromagnetic waves.

Table 3.13: Comparison of the shielding performances of the pyramidal
structures.

Material parameters dh, ho, SER, SEr, Frequency, Reference
mm mm dB dB GHz

£=2, tan6=0.2 90 25 45 n/a 10 2
£=2.492, tan5=0.956 130 20 42.93 n/a 10-15 9*hexagonal
£=2.9, tan5=0.084 130 nfa | 43.294 n/a 10-15 28*triangonal
BlackMagic 3D 2 2 12 n/a 55 219
VeroBlack 80 20 20 n/a 100 220
e=1.5, tan§=0.26 40 20 40 n/a 30 221
£=18.66, tan6=0.38 22 2 40.15 28.09 17.4 this research
£=15.55, tan6=0.39 8 2 23.88 39.17 35.7 this research

i %
10 ) 3 10 S\) N \
M NITHTIHIN,. |

Figure 3.44: 3D printed pyramidal structures and waveguide systems for Ku-
band on the left and for Ka-band on the right.
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Figure 3.45: Shielding efficiency and S-parameters (inset) of the 3D printed
pyramidal samples in Ku- and Ka-bands.

3.3.5 Microwave electromagnetic response predictions

According to the model introduced and successfully applied above, taking
into account the material bulk properties (dielectric permittivity or refractive
index in general case), the required frequency range and the substrate
thickness, it is possible to evaluate the shielding efficiency of pyramidal
structures at the pre-experimental step.

Among the epoxy-based composites with magnetic nanoparticles studied
in subchapters 3.1-3.2, for the Ni@C system the complex dielectric
permittivity remains quite high even in the microwave frequency range. It
means these composites are suitable for electromagnetic shielding
applications due to the high dielectric/magnetic losses. This fact is proved by
the data of the shielding efficiency for a 2 mm-thick Ni@C composite plane-
parallel layer presented in Table 3.7 (subchapter 3.1.3). However, these
results are still far from perfect ones. By constructing pyramidal structures
based on Ni@C composites, the absorption ability can be significantly
improved, and the optimization model can help to predict these properties.
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Table 3.14 shows absorption ability predictions of the pyramidal structures
made from Ni@C composite with a substrate thickness of hy=2 mm and
different pyramid heights dh (from 8 to 15 mm) in waveguide at 30 GHz.

Table 3.14: Absorbance (%) ability predictions of the pyramidal structures
made from Ni@C composite with a substrate thickness of hy=2 mm and
different pyramid heights dh in the waveguide at 30 GHz.

Sample dh, mm
e o T8 T 9 w0112 13] 14 15
0,
15vol% | o901 709 | 749 | 77.1 | 78.8 | 80.6 | 82.4 | 84.1 | 855
Ni@C
0,
25v0l.% | 110 | o6 | 90.7 | 921 | 93.6 | 946 | 95.3 | 95.9 | 96.5
Ni@C
0,
30vol.% | o) o | 956 | 96.0 | 965 | 97.5 | 98.0 | 98.3 | 98.:6 | 99.0
Ni@C

First of all, the pyramidal shape of the structure (with any dh in Table 3.14)
contributes to a significant increase of absorption coefficient in comparison
with the Ni@C composites plane-parallel layer (the first column of Table 3.14
with dh=0 mm corresponds to the data from the Table 3.7). At minimum
pyramid height dh=8 mm, the absorption coefficient is lower than for the case
of 12 wt.% MWCNT/PLA (99%), but it is still quite high and amounts to
95.6% for a sample with 30 vol.% of Ni@C. With an increase of dh, the
coefficient obviously increases and at the dh=15mm it reaches 99% for
30 vol.% of Ni@C. Thus, pyramid-shaped Ni@C / epoxy composites can also
be used as an effective absorber and matched load in the microwave frequency
range.
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3.3.6 Summary

The pyramidal periodic structure based on conductive lossy material as
effective microwave absorber and compact matched load was considered. The
3D printed pyramidal structures were experimentally tested in Ku- and Ka-
bands. The pyramid height and the substrate thickness were obtained through
the optimization of the shielding efficiency versus the material complex
permittivity. The measured shielding efficiency of the printed samples is
higher than 20 dB both for reflected and transmitted signals in the investigated
frequency ranges. The developed technique for the pyramid parameters
evaluation may be effectively used as a pre-experimental step since it takes
into account the material properties (both for lossy and lossless), required
frequency range, and substrate thickness.
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CONCLUSIONS

This thesis is focused on the experimental investigations of dielectric

properties of several epoxy-based composites systems: (i) binary with three
different types of magnetic nanoparticles (Fe;O3-H20, MnFe;O4, Ni@C) and
(ii) ternary hybrid with a combination of magnetic nanoparticles and
multiwalled carbon nanotubes. Besides, the robust design of compact
microwave absorbers and waveguide matched loads based on a conductive
lossy composite demonstrates.

The main conclusions of the thesis are following:

1. Thedielectric properties of Fe;Os-H.O nanorods / epoxy resin composites

have been studied in a wide frequency range from hertz to terahertz at
temperatures of 200-450 K. The percolation threshold in this system is
about 40 vol.%.

The dielectric properties of MnFe,O4 / epoxy resin composites with two
different sizes of spherical-shaped particles (28 and 60 nm) have been
studied in the frequency range from 20 Hz to 1 MHz and temperature
range of 150-500 K. It was demonstrated that the percolation thresholds
in these composites are 30 and 29.3 vol.% for small and large MnFe;O4
nanoparticles, respectively. The minor difference in the percolation
threshold value is related to the better distribution of larger nanoparticles.
The following several common features for Fe.Os;-H.O /epoxy and
MnFe,O4 / epoxy systems are observed:

e The dielectric behavior of composites below the percolation
threshold is mainly determined by relaxation in a pure polymer
matrix. The dielectric properties of composites above the
percolation threshold are determined by the percolation network,
which is formed by the filler particles inside the composite.

e At low frequencies, the DC conductivity is observed due to the
random distribution of electric charge carriers and increases with
the filler concentration. At high temperatures, because of the finite
conductivity of the epoxy resin, the DC electrical conductivity
occurs in the composites both above and below the percolation
threshold. The activation energy decreases with fillers
concentration indicating that the electrical transport occurs
together in fillers and epoxy matrix subsystems.

98



The dielectric/electric properties of the Ni@C / epoxy resin composites
have been studied in broad frequency (20 Hz-40 GHz) and temperature
(30-500 K) ranges. For such a system, it was possible to roughly estimate
the percolation threshold, which is in the range between 10 and 15 vol.%.
Additional annealing of these composites up to 500 K substantially
decreases the percolation threshold down to below 10 vol.%. However,
with a Ni@C concentration increase, the nanoparticles dispersion quality
in the polymer is suppressed dramatically. This is proved by the SEM
micrographs and the analysis of relaxation time distributions.

For Ni@C / epoxy resin composites, the concentration increase leads to
substantial attenuation of electromagnetic radiation of microwave
frequency range, and the 2 mm-thick sample of maximum concentration
(30 vol.% Ni@C) transmits only 17% of the incident wave.

Ternary epoxy/MWCNT/MnFe,0, and epoxy/MWCNT/Ni@C hybrid
composites systems demonstrate a pronounced synergy effects at
MWCNT concentrations just below the percolation threshold (in
corresponding monofiller composite series) and certain small amounts of
the second magnetic filler. For epoxy/ MWCNT/MnFe,0. composites, the
electrical conductivity has a maximum close to 0.025 vol.% of manganese
ferrite, which gave up to 10° larger conductivity than that of the composite
without MnFe;Os. For epoxy/ MWCNT/Ni@C the electrical conductivity
has a maximum close to 0.2 vol.% of Ni@C with absolute value several
orders of magnitude higher than for sample with MWCNTSs only.

For composites with MWCNT concentrations above the percolation
threshold (for the case of just the polymer comprising MWCNTS), the
synergy effect was not observed with any MnFe>O4 content.

The occurrence of synergy effects in the electrical properties of polymer
composites is strongly related to the favorable distribution of
nanoparticles inside the polymer matrix. The dielectric relaxation
spectroscopy processes in multiphase composites at given fixed
concentrations of the conductive functional filler and varying content of
an additional one could help to optimize the relative amount of the second
filler for achieving synergy.

The pyramidal periodic structure based on conductive lossy material as
effective microwave absorber and compact matched load was considered.
The pyramid geometry parameters were obtained through the
optimization of the shielding efficiency versus the material complex
permittivity. The 3D printed pyramidal structures with estimated

parameters were experimentally tested in microwave frequency ranges,
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and they demonstrated electromagnetic attenuation higher than 20 dB
both for reflected and transmitted signals. The developed technique for
the pyramid parameters evaluation may be effectively used as a pre-
experimental step since it takes into account the material properties (both
for lossy and lossless), required frequency range, and the pyramid sizes.
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4. SANTRAUKA LIETUVIU KALBA

Objekty, kuriy matmenys nanometry eiles, savybiy tyrimai yra
perspektyvi, intensyviai besivystanti mokslo kryptis. Viena i§ nanodaleliy
daleliy tyrimy populiarumo priezasCiy yra jy galimybé valdyti polimery
savybes | juos jterpiant nedidelj kiekj nanodaleliy, o tai lemia naujy
kompoziciniy medziagy, turinCiy pageidaujamas savybes, sukiirimg. Dar
daugiau, mazéjant dalelés dydziui (nuo keliy mikrometry iki keliy
nanometry)’, dalelés pavirSiaus plotas didéja, dél ko didéja sgveika tarp
uzpildo daleliy ir tarp misriy faziy?.

Elektriskai laidiis polimeriniai kompozitai uzima ypatinga vieta kompozity
technologijoje dél ypatingai plataus jvairiy taikymy diapazono: antistatinés
medziagos®, laidus sluoksniai ir dangos®, saulés elementai ir biosensoriai®,
elektromagnetinio slopinimo medziagos®, ir Kiti taikymai. Pats papras¢iausias
budas padaryti elektriskai laidy polimera pridéti j gerai zinomus polimerus
anglies nanodaleliy, taciau nanodalelés ne anglies pagrindu (pavyzdziui
goetitai, feritai, metalo nanodalelés) irgi susilaiké démesio kaip polimery
priedai. Polimerai su magnetinémis nanodalelémis gali buti taikomi kaip
laidZios medZiagos, turin¢ios magnetiniy arba feromagnetiniy savybiy’.

Kompozity turin¢iy unikalias elektromagnetines ir mechanines
tobulinimas yra labai sudétingas dalykas dél to kad nanodalelés turi tendencija
aglomeruoti®, Taiau panaudojus vienu metu jvairiy nanouzpildy
kombinacijas gali buti lengva ir daug Zadanti strategija tobulinant kompozity
elektromagnetines savybes. Tokios manipuliacijos leidzia pasiekti ne tik
atskiry uzpildy misinio privalumus, bet taip pat ir sinegetinius efektus, kurie
atsiranda dél to kad skirtingo tipo nanodalelés trikdo nanodaleliy aglomeracija
ir susiformoja vienas kitag palaikantys skirtingos cheminés sudéties
nanodaleliy tinklai®. Taciau §is efektas iki Siol nebuvo tyrinétas.

Sis darbas yra skirtas keliy epoksidiniy kompozity sistemy tyrimams: (i)
kompozitai su skirtingomis magnetinémis dalelémis ir (ii) trijy komponenty
hibridai su magnetiniemis nanodalelémis ir daugiasieniais anglies
nanovamzdeliais (DANV). Eksperimentiniai matavimai skirti $iy medziagy
dielektriniy/elektriniy savybiy tyrimams placiame dazniy ir temperatiry
intervaluose. Be to, pademonstruotas naujas kompaktiSky mikrobangy
absorberiy ir bangolaidziy suderinty apkrovy dizainas, pagristas laidziu
nuostolingu kompozitu.
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Disertacijos tikslai ir uzdaviniai

Pagrindinis Sios disertacijos tikslas yra istirti epoksidiniy kompozity su

magnetiniais nanointarpais dielektrines savybes ir rasti sinergijos efektus tarp
dviejy uzpildy hibridiniuose kompozituose. Kitas tikslas yra rasti rysj tarp

piramidinés periodinés struktiiros (pagristos laidziaja nuostolinga medziaga)
mikrobangy elektromagnetiniy savybiy ir jos geometrijos, kad biity pasiektas
didesnis ekranavimo efektyvumas.

Disertacijos tikslams pasiekti buvo sprendziami Sie uzdaviniai:

I8tirti epoksidiniy kompozity, uzpildyty jvairiy riiSiy magnetinémis
nanodalelémis (Fe203-H20, MnFe;O4, NIi@C (nikelio nanodalelés
padengtos anglimi)) dielektrines savybes placiame dazniy ir temperattiry
intervale.

Istirti hibridiniy epoksidiniy kompozity su DANV ir nedideliy kiekiy
magnetiniy nanodaleliy dielektrines savybes.

Eksperimentiskai ir atlékant skaitmenines simuliacijas istirti piramidinés
periodinés struktiiros, pagrjstos laidziaja nuostolinga medZiaga,
mikrobangy elektromagnetines savybes.

Disertacijos gynamieji teiginiai

Sferiniy daleliy perkoliacijos slenkstis polimery matricoje gali labai
skirtis:  MnFe;0. / epoksidinés kompozity sistemoje perkoliacijos
slenkstis yra artimas 30% tiirinés koncentracijos, kas sutampa su teoriniu
jvertinimu; o Ni@C / epoksidinés dervos kompozito elektrinés
perkoliacijos slenkstis yra tarp 10% ir 15% tairinés koncentracijos.
Polimery ir uzpildy sgveiky skirtumas sglygoja perkoliacinio tinklo
atsiradimg esant mazesnéms Ni@C nanodaleliy koncentracijoms.
Epoksidinés dervos kompozity su nedideliu kiekiu DANYV, kuriy
koncentracija yra zemiau perkoliacijos slenkscio, elektromagnetinés
savybés gali blti zZymiai pagerintos plaCiame temperatiry diapazone,
pridedant tam tikrus nedidelius magnetiniy intarpy kiekius; Sie efektas
atsiranda dél pageréjusio daleliy pasiskirstymo polimerinéje matricoje
sukuriant palanky perkoliacinj tinkla.

Piramidinés periodinés struktiiros pavyzdziu pademonstruota laidziy
nuostolingy medZiagy panaudojimo perspektyva miniatiurizuojant
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mikrobangy jtaisus. Ekranavimo efektyvumo padidinimui pasiilytas
optimaliy piramidziy geometriniy parametry jvertinimo modelis
(atsizvelgiant j jo turines charakteristikas ir ] numatytg dazniy diapazong).

Mokslinio darbo naujumas ir aktualumas

1. Atliktas keliy epoksidiniy kompozity su skirtingy rii$iy magnetinémis
nanodalelémis (Fe:O3-H,O, MnFe;Os, Ni@C) dielektriniy savybiy
eksperimentinis tyrimas placiame dazniy ir temperatiiry intervaluose.
Buvo nustatytos kiekvienos sistemos elektrinés perkoliacijos slenksciai.
Buvo parodytos ir paaiskintos kompozity dielektrinies skvarbos ir
elektrinio laidumo temperatiiros ir daznio spektry elgsenos ypatumai esant
uzpildy koncentracijoms tiek Zzemiau, tiek auks¢iau perkoliacijos
slenkscio.

2. Atliktas hibridiniy epoksidinés dervos / DANV / MnFe;Os ir epoksidinés
dervos /IDANV /Ni@C kompozity dielektriniy savybiy eksperimentinis
tyrimas plac¢iame dazniy ir temperatiiry intervaluose. Abiejose sistemose,
kai DANV koncentracija yra Zemiau perkoliacijos slenkscio, esant tam
tikram mazam magnetiniy nanodaleliy kiekiui, buvo pademonstruota
rySki elektriniy savybiy sinergija. Sinergijos efektas buvo paaiskintas
DANV pasiskirstymo pageréjimu dél dviejy tipy uzpildy palankiai
suformoto bendrojo elektros perkoliacinio tinklo.

3. Buvo pasiulyta piramidiné periodiné struktiira, pagrjsta elektrai laidzia
medziaga, kaip efektyvus kompaktiskas mikrobangy absorberis ir
bangolaidziy suderintg apkrova. PrieSeksperimentiniame etape piramidziy
parametrams jvertinti buvo sékmingai naudojamas ekranavimo
efektyvumo optimizavimo metodas, kuriame atsizvelgiama j medziagos
savybes, reikiama dazniy diapazong ir struktiiros geometrij3.
Eksperimentiskai jrodyta, kad piramidziy su apskaiciuotais optimaliais
parametrais slopinimo efektyvumas yra 20 dB tiek atspindétiems, tiek
perduotiems signalams mikrobangy dazniy diapazone.

Autories indélis

Darbe pateiktus dielektrinius tyrimus disertacijos autoré atliko pati

v —

visus epoksidinius kompozitus Baltarusijos valstybinio universiteto
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Branduoliniy problemy instituto nanoelektromagnetizmo laboratorijoje.
Piramidiniy struktiry elektromagnetiniy savybiy modelis buvo sukurtas
dr. Dz. Bychanok. Paskelbtus straipsnius autoré para$é diskutojant su
J. Macutkevi¢, P. Kuzhir, J. Banys, D. Bychanok ir kitais bendraautoriais.

Disertacijos struktiira

Disertacija yra sudaryta i$ trijy skyriy, i$vady ir santraukos, cituojamos
literattiros sgraso. Cituojamos literatiiros sgrase yra 221 nuoroda.

4.1 Apzvalga

Kompozitiné medziaga (arba kompozitas) yra heterogeniné sistema
sudaryta i§ dvéjy arba daugiau skirtingy faziy su reikSminga tarpafaziné
saveika. Kompozitas gali pasizymétis savybémis kurios yra skirtingos negu ji
sudaran¢iy komponenciy savybés. Polimeriniy kompozity su jvairiais
intarpais tyrimai yra labai populiarus, kadangi palyginus su Kkitomis
medziagomis jie yra lengvi, nebijo korozijos, pigiis, lengvai pagaminami ir jy
savybés gali biti lengvai kei¢iamos'®. Dazniausiai kompozity savybés yra
apsrendziamos ne nanodaleliy savybémis, bet jy klasteriy savybémis, nes
nanodalelés yra linke aglomeruoti polimerinés matricos viduje. Vienas i3
svarbesniu placiajuosciy elektriniy tyrimy kompozity su nanodalelémis
uzdaviniy yra nustatyti sarysj tarp nanodaleliy (arba jy klasteriy) savybiy, $iy
daleliy pasiskirstymo ir kompozity elektriniy savybiy placiame dazniy ir
temperatiry intervale. Kompozity elektriniy savybiy temperatiirinés
priklausomybés yra lemiamos neigiamo arba teigiamo varzos efekto, kuris
gali biiti salygotas daleliy persiskirstymo, polimerinés matricos elektrinio
laidumo arba matricos Siluminiy savybiy, elektrony tunelivimo tarp laidziy
klasteriy arba jy tuneliavimo j laidZig polimerine matricg'?.

126



Perkoliacijos teorija

Kompozitiniy medziagy fizikiniy savybiy dramatiniai pokyciai atsiranda
kai uzpildo dalelés suformuoja perkoliacinj tinklg (sudarant elektrinius
kontaktus tarp daleliy). Perkoliacija atsiranda esant tam tikrai minimaliai
tirinei uzpildo daleliy koncentracijai p, kuri yra vadinama perkoliacijos
slenksciu p.. Arti perkoliacijos slenkscio dielektrinés skvarbos priklausomybé
nuo ttirinés uzpildo koncentracijos apraso laipsniné funkcija®®:

e x(p—p)" (4.1)
Cia &' yra dielektriné skvarba, t konstanta. Sis perkoliacijos modelis
nepriklauso nuo uZzpildo daleliy bei matricos fizikinés prigimties ir gali biti
pritaikytas jvairiems kompozitams kur matrica yra izoliatorius, o uzpildas
elektriskai laidzios dalelés.

Maksvelo-Vagnerio relaksacija

Elektrinés perkoliacijos aplinkoje kompozity placiajuostés elektrinés
savybés dazniausiai yra apsprendziamos Maksvelo-Vagnerio relaksacijos®.
Tokiu atveju yra labai naudingas elektrinio impedanso formalizmas.
Kompleksinis elektrinis impedansas yra atvirkstinis dydis kompleksiniam
elektriniam laidumui. Medziagy kompleksinis impedansas Z* gali bati
modeliuojamas ekvivalentinémis grandinémis. Pavyzdziui, kompleksinj
impedansa galima aprasyti begaline seka RC grandiniy sujungty nuosekliai:

Z'(0) = Zo + 47 [, L2 dg ) (4.2)

kur T = RC, 0 f(t) yra relaksacijos trukmiy pasiskirstymo funkcija, Z,, yra
aukstadaznis, nuo daznio nepriklausantis, impedansas, AZ yra skirtumas tarp
impedanso nuolatinei srovei ir aukstadaznio impedanso. Lygtis (4.2)
funkcijos f(t) atzvilgiu yra pirmos rasies Fredholmo integraliné lygtis.
Relaksacijos trukmiy pasiskirstymo funkcija f(7) gali buti apskai¢iuota
pasinaudojus Tichonovo reguliarizacijos metodu?®®.

Daugiasluoksnés sistemos elektromagnetinés savybés

Kai elektromagnetiné banga krenta statmenai plokStumai lygiagreciai
daugiasluoksnei sistemai atsiranda atspindZziai nuo kiekvieno sluoksnio ribos,
ir daugiasluoksnés sistemos savybés gali biiti nustatytos sumojant visus
atspindzius. Toks nagrinéjimas apribotas plony sluoksniy priartéjimu, kai
praeity keliy skirtumas yra mazesnis negu elektromagnetinés bangos ilgis.
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Jeigu yra sistema sudaryta i§ N sluoksniy, elektromagnetines savybes
(atspindzio ir pralaidumo koeficientai R ir T, atitinkamai) gali biiti nustatytos
pasinaudojus daugiasluoksniy metody, i§vystytu optikoje'®:

(no—5)?
R=25% = B 4.3
Y (4.3)
2
T = 52, = 20 4.4
R (4.4)

kur

cos(k,r)  i32sin(k,T)

B t 1
= 1T, (4.5)
Lel = i~tsin(k,r)  cos(k,T) ["O]
0

ir S41 ir S,; yra santykinés amplitudés atspindéto ir praéjusio signalo,
atitnkamai, k; ir k, yra banginiai skaiciai t -sluoksnio kurio storis t ir lazio
rodiklis n, (oro lazio rodiklis ny = 1). Laisvoje érdveje banginiai skaiciai yra
k, Znnt ir ko =% a viduje k, =

il /nt a? ——|r ko =2Z / — 2 a 2 bangos ilgis; ¢ = 3-10 m/s yra

§viesos greitis vakuume. LygtIS (4.5) yratam tikras atvéjis kai ny yra oro lizio
rodiklis, ta¢iau bendruoju atveju tai yra virSutinio sluoksnio 1Gzio rodiklis.

4.2 Tyrimy metodika
Matavimy metodai

Disertacijoje yra apraSyti eksperimentiniai ir teoriniai placiajuostés
dielektrinés spektroskopijos tyrimy metodai, kuriuos autoré pritaiké ruosiant
disertacija. Zemuose (20 Hz—1 MHz) daniuose kompleksiné dielektriné
skvarba buvo nustatyta i§ bandinio talpos ir nuostoliy tangento. Sie parametrai
buvo matuojami LCR matuokliu HP4284A. Aukstesniuose dazniuose
(1 MHz — 3 GHz) buvo matuojamas kompleksinis atspindZio koeficientas.
Dielektriné skvarba buvo apskaiciuojama atsizvelgiant j elektromagnetinio
lauko pasiskirstymg iSilgai bandinélio'’. Mikrobanginiame dazniy diapazone
(8-53 GHz) buvo naudojami plono cilindrinio strypo arba visiSko vidaus
uzpildymo metodai®’. Teraherciniame dazniy diapazone (100 GHz — 2 THz)
dielektrinéms savybéms tirti buvo pritaikyta laikinés skyros spektroskopija.
Siame dazniy diapazone buvo naudojamas Ekspla komercinis spektrometras,
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kurio pagrindiniai dalys yra femtosekundinis lazeris, teraherciniai emiteris ir
detektorius (GaBiAs sluoksniy pagrindu) bei vélinimo linijos. Teraherciniame
dazniy diapazone buvo matuojamas kompleksinis pralaidumo koeficientas ir
kompleksiné dielektriné skvarba nustatyta panaudojus Frenelio formulés.

Kompozity gamyba

Kompozitams paruosti buvo naudojama komerciné Epikote 828
epoksidiné derva, kurios tankis 1.16 g/cm?®, ir trietilenetetramino kietiklis
(TETA). Naudojamas polimeras leidzia lengvai disperguoti jvairius priedus ir
pasizymi dideliu mechaniniu ir cheminiu atsparumu?®,

Trys komerciskai prieinamy magnetiniy nanodaleliy tipai, kuriuos pateiké
»US Research Nanomaterials, Inc.“, buvo naudojami kaip wuzpildai
atitinkamose kompozituose:

1. Goetito (Fe203-H20 alpha, 98%, 50 nm x 10 nm) nanostulpeliy milteliai
(https://www.us-nano.com/inc/sdetail/42381). Tai yra geltonos spalvos
lazdelés formos milteliai, placiai naudojami dengimo, plastiko, dazy ir

farmacijos srityse. Nanostulpeliy krastiniy santykis yra artimas 5, kg jrodo
SEM vaizdas (Zr. 4.1a pav.). Nano milteliy tankis yra 4.4 g/cm?®.

2. Mangano ferito (MnFe;O4) nanomilteliai su sferinémis nanodalelémis
28ir60 nm dydzio  (https://www.us-nano.com/inc/sdetail/7019 ir
https://www.us-nano.com/inc/sdetail/595)  abejy  milteliy  tankis
5.4 glcm®,

3. Ni@C Serdis-apvalkalo nanodalelés (https://www.us-
nano.com/inc/sdetail/171), kurios yra 20 nm storio Ni dalelés, padengtos
keliais glaudZziai sutankintais keliy nanometry storio anglies sluoksniais.
Tankis yra 8.9 g/cm®. Ni@C nanodaleliy mikrostruktiira pavaizduota
4.1b paveiksle.
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Pav. 4.1: Kompozity gamybai naudoty goetito nanostulpeliy (a) ir Ni@C
nanodaleliy (b) SEM nuotraukos.

Kiekviena auk$¢iau paminéty magnetiniy nanodaleliy raSis lengvai
disperguojasi polimero matricoje ir leidzia gaminti didelés koncentracijos
kompozitus. Kompozitai su vienos rusies nanodalelémis buvo paruosti pagal
standarting procediirg, skirtg jvairiy nanodaleliy dispergavimui polimerinéje
matricoje'®. ParuoSimo procesai kompozitams su goetito nanostulpeliais ir
mangano ferito nanodalelémis visiskai sutampa, o Ni@C pagrindu
pagamintiems kompozitams tam tikri procediiros etapai turi nedidelius
skirtumus. Pirmame etape reikalingas nanodaleliy kiekis buvo mechaniskai
susmulkinamas ir maiSomas etanolyje (Fe.O3-H2O ir MnFe,O. atveju) arba
isopropanolyje (Ni@C atveju) 30 minuciy. Tada nanodalelés/alkoholio
suspensijos buvo apdorotos 1 valanda ultragarsu: ultragarsinéje vonioje su
etanoliu ir zondu izopropanolyje. Véliau gauti miSiniai buvo sujungti su
epoksidine derva ir 1-2 valandas buvo papildomai veikiami ultragarsiniu
zondu. ISgarinus alkoholj, j dervos ir nanodaleliy misinj buvo pridéta kietiklio
ir rankiniu btidu maiSoma 5-7 minutés. Kietiklis pridétas santykiu 1:10 su
epoksidine derva. MiSinys supilamas | formas ir palickamas 20 valandy
kietéjimo procesui kambario temperatiiroje, o po to 2 valandas - krosnyje
100 °C temperattroje galutiniam polimerizacijos etapui. Tokie paruo$imo
procediiros parametrai buvo eksperimentiskai nustatyti kaip optimalis, kad
kiekvienos rusies nanodalelés biity geriau disperguojamos epoksidinés dervos
matricoje.

Po auk$ciau minétos gaminimo proceduros kompozity su epoksidines
dervos matrica sarasas yra toks:

1. 0,5, 10, 20, 30 ir 40% Fe,O3-H,0 uzpildy tarinés koncentracijos;
2. 0,10, 20, 23, 25, 28 ir 30% MnFe,0, uzpildy turinés koncentracijos;
3. 0,10, 15, 25 ir 30 vol.% Ni@C uzpildy tarinés koncentracijos.
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Uzpildy koncentracijos kiekvienam kompozitui buvo parinktos arti
teorinés vertés perkoliacijos slenks¢io (Zemiau ir auk$¢iau jo)®. Turinés
uzpildy koncentracijos buvo apskaiCiuotos i§ masiniy koncentracijy
pasinaudojus Zinomais medZziagy tankiais.

4.3 Epoksidinés dervos ir magnetiniy nanodaleliy kompozity
dielektrinés savybés

Goetitio nanostulpeliy kompozitai

Fe,O3-H>O/epoksidiniy  dervos kompozity dielektrinés  skvarbos
priklausomybé nuo koncentracijos kambario temperatiiroje ir esant 129 Hz
dazniui parodyta 4.2a paveiksle. Didéjant nanostulpeliy koncentracijai
dielektriné skvarba didéja pagal perkoliacijos désnj (Lygtis (4.1)).
Aproksimacija Siuo désniu parodo, kad Fe.O3z-H>O/epoksidinés dervos
kompozity elektriné perkoliacija yra kai uzpildo tiiriné koncentracija yra 40%
(zr. 4.2b pav.). Tai patvirtina ir plato laidumo spektruose, tuo tarpu esant
mazesnéms uzpildo koncentracijoms jokio plato laidumo spektruose néra.
Norint padidinti p, nustatymo tiksluma, reikia daug daugiau méginiy, kuriy
skirtingos goetito nanostulpeliy koncentracijos yra artimos Kkritinei vertei.

Fe203-H20 nanostulpeliy/epoksidinés dervos kompozity kai uzpildo turine
koncentracija 5% kompleksinés dielektrinés skvarbos priklausomybé nuo
temperatiiros esant skirtingiems dazniams parodyta 4.3 paveiksle. Menama
kompleksinés dielektrinés skvarbos dalis turi maksimuma, kurio padétis
priklauso nuo daznio. Kai daznis didéja, maksimumas issiplecia ir pasislenka
aukstesniy temperatiry link. Dielektriné skvarba mazéja didéjant dazniui.
Tokig dielektring dispersija lemia epoksidinés dervos molekuliy dinamika®.
Esant aukstai temperatiirai (aukstesnei negu 350 K), dél elektrinio laidumo
atsiradimo kompleksinis dielektriné skvarba ir nuostoliy tangentas &''/¢’
staigiai padidéja.
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Pav.4.2: (a) Fe»0s H,Olepoksidiniy dervos kompozity kompleksinies
dielektrinés skvarbos priklausomybé nuo koncentracijos kambario
temperatiroje ir esant 129 Hz dazniu; (b) Fe,Os-H.O/epoksidinés dervos
kompozity dielektrinés skvarbos perkoliacijos désnis &’ o« (40 — p)~°72,
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Pav. 4.3: Fe;O3-H0 nanostulpeliy/epoksidinés dervos kompozity kai uzpildo
tariné koncentracija 5% kompleksinés dielektrinés skvarbos priklausomybe

nuo temperattiros esant skirtingiems dazniams.
132



Fe,03-H20 nanostulpeliy/epoksidinés dervos kompozity kai uzpildo tariné
koncentracija 5% kompleksinés dielektrinés skvarbos priklausomybé nuo
daznio esant skirtingoms temperatiroms parodyta 4.4 paveiksle. Esant
aukStesnei nei 25 °C temperatiirai, menamos kompleksinés dielektrinés
skvarbos dalies spektrai turi maksimumus, atitinkantys absorbcijos smailg.
Fizinis procesas, salygojantis absorbcijos smailg, yra dipoliy
persiorientavimas. Sis elgesys biidingas epoksidinés dervos kompozitams,
esantiems Zemiau perkoliacijos slenks¢io®.
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Pav. 4.4: Fe203-H20 nanostulpeliy/epoksidinés dervos kompozity, kai uzpildo
tiriné koncentracija 5%, kompleksinés dielektrinés skvarbos priklausomybé
nuo daznio esant skirtingoms temperatiiroms.

Ausinant maksimalus &'’ pleciasi ir slenka link zemy dazniy, o esant Zemai
temperattrai (Zemiau 270 K), jis iSnyksta. Kompleksiné dielektrinés skvarbos
menamos dalies maksimumo daznis (v,,4,) fiksuotoje temperatiiroje leidzia
nustatyti viduting relaksacijos trukme¢ naudojant §ig lygti: T = 1/Vyax-
Relaksacijos trukmé kinta pagal Vogel-Fulcher désnj?! (7r. 4.5 pav.):

Ep
T = 79e*BT-To) (4.6)

kur t, yra relaksacijos trukmé esant labai aukS$tai temperatiirai, Ep yra
aktyvacijos energija, kg yra Boltzmanno konstanta ir T, yra stikléjimo
temperattira. Gauti parametrai pateikti 4.1 lentel¢je. Kompozituose stikléjimo
temperatira padidéja keiGiant goetito nanostulpeliy koncentracija. Sj
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padidéjimas yra salygotas stiprios sgveikos tarp goetito nanostulpeliy ir
epoksidinés dervos matricos. Be to, remiantis teoriniais skaiCiavimais,
kompozito tankis gali biiti didesnis uz gryno polimero tankij, todél stikl¢jimo
temperatiros padid¢jimas gali biti paaiSkintas kompozito lokaliy tankiu
padidéjimu®.
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Pav. 4.5: Fe;03-H20 nanostulpeliy / epoksidinés dervos kompozity vidutinés
relaksacijos trukmés priklausomybé nuo temperatiiros. IStisinés linijos
aproksimacijos VVogel-Fulcher désniu.

Lentelé 4.1: Fogelio-Vulcherio désnio aproksimacijos parametrai duomenims
atvaizduotais Pav. 4.5.

Turiné |n{’[o, S} Egs/ks, K | To, K
koncentracija
%
0 -27.4 2689 142
5 -20 1649 91
10 -18 773 152
20 -18 805 180
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Kompozity su MnFe;O4 nanodalelémis dielektrinés savybés

Epoksidinés dervos kompozity su jvairaus dydzio MnFe,O4 nanodalémis
dielektriné skvarba yra pavaizduota Pav.4.6. Dielektriné skvarba didéja
didéjant MnFe»O4 koncentracijai, o ypac staigus padidéjimas buvo pastebétas
ties 30% tairiné koncentracija. Si priklausomybé buvo aprasyta klasikiniu
perkoliacijos désniu (Lygtis (4.1)). ApskaiCiuoti parametrai pateikti
4.2 Lenteléje.
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Pav. 4.6: MnFe;Os epoksidinés dervos kompozity dielektrinés skvarbos
priklausomybé nuo uzpildy koncentracijos daleliy dydis (a) 28 nm, (b) 60 nm.

Lentelé 4.2: Epoksidiniy kompozity su MnFe;O4 intarpais perkoliacijos
désnio parametrai.

Pc, VOlL.% t
28 nm 30 0.58
60 nm 29.3 1.13

Perkoliacijos slenkstis praktiskai nepriklauso nuo MnFe>O4 nanodalelés
dydzio ir yra artimas vertei nustatytai i$stumtojo tirio teorijoje®.
Kompozitams, esantiems Zemiau perkoliacijos slenks¢io esant aukstai
temperatarai (vir§ 380 K), menama kompleksinés dielektrinies skvarbos dalis
stipriai padidéja ir tampa didesné uz realios dielektrinés skvarbos dalj, o tai
reiSkia, kad kompozitas tapo laidziu. I§ tiesy, esant aukStai temperatiirai
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elektrinio laidumo priklausomybé¢je nuo daznio stebima nuo daznio
nepriklausomg ploksc¢ig dalis, kuri atitinka nuolatinés srovés laiduma ir sritj,
kur laidumas didéja didéjant dazniui aukStuose dazniuose (atitinka
kintamosios srovés laidumg). Todél elektrinj laidumg nuolatinei elektrinei
srovéi galima nustatyti i§ laidumo spektry (tai yra dazniniy spektry). Visy tirty
MnFe,O4/epoksidinés dervos kompozity, kuriy daleliy dydis 28 nm,
nuolatinés srovés laidumo vertés parodytos 4.7 paveiksle.
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Pav. 4.7: Epoksidinés dervos kompozity su MnFe,O4 nanodaleliemis (jy dydis
28 nm) laidumo nuolatinio elektros srovei priklausomybé nuo temperatiiros.

Kompozitams esantiems zemiau perkoliacijos slenks¢io (10-25% tiirinés
koncentracijos) ir grynai epoksidinei dervai nuolatinés srovés laidumas
stebimas tik aukStesnéje temperatiiroje (vir§ 380 K). Tokig nuolatinés sroveés
laidumo elgseng lemia tai, kad epoksidiné derva tampa laidi aukStoje
temperatiiroje. Nuolatinés srovés laidumo temperattiriné priklausomybé buvo
aproksimuota pagal Areniuso désnj%:

Opc = 0p€exp (— %) 4.7
¢ia g, yra prieSeksponentinis daugiklis, o E, yra laidumo aktyvacijos energija.
Gauti parametrai iSvardyti 4.3 lentelé¢je. Kaip matyti, laidumo aktyvacijos
energija mazéja, kai uzpildy koncentracija mazéja. Kompozitams,
vir§ijantiems perkoliacijos slenkstj (30% tiirinés koncentracijos), nuolatinés
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srovés laidumas stebimas kambario temperatiiroje, temperattirai augant jo
verté didéja.

Panasus laidumo elgesys buvo pastebétas ir visiems kitiems tirtiems
MnFe;Ou4/epoksidinés dervos kompozitams, kuriy daleliy dydis buvo 60 nm.

Lentelé 4.3: Areniuso désnio aproksimacijos parametrai elektrinio laidumo
nuolatinei srovéi temperatiirinéms prikalusomybéms pavaizduotoms Pav. 4.7.

Turiné co, S/m Ealks, K
koncentracija%
0 0.7-10° 13185
10 0.2-10° 10841
20 0.4-10° 8745
23 7.31 6247
25 7.30 5961
30 6.67 3791

Epoksidiné dervos su Ni@C nanodalelémis dielektrinés savybés

Ni@C / epoksidinés dervos kompozity dielektrinés skvarbos ir elektrinio
laidumo priklausomybés nuo daznio kambario temperatiiroje pateiktos
4.8 paveiksle. Bandiniui, kurio Ni@C koncentracija yra maziausia (10%
tiirinés koncentracijos, tamsiai zalios spalvos uzpildyti simboliai), dielektriné
skvarba silpnai priklauso nuo daznio, o nuolatinés srovés laidumo plokscios
dalies néra (panasiai kaip tus¢ios epoksidinés dervos). Tuo tarpu kiti bandiniai
demonstruoja elektrinj laiduma nuolatiniam elektriniam laukui ir stipria
dielektrinés skvarbos priklausomybe nuo daznio. Didéjant jterpty Ni@C
nanodaleliy koncentracijai, nuolatinés srovés laidumo absoliucioji verté
didéja. Toks rezultatas rodo, kad Ni@C / epoksidinés dervos kompozity
perkoliacijos slenkstis yra nuo 10% iki 15% tarinés koncentracijos.
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Pav. 4.8: Ni@C / epoksidinés dervos kompozity dielektrinés skvarbos (a) ir
elektrinio laidumo (b) daznio priklausomybés kambario temperatiiroje bei
placiame dazniy intervale.

Be to, kompozitams, vir§ perkoliacijos slenkséio, dielektriné skvarba (&)
ir elektrinis laidumas (o) yra pakankami dideli (¢'=10° ir 6=0.6 S/m esant
100 Hz, jei kompozitai turi 30% tarinés koncentracijos Ni@C).
Elektromagnetiniy bangy dazniui did¢jant dielektriné skvarba mazéja, o
elektrinis laidumas didé¢ja. Taciau kompleksiné dielektrinés skvarba islieka
gana didelé net mikrobangy dazniy diapazone, todél Sie kompozitai yra
tinkami naudoti elektromagnetiniam ekranavimui.

Ni@C / epoksidinés dervos kompozity laidumo nuolatinés srovéi
priklausomybé nuo temperatiiros pladiame temperatiiros diapazone
pateikiama 4.9 paveiksle. Kompozitui kuris yra Zemiau perkoliacijos
slenks¢io (Ni@C daleliy tariné koncentracija yra 10%) elektrinis laidumas
stebimas esant aukStesnioms temperatiroms (vir§ 400 K) dél elektrinio
laidumo epoksidinés dervos matricoje. Kompozitams kurie yra laidus
kambario temperatiiroje yra stebimas nedidelis nuolatinés srovés laidumo
sumazejimas didéjant temperatlirai nuo Zemiausiy eksperimentiSkai
pasiekiamy verc¢iy iki 310 K, $is sumazéjimas akivaizdZiai yra susietas su
polimero matricos Silumine plétra. Kaitinant kompozitus kitame temperatiiry
intervale iki maksimalios temperatiiros (500 K), monotoniskai padidéja
nuolatinés srovés laidumo vertés (mazdaug 102-10° karto), $is padidéjimas yra
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salygotas epoksidinés dervos laidumo. Kaitinant kompozitus vir$ 450 K esant
tam tikrom nanodaleliy koncentracijoms yra stebimas staigus elektrinio
laidumo padidéjimas arba sumazejimas, kuris yra susietas su perkoliacinio
tinklo persitvarkymu ir naujo daugiau ar maziau laidesnio perkoliacinio tinklo
atsiradimo. Persiskirstymo efektai tampa dar labiau akivaizdus rezultatuose
atitinkac¢iuose $aldymo ciklg: kompozity elektrinis laidumas padidéja ir tampa
nepriklausantis nuo temperattros. Net gi kompozitui kuriam nebuvo stebima
elektriné perkoliacija iki kaitinimo (10% tidrinés koncentracijos) elektrinis
laidumas nuolatinei srovéi buvo pastebétas po kaitinimo-$aldymo ciklo. Sis
efektas gali buti paaiskintas daleliy persiskirtymu atkaitinus kompozita iki
500 K. Tai reiskia kad atkaitinimas vir§ 500 K gali biiti veiksmingas biidas
sumazinti perkoliacijos slenkst] nagrin¢gjamuose kompozituose. Maziausias
elektrinio laidumo padidéjimas po atkaitinimo stebimas kompozitams, kuriy
Ni@C koncentracija yra didZiausia, akivaizdziai dél maZziausiy atstumy tarp
laidziy klasteriy ir stabiliausio pradinio perkoliacijos tinklo, susidariusio pries§
terminj apdorojima.

Ni@C tariné koncentracija, %

= 10
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0 100 200 300 400 500
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Pav. 4.9: Ni@C / epoksidinés dervos kompozity laidumo nuolatinéi srovéi
priklausomybé nuo temperatiros. IStisinés linijos aukStoje temperatiiroje
atitinka Areniuso désnio aproksimacija.
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4.4 Hibridiniy kompozity dielektrinés savybés
MnFe O«/'DANV hibridiniy kompozity dielektrinés savybés

Epoksidinés dervos/DANV/MnFe;O4 hibridiniy kompozity elektrinio
laidumo ir dielektrinés skvarbos priklausomybés nuo daznio kambario
temperattiroje yra pateiktos Pav. 4.10.
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Pav. 4.10: Epoksidinies dervos/ DANV / MnFe;Os hibridiniy kompozity
elektrinio laidumo ir dielektrinés skvarbos priklausomybés nuo daznio
kambario temperatiiroje (nanodaleliy koncentracija nurodyta tiiring).

Esant Zemiems dazniams (Zemiau 1 MHz), kompozity dielektriné skvarba
ir elektrinis laidumas stipriai priklauso nuo MnFe;Os4 nanodaleliy
koncentracijos. Hibridiniuose kompozituose, kuriy DANV tariné
koncentracija yra 0.09%, pridéjus nedidelj kiekji MnFe2O4 (0.025% turinés
koncentracijos) nelaidus kompozitas (atviri zalieji simboliai, 4.10 pav.),
hibridinis kompozitas tampa laidZiu, o jo laidumo verté padidéjo net 10 karto.
Esant didesnéms MnFe;O, tlrinéms koncentracijoms (0.05% ir 0.35%)
kompozity elektrinis laidumas yra maZesnis. O esant didziausioms MnFe;O4
tarinéms koncentracijoms (0.65%, 5% ir 10%) kompozitai yra visiskai
nelaidiis nuolatinei srovéi (laidumo spektruose néra biidingojo plato), o
laidumas kintamai elektrinei srovéi yra daug mazesnés nei kompozitams be
MnFe204 intarpy. Elektrinio laidumo maksimumas, stebimas esant 0.025%
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MnFe;O, turinei koncentracijai, buvo vizualiai iSreikStas atsizvelgiant |
atitinkamg koncentracing priklausomybe kambario temperatiiroje ir esant
129 Hz dazniui, kaip parodyta 4.11 paveiksle (dielektrinés skvarbos ir
elektrinio laidumo rezultatai pateikiami prie§ ir po atkaitinimo 500 K
temperatiiroje).
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Pav. 4.11: Epoksidinés dervos DANV ir MnFe;Os nanodaleliy hibridiniy
kompozity dielektrinés skvarbos ir elektrinio laidumo priklausomybé nuo
uzpildo koncentracijos, esant dazniui 129 Hz ir kambario temperatiirai,
DANV tiiriné koncentacija (a) 0.09%, (b) 0.58%.

Taigi, Sioje kompozity serijoje su zemiau perkoliacijos esan¢ios DANV
koncentracijai galima pastebéti dviejy uzpildy sinergijos efekts, kuris
stebimas tik esant tam tikriems mazoms MnFe,Os koncentracijoms. Sj
rezultatg i$ dalies galima paaiskinti analizuojant elektroninés mikroskopijos
nuotraukas. Geriausias DANV pasiskirstymas buvo stebimas bandiniui, kurio
MnFe;O4 koncentracija buvo maziausia. Be to, tarp DANV ir MnFe;O4
klasteriy gali vykti elektrinis transportas, ir Sis mechanizmas turéty lemti
bendrg kompozito laidumo padidéjimg. Taciau jo indélis j bendrg laiduma
akivaizdziai yra daug mazesnis nei tunelinis laidumas tarp DANYV Kklasteriy.

Antrosios DANV serijos, kurios DANV tiriné koncentracija yra
pakankamai didelé — 0.58%, | pradinj laidyjj kompozita pridéjus bet kokij
nedidelj MnFe;O4 kiekj (iki 0.58% tiirinés koncentracijos) absoliucios
elektrinio laidumo vertés tapo mazesnés (zr. 4.10b ir 4.11b pav.). Taigi, esant
gerai suformuotam DANV perkoliacijos tinklui, bet koks magnetiniy
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MnFe;O4 daleliy kiekis lemia elektrinio laidumo sumazéjima. Tai reiskia, kad
Siai bandiniy serijai sinergijos efektas néra stebimas. Pastebétas efektas gali
buti paaiskinamas blogesniu DANYV pasiskirstymu dél MnFe>;O4 nanodaleliy
pridéjimo.

Ni@C/DANYV hibridiniy kompozity dielektrinés savybés

Siekiant pamatyti DANV makroskopinj pasiskirstyma, panoraminiai
epoksidinés dervos / DANV /Ni@C hibridiniy kompozity SEM vaizdai
pateikti 4.12 paveiksle (DANV Kklasteriai matomi kaip juodos démés, kurias
patvirtina didesnés skiriamosios gebos SEM nuotraukos). DANV tinklas
aiSkiai pastebimas kompozituose, kuriuose yra 0.6% Ni@C (4.12b pav.),
kompozituose, kuriuose 1% Ni@C tiriinés koncentracijos DANV klasteriai
yra tolygiai pasiskirste, o kompozituose be Ni@C néra DANV makroskopinés
struktiiros. Tai gerai sutampa su auk$ciau aptartais rezultatais, kad DANV
klasteriai gali sumazinti perkoliacijos slenksting verte?’. MaZesni Ni@C
klasteriai veikia kaip DANV Kklasteriy separatoriai (4.12 pav.) ir palaiko tam
tikrg makroskopiniag DANV tinklo struktiirg (4.12b,c pav.).

R 9

'7 \ B ;‘ Nk

Pav. 4.12: Epoksidinés dervos DANV ir Ni@C nanodaleliy hibridiniy
kompozity skenuojancio elektroninio mikroskopo (SEM) nuotraukos, (a) 0,
(b) 0.6, ir (c) 1% Ni@C tirinés koncentracijos.
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Hybridiniy DANV/Ni@C kompozity dielektrinés skvarbos ir elektrinio
laidumo dazninés ir koncentracinés (esant fiksuotam 129 Hz dazniui)
priklausomybés kambario temperatiiroje yra pavaizduotos atitinkamai 4.13 ir
4.14 paveiksluose. Ni@C pridéjimas j nelaidy kompozita su DANV (kuris yra
zemiau perkoliacijos slens¢io) salygoja elektrinio laidumo nuolatinéi srovéi
atsiradimg. Nuolatinés srovés laidumas kinta nemonotoniskai, didéjant Ni@C
nanodaleliy koncentracijai. Pirma, op. padidéja, tada, pasiekes maksimalig
verte, kai Ni@C tiiriné koncentracija yra 0.2%, ji pradeda mazéti. Tai rodo
sinergijos efekta tarp dviejy uzpildy esant mazam Ni@C kiekiui. Galbit
nedideli Ni@C klasteriai, esantys tarp nanovamzdeliy, padeda jiems uzbaigti
DANV perkoliacijos tinklo formavimasi. Mazi Ni@C kiekiai iki 0.2% tiirinés
koncentracijos pagerina DANYV dispersija polimero matricoje, tuo tarpu esant
didesnei Ni@C koncentracijai, padidéja aglomeraty skaiCius ir dél to
pastebimas DANV pasiskirstymo pablogéjimas (Zr. SEM vaizdus
4.12 paveiksle).
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Pav. 4.13: Hibridiniy DANV/Ni@C kompozity dielektrinés skvarbos ir
elektrinio laidumo dazninés priklausomybés kambario temperatiiroje.
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Pav. 4.14: Hibridiniy DANV/Ni@C kompozity dielektrinés skvarbos ir
elektrinio laidumo koncentrancinés priklausomybés kambario temperaturoje.

4.5 Mikrobangiy absorberiy ir suderinty bangolaidiniy apkrovy
dizainas pritaikius medziagas su elektriniais nuostoliais

Efektyvus elektromagnetinés spinduliuotés absorberiai yra labai svarbus
daugeliui  praktiniy = problemy, susijusiy su elektromagnetiniu
suderinamumu®. Bangolaidzio suderinta apkrova yra jprastas prietaiso
pavyzdys, kuris sugeria elektromagneting energija beveik neatspindédamas
krintancios elektromagnetinés bangos. Paprastai tokiy komponenty dizainas
yra pagrjstas ilgu pleistu arba piramide, jdéta j bangolaidZio centrg?®. Pleistas
pagamintas i§ nuostolingos medZziagos (pvz., karbonilo gelezies daleliy ir
epoksidinés dervos kompozitas), o jo virSus orientuotas j krintanc¢ios bangos
Saltinj. AnksCiau buvo parodyta optimalaus kompleksinés dielektrinés
skvarbos (arba elektrinio laidumo diapazono keli S/m mikrobangy dazniy
diapazone) verté, norint efektyviai absorbuoti elektromagnetines bangas®®.
Nepaisant to, praktikoje daznai sunku pasiekti optimalig dielektring skvarbg ir
vienu metu kontroliuoti medziagy nuostolius ir jy mechanines savybes.
Turimy jprasty medziagy nuostoliai daznai yra maZesni uz optimalias vertes,
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todél pleisto ilgis padidéja, kad biity pasiektas butinas elektromagnetinio
susilpninimo lygis.

Periodinés piramidinés struktiiros yra naudojamos kaip plac¢iajuoscio rysio
absorbentai beaidéms kameroms?’. Viskadourakis ir kt. tyré be nuostoliy
piramidinés struktiiros ekranavimo efektyvumag 3.5-7 GHz dazniy
diapazone?®, Nornikmanas ir kt. - esiakampes piramides 1-20 GHz daZniy
diapazone?, piramidines struktiiras pritaiké kaip anteng 3.3-8.0 GHz dazniy
diapazone®. Taciau visi minéti komponentai buvo pagaminti i§ nelaidziy
polimery. Kuriant piramidines struktiras, pagristas nuostolingomis
medziagomis, atsiveria naujos galimybés elektromagnetiniy trukdziy (ETI)
ekranavimo srityje. Visy pirma, Sie sprendimai leidzia miniatifirizuoti
mikrobangy komponentus, tokius kaip absorberiai ir apkrovos. Pigi ir laiko
taupanti galimybé gaminti sudétingos formos jtaisus ir konstrukcijas yra 3D
spausdinimas. Bus parodyta, kad vidutinio elektros laidumo nuolatinés srovés
laidumo gija (t. y. = 1 S/m) yra universalus mikrobangy slopinimo elementy,
suprojektuoty 3D spausdinant, vidurkis.

Sis skyrius skirtas periodiniy piramidiniy konstrukcijy, pagristy
nuostolingomis medziagomis, kaip ekranavimo komponenty ir suderinty
apkrovy projektavimo, taikymo pranasumams tirti. Bus pateiktas skaitinis
elektromagnetiniy savybiy modeliavimo metodas ir optimalus geometriniy
parametry jvertinimas. Metodo efektyvumas bus patikrintas eksperimentiskai
tiriant 3D spausdinty nanoanglies pagrindu pagaminty nuostolingy
piramidiniy strukttry ekranavimo efektyvumg 12-18 GHz (Ku-juostos) ir 26—
37 GHz (Ka-juostos) dazniy diapazonuose.

Piramidiniy struktiry elektromagnetiniy savybiy simuliacijos

Klasikinis suderinto apkrovos darbo principas grindziamas suglotnintu
peréjimu i$ tuscio bangolaidzio j bangolaidj, uzpildyta nuostolinga medziaga.
Paprastai nuostolingas regionas yra padarytas ilgo pleiSto ar piramidés
pavidalu ir dedamas ] bangolaidzio centrg, kuris virSuje orientuotas i
krintan¢ig elektromagneting banga (4.15pav. (Iterpimas)). Piramidés
pagrindo koordinaté priskiriama (x=0), dh yra piramidés aukstis, hy yra
padéklo (piramidés pagrindo) storis. Atlikus homogenizavimo procediira,
efektyviojo luzio rodiklio n priklausomybé nuo piramidinés struktiros
koordinatés x yra tokia:

n(x) = np(l — S(x)) + nyS(x) (4.8)
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kur
{ 1, x < —(hy+dh)
2
SGo) = { 1— (R — (ho +dh) < x < —hg 4.9)
0, —hy<x<0
k 1, x>0
ir n,, yra liZio rodiklis medZiagos i$ kurios padaryta piramide¢, n, oro liZio
rodiklis. Erdvinis lizio rodiklio pasiskirstymas atitinkantis lygtj (4.8) yra
pavaizduotas Pav. 4.15.

bangos sklidimo
4| kryptis _— |
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Pav. 4.15: Erdvinis liuzio rodiklio pasiskirstymas piramidinéje struktiiroje
atlikus homogenizacijos procediirg (viduje: piramidés patalpintos
bangolaidyje vaizdas i§ Sono).

Santykin¢ amplitude atspindéto signalo Sy4 ir praéjusio S, per piramidé
galima lengvai apskaiCiuoti panaudojus daugiasluoksnj metodg iSvystyta
Lygtys (4.3)-(4.4). Slopinimas SE yra apibréZiamas taip SE; =
—20log,¢S21. Panasiai slopinimas dél atspindzio apibréziamas kaip SEp =
—20log1pS11-

Naudotos 3D spausdinimo gijos kompleksinés dielektrinés skvarbos ir
lazio rodiklio (tai yra polilaktido matricos kompozitas su 12% DANV masinés
koncentracijos) priklausomybés nuo daznio, perskaiciuoty i$ eksperimentiskai
iSmatuoty spausdinto lygiagretaus sluoksnio S-parametry®, pateikti
4.16 paveiksle. Kaitinimo sitlas turi dideliy nuostoliy tangenta (ne maziau
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kaip 0.4 visame dazniy diapazone). Be to, medziaga turi dielektring dispersija,
jos dielektriné skvarba mazéja did¢jant dazniui. Tokia dielektriné dispersija
yra budinga DANV kompozitams, kuriy uzpildy kiekis virsija perkoliacijos
slenkstj, mikrobangy daznio diapazone®.
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Pav. 4.16: Spausdintos medziagos kompleksinés dielektrinés skvarbos ir
kompleksinio liizio rodiklio daznio priklausomybés Ku- ir Ka-dazniy
diapazone.

Maziausias piramidziy aukstis ir padéklo storis buvo apskaiciuoti
naudojant siilomg modelio lygtis (4.8)-(4.9). Buvo padaryti keli
supaprastinimai. Daznis buvo parinktas 30 GHz, efektyvieji ekranavimo
kriterijai buvo parinkti taip SE+>20 dB ir SEx>20 dB (tai atitinka daugiau nei
99% krintancios bangos galios absorbcija).

Skai¢iuojant dh, padéklo aukstis buvo ho=2 mm. Siuo atveju piramidés
elektromagnetinis slopinimas priklauso tik nuo jos auks¢io ir panaudotos
medziagos dielektrinies skvarbos. Tada dh ir € deriniai, atitinkantys minétus
elektromagnetinio slopinimo kriterijus, pateikiami kaip regionai &''(g")
koordinatémis 4.17 paveiksle. dh sumaz¢jimas lemia galimy € deriniy srities
susiauréjimg. ISmatuotas kaitinimo siiilelio kompleksiné dielektriné skvarba
esant 30 GHz dazniui yra €=16.74—i6.17 (4.16 pav.). Maziausias piramidés
aukstis dh, reikalingas efektyviam ekranavimui, yra 8-9 mm Ka juostai.
Panasiai buvo jvertintas Ku-juostos dh=22 mm.
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Pav. 4.17: Piramidés aukstis reikalingas efektyviam elektromagnetiniy bangy
slopinimui (20 dB) kaip kompleksinés dielektrinés skvarbos funkcija.

Pagrindo storio h, skaiCiavimams naudotas gautas dh=8 mm.
Priklausomybés SE; ir SEx nuo pagrindo storio h, pateiktos 4.18 paveiksle
(uzpildyti simboliai). SEg svyravimai, susije su trukdziais, o SE; didéja
monotoniskai. Sie svyravimai gali biiti eliminuoti padidinus piramidziy aukstj
dh. Lygiagre¢iojo sluoksnio (dh=0mm) SE ir h, taip pat pateikti
4.18 paveiksle (Zr. atvirus simbolius). Tiek plok§tumos sluoksnio SEj tiek
SEr yra zymiai mazesni, palyginti su piramidine struktiira. Tikimasi, kad SE;
didés kartu su storiu, taciau SER iSlieka mazesnis nei 5 dB. Tai reiskia, kad
ploksciasis sluoksnis negali vienu metu pademonstruoti dideliy SE; ir SER
parametry verciy (arba, Kitaip tariant, absorbcijos gebos) esant bet kokiam
pagrindo storiui.
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Pav. 4.18: SE; ir SEg parametry priklausomybés nuo padéklo storio.

Sitlomas laipsniskai kintan¢io luzio rodiklio metodas yra naudingas
praktiskai projektuojant piramidines suderintas apkrovas. Jame pateikiami
minimals geometriniai parametrai, reikalingi efektyviam
elektromagnetiniam slopinimui, atsizvelgiant | naudojamos medziagos
dielektrines savybes. Tam tikru kaitinamojo sitilo laidumo atveju hy=2 mm,
dh=8-9 mm (Ka-dazniy diapazonas) ir dh=22 mm (Ku-dazniy diapazonas)
deriniai yra minimalQis parametrai, leidziantys pasiekti 20 dB lygj tiek SE,
tiek SER lygius.

Mikrobangiai matavimai

Atspausdinti piramidiniai méginiai ir eksperimentiskai iSmatuoti Ku- ir
Ka-dazniy diapazony ekranavimo efektyvumas pateikti atitinkamai 4.19 ir
4.20 paveiksluose. Abi Ku- ir Ka- dazniy diapazony strukttiros, nepaisant kai
kuriy spausdinimo problemy, rodo auksta SE;+>20 dB ir SEx>20 dB lygj ir
gali buti naudojamos kaip efektyvios suderintos apkrovos arba absorberiai
beaidése kamerose. MedZziagy su nuostoliais, kai yra didelé kompleksiné
skvarba, naudojimas leidZia pasiekti panaSy ekranavimo efektyvumg su
mazesnémis piramidémis (zr. 4.4 lentelg). Dar daugiau, prieSingai nei
literatiiroje vardinami rezultatai?®3>3¢, 4.20 paveiksle parodyta, kad tiek
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perduodami, tiek atspindéti signalai yra gerai susilpninti. Tai jmanoma dél
dideliy ominiy nuostoliy medziagy masé¢je ir bangy, iSsisklaidanciy dél
bandinio geometrijos, derinio. Svarbu pazyméti, kad dideli ominiai nuostoliai
nagrinéjamose medziagose buvo pasiekti dél polimery matricoje susidariusio
nuolatinés srovés laidumo DANV pagrindu sukurto tinklo. D¢l
depoliarizacijos poveikio DANV aglomeratai, esantys Zemiau perkoliacija
esanCiame kompozite, silpnai sgveikauja su mikrobangy spinduliuote.
Nepaisant to, aglomeratai jtraukiami j nuolatinés srovés laidumo kompozito
perkoliacinj tinklg (kuris tiksliai atitinka maisy eksperimenting situacija), jie
prisideda prie efektyvaus elektromagnetiniy bangy sklaidos ir silpninimo.

Lentelé 4.4: Piramidiniy strukttiry elektromagnetinio slopinimo palyginimas.

Medziagos parametrai dh, ho, SER, SEr, Daznis, Nuorodos
mm mm dB dB GHz

£=2, tan6=0.2 90 25 45 n/a 10 %2
£=2.492, tan§=0.956 130 20 42.93 n/a 10-15 Pheksagoniné
£=2.9, tan5=0.084 130 nfa | 43.294 n/a 10-15 FBtrigoniné
BlackMagic 3D 2 2 12 n/a 55 34
VeroBlack 80 20 20 n/a 100 %
e=1.5, tan6=0.26 40 20 40 n/a 30 36
£=18.66, tan6=0.38 22 2 40.15 28.09 174 Sis darbas
£=15.55, tan§=0.39 8 2 2388 | 39.17 35.7 Sis darbas

Pav. 4.19: 3D spausdintos piramidés ir bangolaidinés sistémos kairéje Ku
dazniy diapazone, desinéje Ka dazniy diapazone.
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Pav. 4.20: Slopinimo ir S parametrai (viduje) 3D spausdintos piramidés Ku ir
Ka dazniy diapazone.

Mikrobangy elektromagnetinio slopinimo modeliavimas

Pagal auksciau pateiktg ir sékmingai pritaikyta modelj, atsizvelgiant |
medziagy savybes (kompleksing dielektring skvarbg arba kompleksinj 1Gzio
rodiklj), reikiama dazniy diapazong ir pagrindo stori, galima jvertinti
piramidiniy strukttry ekranavimo efektyvuma iki eksperimento.

Tarp epoksidiniy kompozity su magnetinémis nanodalelémis, iStirty
auksciau, Ni@C sistemai kompleksiné dielektriné skvarba iSlieka gana didelé
net mikrobangy dazniy diapazone. Tai reiskia, kad Sie kompozitai yra tinkami
elektromagnetiniam ekranavimui dél dideliy dielektriniy/magnetiniy
nuostoliy. Konstruojant piramidines struktiiras, pagrjstas Ni@C kompozitais,
absorbcijos geb¢jimag galima Zymiai pagerinti, o optimizavimo modelis gali
padéti numatyti Sias savybes. 4.5 lenteléje pateikiamos piramidiniy struktiiry,
pagaminty i$ Ni@C kompozito, kurio pagrindo storis hy=2 mm, ir skirtingy
piramidés auks¢iy dh (nuo 8 iki 15 mm), bangolaidyje, esant 30 GHz,
absorbcijos gebé&jimy prognozeés.
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Lentelé 4.5: Piramidiniy strukttry, pagaminty i§ Ni@C kompozito, kurio
pagrindo storis hy=2 mm ir skirtingi piramidés auks$¢iai dh, absorbcijos (%)
prognozavimas bangolaidyje esant 30 GHz daZniui.

Tdarine dh, mm
koncentracija 0 8 9 10 11 12 13 14 15
15 % Ni@C 290 | 719 | 749 | 771 | 788 | 806 | 824 | 84.1 | 855
25 % Ni@C 440 | 89.6 | 90.7 | 921 | 936 | 94.6 | 953 | 959 | 965
30% Ni@C 62.0 | 956 | 96.0 | 96,5 | 975 | 98.0 | 98.3 | 98.6 | 99.0

4.6 1svados

1. Fe;03-H20 nanostulpeliy / epoksidinés dervos kompozity dielektrinés
savybés buvo tiriamos pla¢iame dazniy diapazone nuo hercy iki
terahercy 200-450 K temperatiiroje. Sioje sistemoje perkoliacijos
slenkstis yra arti 40% ttirinés koncentracijos.

2. MnFe;04 ir epoksidinés dervos kompozity, turinciy dviejy skirtingy
dydziy sferinés formos nanodalelés (28 ir 60 nm), dielektrinés savybés
buvo istirtos dazniy diapazone nuo 20 Hz iki 1 MHz ir temperataros
diapazone nuo 150 iki 500 K. Parodyta, kad kompozity su mazomis ir
didelémis MnFe,04 nanodalelélimis perkoliacijos slenks¢iai yra 30%
ir 29.3% tarinés koncentracijos, atitnkamai. Nedidelis perkoliacijos
slenkscio vertés skirtumas yra susijes su geresniu didesniy nanodaleliy
pasiskirstymu.

3. Pastebéti keli bendri Fe203-H20 / epoksidinés ir
MnFe;04 / epoksidinés sistemos bruozai:

e Kompozity dielektrinj elgesi zemiau perkoliacijos slenkscio
daugiausia lemia relaksacija grynoje polimero matricoje.
Kompozity vir§ perkoliacijos slenkscio dielektrinés savybés lemia
perkoliacinis tinklas, kurj sudaro kompozito viduje esancios
nanodalelés.

e Nuolatinés srovés laidumas zemuose daZniuose stebimas dél
atsitiktiniu budu pasiskirs¢iysiy elektriniy kraviy ir didéja didéjant
uzpildo koncentracijai. Esant pakankamai aukstai temperatrai,
dél baigtinio epoksidinés dervos laidumo, nuolatinés sroveés
laidumas kompozituose atsiranda tiek vir§, tiek Zemiau
perkoliacijos slenkscio. Aktyvacijos energija maz¢ja, kai uzpildy
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koncentracija did¢ja, tai rodo, kad elektrinis transportas vyksta

bendrai uzpildy ir epoksidinés matricos posistemiuose.
Istirtos Ni@C / epoksidinés dervos kompozity dielektrinés ir
elektrinés savybés placiame dazniy (20 Hz — 40 GHz) ir temperatiiros
(30-500 K) intervaluose. Sios sistemos perkoliacijos slenkstis yra tarp
10% ir 15% thrinés koncentracijos. Papildomas S$iy kompozity
atkaitinimas iki 500 K Zymiai sumazina perkoliacijos slenkstj, Zemiau
negu 10% tdrinés koncentracijos. Taciau padidéjus Ni@C
koncentracijai, nanodaleliy dispersijos kokybé polimere smarkiai
blogéja. Tai jrodo SEM nuotraukos ir relaksacijos trukmiy
pasiskirstymy analizeé.
Ni@C / epoksidinés dervos kompozitai smarkiai slopina mikrobangy
dazniy diapazono elektromagneting spinduliuote, pavyzdziui, 2 mm
storio  didziausios  koncentracijos bandinys (30%  turinés
koncentracijos Ni@C) praleidzia tik 17% krentancios bangos galios.
Hybridiniy epoksidinés dervos / DANV / MnFe;O4 ir epoksidinés
dervos /IDANV/ Ni@C kompozitai demonstruoja rysky sinergijos
efekta, kai DANV koncentracija yra Siek tiek zemesné nei
perkoliacijos slenkstis (atitinkamuose kompozituose su vienos riisies
uzpildu) ir kai antrojo magnetinio uzpildo koncentracija yra nedidelé
(palyginama su DANV koncentracija). Epoksidinés
dervos / DANV /MnFe;0, hybridiniy kompozity elektrinio laidumas
maksimumas stebimas arti 0.025% tarinés mangano ferito
koncentracijos, jo verté yra apie 10° didesné negu laidumas kompozity
be MnFe,0; intarpy. Epoksidinés dervos / DANV / Ni@C kompozity
elektrinis laidumas yra didZiausias esant 0.2% Ni@C tarinei
koncentracijai, o laidumo verté $iam kompozitui yra bent 10° didesné
negu kompozity turin¢iy tik DANV.
Kompozitams, kuriy DANV koncentracija virSija perkoliacijos
slenkstj sinergijos efekto nepastebéta jokiam MnFe»O4 kiekiui.
Sinergijos efekty atsiradimas polimery kompozity elektrinése
savybése yra stipriai susijges su palankiu nanodaleliy pasiskirstymu
polimero matricoje. Dielektrinés relaksacijos spektroskopijos procesai
daugiafaziuose kompozituose, esant tam tikrai fiksuotai laidaus
funkcinio uZzpildo koncentracijai ir skirtingai papildomo uZzpildo
koncentraciaji, gali padéti optimizuoti uzpildy pasiskirstyma sinergijai
pasiekti.
Buvo apsvarstyta periodiné¢ piramidiné strukttra, pagrijsta laidzia
nuostolinga medziaga, kaip efektyvus mikrobangy absorberis ir
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kompaktiska suderinta apkrova. Piramidés geometrijos parametrai
buvo gauti optimizuojant ekranavimo efektyvuma, palyginti su
medziagos kompleksinémis dielektrinémis savybémis. 3D spausdintos
piramidinés  struktiiros su apskaiCiuotais parametrais buvo
eksperimentiskai iSbandytos mikrobangy dazniy diapazonuose, ir jos
parodé¢, kad tiek atspindéty, tiek perduodamy signaly
elektromagnetinis slopinimas vir§ija 20 dB. Sukurta piramidés
parametry vertinimo technika gali biiti veiksmingai naudojama pries$
eksperimenta, nes joje atsizvelgiama | medziagos kompleksines
dielektrines savybes, reikiamg dazniy diapazong ir piramidés dydzius.
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