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Chapter 1

Introduction

1.1 Recent progress in material science: polymer nano-

composites

The ability of polymers to act as electrical insulators is the basis for their wide-
spread use in the electromagnetic field, the resistivity of which is generally
around 10" QOm. However, material designers have sought to impart conduc-
tion to polymers by blending insulating polymers with conductive ingredients
such as carbon blacks, carbon fibers, metal particles or conducting polymers such
as polyaniline [1]. As a consequence, a range of so-called conductive polymer
composite has come to existence since the 1950s with the resistivity between the
metallic conductor (1077 Qm) and insulating materials (10'® Qm) [2]. Such poly-
mers can find their applications in many fields such as floor heating elements,
electronic equipment [3], important strategic materials such as electromagnetic
interference (EMI) shielding [4], apart from the conventional application of
semiconducting materials for dissipation of static electricity [5]. More recently
conductive composites have been used for sensing components [6, 7]. Com-
pared with the metallic conductor, conductive polymer composites have the
advantages of ease of shaping, low density, and the wide range of electrical
conductivities as well as corrosion resistance [5, 8]].

Since the carbon nanotubes (CNT) were discovered by lijima [9] it become the
point of interest as the functional filler for the composites. CNT is the graphene
list rolled particular order to form the tube. Composites filled with CNT are
widely studied due to the possibility to improve mechanical [10], electrical [11],
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1.1. Recent progress in material science: polymer nanocomposites

shielding properties of the polymers. Due to the high aspect ratio of the CNT,
it is possible to improve the composite using the very low content of the filler
(usually lower then 3-4 wt. %), so the advantages of the polymers like flexibility,
wear resistance are also kept. However, the CNT has also several disadvantages.
Mainly the ability of the nanotubes to agglomerate leads to the non-uniform
distribution of filler in the composite. As the result, we should increase the
necessary amount of filler that may cause the destruction of the polymer.

A two-dimensional graphitic nanostructured material, in particular, graphite
nanoplatelets (GNP) is a great alternative to carbon nanotubes to be used as a
filler. GNP opens new perspectives to the material science for several reasons: (i)
it is cheaper then CNT, (ii) it has lower agglomeration ability, (iii) the synthesis
of GNP is simple and does not require sophisticated equipment, (iv) it is safer
for the health. Due to mentioned, the big amount of the researcher’s activity
was aimed to study the GNP / polymer composites.

Despite the significant success achieved in this field, there are still a lot of
open questions.

Mainly the possible applications require the multifunctional materials, that
can be used in different aggressive conditions. For instance, in avionics, it
is important for the composite to be usable at higher or lower temperatures.
However, the systematic study of the temperature behaviour of the dielectric
properties was not performed.

Another attractive point is hybrid composites with two or more different
fillers (carbonaceous or not). Many researchers report on the experimental
observation of the synergetic effects of polymer composites filled with different
combinations of carbon relative fillers, for instance: CNT + GNP [12, [13], [14],
GNP + carbon black (CB) [15, [16] 17]. But only a few theoretical or numerical
models contribute to describing the properties of the hybrid composites of this
type [18].

Different type of hybrid composite is carbon-based composites with non
- carbon phase, like ferroelectrics or ferromagnetics, were investigations are
mainly aimed to combine the advantages of both fillers in the final composite.
Such composites are promising for the wave absorption systems, energy storage
properties [19] and electronic device applications [20]. Researchers are mostly
focused on the CNT + ferroelectric hybrids, while GNP+ferroelectric systems

receive less attention.
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1. Introduction

1.2 Aims and tasks of the work

The main aim of the current work is to investigate the dielectric properties of
the composites with 2D carbon inclusions.

The tasks of the current work are:

1. Study the dielectric properties of polymer composited filled with 2D
nanostructured graphitic inclusions in a wide frequency and temperature

ranges.

2. Study the dielectric and piezoelectric properties of the hybrid systems
based on the ferroelectric / polymer composites with addition of 2D

nanostructured graphitic inclusions.

3. Develop the numerical model for the percolation phenomena descrip-
tion in composites filled with 2D inclusion and hybrid (different types of

inclusions).

The main instruments of the experimental investigations are broadband dielec-
tric spectroscopy and acoustic spectroscopy. The main method of numerical
study is Tabu search method based on the Monte Carlo approach.

1.3 Novel contributions

1. The experimental study of dielectric properties of composite systems
based on insulating polymer matrices (epoxy resin and PU) with GNP
and FMG inclusions respectively, in wide frequency (20 Hz — 2 THz) and
temperature (100 — 600 K) ranges were performed. The significant rise of
the permittivity and conductivity was observed upon the first heating /
cooling cycle. For the first time, the effect of the inclusion redistribution
above the polymer glassy temperature was proved to be the most possible
physical mechanism of the phenomenon. The redistribution effect was
demonstrated for the cases of GNP / epoxy resin composite and FMG /

polyurethane composite.

2. For the first time, the experimental study of dielectric and piezoelectric
properties of the hybrid polymer composite with inclusions of GNP and

triglycine sulfate crystallites was performed. The strong synergy between

12



1.4. Author’s contribution

GNP and ferroelectric particles was demonstrated. Two physical mech-
anisms underlying this synergy are the following: higher dispersion and
therefore finer distribution of TGS particles in multiphase composites, and
the creation of local electric fields by GNP inside the composite.

3. Monte Carlo Model based on Tabu search method for the modelling of the
percolation processes in composites with randomly distributed inclusions
was developed. The limiting case of 2D inclusions distributed in the matrix
below and close to percolation threshold was confirmed via comparison
with available experimental data. For the first time, the Monte Carlo based
model was applied for the simulations of hybrid composites, comprising
2D+1D inclusions.

1.4 Author’s contribution

The author performed all the dielectric studies described in the dissertation.
He also produced hybrid composites of TGS / GNP epoxy resin during an
internship at Epinal University, supervised by prof. Alain Celzard (Epinal
University). Piezoelectric measurements were performed with the help of doc.
V. Samulionis. The model was developed with Prof. Patrizia Lamberti. The
calculations program has been written and all calculations have been done by
himself. The author wrote the articles himself (on the basis of which he prepared

a dissertation), in consultation with the authors.

1.5 Statements presented for defence

1. The redistribution effects appear in polymeric composites with two dimen-
sional graphitic inclusions close to the percolation threshold after the first
annealing above the glass transition temperature. After the first anneal-
ing above the glass transition temperature electromagnetic properties of
epoxy resin and PU composites in a wide frequency range substantially

improved due to the better distribution of the inclusion particles.

2. The dielectric and piezoelectric properties of polymeric composites with
ferroelectric inclusions are strongly improved by the addition of GNP in

wide temperature range due to the better distribution of particles and
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1. Introduction

1.6

creation of local electric field by GNP which enhances the piezoelectric

response of ternary composition due to electromagnetic coupling.

. The numeric model for the percolation threshold calculation in composites

filled with randomly distributed nanosized inclusions was developed. The
main advantage of the model is the possibility to be applied for the differ-
ent dimensionality (0D, 1D, 2D), mean size distribution of the filler, and
what is more important, different filling fractions for any of the additives
combinations.
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Chapter 2

Overview

2.1 Dielectric permittivity

The relative permittivity (¢) and the permeability (1) are main material paramet-
ers in electrodynamics. For nonmagnetic material i« = 1. Generally, the dielectric
permittivity defined as the ratio of the electrical field amplitude in material and
in a vacuum. In case if the material has nonzero dielectric losses, then not only
the amplitude changes but also the phase ¢. Then the dielectric permittivity
can be introduced as the complex number. In that case, the relative permittivity
defined as follows. The equation for a planar wave which propagates along =
direction states [21]:

E = Eyet~= (2.1)

where i is an imaginary unit, k£ is a wave number, z is coordinate, w = 27v is an
angular frequency, and ¢ is the time. Being propagated inside the material with
complex refraction index n = n’ + in” the wave equation (2.1 will read:

D = egqEye™t*= (2.2)

here £y ~ 8.854107'?F /m - is the dielectric constant (vacuum permittivity). The
complex permittivity can be recalculated into polar coordinates as:

e=¢ —ie" = |ele™™. (2.3)
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2.1. Dielectric permittivity

Where |¢| = Ve + ¢ and § = arctg(i—’,’) are modulus and the loss angle ¢. The
complex dielectric permittivity can be presented in polar coordinates as:

D = Eo‘gyefiSEoeiwtfikz — goyg‘Eoeiwtfiﬁfikz’ (24)

In present work, we will keep the notation of ¢ = &’ — ic”. In case of the
anisotropic material, the dielectric permittivity presents a frequency dependent
complex tensor ¢(w) = ¢;;(w). In present work we are focused on the investiga-
tion of non-anisotropic materials, so we denote the permittivity as frequency
dependent complex scalar e(w) = ¢'(w) — ic” (w). Next, the most basic cases of

frequency dependencies of permittivity will be discussed.

2.1.1 Debye relaxation

The Debye relaxation model was developed to describe the response of polar
liquid to an externally applied electric field. More details presented in book [22].
The main idea is that the reorientation of the dipoles is not immediate, and some
finite amount of time is necessary. Mathematically it reads as follows. Let at the
initial moment ¢ = 0, the electric field of E;, applied to the material. Then the
time dependence of the electric displacement vector reads:

D(t) = eoeac B + £0(€s — £00) o1 E, (2.5)

where ¢, and ¢, are the static and high-frequancy limits of ¢. The first term
corresponds to the immediate response of the system, and the second term
corresponds to the slow dipole polarisation. Heref;(¢) is the time-dependent
function, which by definition is f,(0) = 0, and fy(co) = 1. The time dependence
of the polarisation vector can be described as follows:

dP  P(o0)— P(t)

il S A 2.6
dt T ’ 26)

where 7 is the relaxation time. Solving the equation one can obtain:
P(t) = P(o0)(1—e™T), (2.7)
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2. Overview

If we compare equations (2.5) and (2.7) we can obtain the function fy(¢) in

explicit form of:
folt) = (1 —e7/m). (2.8)

Lets calculate the derivative of the equation (2.5):

dD(t) dE(t) E(t) D(t)
Nt L == 2.
dt F0%e0 dt + Eoss T T 29)
In case if external field has the form of E(t) = Eye ™" and the electric displace-
ment vector is D(t) = Dye ™), the equation l) can be transformed into

linear, and the well-known Debye equation may be obtained:

(2.10)

From the equation the real and imaginary part of the permittivity may
be derived as follows:
e = Eoo + ﬂ
1+ w?r?
n (65— Eco)wT
= T

(2.11)

It can be easily shown, that the equations are the parametric equation
for the semicircle. The presentation of as ”(¢’) is known as Cole-Cole plot.
The equation is widely used for the descriprion of the experimental data
[23] 24].

However, for many complex heterogeneous systems the relaxation process
cannot be well described with the equation (2.10), but for the most cases modified
formulas may be successfully used:

€s — E€xo

1+ (—iwr)o]? 212)

E=€Ex +

In this equation the exponents o and 3 are in range (0,1). The equation (2.12)
is known as Havriliak — Negami (o« # 1, 5 # 1) and reduces to Cole-Cole
equation (8 = 1) and Davidson-Cole (a = 1) [25] 26].
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2.1. Dielectric permittivity

2.1.2 Maxwell — Wagner effect

The Maxwell — Wagner effect (or Maxwell — Wagner — Sillars) is similar to
the Debye relaxation, but in this case, the material does not consist of the
dipoles. The polarisation process takes place on the interfacial boundary of
heterogeneous material under the external field (see figure 2.1). The basics of
the Maxwell — Wagner effect are described in works of Maxwell, Wagner and
Sillars [27,28]. This effect is typical for the heterogeneous materials, in particular,

ceramics and polymer composites filled with conductive inclusions.

Figure 2.1: Nonhomogeneous sample polarised by external field

For this type of material, the dielectric permittivity € may be as high as 1000
at low frequencies. In this case, the relaxational impact to the total permittivity
spectrum may be very small and it is problematic to describe it. To overcome this
difficulty in a study this effect the electric modulus, or the reciprocal complex
permittivity was introduced as [29, 30]:

1 g +ig"

M= = (2.13)

g —qe! 242

It can be easily shown that the Cole-Cole plot presentation (A" (M')) will
also have the semicircle shape, similarly to the equation (2.10).
Another possibility for Maxwell-Wagner relaxation description is the imped-

21



2. Overview

ance: . |
7 = - = - , (2.14)
iwege*  dweg(e — i)

The sample plased between the elecrodes it can be considered as a capacitor
C, if the sample has substantial conductivity, then it can be considered as a
capacitor C' and resistor R connected in series. The impedance of the capacitor
is Zc = ﬁ and Zp = R for the resistor, so the total impedance of th RC-circuit

will be given as:

1 1\ I R

where 7 = RC, the relaxation time of the RC-circuit. It is important to notice, that
the equation (2.15) is similar to (2.10), but the underlying physics is different.

2.1.3 Basic principles of percolation theory

The percolation theory is the simplest not exactly solved model for multifacial
material description [31]. The classic motivating problem behind percolation
theory examines the flow of water over a porous stone. The pores in the stone
can connect to each other forming the "cluster". In a case when the cluster size is
comparable to the dimensions of the stone, the continuous path may be traced
from the one border of the stone to opposite. The simple two-dimensional case
is presented on figure

In case of the composite materials is consisted of the insulating matrices and
conductive particles as fillers the electric percolation is considered. Initially,
the matrix is non-conductive, being enriched with some small amount of the
conductive particles the dielectric properties are mainly governed by the prop-
erties of the matrix. If we increase the concentration, near the particular value
of the filler fraction (p.) the conductive path will be formed and the studied
composite will undergo the phase transition from insulator to conductor. Close
to percolation threshold the dielectric permittivity, as well as the conductivity,
governs the following law [32]:
(pc — Py )=

0 = 0yg 5 pf<pc

) %p (2.16)
(== >

0O = 0;
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2.1. Dielectric permittivity

Figure 2.2: Percolation in 2D square lattices with system size L x L =150 x 150.
Occupation probability p = 0.45; 0.55; 0.59, respectively. Notice, that the largest
cluster percolates through the lattice from top to bottom in this example when

p > 0.59 [31].

Here 0 is the matrix conductivity, o; is the inclusions conductivity, s and ¢ is the
critical exponents, p, is the percolation concentration, and p; is the concentration
of the conductive filler. Generaly, the physical properties behaviour near the
percolation threshold can be illustrated as in figure

From the experimental point of view, it is important to find out if the con-
centration in the sample under consideration is above the threshold or not. For
the percolated composites the low-frequency dispersion of the real and the
imaginary part of the permittivity can be described by Jonsher law [34, 35, 36]:

e ~ (—iwT)" ™ w > w,

(2.17)

£ ~ (—iwr)™eT W < w,

where w = 27v is the angular frequency w. is the critical frequency, njsq < n1 < 1.
Since 0 = £”¢gw, the imaginary part in equations (2.17) can be presented as [37]:

0 =04 + cowe” (w) (2.18)

where 0. is the dc conductivity and egwe” (w) is the ac conductivity. In the case
of non percolated sample the dc conductivity plateau has not been observed.
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2. Overview

Properties

Figure 2.3: Schematic of nonlinear changes in the properties (the four curves de-
note different property parameters) of composites near the percolation threshold
fc (dashed blue line). The insets show the geometric phase transition of fillers
(denoted by dark spots) in the composites” microstructure near percolation. [33].

2.2 Basics of the ferroelectric materials

Ferroelectric materials are the materials wich demonstrate the spontaneous
polarization in particular temperature range. The polarisation vector can change
it’s direction by means of an external field. A ferroelectric crystal consists
of regions of homogeneous polarization that differ only in the direction of
polarization. These regions are called domains. The simple possible domain
configuration is presented on figure

Figure 2.4: Schematic of domain structure of the crystal
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2.2. Basics of the ferroelectric materials

The phenomenon of ferroelectricity is related to the crystallographic structure
of the material. This can be illustrated for the case of barium titanate (BaTiO3),
a ferroelectric oxide that undergoes a transition from a ferroelectric tetragonal
phase to a paraelectric cubic phase upon heating above 130 °C. The physical
principles of the phenomenon can be easily illustrated for the case of perovskite
lattice. In particular, in cubic perovskite BaTiOj;, the structure of which is
displayed in figure 2.5/ (a), titanium atoms are octahedrally coordinated by six
oxygen atoms. Ferroelectricity in tetragonal BaT'iOs is due to an average relative
displacement along the c-axis of titanium from its centrosymmetric position in
the unit cell and consequently the creation of a permanent electric dipole.The
tetragonal unit cell is shown in figure [2.5((b). The elongation of the unit cell
along the c-axis and consequently the deviation of the ¢/a ratio from unity are
used as an indication of the presence of the ferroelectric phase [38].

Figure 2.5: Unit cell of BaTiO5 in both the (a) cubic Pm — 3m structure and (b)
tetragonal P4mm structure. In the tetragonal unit cell, atoms are displaced in the
z-direction, and the cell is elongated along the c-axis. Atom positions: Ba at (0,
0,0);,Tiat(1/2,1/2,2); Orat(1/2,1/2, z); and O; at (1/2, 0, z). Displacements
have been exaggerated for clarity. [38]

The temperature dependence of the permittivity of the ferroelectric materials
in paraelectric phase is described with the Curie-Weiss law:

C

2.1
T T, (2.19)

E =

here, C is the Curie-Weiss constant, T¢ is the phase transition temperature.
According to the equation [2.19), close to T¢ the reciprocal permittivity 1/¢
should demonstrate the linear dependence near the 7 point.

The important property of the ferroelectrics is the piezoelectricity phe-
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2. Overview

nomenon: the ability of the material to accumulate the electric charge in response
to the mechanical stress. The piezoelectricity is observed in single crystals and
ceramics [39]. The piezoelectrics are widely used as sensors, sound generators
and even as nanogenerators [40].

For the preparation of the composites, the size effect of the particles is im-
portant [41]. It was demonstrated, that with the size decrease the dielectric
permittivity, the spontaneous polarization, piezoelectric properties and the
phase transition temperature decreases. The surface energy for the smaller
particles becomes comparable to the volume energy, so the spontaneous polar-
isation becomes unpreferable. The size effect is widely studied in nanosized

ferroelectrics [42),143]], relaxors [44].
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Chapter 3

Experimental methods

3.1 Methods of dielectric permittivity measurements

The main experimental techniques of the present work are the broadband dielec-

tric and acoustic spectroscopy.

3.1.1 Quasistatic frequency range (20 Hz -1 M Hz)

Low frequency (20 Hz — 1 M Hz) measurements were performed using LCR
HP4284A meter. The capacitance (C') and loss tangent (tgd = ¢”/<’) of the
sample were measured. The dielectric permittivity was recalculated using plane

capacitor formulas:

o= M Y

0o (3.1)
tab — Cltg(ds) — Cotg(do)
g cr—C,

where C! and tg(0,) are capacitance and tangent of losses of the systems with
the sample, C{, and tg(d,) are capacitance and tangent of losses of the systems
without the sample, d; is height of the sample, S; is the area of the sample.

For low-temperature measurements (25 — 300 K'), the samples were placed
in the closed-cycle cryostat. Measurements at high-temperature (300 — 500 K)
were performed in a home-made furnace. All measurements were performed
in ambient conditions with approximate heating / cooling rate 1 K /min. The
temperature was controlled using Keithley Integra 2700 multimeter. The samples

had the parallelepipedal shape with a typical area of 30 mm? and thickness of
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3. Experimental methods

1 mm. Silver paste was applied to improve the contacts between electrodes and
sample.

3.1.2 Frequency range from1 M Hzupto3 GH~

In the frequency range of 1 M Hz — 3 G Hz, the coaxial dielectric spectrometer
with vector network analyzer Agilent 8714ET was used. The sample was placed
at the end of the coaxial line between the inner conductor and the short piston
and forms a capacitor, as shown on figure The phase ¢ and the modulus R
of the reflected signal were measured.

The reflected signal depends on the impedance connected to the transmission
line in following way:

Piston

Gouge for
__thermocouple

Specimen

Outter
conductor

Inner
_conductor

Figure 3.1: Schematic illustration of the sample installed at the end of coaxial
line

 Zy—Zy
 Z.+ 7y

Here Z; is the impedance of the sample and 7, is the impedance of the

(3.2)

transmission line (50 (2). Considering sample as a plane capacitor with C} =

£*9S/d, we can derive the impedance as follows:

1 d
wC*  e*egSw’

Zy = (3.3)

Using equations [3.2) and [3.3] the dielectric permittivity of the sample can
be calculated. However, the described method can be applied only for the
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3.1. Methods of dielectric permittivity measurements

quasistatic case, if the field is uniformly distributed inside the sample.

More precise method for the calculations of the permittivity can be proposed.
The details are presented in book [45]. In general case, the field distribution is
described with the Bessel functions:

2mr
E=Ady | V——75 3.4

(i) .
where A, is the constant related with the dimensionality of the sample,  is the

radial coordinate. the function nodes are given as:

2.405)

= ST (3.5)

r

If the radius of the sample is les then 0.17; then the field inside the sample can be
considered as uniform. The external field excites the T-wave along the coaxial
line. The components of the T-wave are [45]:

o\ > ;o\ 2mr
— (2= /2 et
E, = —i ( 3 ) po(e' o) = Ady (>\(€05/M)1/2) ,

271\ 2 , , 2mr
H¢ = 7 9 MOA‘]O W .

It can be demonstrated, that the capacitance of the dynamic capacitor reads:

(3.6)

6/1/27’J1 (277%/1/276)

2 d Jo(3re/?r)

C:

(3.7)

Here, sample with typical area of S = 2 mm? and thickness of d = 0.3 mm
were studied.

3.1.3 Microwave frequencies (25-36 GH z)

The microwave measurements were carried out with the waveguide system
connected to scalar network analyzer R2-408R. The relation between the input
and output signals can be described using scattering matrix S formalism:

b = Sa, (3.8)
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3. Experimental methods

where a = (a1,a2)” and b = (by,by)” are the amplitudes of the input and
output signal and the scatering matrix can be introduced as S;; = b;/a;, i, j=1,2.
Depending on the values of the permittivity, two different experimental technics
are available.

3.1.3.1 Filled waveguide method

According to the first method, plane parallelepiped sample was cut to fit exactly
the waveguide cross section as presented on the figure

Figure 3.2: Schematic illustration of the waveguide with installed sample [46]

Three different areas can be introduced for this system: I — the area where
the insident ratiation falls, II — the area occupied by the sample, and III — the
area where transmitted signal propagates. The Hertz vector for these areas
reads[46)], 47]:

Yy = COS(%) [C’lejkzz + C’ge_jkzz] ,2 <0,
Wi = COS(E) [C’gemzz + C'4e’jk"’zz] 0<z<T, (3.9)
a

=)

Y = cos( . Csel** 2 > 7,

where 7 - is the sample thickness, a - is the waveguide width, k£, and k., are

the wavenumbers, which determines as:

k, = L \/4a? — )2, (3.10)

z:E
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3.1. Methods of dielectric permittivity measurements

" Vda?s — A2, (3.11)

v

Using the boundary contitions for I-III one can obtain [48]],

ks

(¢1|o = Y110,

Yirle = Yrrrlrs

o 612
920" 92 0

a77/1H| _ 877/1111|

\ 0z 7 0z '

The electromagnetic response of the sample were measured as frequency de-
pendent transmitted /input (Ss;) and reflected /input (S11) signals. The dielectric

permittivity was recalculated from the S-parameters via following formulas [46]:

- % _ _j[(kZ/k2Z)2 — 1] sin(ko.7)
B0 2k ks ) cos(kao) + [(Ka [kaz2)? + 1] sin(ky.7) (313)
Sy = Cs 2(ko. k) '

v~ —2{kas/k) cos(kar) + 1[(has /R + 1 sin(ka.)

Solving the equations numerically we can obtain the values of the
complex dielectric permittivity £*. This method is suitable for samples with low
permittivity constant and loss. Otherwise, if the sample’s conductivity is high,
the values of Sy; will be close to zero.

3.1.3.2 Cylindrical rod method

The second approach is the measurements of the cylindrical rod placed in
the waveguide perpendicularly to the broad waveguide wall as shown in the
figure Similarly to the previous method, the electromagnetic response (52
and S;;) was measured.

{511 = 511(5/; 5”)7 (3.14)

521 = 521 (8,, 8//).
For the dielectric permittivity recalculation the similar approach of the three

regions can be used (see figure3.4). The intrinsic T'E,, wave propagates from
region I to region III. The resulting amplitudes of the wave in region I are given
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Figure 3.3: Schematic illustration of the waveguide with installed cylindrical
sample

M
Il
£
e

{

Figure 3.4: Schematic illustration of the waveguide with installed cylindrical
sample, topview [49]

with equation:

4

EI (z,z) ZAmcos Vit )ekm?

m=1

HI(x 2) ZA Ky cos(Yma)em?, (3.15)

H(x,2) = z— Z Apycos(Ymx) et

\ m 1

where m=1,3,5,7.... ., that is related with the fact, that only modes with odd
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3.1. Methods of dielectric permittivity measurements

components are in scattered field, v,, = *%, k,, = +/ k% —~2,. Analogicaly to
region I, the field in region III will read:

/ [e.e]
EM (z,2) = Z B,cos(Ypmx)em®

m=1

1 &« .
Hy'(x,2) = o m; Bykmcos(ymz)en?, (3.16)

1 .
H" (3, 2) =i— Z Bycos(Ymx)et
WH m=1

\
To describe the field distribution in region II we introduce the cylindrical co-
ordinates (r,6,y). The field distribution is given by the analytic solution of the

homogeneous equation:
(V2 —K))E,(r,0) =0 (3.17)

Taking into account the symmetry of the system we obtain:

o0

Ey(r,0) = (anJu(kr) + b, Yo (kr))cos(nb), (3.18)

n=0

here a, and b, are complex coefficients, J,, and Y,, are Bessel and Neyman

functions. The field in region II outside the cylinder is given by the equations:

( o0
B (r,0) =Y (Codu(kor) + Dy Yo (kor))cos(nf),
n=0
1 &n
Hy'(r,0) = o ;O —(CrJu(kor) + DaYa(kor))cos(nf), (3.19)
1« ,
H(r,0) = Zw_u Z ko(CnJ! (kor) + DY, (kor))cos(nd),

\ n=0
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while inside the cylinder:

Eg(r, ) = Z E, gy (kqr)cos(nd),

n=0

1 &=n
d o
Hi(r,0) = Zw_u E ;Ean(kdr)cos(nQ), (3.20)

n=0

1 o0
Hy(r,0) = i— Z kaE,J) (kqr)cos(nd),

w
\ K n=0

where k; = w./jieq.
Now all the field components are presented. Taking into account the sym-
menty if the system, the following boundary conditions may be applied [50]:

E4(r .0 :EHT,Q,
{ Z( +9) yH( 6) (3.21)
Hy (Tdae) = Hy (Td79)7
where 6 € [0, 27],
7
B (ry,0,) =0 (3.22)
where 1, = 5505, 0, € [z,%],
B (ry, 0p) = E (2, — ) + Bl (ay, — ),
’ b h (3.23)
, ; a a .
H;I('rb, 0p)cos(0p) + H,{I(rb, 0p)sin(0y) = H, (xp, _3) + Hi(a:b, _Z)
where 1, = — 540, 1, = —§tg(0y) and 0, € (22, 7],
Eyll(rm 90) - Eéll(xca 2)7
2 . (3.24)
HGH('/“C, 0.)cos(0.) + HTH(TC, 0.)sin(0.) = H;IH(:EC, 5),
where 1, = 5%, 7. = 5tg(f.) and 0. € [0, ]].

Using the boundary conditions the system (3.1513.20) can be
numericaly solved. The series were replaced with summations with the number
of summands up to 10 for the calculations.

The advantage of this method is that it is not limited to the absolute values
of the permittivity. However, in the case of smaller permittivity, the first method

is preferable due to higher accuracy.
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3.1. Methods of dielectric permittivity measurements

3.1.4 Teraherz frequency range

femtosecond
laser
M1
delay ?
BS
fast “ Rp1
delay P
slow
delay Rp2
M4 THz n L1
: K
=
] b (i
<=
M L2

G
Lol e

s
M5 ~ sample

Figure 3.5: Schematic illustration of the waveguide with installed sample

Measurements at frequencies ranging from 100 GHz to 2 T'Hz were per-
formed in transmission mode using a time-domain 7'H z spectrometer TERAVIL
T-SPEC based on an femtosecond laser system. The spectroscopic method
consists in the measurement of a reference waveform Ej(t) of reference signal
(i.e. signal through the diaphragm without sample) and £,(t) a signal through
the diaphragm with the sample. After fast Fourier transform, the spectral func-
tions of Es(w) and E(w) are obtained. The complex transmission function 7'(w)
can be defined as the ratio of reflected and reference spectra:

Eq(w)
Eo((.U)

Let Ej is the amplitude of the incident polarised wave, then the complex

T(w) = (3.25)
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=0l E - = - Raferenca Signal
—— Sample Signal
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Figure 3.6: Reference and transmitted signals

amplitudes of the transmitted waves will read [52]:

_An(n — 1) o cimerar g
Y

P <n+ 1)2p+2 0€ (326)

where n = ,/ep, h is the thickness of the sample, and p=0,1,2... Then, the

transmitted spectrum will be:

_ EP(W) _ 4TL(77, _ 1>2p677inw}§2p+1>6iwh/c
By (n+ 1)

T(w) (3.27)

If the optical density of the sample is high, we consider p = 0 for the equa-
tion (3.27). It means that the first transmitted impuls brings the mean power
of the transmitted radiation, while impulses with p > 0 can be neglected (see
figure 3.6). The equation can be easily solved to recalculate the dielectric

permittivity e.

3.2 Method of piezoelectric response measurements

The piezoelectric measurements were carried out using pulse-echo ultrasonic
set-up according to the procedure described in papers [53} 54]. Z-cut LiNbO;
piezoelectric transducer was used for sending 10 M H z ultrasonic wave in quartz
buffer. The ultrasonic wave excited thin sample plate (0.25 mm in thickness)
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3.2. Method of piezoelectric response measurements

Unc
RFP RFP

T I

o BN

T,

Figure 3.7: Experimental set up for piezoelectric test using pulse-echo ultrasonic
system. RF'P Radio frequency pulse, T'1 lithium niobate ultrasonic transducer,
() B quartz buffer [53] 54].

working as a receiving ultrasonic transducer attached to another end of a quartz
buffer. The thickness of the sample was close to the approximately half of the
ultrasonic wavelength in epoxy at 10 M H z frequency. Piezoelectric voltage in
form of 10 M H = radio-pulse was measured by Agilent DSO3202A digital scope
incorporated into the electronic pulse-echo set up for automatic temperature

measurements.
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Chapter 4

Redistribution effect of
two-dimensional graphitic

structures in polymer matrices

Composite materials consisting of insulating polymer matrices and conductive
carbonaceous fillers attracted a lot of researcher’s attention in the recent decades.
Polymer composite mixing bulk specific properties of the matrix — flexibility, res-
istance to corrosion, good processability, strong adhesion to different substrates,
curing ability etc — and conducting properties from the fillers (ferrites, noble
metals, carbon and graphite nano- and microstructures) have received a lot of
attention during the last two decades [55]. These advanced materials find more
and more applications in aerospace, automotive, energy, electronics, defence
and healthcare sectors [56]. Among others, one of the most promising fillers
used to produce conductive polymer composites is carbon in various forms:
carbon black [57], graphene [58], microsized quartz coated by graphene [59]
vapor-grown carbon fibers [60], multi-walled and single-walled carbon nan-
otubes [61} 62], onion-like carbon [63]. A reason for that is the lightweight, the
chemical resistance and the high dc and ac conductivity of those structures.

To explore the electromagnetic (EM) applications of composites, it is im-
portant to measure and analyze their electrical conductivity and effective per-
mittivity. Several theoretical models can be used for the analysis, such as the
percolation theory [64], Maxwell-Garnett [65] 66] and McLachlan [67] effective
medium theories, and the generalized McLachlan-Jonsher theory [68]. The latter

makes it possible to describe the frequency and concentration dependence of
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the complex effective permittivity. In parallel, computer simulations methods
become more and more efficient nowadays to predict the EM properties of com-
posites. Novel methods of calculation allow taking into account the geometry of
filler [69] and its influence on AC conductivity of composite [70], make possible
performing simulations for a wide range of volume fractions, permittivity ratios
and packing conditions [71]. Many researchers have examined this subject by
performing ab-initio calculations, for example with density functional theory
(DFT) [72], or finite-element method (FEM) [73, 73] and a combination of FEM
and Monte-Carlo simulations [74],[75].

Carbon nanotubes (CNT) based composites are extremely interesting for con-
ductive applications. CNTs lead to very low percolation threshold (0.03-0.5 wt. %
depending on the CNT origin, the wall surface quality, the functionalization, the
dispersion state) and yield huge effective permittivity and electrical conductivity
values at all frequencies [76] including microwave and terahertz ranges. How-
ever, a drawback of carbon nanotubes is their higher cost in comparison with
other carbon nanostructures such as different derivatives of graphite. Another
serious disadvantage is the possible toxicity of CNTs, which has been debated
for long [77]. This problem seems less critical with bigger and/or less slender
carbon particles such as graphene nanoplatelets (GNP) [78].

GNPs are carbon nanostructures consisting of small stacks of graphene sheets
with the overall thickness from one nanometer to a few tens of nanometers, and
lateral linear dimensions from a few micrometers up to hundreds of micro-
meters [79]. Graphene nanoplatelets are produced by thermal exfoliation of
graphite intercalated compounds [80, 81]. By contrast with CNTs, the GNP pro-
duction process is easy and cheap. Without a proper surface treatment, GNPs
might have poor interfacial adhesion with polymers because of lack of chemical
bonding [78,82].

GNP functionalisation can lead to better interfacial adhesion to the polymer
that improves mechanical [83] and thermal [84] properties of the resultant com-
posite, but at the same time may deteriorate its electrical conductivity. Chemical
treatments have been demonstrated improving the strength of interfacial in-
teractions [85) 86] without changing significantly the EM properties of their
composites [78].

Exploring the EM properties of nanocarbon-based composites at low tem-

peratures (below 300K) is very important, for it gives information on the main
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4. Redistribution effect of two-dimensional graphitic structures in polymer matrices

electrical transport mechanism [61) 87, 188, 89]]. Also, the variation of EM proper-
ties of polymer / carbon composites with temperature is worth studying due to
irreversible processes occurring near and above the glass transition temperature
of the polymer matrices [90, 91, 92]. In this respect, the hysteresis of electro-
magnetic properties on heating and cooling cycles has already been reported
for composites with carbon black [93], onion-like carbon [63] and CNTs [94].
Moreover, above the room temperature, the electrical conductivity and the ef-
fective permittivity of composites above the percolation threshold can increase
or decrease with temperature [95] [96]. This effect can be related to particles
redistribution or polymer matrix conductivity [97].

This chapter delivers the experimental investigation results of two different
composite systems. The first one is the GNP / epoxy resin composite at different
concentration of GNP. The second system is composite material based on a
carbonaceous filler in the form of ultra-thin (100 nm) monocrystalline graphite
flakes, called Flat Micronic Graphite (FMG) [98, 99, [100]. FMG particles have
an average diameter of 10 ym, and as the polymer matrix used here was a

thermoset polyurethane.

4.1 Sample preparation procedure

4.1.1 Graphene nanoplatelets / epoxy resin composites

Graphene nanoplatelets were produced by micro-cleavage exfoliation of ex-
panded graphite. Expandable graphite was provided by Asbury® https:
//asbury.com/. Expandable graphite is manufactured by treating the flake
graphite with various intercalation reagents that migrate between the graphene
layers in a graphite crystal and remain as stable species. When exposed to a
rapid increase of temperature, these intercalation compounds decompose into
gaseous products as the result of high interlayer pressure. The internal stress
is strong enough to push apart graphite basal planes along the c axis. Asbury
expandable graphite exhibits a micronic and submicronic lamellar structure,
an example of which revealed by SEM is shown in figure (a). After micro-
cleavage exfoliation, induced by microwave irradiation [101) 102} 103} 104, 105],
a porous structure is visible in the SEM micrograph reproduced in figure 4.1| (b).
A gentle treatment with ultrasound bath destroys the superstructure, releasing
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4.1. Sample preparation procedure

GNP. Series of composite samples were produced using Epikote 828, a curing

Figure 4.1: Lamellar structure of expandable graphite (a) and (b)worm-like GNP
structure after exfoliation process.

agent Al (i.e., a modified tetraethyl pentamine) and 0.25, 1, 2, 3 and 4 wt. % of
GNP filler. The resin was degassed under vacuum (1 — 3 mbar) for 12 — 14 b,
then was put into an oven at 340 K. In the meantime, the GNPs were dispersed
in propanol, and the suspension was submitted to an ultrasonic bath for 1.5 h.
Afterwards, the alcoholic suspension of GNPs was mixed with the resin. The
obtained mixture was placed inside an oven at 400 — 420 K for evaporating the
alcohol. When alcohol was evaporated, the dispersion of GNP in uncured epoxy
was additionally sonicated for 30 minutes. The curing agent A1 was added to
the mixture of resin and filler through slow manual mixing for about 7 min. The
blend was then poured into moulds of dimensions 1 x 1 x 7 ¢cm? and left as such
for 20 h for the curing process at room temperature, and finally 4  in an oven at
350 K. When the process was completed, the samples were removed from the
moulds. After curing at room temperature, the samples were treated for 4 h in
an oven at 350 K.

4.1.2 Flat micronic graphite / polyurethane composites

The FMG production scheme was described in papers [98, 99, 100]. This process
consists first of preparing a sulphuric acid-graphite intercalation compound
(GIC), using millimeter-size Madagascar natural graphite platelets. The GIC was
then exfoliated at high temperature. The resultant expanded graphite was next
suspended in cyclohexane and submitted to a series of grinding and ultrasonic
dispersion steps. After freeze-drying of the suspension, a fluffy material was
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4. Redistribution effect of two-dimensional graphitic structures in polymer matrices

obtained whose particle size distribution changed depending on the duration
of the aforementioned steps. The present FMG flakes had an average diameter
and thickness of about 10 pm and 0.1 pm, respectively, i.e., an aspect ratio
of about 100, as proved by scanning electron microscopy observations [98].
Another important characteristic of FMG is that the preparation process allowed
retaining the single crystal quality of the pristine graphite flakes.

For composite fabrication, polyurethane (PU) resin was freshly prepared by
mixing in strictly controlled proportions, the corresponding base and hardener
in the liquid state, and diluting the blend with an appropriate solvent. Various
amounts of FMG particles were then weighed in calculated amounts for getting
the desired volume fractions of graphite filler in the final dry composite after
hardening. The amount of solvent was adjusted for each amount of FMG until
the same low viscosity of the liquid blend was reached. A Brookfield viscometer
was used for that purpose.

The liquid PU resin filled with FMG was then transferred into the tank of
a paint gun. The gun was mounted on a carriage rolling on rails parallel to
the projection surface so that the resin was strictly sprayed perpendicular to
it at a constant distance of 20 cm. The projection surface was a copper plate
covered by a Mylar film. A return trip of the paint gun at a fixed rate of a few
centimeters per second was enough to get a composite film of thickness 100 jzm
after hardening.

Immediately after spraying, the filled resin deposited on its substrate was
horizontally placed in a ventilated oven, in which a complex temperature ramp
was applied. Such a process allowed a slow evaporation of the solvent and
a concomitant crosslinking of the PU resin so that no bubble appeared in the
thermoset composite films, whatever the FMG content. After cooling at room
temperature, the composite film was carefully taken off the Mylar sheet. The
obtained FMG / PU films had a typical area of 50 ¢m?, and FMG contents
ranging from 0 to 9 vol. %. Samples were cut off such films for dielectric and

conductivity measurements.
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4.2 Experimental results

4.2.1 Graphene nanoplatelets / epoxy resin composites
4.2.1.1 Room temperature

The frequency dependence of the real part of the effective permittivity and the
conductivity measured at room temperature is presented in figure

0.25%

1%

2%

3%

4%

pure epoxy resin]

Figure 4.2: Real part of the effective permittivity (left) and conductivity (right)
of epoxy resin and GNP /epoxy composites against frequency for different
concentrations.

Both the static effective permittivity and dc conductivity increase with in-
creasing concentration of GNPs and reach 300 and 1 m.S/m respectively for
composite with 4 wt. % of GNP inclusions. For these composites the low-
frequency dispersion of the real and the imaginary part of the permittivity can
be described by Jonsher law [34] 35] (2.18).

The data indicate that the critical concentration between two conduction
regimes lies between 2 and 3 wt. % GNPs. Its value can be evaluated using
the usual formula describing the conductivity o versus the filler concentration
panp near the percolation threshold p. [32] (2.16). Fitting the conductivity
of the epoxy composites below the percolation threshold i.e. 0, 0.25, 1 and
2 wt. % with first equation of at a fixed frequency, here 117 Hz, yields p,
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4. Redistribution effect of two-dimensional graphitic structures in polymer matrices

=2.3 wt. % and s=1.8. The critical exponent exhibits slightly higher value than
universal one [32,[106]. Such values can be also found in variety of composite
materials [107, [108] and can be explained by inverse Swiss cheese model [106].

4.2.1.2 High temperature

The epoxy resin becomes conductive at high temperature. As a result, a dc
plateau was observed in the conductivity frequency spectra of all composites,
above and below the percolation threshold. The temperature variation of the
permittivity and the dc conductivity of samples is presented on figure
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Figure 4.3: Temperature dependence of (left) the effective permittivity at 129 Hz
and (right) the dc electrical conductivity measured on heating (solid symbols)
and on cooling (open symbols) composite samples with different GNP concen-
trations.

The dc conductivity of composites with a low concentration of GNP (0.25
and 1 wt. %) demonstrates small hysteresis on heating and cooling and can
be fitted with Arrhenius law. For composites above the percolation threshold
(3 and 4 wt. %), three different dc conductivity regimes can be identified on
heating: 1) at low temperatures (below 360 K), the dc conductivity is almost
temperature independent; 2) in the intermediate temperature region — about
360 K — 390 K for the composite with 4 wt. % GNP — the dc conductivity
decreases with increasing temperature due to thermal expansion of the epoxy
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matrix, which slightly increases the distance between conductive clusters; 3)
at higher temperatures (above the glass transition in pure epoxy resin), the
dc conductivity of the composites increases due to the finite conductivity of
the epoxy matrix. A huge hysteresis between the first cooling and the first
heating cycle is observed for composites filled with 2, 3 and 4 wt. % of GNP. The
hysteresis is followed by a drastic increase of the composite conductivity (up to
six orders of magnitude). In addition, after annealing, the variation of the dc
conductivity with 7' becomes flatter. Moreover, the sample with 2 wt. % GNP
has acquired a dc conductivity plateau at room temperature after annealing.
The percolation concentration recalculated with second equation of for
percolated samples (2,3,4 wt. %) gives p. = 1.4 wt. %. In other words, the
percolation threshold has decreased substantially after annealing the samples.
It is worth mentioning that the dc conductivity only slightly increases after a
subsequent heating-cooling treatment (dashed-line curves in figure and

saturates after a few cycles.

Table 4.1: Shielding efficiency of 2 mm-thick composite layer at 30 GH = fre-
quency

Sample Reflectance, % | Transmittance, % | Absorbance, %
2% 45 22 33
2%, annealed 57 15 28
4% 70 14 16
4%, annealed 71 8 21

It was observed that GNP / epoxy composites lead to substantial EM at-
tenuation in the microwave domain and are therefore interesting materials for
shielding applications. A 2-mm thick sample with 4 wt. % transmits only 14
% of initial radiation. Table 4.1 shows that annealing the samples improves
their shielding ability significantly: the transmittance of the sample with 2 wt. %
shifts from 22% to 15% and from 14% to 8% for the 4 wt. % sample. However,
the variation of shielding behaviour is not the same for both compositions:
for 2 wt. %, sample annealing increases the reflection and slightly decreases
the absorption whereas for 4 wt. %, the reflection remains unchanged and the
absorption increases.

The sample impedance was employed to understand the observations.
The frequency dependence of the measured impedance displayed in figure
cannot be described by that a single RC circuit Z* = R/(1+iwRC) = R/(1+iwT)
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4. Redistribution effect of two-dimensional graphitic structures in polymer matrices

(which form is very similar to the Debye equation for the dielectric dispersion).
Instead, the Maxwell-Wagner relaxation of the impedance spectra was modelled
by considering an infinite chain of RC circuits connected in series. The distribu-
tion f(7) of relaxation times was calculated by solving the integral equation (4.1)

with the Tikhonov regularization technique [109]:

* _f)

0o 1 +iwT

Z*:Zoo—i—AZ/

d(n 7). (4.1)

As we can see from figure equation well fits impedance spectra at
higher frequencies and lower temperatures (for example above 1 kHz at T' =
425 K). At higher temperatures and lower frequencies, an additional dispersion
is observed, which is caused obviously by non-ohmic contacts. The dispersion
at lower frequencies can be taken into account using the equation for
two Cole-Cole processes. In this case, the maximum of the imaginary part of
the lower frequency process occurs below 20 H z, so the fixed relaxation time
7 = 10 S was taken for the fit.

The results are displayed in figure 4.5/ for a composite sample containing
2 wt. % of GNP. The maximum of f(7) shifts to shorter relaxation times upon
heating the samples and the distribution becomes narrower. Upon cooling
(figure (b)), the distribution of relaxation times stays almost temperature
independent and peaks at 2.5 10~ s. The results for samples with 3 and 4 wt.%
GNP (not shown) has a similar behaviour as for 2 wt. %, but the maximum
of the imaginary part of their impedance shifted at higher frequencies. For
all the compositions studied, the distributions of relaxation time are almost
temperature-independent after the second and third annealing.

The relaxation time 7 = RC ~ (/o involves the capacitance C' of a GNP
cluster and the tunneling conductivity o between neighborhood GNP clusters.
The capacitance depends only on the geometry of the GNP clusters. Assuming
a spherical shape, which for GNP is a rough approximation aimed at capturing
the underlying physics, C' = 4meor where r is an effective radius. The tunnelling
conductivity between GNP clusters is dependent on their distribution inside
the polymer matrix and on the GNP shape distribution. Schematically, short
relaxation times come from small GNP clusters and short distances that charge
carriers have to tunnel through. Long relaxation times is dominated by large
GNP clusters and long distance between them. From the distribution of relaxa-
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Figure 4.4: Real and imaginary parts of the impedance of a GNP / epoxy sample
containing 2 wt. % filler for three temperatures: experimental data (symbols),
calculated with equation (solid curves) and calculated with equation (2.12)
(dotted curves).

tion of times shown in figure it is difficult to extract the exact GNP cluster
shape distribution. One can nevertheless deduce that, during heating, large
GNP clusters separate into smaller ones and their distribution becomes more
homogeneous (see figure[d.6). A better dispersion of small clusters decreases the
tunnel barrier because the distribution of the distance between them becomes
narrower. Decreasing the probability of long path across the epoxy matrix in-
creases the tunnel conductivity in annealed samples. Moreover, the conductivity
activation energy deduced by Arrhenius fit decreases with increasing GNP
concentration, except at the concentration 2 wt. % (Table [4.2).

What is an impact of composite annealing on the electromagnetic properties
at different frequencies? It is possible to separate two cases:

1) The low frequency approximation, w,,,, << 1 (where 7,,,, is the most
probable relaxation time). In this case according to equation @.1), 2’ = Z.+ AZ
and Z" is very small. Under such conditions and according to equation (2.14)
e’ >>c'and e = Z&.

2) The high frequency approximation, w 7,,,, >> 1. According to equa-
tion , 7' = Z and Z" is again very small. In this case, ¢'=c., (where ¢,
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Figure 4.5: Distribution of relaxation times upon heating (a) and upon cooling
(b) of composites with 2 wt. % of GNP
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Figure 4.6: SEM image of epoxy / GNP composites containing 2 wt. % of GNP
before (see large GNP clusters marked with white oval) and after annealing (see
small GNP cluster).

is caused by phonons and the electronic polarization) and ¢"=1/(Z, we) are
both very small and almost temperature independent. The highest impact of
annealing is observed in low-frequency region 1) due to the increase in dc con-
ductivity, while in the high-frequency region 2) the impact is negligibly small.
In intermediate frequency range, when w7,,,, = 1, the impact of the annealing
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Figure 4.7: Distribution of separation distances between spherical clusters of
12.6 pm and 10 pm randomly and evenly distributed in epoxy. The results of
this model calculation with volume filling fraction 7 = 0.27 mimic the composite
with 2 wt. % GNP before and after annealing, respectively (see text).

is also observed (Table , however lower than for dc regime.

The hypothesis that breaking the clusters into smaller ones by annealing
could increase the conductivity of the composite samples can be substanti-
ated with the results of the following model computation. Spherical clusters,
with uniform radius, were randomly distributed in a cubic cell with periodic
boundary conditions. The volume filling fraction was chosen at = 0.27, which
corresponds to 2 wt. % concentration of GNPs in the epoxy resin at room temper-
ature. The distribution g(d) of closest approach distances ¢ between spheres was
computed and averaged over many independent configurations. The precise
definition of this distribution function can be found in equation (2) of ref. [110].
The calculations were performed for two radii R differing by a factor of 2,
12.6 and 10 pum, as if each cluster were broken into two halves upon annealing.
Figure [4.7)clearly shows that the distribution g(¢) becomes narrower upon redu-
cing radius and its maximum shifts towards smaller separation distances ¢. It is
not a surprise since the theoretical function g(d) for an equilibrium distribution
of monodisperse hard spheres at a given filling fraction is a universal function
of the ratio §/R [110]. As a result, the width of the tunnel barrier between
two clusters decreases with decreasing cluster size. The conductivity should

therefore increase.
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Table 4.2: Parameters of Arrhenius law fit

Sample,Process | inoy, S/m | E,/kp, K | T.Region
0%, Heating [93] 12.51 12253 T > 400
0%, Cooling [93] 17.1 14000 T > 400
0.25%, Heating 10.1 9411.8 T > 456
0.25%, Cooling 13.9 11379 T > 450
1%, Heating 6.6 81129 | T > 446
1%, Cooling 6.7 80739 | T>440
2%, Heating 26.5 16678 T > 454
3%, Heating 26,1 1638 T > 445
4%, Heating 11,49 1032,74 | T > 440

4.2.1.3 Low temperature region
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Figure 4.8: Temperature dependence of dc conductivity at low temperatures of
GNP / epoxy composites with 2, 3 and 4 wt. % GNP. Thee open symbols repres-
ent data for annealed samples, the black symbols correspond to as-produced
composites. Non-annealed composite with 2 wt. % is not represented because it
is below the percolation threshold.

Composites above the percolation threshold were studied at low temperat-
ures. The temperature dependence of their dc conductivity on temperature is
plotted in figure The dc conductivity of non-annealed samples with 3 and
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4 wt. % GNP has a maximum at 115 K. The increase of conductivity on cooling
from 300 K down to 115 K can be explained by the thermal contraction of the
epoxy matrix, which reduces the distance between clusters. After annealing, the
maximum of conductivity shifts to 170 K and the temperature curve of o be-
comes flattered at the higher temperature than for as-produced composites. As
indicated by solid-line curves in figure 4.8, the observed conductivity behaviour
below 170 K is well described by the tunnelling law [111] .

T
Ode = 00 €XP (— T —1—1T0) (4.2)

where k5T, represents the energy required for an electron to cross the insulating
gap between GNP clusters and Tj is the temperature above which thermally
activated conduction over the barriers begins to occur. The parameters of the
tits are listed in Table Both Tj, and 7} decrease with increasing concentration.
Thus the electrical conductivity of GNP / epoxy composites is caused by the
electron tunnelling through the insulating epoxy matrix. The potential barrier

for such a process can be calculated by [111]:

kg1 = Ueg (4.3)
and
2U€8 . 2]€BT1

kgTy =
Bro X0 X0

(4.4)

In these expressions, U = 0 A/87 is a measure of the tunnel junction volume,
o = 4Vp/ed is a pre-exponential factor and x = /2m.V;/h is the tunneling
constant for electrons, where 1} is the potential barrier, A and w are the junction
area and thickness of the insulating gap between conductive clusters. According
to equations and , Ty /Ty = 7x3/2 = (7/2) \/2m./h ‘/01/25. It can be
concluded from this relation that the observed decrease of the ratio 71 /7j by
more than a factor of two after annealing (last column of Table is equivalent
to decreasing the potential barrier V and the separation distance § between
conductive clusters. This can be understood in terms of the separation of large

clusters into smaller ones and shorter average inter-distance.
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Table 4.3: Parameters of tunneling law fit

| % ag - 103, S/m Tl,K To,K Tl/To
3% 1.26 825 | 27.79 | 0.30
4% 5.25 8.06 | 22.64 | 0.36

2% annealed 10.76 22.02 | 148.04 | 0.14
3% annealed 37.34 11.49 | 81.75 0.14
4% annealed 94.29 10.30 | 71.59 | 0.14

4.2.2 Flat micronic graphite / polyurethane composites
4.2.21 Room temperature properties

The frequency dependence at room temperature of dielectric permittivity (&)
and electrical conductivity (¢’) of PU-based composites with different FMG
loadings is shown in figure The corresponding values for composites
with p < 1 vol. % (where p is FMG volume fraction) are very low, similar to
those of pure PU. However, the effective permittivity increased for composites
with 2 vol. % of inclusions. At low frequencies (below 1 kH z), a dc electrical
conductivity plateau was clearly seen in conductivity spectra of composites
with 2 vol. % of filler, indicating that the percolation threshold in FMG / PU
composites is close to 2 vol. %.

The effective permittivity and electrical conductivity were very high for
composites with 9 vol. % of FMG at low frequency, of the order of 10 and 1 .S/m,
respectively. Such value of complex dielectric permittivity is very similar to
those reported for composites based on functionalized carbon nanotubes near
the percolation threshold [112].

Two different trends were observed in the frequency spectra of the dielectric
permittivity: in the range 129 Hz — 3 kH z on the one hand, and in the range
3 kHz -1 MH~z on the other hand. In these frequency ranges, the dielectric
permittivity decreased according to the Jonscher universal power law with
different exponents [34]. The different dispersions are related to the Maxwell —
Wagner contribution to the dielectric permittivity [113]. The loss tangent tgé =
¢ /¢ was also very high, indicating a high absorption ability of electromagnetic
waves by composites filled with 2 -9 vol. % of FMG.

In order to explain the influence of the FMG concentration, the dielectric
permittivity and the electrical conductivity at the frequency of 129 Hz and at

room temperature were plotted as a function of concentration. It is worth noting
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Figure 4.9: Frequency dependence of dielectric permittivity and electrical con-
ductivity at room temperature.

that the frequency-independent dc plateau was observed at low frequency for
composites with FMG concentration higher than, or equal to, 2 vol. %, so that the
conductivity at 129 Hz of these materials corresponds to their dc conductivity.
Above the percolation threshold, the dielectric permittivity ¢ at 129 Hz and
the dc electrical conductivity were fitted according to the classical law (2.16).
Obtained percolation concentration is p. = 1.9 vol. %.

4.2.2.2 Electrical conductivity above room temperature

Above the percolation threshold, the electrical conductivity governs the dielec-
tric properties of composites. The frequency dependence of the electrical con-
ductivity for composites with 2 vol. % FMG filler is presented in figure
One can observe a frequency-independent contribution to the conductivity at
low frequency (which corresponds to the dc conductivity), and a contribution
which increased with frequency, at higher frequencies. It can be assumed that
dc conductivity increased with temperature, whereas the critical frequency at
which the conductivity deviates from its constant dc value, decreased. Moreover,
dc conductivity at room temperature after annealing became higher whereas
the critical frequency decreased (see figure [4.10). The frequency dependence
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of the electrical conductivity can be fitted according to the universal power
law (2.18) [36]. The dc conductivity values for all investigated composites are
presented in figure [4.11]

= 300

10° 10° 10° 10° 10°
v, Hz

Figure 4.10: Frequency dependence of the electrical conductivity on heating
(right) and cooling (left), measured values (symbols) and fitted with universal
power law (solid curves)

For composites below the percolation threshold and for pure PU, dc conduct-
ivity values were obtained at higher temperatures only, above 350 K, i.e. above
the glass transition temperature of pure PU, which is known to be about 330 K
in the present case. The electrical conductivity for these samples is related to
some mechanisms of conductivity throughout the polymer matrix occurring at
sufficiently high temperatures and can be fitted by Arrhenius law.

For composites above the percolation threshold, the value of dc conductivity
also increased upon heating, however the most pronounced rise of o, occurred
after annealing at 450 K. Then, on cooling, the temperature dependence of the
conductivity was very limited.

In order to understand the impact of thermal treatment (heating / cooling)
on composites” dielectric properties at different frequencies, the impedance
formalism can be used (2.14). As-obtained frequency spectra of the complex
impedance Z* are presented in figure The frequency dependence of Z* is
very broad and cannot be described by a single RC circuit. Instead, the similar
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Figure 4.11: Temperature dependence of dc conductivity above room temperat-
ure. The arrows indicate heating and cooling.

technic as in section (equation (4.1)) was used. It is important to note
that the frequency spectrum of Z” is almost symmetric at room temperature
(see figure[.12). On heating and cooling, the values of complex impedance Zx
decreased unevenly at different frequencies and the frequency spectra of Z*
became more asymmetric (figure [4.13).

The calculated distributions of relaxation times are presented in figure
The distributions of relaxation times exhibited pronounced temperature de-
pendence (see figure .14). The maximum of the distributions was shifted from
milliseconds to several microseconds with the decrease of annealing temper-
ature, and the distributions became narrower. The most pronounced effect
occurred after half an hour of isothermal annealing at 450 K. After annealing,
the position of the maximum of the distribution of relaxation times indeed
changed by two orders of magnitude. In contrast, on cooling, the distributions
of relaxation times remained almost temperature-independent.

The similar tendency of the relaxation times behaviour was demonstrated
in the case of GNP / epoxy resin composites We can conclude that the
similar effect of the dividing of big agglomerates into smaller one is observed

here.
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Figure 4.12: Frequency dependence of the complex impedance at different

temperatures for composites with 2 vol. % of FMG filler: experimental data
(symbols) and calculated with equation (curves)

4.2.2.3 Electrical conductivity below room temperature

The temperature dependence of dc conductivity on cooling below room tem-
perature is presented in figure Both dielectric permittivity and electrical
conductivity demonstrated very low-temperature dependence, mainly caused

by different thermal properties of FMG and pure polyurethane matrix.
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Figure 4.13: Frequency dependence of the complex impedance at room temper-
ature before and after annealing for composites with 2 vol. % of FMG filler

4.3 Summary

Two different types of composite materials with the similar effects have been
studied.

Electromagnetic properties of epoxy composites containing the small addi-
tion of GNP have been studied over eight decades of frequency, from 20 Hz to
2 TH~z. It was demonstrated that the percolation threshold in such systems is
2.87 wt. %. According to low-temperature analysis, the electrical conductivity
occurs by a tunnelling mechanism.

The dielectric properties of FMG / polyurethane resin composites were
presented in a wide temperature (25 -450 K) and frequency (20 Hz -1 M H z)range.
It was established that the electrical percolation threshold lies between 1 and
2 vol. % of filler. Above the percolation threshold, the composites exhibited
huge values of dielectric permittivity and electrical conductivity. The materials
above the percolation threshold also presented a huge hysteresis of properties
on heating from room temperature up to above 450 K and subsequent cooling.

During the first annealing of samples close to and above the percolation
threshold, a dramatic increase of both permittivity and conductivity was ob-

served. In case of GNP / epoxy resin composites by a factor of 3 and by 4
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Figure 4.14: Distributions of relaxations times for composites with 2 vol. % of
FMG filler on heating (left) and at room temperature before and after annealing
at 450 K (right)

orders of magnitude, respectively (for the 2 wt. % GNP sample). For FMG /
polyurethane composites the conductivity increased by more than 2 orders of
magnitude.

Annealing was also demonstrated to be a simple way to improve significantly
the shielding ability of GNP-based composites. Indeed, as-produced composite
with 4 wt. % GNP provided 86% of EM attenuation across a 2 mm-thick sample,
while the same sample reached 92% after annealing. The same EMI shielding
efficiency of 85% can be achieved with 2 wt. % GNP after annealing.

This phenomenon was studied with the impedance formalism. It was found
that Maxwell — Wagner relaxation occurs. Upon heating, the relaxation time 7
decreases by several orders of magnitude and remains unchanged on cooling.
The analysis points to a redistribution of GNP or FMG clusters during which
the average size and, consequently, the separation between the conductive
clusters decreases. This leads to a huge rise of conductivity and even pulls the
percolation threshold down (for the GNP / epoxy resin composites). After a
second or third annealing, no significant changes of the relaxation time and
the conductivity was observed, indicating that the redistribution processes is

achieved after the first thermal cycle.
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Figure 4.15: Temperature dependence of dc conductivity on cooling below room
temperature.

The fact that the same effect was observed for two different systems moves
us towards the proposal about the universality of this phenomenon. However,
it is not so. For instance, the redistribution was not observed for the system of
nanosized spherical Ni particles covered with few layers of carbon introduced
into the polydimethylsiloxane (PDMS) matrix. PDMS in normal condition
is already above the glass transition temperature (which is near 120 K), so
we expected pronounced improvement on heating / cooling cycle. But such
improvement was not observed (see figure.[4.16). One of the reason is that the
composites were significantly lower the percolation threshold.

Such annealing proved to be a very simple but powerful way of improving
significantly the electrical and dielectric properties of composites based on
carbon fillers. Such noteworthy annealing effect was unambiguously observed,
despite the rather big size of the graphite particles and the thermoset nature of
the polymer matrix. We assume that annealing is a cheap and simple procedure
for producing materials with well-dispersed carbonaceous inclusions for high-

frequency applications.
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Figure 4.16: Temperature dependence of the dielectric permittivity of the Ni@C
/ PDMS composites.
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Chapter 5

Synergetic effect of triglycine
sulfate and graphite nanoplatelets
on dielectric and piezoelectric

properties of epoxy resin composites

Composite materials filled with the ferroelectric inclusions are widely stud-
ied for decades [108, 114, 115,[116]. The broad range of possible applications
of these materials in microelectronics includes, for example, microwave sub-
strates [117], 3D antennas, embedded capacitors [118] and inductors [119,[120],
and electromagnetic shields [121].

The second point is that the ternary composites with GNP and an additional
tiller are promising due to the possibility of simple surface modification[122].
Also, the addition of the third phase in nanocarbon / polymer composites may
drastically change the distribution of carbon particles and, as a result, their
dielectric properties [123] 124, 125]. Even the optimal amount of the third phase
may be figured out [126].

Designing ternary composites with carbon and ferroelectric inclusions em-
bedded into polymer matrices is a way to combine the advantages of both
fillers [127, [128| 129| 108]. Several authors indeed demonstrated significant
improvement of electromagnetic wave absorption properties of such systems,
energy storage properties [19] and electronic device applications [20].

Triglycine sulfate (TGS) is one of the most well-studied ferroelectric crystal

with a second-order ferroelectric phase transition close to 322 K [130]. The
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ferroelectric phase transition is of order-disorder type with strong dielectric
dispersion in the microwave frequency range and a typical critical slowing-
down effect [131]. TGS crystals also present huge values of dielectric permittivity,
piezoelectric and pyroelectric coefficients, enabling a wide range of applications,
including highly sensitive infrared sensors.

It is also known that polycrystallinity [132], moisture [133, [134], and dop-
ing with either organic or inorganic impurities [135] may significantly affect
TGS properties. It is therefore worth investigating the possibility of designing
composite materials based on epoxy resin filled with both TGS particles and
conductive inclusions. As for the latter, graphite nanoplatelets (GNP) were
used. The main ideas are the following: (i) being embedded in epoxy resin, TGS
can be protected from ambient moisture; (ii) by introducing various amounts
of conductive filler, the dielectric and ultrasonic properties of the composites
can be controlled so that polymer composites with improved dielectric and
electromagnetic properties can be produced through an easy and cost-effective
method.

5.1 Sample preparation procedure

A single TGS crystal was first dissolved in distilled water. Next, the solution
of TGS was evaporated overnight in an oven heated at 360 K. After complete
evaporation of water, the solid residue was collected and ground in an agate
mortar for 2 — 3 minutes. As a result, a powder of TGS crystallites was obtained.
According to scanning electron microscopy (figure[5.1|(a)), the average size of
TGS crystallites was around 50 zm. GNP particles were obtained by a succession

Figure 5.1: Scanning electron microscopy images of: (a) TGS crystallites; (b)
GNP particles; and (c) composite material loaded at 30 and 0.5 wt. % of TGS and
GNP, respectively.
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of grinding and sonication steps applied to a suspension of exfoliated graphite
in cyclohexane. GNP particles had an average diameter of 10 m, and a typical
thickness of 0.1 ym. In other words, their aspect ratio was as high as 100 [136].
The composites were prepared as follows. GNP and TGS particles were son-
icated in isopropyl alcohol for 3 hours. Next, degassed epoxy resin (Buehler
EpoThin 2) was introduced into the solution, and the blend was sonicated for 1
additional hour. The homogeneous solution was then placed into an oven at 330-
340 K until complete evaporation of the alcohol. After evaporation, the system
was sonicated again for one more hour. When homogenisation was finished,
the curing agent was introduced and the obtained system was carefully stirred
manually for 5 minutes and poured into the moulds for curing. Composites
were cured overnight at room temperature first, then for 5 hours at 350 K. Based
on the aforementioned protocol, samples with either 0 or 30 wt. % of TGS and 0,
0.5, or 1 wt. % of GNP were prepared. Scanning electron microscopy (figure
(b,c)) demonstrated that both GNP and TGS inclusions were well-dispersed. No
percolation paths between TGS crystallites were observed, so the connectivity
of the composite may be assumed to be 0-3, since the polymer matrix is inter-
connected along the 3 directions, while TGS crystallites are not, along with any
direction. In the following, samples were referred to as wtgn pPGNP-wtrasTGS,

where wt means weight concentration.

5.2 Experimental results

5.2.1 Dielectric properties at room temperature

The frequency dependence of the complex dielectric permittivity for all studied
composites at room temperature is presented in figure As it can be seen from
the figure, the addition of either TGS or GNP led to an increase of both real and
imaginary parts of the complex dielectric permittivity. In order to understand
the influence of the addition of each component on the dielectric properties
of composites, the following approach was used. The behaviour of the TGS
/ epoxy binary system may be predicted by Jayasundere and Smith model of
the 0-3 composite with dielectric matrix and piezoelectric inclusions [137]. On
the other hand, the concentration behaviour of the dielectric properties of GNP

/ epoxy composites may be described with a simple universal power law, or
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Figure 5.2: Frequency spectra of dielectric permittivity of pure epoxy and of
composite materials filled with 30 wt. % of TGS and different amounts of GNP
at room temperature.

with the Maxwell-Garnett equation [65] 66]. But in the case of ternary TGS
+ GNP / epoxy system, the combination of those models might fail at high
filler concentrations due to the following reasons. Considering a composite
whose total volume is equal to 1, then the volumes occupied by TGS and GNP
particles are Vs and V' = Vj — Vipgg, respectively. Therefore, the local volume
concentration of GNP in the region between TGS particles should be higher
than in a binary GNP / epoxy system having the same overall concentration
of GNP. The percolation network should thus appear at a comparatively lower
weight concentration. On the other hand, TGS crystals may introduce additional
barriers preventing contacts between conductive GNP clusters. These two effects
are antagonistic so that the final properties of ternary composites should be
more sensitive to the microstructure than binary ones.

In the present case, a slight enhancement of dielectric properties was ob-
served for xGNP-30TGS composites with respect to xGNP-0TGS at lower fre-
quencies (see figure mainly because: (i) the studied concentration range
(0 — 1 wt. %) of GNP was lower than the percolation threshold [138], (ii) the
amount of TGS was quite high, so it is most likely that TGS particles acted as
additional barriers in the conductive GNP network. The dielectric permittiv-
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Figure 5.3: Comparison of dielectric permittivity of xGNP-30TGS and xGNP-
0TGS at a frequency of 16667 H z. Solid lines are fit with equation (2.16)

ity and dielectric losses strongly decreased with frequency for all composites.
Two different dielectric dispersion trends could be distinguished: one at lower
frequencies (20 Hz — 1 M H z), where the dielectric permittivity was strongly
frequency-dependent, and another one at higher frequencies (above 1 M Hz),
where dielectric losses were quite low (lower than 1) and the dielectric permit-
tivity was almost frequency-independent.

The dielectric dispersion at lower frequencies can be caused by the dynamics
of ferroelectric domains, similarly as in pure TGS crystals, or by the Maxwell-
Wagner relaxation due to the high electrical conductivity of GNP, the random
orientation of TGS crystallites, and their finite value of electrical conductivity.
However, the contribution of ferroelectric domains dynamics should be neg-
lected because the dielectric dispersion remains far above the phase transition
temperature. Therefore, the main contribution at low frequencies comes from
the Maxwell-Wagner relaxation. It means that the differences in dielectric prop-
erties of composites at lower frequencies are mainly related to the structure of
conductive clusters.

On the other hand, at higher frequencies at which the impact of GNP on
the dielectric permittivity is more significant, the contribution of ferroelectric
soft mode, typical of TGS crystals, might also be substantial. In other words,
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the ferroelectric polarization of TGS clusters may be affected by the presence of
GNP because: 1) the distribution of TGS crystallites is more homogeneous due
to the presence of GNP, 2) GNP particles (due to their high electrical conduct-
ivity) create electric fields inside the composite, which affect the polarization
inside TGS crystallites. Both contributions should be important in the present

composites.

5.2.2 Dielectric properties above room temperature

The maximum of dielectric permittivity close to T=322 K for all studied com-
posites is typical of the ferroelectric transition in pure TGS crystals, except
the substantially lower dielectric permittivity peak value due to the random
orientation of TGS crystallites (see figure[5.4). The variation of dielectric permit-
tivity near the Curie temperature is governed with Curie-Weiss law 2.19both in
paraelectric and ferroelectric phase (figure[5.4), although with a different value
of the constant C. The corresponding parameters of the fits of equation (2.19)
are collected in Table
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Figure 5.4: Temperature dependence of the dielectric permittivity of composite
materials filled with 30 wt. % of TGS and different amounts of GNP above room
temperature, and at frequency 0.8 GH z. Lines are fits with equation (2.19)

The Curie constants C' and C’ increased with the GNP concentration, due to

the rise of dielectric permittivity. The Curie-Weiss behaviour is usually related

66



5.2. Experimental results

Table 5.1: Parameters of the fits of equation[2.19to the data of figure[5.4} C and C’
are the constants of equation for para- and ferroelectric phases, respectively.

Sample C’, K; ferroelectric phase | C, K; paraelectric phase
0GNP-30TGS 854.24 3235.42
0.5GNP-30TGS 3023.05 4509.23
1GNP-30TGS 221791 10428.83

to ferroelectric soft mode: either resonant or relaxational [139]. For TGS crystals,
the relaxational soft mode is usual [139].

It can also be seen that the addition of GNP did not affect the temperature of
the phase transition. However, it increased the absolute value of the complex
permittivity in a broad temperature range, especially the real part, while the
shape of the curves roughly remained the same. This should be due to the strong
synergy effect between TGS particles and GNP. Indeed, the contribution of the
Maxwell-Wagner relaxation (which appears at the dielectric / GNP interface) to
the dielectric permittivity should not present an anomaly close to the ferroelec-
tric phase transition temperature. Such a contribution should strongly increase
with temperature. This was not the case for the composites investigated here.

The temperature dependence of dielectric permittivity of 0.5GNP-30TGS at
different frequencies is shown in figure[5.5|. The same typical behaviour was
also observed for all investigated composites.

It is clearly seen that at higher frequencies (above 1 M Hz), a more pro-
nounced maximum of permittivity appears at a certain intermediate temper-
ature close to 322 K. In contrast, at lower frequencies (below 1 M Hz), the
dielectric properties are mostly governed by the Maxwell-Wagner relaxation,
i.e., are thermally activated and almost not affected by the ferroelectric phase
transition.

The frequency dispersion in the high-frequency range (above 1 M H z) can be
well described by the universal Jonscher law [34, 35] (see figure[5.6):

X(w) = e(w) — 0o = A(T) ()" (5.1)

where A(T') is a temperature-dependent parameter and is a suitable "high-
frequency" value of the permittivity at which the low-frequency losses become
negligible. The exponent n(7") is weakly temperature-dependent and is smaller

than unity. This law states that real and imaginary parts of x(w) have the same
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Figure 5.5: Temperature dependence of the dielectric permittivity of compos-
ite materials filled with 30 wt. % of TGS and 0.5 wt. % of GNP at different
frequencies.

frequency dependence:

<

@ — cop(mn) (5.2)

X' (@)
The universal law is associated with many-body interactions between di-

poles or charges responsible for polarisation in dielectrics. The parameters of
equation[5.2] describing the frequency dependence are collected in Table

Table 5.2: Parameters of the fits of equation to the data of figure

Temperature, K | OGNP-30TGS | 0.5GNP-30TGS | 1IGNP-30TGS
n el n el n e

315 0.92791 | 3.3 | 0.81849 | 81 |0.74336 | 9.1
320 0.92083 | 3.4 | 0.80642 | 81 |0.75913 | 9
322 09177 | 3.5 | 0.81328 | 8.3 | 0.79987 | 9
325 0.92083 | 3.4 | 0.81328 | 8.2 |0.82416 | 8.8
330 092711 | 3.1 |{ 0.80304 | 8.1 |0.81218 | 8.7
335 09177 | 32 | 0.8091 | 8.1 |0.81648 | 8.6
340 0.90521 | 3.4 | 0.80059 | 8.0 | 0.81788 | 8.6

It can be seen that the values slightly depended on temperature, especially €,

demonstrated maxima close to the phase transition temperature for all studied
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Figure 5.6: Frequency dependence of the dielectric permittivity of composite
materials filled with 30 wt. % of TGS and 0.5 or 1 wt. % of GNP at different
temperatures. Solid lines are fits with equation (5.1)).

samples. However, those values strongly depended on the GNP concentration.
Firstly, e, obviously increased with the concentration, but at the same time, the
value of n decreased. This may be explained as follows: below the percolation
threshold, the GNP loading made the real part of the permittivity increase faster
than the imaginary part.

At lower frequencies the Maxwell-Wagner relaxation of composites takes
place. For Maxwell-Wagner relaxations analysis, it is more convenient to use the
diectric modulus formalism (see figure5.7]). The imaginary part of the
dielectric modulus demonstrate a maximum at certain frequency. The relaxation
times can be calculated as the inverse of the frequency at which the imaginary
part of the electrical modulus is the highest, i.e., 7 = 1/ f,,.,. The variation of
the relaxation times at different temperatures was tracked out and the results
are presented in figure

Such behaviour of the frequency dependence of the electrical modulus was
observed only in ternary composites. The interfacial polarisation likely occurred
at the conductive GNP clusters and TGS interfaces. The relaxation time 7
obtained from the electrical modulus is proportional to the resistivity R and to
the capacitance of conductive clusters C, i.e., 7 = RC. Now, the capacitance
only depends on the geometry of the GNP clusters. Assuming a spherical shape,
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Figure 5.7: Frequency dependence of the electric modulus of composite materials
filled with 30 wt. % of TGS and 0.5 or 1 wt. % of GNP at 345 K.
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Figure 5.8: Temperature dependence of the relaxation time for the same ternary
composites as in figure
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which for GNP is a rough approximation, aimed at capturing the underlying
physics, C' = 4megr, where r is an effective radius. Bigger conductive clusters
thus lead to lower electrical conductivity and to higher capacitance, and hence
to longer relaxation times [140]. Therefore, the biggest clusters are present in
composites only containing TGS inclusions, and the smallest ones are in 0.5GNP-
30TGS. The Maxwell-Wagner relaxation is related to the onset of conductivity at
higher temperatures or higher GNP concentration.

5.2.3 Piezoelectric properties
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Figure 5.9: Piezoelectric response of composite materials either polarised with
an external field of 400 V/mm (solid symbols) or not polarised (open symbols).

Figure [5.9| presents measurement results of piezoelectric properties of com-
posite materials. The temperature dependence of the piezoelectric voltage at
10 M H z frequency exhibited the ferroelectric phase transition at 322 K. Above
the transition temperature, the piezoelectric signal of non-polarized samples

vanished, but it kept a finite value in the paraelectric phase for the polarised
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samples. The signal in the paraelectric phase is caused by the electrostriction
effect [141]. It can be demonstrated that the detected piezoelectric signal varies
with temperature in the same manner as the order parameter [54] 142]. It was
clearly seen that adding GNP provides a strong synergy effect. Composites with
only TGS particles indeed did not show piezoelectric response without external
polarisation field. Addition of 0.5 wt. % of GNP significantly changed the situ-
ation: a weak piezoelectric response appeared even without an external electric
field. Finally, adding 1 wt. % of GNP provided a strong piezoelectric response
without external polarisation. Even more, the difference between responses with
and without polarisation decreased when increasing the GNP amount. Similarly,
as in the case of dielectric properties, two possible reasons for this behaviour
can be indicated. On the one hand, the loading of GNP obviously impacts the
distribution of TGS crystals. Being more homogeneous, composites with TGS
and GNP provide the highest piezoelectric response. On the other hand, the
addition of GNP might improve the mechanical and electrical properties of
epoxy. Two possible mechanisms of influence of the epoxy properties may be
figured out. Firstly, by excitation with ultrasonic waves, the TGS crystals gener-
ate charges on their surfaces. The nearby regions thus accumulate the charges.
Since the concentration of GNP is quite low (below the percolation threshold),
the GNP loading provides a capacitive impact, while the conductivity of the
samples remains low and appearance of the loss currents is impossible. Due to
higher capacitance, the GNP / epoxy composite media which surrounds the
TGS crystallites may accumulate electric charges better. The field created by
those charges provides additional polarisation of TGS. Thus, the increase of
GNP concentration should provide the higher piezoelectric response of samples
without external polarisation. Secondly, it is known that the addition of carbon
inclusions improves the mechanical properties of the polymers. Due to that, the
ultrasonic waves might propagate throughout with fewer losses than in pure
polymers. So, through hardening by GNP addition, composites should present
higher piezoelectric properties.
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5.3 Summary

Epoxy resin composites with 30 wt. % inclusions of TGS and up to 1 wt. %
inclusions of GNP demonstrate ferroelectric properties. The ferroelectric phase
transition in these composites was confirmed by the dielectric anomaly and
the appearance of piezoelectric properties in the low-temperature phase (be-
low the Curie point). The dielectric properties are mainly governed by the
Maxwell-Wagner relaxation (below 1 M Hz) and the ferroelectric soft mode
(above 1 M Hz). Although the ferroelectric phase transition temperature in
ternary composites is the same as in pure TGS crystals, GNP and TGS particles
demonstrate an evident synergy effect in dielectric and piezoelectric proper-
ties. Below their percolation concentration, more GNP nanoparticles lead to an
increase of both dielectric permittivity and piezoelectric signals in a broad tem-
perature range. The effect can be explained by a better distribution of particles,
an improvement of the mechanical properties, and the creation of internal elec-
tric fields by GNP. Therefore, GNP addition should be considered as a relevant
and easy way of improving the ferroelectric properties of ternary polymeric
composites with ferroelectric and GNP inclusions.
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Chapter 6

Numerical modelling of the
percolation process in composites
with randomly distributed

nanoinclusions

As it was previously demonstrated, one of the main parameters of compos-
ite systems is the percolation threshold. Generally, the percolation threshold
for multi phase irregular media is a problem that was studied for a long time
(see [143]144] and Refs. therein). In modern material science, the main focus
is the percolation phenomena in composite with randomly distributed carbon
nanoinclusions like graphite nanoplatelets, carbon nanotubes, carbon black,
onion-like carbon, etc. [138]]. There are many approaches to simulate the nano-
carbon composite system. For the case of nanotubes or fibers, the most obvious
is to simulate it as a caped [145] 146] or non-caped [69, [147] cylinder.

However, this approach is not universal because it does not allow to simulate
all possible geometries of nanoinclusions (2D, 1D, and 0D). All mentioned
objects may be roughly modelled as ellipsoids of revolution with a different
axial ratio. Many papers contribute to the modelling of the percolation threshold
of overlapping ellipsoids [148| 149, 150]. The method of overlapping inclusions
is faster; it describes the transport properties in porous media well [151], as well
as the social phenomena [152], etc. However, it is not accurate in the case of
nanocarbon composites, because these particles are robust and cannot overlap.
Very few papers contribute to the modelling of the percolation threshold for the
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suspension of the non-overlapping ellipsoids [153) [154].

It was shown, that the percolation concentration is related with fillers” aspect
ratio as p. ~ 1/AR. Knowledge of the percolation threshold concentration for
the particular filler allows predicting the samples’ properties. The situation is
easy and predictable for the case of one type of filler, but only a few papers
contribute to the numerical study of the systems with two or more types of
fillers introduced into the matrix [18].

In this chapter, we present the Monte Carlo model for the calculation of the
percolation of the non-overlapping ellipsoids distributed inside a cubic unit
cell. The dependence of the percolation threshold on the ellipsoids” distribution,
unit cell size and the aspect ratio for the case of oblate and prolate ellipsoids
was studied. The model was successfully used for calculations of the hybrid

composites (2D + 1D fillers mixture).

6.1 Modelling details

The model generates the system of non-overlapping ellipsoids of revolution
located inside the cubic unit cell. The dimensions of the unit cell are UC' = nd,

where d is the maximal diameter of the ellipsoid and n > 1.

6.1.1 Positioning the ellipsoid in 3D space

The ellipsoid with semiaxes b;, i = 1,3 is a set of points X, that satisfy the

condition:
(X — XO)TQ(X —Xo) <1, (6.1)

where X is vector of ellipsoid center, Q >~ 0 is positively defined matrix.

Any Q can be converted to diagonal matrix A as follows:
Q =R"(¢,0,2)AR(¢,0, D). (6.2)

Here A is the diagonal matrix with elements a;; and R(¢, 0, @) is the Euler’s
rotation matrix. The rotation matrix can be generally evaluated as a series of
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rotations:

cosp sing 0 1 0 0 cos® sind 0 6.3)
= |—sing cos¢ Of - |0 cosd sinf| - |—sin® cosd 0
0 0 1 0 —sinf cosf 0 0 1

Let b; be the semiaxes of the ellipsoid then, elements of A may be computed
as a; = 1/b7. If by = by (for the ellipsoid of revolution), the rotation R,/ (®) turns
to unitary. So, the total number of the coordinates is 5: K = (Xo, ¢, §). Using
the described method, we can easily construct the ellipsoid of revolution with
known orientation and position as a combination of the diagonal matrix A and
5-component vector K.

6.1.2 Distance between ellipsoids

Minimal distance AD,,;, between two ellipsoids (A, K) and (A’, K’), is a solution

of the minimisation problem:
AD,in = minX =Y[,X € S, Y € &, (6.4)

where S and S’ are the surfaces of ellipsoids. The equation cannot be solved
analyticaly, but there is a variety of numerical methods. All methods may be
divided into geometrical [155,[156]] and algebraical [157, [158].

Here we will use the geometrical approach developed by Lin and Han [156]].

The idea of the method is to construct two balls completely inside each ellipsoid

(see figure [6.1).

w e

Figure 6.1: Illustration of the approach by Linn.

Then we check whether the line segment [c;, c2] between the two centers
is entirely contained in (A, K) U (A, K). If it is, then the two ellipsoids have a
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nonempty intersection and the distance AD,,;,, = 0; otherwise, we continue and
compute new point X(k + 1) as the intersection of the line segment [c;, ¢;] with
the boundary S, and also Y(k+1) as the intersection of [c;, ¢2] with the boundary
S’. As the accuracy criteria the angles between segments Z([c;, 2], [c1, X(k)])
and Z([cy, ¢s], [c2, Y(k)]) can be used.

6.1.3 Composite generation procedure

The procedure of the composite creation is follows. On i-th step, we generate
random K as:
X:z; € (0,UC),
¢ € (0,27), (6.5)
g € (0,m).

Next, two conditions should be satisfied:

i i-th the ellipsoid should not intersect the walls of the unit cell.

ii i-th ellipsoid should not penetrate into any ellipsoid of the already existing

system of i—1.

For the real nanocarbon composite, the condition (ii) is more strict. Taking
into account the Van der Waals separation, the minimal separation between two
ellipsoids here is set as 0.34 nm. If both conditions are satistied then we store i-th
ellipsoid, if not—we abandon it and make a new attempt for i-th. The example
of the distributed ellipsoids with different aspect ratios is presented in figure

6.1.4 Percolation computation

Once the distribution of ellipsoids is computed, well-known Dijkstra’s algorithm
[159] was applied for the calculation of the percolation path. The tunnelling
distance of 2 nm was used as a connection criterion.

Next, for the Dijkstra protocol, we have to select an initial and final point
(edge) of the graph. Obviously, these points are the ellipsoids located near
the i-th border of the unit cell and the border opposite to i-th correspondingly.
Periodic boundary conditions are utilised. So the distance between the ellipsoid
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60 )/ 100

Figure 6.2: Visualisation of the unit cell filled with different aspect ratio ellipsoids
(2D inclusions vs 1D).

near the i-th border, and the opposite one shifted along the chosen direction on
UC, should be less than the predefined separation of 2 nm. If this condition is
satisfied, the ellipsoids are considered as the initial and final edges of the graph.

Finally, the boolean vector of the percolation is computed. We consider the

system as percolated one if it is percolated in at least one direction.

6.1.5 Total algorithm

The total algorithm organized as Tabu search method [160, 161, 162] and per-
forms as follows:

1. We generate of the composite of N(p) ellipsoids, where p is the volume
fraction. A result of this step is an array of the dimensions 5 x N(p) of

ellipsoid coordinates K.
2. Next, we check if the system is percolated.

If it is, we then terminate, if not, we go back to (1) with p := p + ép and
construct new composite. The implementation of the algorithm is written with

Fortran (see figure[6.3).
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input(UC,p)

Yes

output(p,)

Figure 6.3: Block scheme for the algorithm.

6.2 Percolation modelling results

6.2.1 Two phase system

For the ellipsoid of revolution b; = b,, then the aspect ratio can be introduced as
p = by /b3, p > 1. We consider b3 = 2.38 nm, so the total thickness corresponds to
14 graphite interlayer distances. The formation of the percolation paths depends
on the concentration of the filler, and also the distribution of the inclusions. The
distribution effect was studied for the system filled with ellipsoids of p = 5.
We made 10,000 observations for n = 3, 7000 for n = 4 and 3000 for n = 5. The
percolation probability function is presented in figure

The empiric probability functions are governed by the Weibull probability
function, W (A, k) = 1 — e~@/Y" [163]. The parameters of equation are follows:
A=0.115,k =8.797 forn =3; A=0.113, £ = 12.092 for n =4, and A =0.113, k£ = 14.90
for n = 5. The Weibull function describes “time-to-failure” and it is typical for
percolation processes 165][166]]. All the probability functions for different
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Figure 6.4: The empiric percolation probability function for p = 5 ellipsoids in-
side cells of different sizes (symbols); Weibull probability distribution functions
(solid curves).

cell size are closely collapsed, but the diffusion is slightly decreased from n =3
to n =5, that corresponds to the rise of the Weibull modulus k. This means that
the percolation threshold is independent of the UC. The diffusion difference
may be explained by the finite volume fraction of the single ellipsoid inside the
unit cell. On the other hand, the calculation time increases drastically with UC
rise, so the UC size of n = 3 is optimal for the calculation of the composites with
ellipsoids of higher aspect ratio.

Figure|6.5/shows the dependence of the percolation threshold on the ellips-
oids aspect ratio. As expected, the percolation threshold decreases with the
aspect ratio rise. The resulting dependence is in good agreement with experi-
mental data [167, 168, [169] and theoretical modeling [170), [148].

6.2.2 Three phase system (hybrid)

The calculation of the percolation of hybrid composite requires the modification
of composite generation procedure section The generation is organised
“one in time”. We introduce the parameter prob — the probability of the GNP
appearance, then 1-prob is the probability of the CNT appearance. So, upon the
generation procedure, each i-th particle has the probability to be “born” as GNP
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Figure 6.5: Dependence of the percolation concentration on the aspect ratio
of the ellipsoid ( b3 = 2.38 and n = 3). Experimentally observed percolation
concentrations: A—I[167]; O—[168] ; 0—I[169], % — FMG / PU composites,
described in the chapter[4]

or CNT. After, the percolation was computed using the standard protocol. For
the hybrid composite, we consider p. as a total volume fraction of the inclusions
required for the percolation. Obviously, for the hybrids total concentration may
be presented as a sum of partial concentrations as p'®* = pSNF 4 pCNT. The
dependence of the p!” (prob) is presented on figure For the case of prob =1
and 0, the data was verified with the model for 1 type of inclusions. For the
calculations two types of ellipsoids were used: b; = b3 = 20 nm, bj = 2 nm, and
b = b3 =2nm, b =20 nm.

The excluded volume theory states that the percolation for the hybrid com-
posites [18] occurs if the following condition is satisfied:

GNP CNT

p b
EVT = ==° + == =1 .
pléot(]_) pzot(o) ’ (6 6)

are partial concentrations of the GNP and CNT in hybrid

GNP
c

CNT
c

where p and p

composite, and p’*(1) and p'®*(1) are the critical concentrations for composites
with GNP (prob = 1) and CNT (prob = 0). However, a lot of experimental works
evident the percolation even if the condition equation is not satisfied [171,

172,1173], 17]. In our case, the exact number of GNP and CNT is known for
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Figure 6.6: Dependence of the percolation concentration for hybrid composites
of different composition.

each configuration, so we can easily calculate the EVT-parameter. The result is
presented in figure As it is seen from figure the mean value of EVT is
below 1 for all studied configurations. The dependence demonstrates minimum
at prob = 0.7-0.8. We can preliminarily conclude that there is some optimum
combination of CNT and GNP in hybrid composites.
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Figure 6.7: Dependence of the left part of equation for percolated hybrid
composites of different composition.

6.3 Summary

We present a Monte Carlo model for the calculation of the percolation threshold
in the irregular system filled with ellipsoids of revolution of different aspect
ratios, as well as the hybrid systems. We demonstrate, that the percolation con-
centration is independent of the unit cell size. The dependence of the percolation
concentration on the aspect ratio of nanoinclusions is in the good agreement
with previously reported [148, 153} 154, [170].

The reported model can be applied for nanocarbon containing composites
as it supports the real experimental situation when percolated additives do
not penetrate to each other. The important advantage of the present model is
that it can be easily applied for the modelling of multi-component composites,
e.g. containing graphene nanoplatelets, carbon black and carbon nanotubes, by
means of utilising the ellipsoids of different aspect ratio with the filling fraction
corresponding to concentrations of each type of inclusion.

This tested in simple case of one-component composite MC model could be
used in a pre-experimental step for producing effective close-to percolation and
percolated nanocomposites for various mechanical, thermal and electromagnetic

applications to avoid time- and resources consuming "sort-out" experimenta
licat t dt d " t t" tal
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phase, that should lead to design of optimal composition of many functional
components providing e.g. the lowest overall percolative concentration at lowest
content of most expensive functional additive, keeping at the same time high
performance and functionality. The case of hybrid CNT+GNP composite proves
the strong synergetic effect.
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Summary and conclusions

This thesis is focused on the experimental and numerical investigations of
the composite materials filled with 2D nanostructured carbonaceous materials
(GNP and FMG) in different matrices with or without additional inclusions (TGS
and CNT). The results are obtained by means of the dielecrtric and acoustic
spectroscopy and the numerical study using the Tabu search method. The main
results are organised into three chapters.

The first chapter delivers the results of the experimental investigations of two
different composite systems filled with 2D carbon. Huge rise of the conductivity
was observed after first annealing for both of studied composite types. Also
the annealing pulls the percolation concentration down. The mechanism of the
particle redistribution was proposed to explain the phenomena. The fact of the
observation of the phenomena in two systems proves the universality of the
process for 2D nanostructured carbon inclusions introduced into the thermo
setting polymers.

The second chapter is devoted to studying electromagnetic properties of
the GNP + TGS / epoxy resin ternary system. Strong synergetic effect of the
two fillers using was found. The addition of GNP particles leads to increase
of the dielectric constant, appearance of the Maxwell-Wagner relaxation, and
improvement of the piezoelectric response of the composites. Several mechan-
isms of the synergetic effect were proposed: the first is the co- influence of the
different fillers on the final distribution upon the composites preparation, and
the second is creating the internal microfields by means of charge accumulation
on the GNP.

Third chapter reports on the numerical model development. The model is
aimed to calculate the percolation concentration of the composites filled with
different types of carbonaceous materials: GNP, CNT, onion-like carbon as well
as the hybrid composites. The models” algorithm is organised as the Tabu search
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method based on the Monte Carlo protocol for the particle distribution genera-
tion and Dijkstra’s protocol for percolation check. The programm was tested
for the case of 2D inclusions. Obtained results are in good aggreement with
previous theoretical and experimental investigations of such type of materials.
One of the main advandage of the presented model is the possibility to apply
it for hybrid composites calculation. The case of 1D + 2D hybrid system was
studied.

The results of the thesis are published as 5 articles in peer-revieved journals
and discussed at 7 international conferences.

The main conclusions of the thesis are following:

1. Electromagnetic properties of epoxy composites containing the small ad-
dition of GNP have been studied over eight decades of frequency, from
20 Hz to 2 THz. It was demonstrated that the percolation threshold in
such systems is 2.87 wt. %. According to low temperature analysis, the

electrical conductivity occurs by a tunneling mechanism.

2. The dielectric properties of FMG/polyurethane resin composites, were
presented in a wide temperature (25 — 450 K) and frequency (20 Hz —
1 M H z) range. It was established that the electrical percolation threshold
lies between 1 and 2 vol. % of filler.

3. During the first annealing of composite samples with GNP or FMG inclu-
sions close to and above the percolation threshold, a dramatic increase of
both permittivity and conductivity was observed. In particular case of
GNP / epoxy resin composites the increase is by a factor of 3 and by 4
orders of magnitude, respectively (for the 2 wt. % GNP sample). For FMG
/ polyurethane composites the conductivity rised by more than 2 orders of

magnitude.

4. The conductivity increase upon annealing was studied with the impedance
formalism. It was found that Maxwell - Wagner relaxation occurs. Upon
heating, the relaxation time RC decreases by several orders of magnitude
and remains unchanged on cooling. The analysis points to a redistribution
of GNP or FMG clusters during which the average size and, consequently,
the separation between the conductive clusters decreases. This leads to a

huge rise of conductivity and even pulls the percolation threshold down
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(for the GNP / epoxy resin composites). After a second or third annealing,
no significant changes of the relaxation time and the conductivity was
observed, indicating that the redistribution processes is achieved after the
first thermal cycle.

. Annealing was also demonstrated to be a simple way to improve signific-
antly the shielding ability of GNP-based composites. Indeed, as-produced
composite with 4 wt. % GNP provided 86% of EM attenuation across a
2 mm thick sample, while the same sample reached 92% after annealing.
The same EMI shielding efficiency of 85% can be achieved with 2 wt. %
GNP after annealing.

. Epoxy resin composites with 30 wt. % inclusions of TGS and up to 1 wt. %
inclusions of GNP demonstrate ferroelectric properties. The ferroelectric
phase transition in these composites was confirmed by the dielectric anom-
aly and the appearance of piezoelectric properties in the low temperature
phase (below the Curie point).

. The dielectric properties of thernary GNP + TGS / epoxy resin composites
are mainly governed by the Maxwell-Wagner relaxation (below 1 M H z)
and the ferroelectric soft mode (above 1 M Hz). Although the ferroelectric
phase transition temperature in ternary composites is the same as in pure
TGS crystals, GNP and TGS particles demonstrate an evident synergy
effect in dielectric and piezoelectric properties.

. The reported Monte Carlo model can be applied for nanocarbon containing
composites as it supports the real experimental situation when percolated
additives do not penetrate to each other. The important advantage of the
present model is that it can be easily applied for the modelling of multi-
components composites, e.g. containing graphene nanoplatelets, carbon
black and carbon nanotubes, by means of utilising the ellipsoids of differ-
ent aspect ratio with the filling fraction corresponding to concentrations of
each type of inclusion.
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