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ABSTRACT KEYWORDS
The simulation of shielding properties of gradient composite structures gradient composite
(9-CMs) nanocarbon-polymer in the frequency range of electromag- materials; graphite

netic radiation (EMR) (25.5 — 55.5 GHz) has been implemented in C++ nanoplatelets; dielectric
code. The simulation has shown a significant decrease of EMR reflection pﬁ."ro'l.tt'vfty"ffIec.tromagnet'c
index (R) and sufficient increase of EMR absorption (A) and shielding effi- ;bgir;':%r:ﬁosescmn an
ciency in gradient composite structures with filler concentration growth

in the direction of EMR propagation as compared with composite with

uniform distribution of nanocarbon filler. The simulated results coincide

with the experimental data for the set of the epoxy composites with gra-

dient distribution of 5 wt.% of graphite nanoplatelets.

1. Introduction

The differences in structure and morphology of the filler particles (nanotubes, nanoplatelets
etc.), alongside with a large aspect ratio, achieving during the formation of the filler, play
an important role in the spatial structure and physical properties of heterogeneous compos-
ite materials. The electrical conduction process in polymer composites, filled with conduc-
tive particles, depends upon a number of parameters, such as filler concentration, particle
size and shape, spatial structure, aspect ratio, filler orientation, filler-matrix interactions and
processing techniques as governing factors of the electrical properties. By varying the spa-
tial distribution of electroconductive filler in a composite material, we can effectively tune its
electronic properties, and hence to control the level of electromagnetic shielding. Frequently
used way for achieving the desired level of electromagnetic shielding is to synthesize compos-
ite materials with varying electric and magnetic permittivity in different directions relatively
to the propagation of the electro-magnetic waves. Multilayer shields with various electrical
conductivity and permittivity in different layers [1, 2], gradient-like distributed concentration
of filler in the polymer matrix [3, 4, 5, 6, 7] or materials with correlated spatial distribution of
anisometric filler particles [8, 9] can be considered as an example. Gradient composite mate-
rials (g-CMs) are characterized by a specific 3D distribution of phases and can be superior to
homogenous materials composed of the same or similar constituents. The spatial concentra-
tion gradient can be produced via sedimentation of filler particles that differ in density from
the polymer in its fluid state. A centrifugation technique is the most effective in making a
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graded distribution of filler particles and fabrication of composites with graded properties in
the direction of centrifugal force — electrical and thermal conductivity, dielectric permittivity,
hardness, Young’s modulus, etc [10, 11, 12].

Carbon nanofillers, such as carbon nanotubes, carbon nanofibers and graphite
nanoplatelets have been proposed as ideal candidates for the development of next gen-
eration composites due to their outstanding properties [13, 14]. Recent studies [15, 16]
have presented new results in the investigation of the relationship between the dielectric
properties of g-CMs (consisted of multi-walled carbon nanotubes (MWCNTs) and Cyanate
ester resin (CE), including the difference in permittivity over a wide frequency range from
1 to 10° Hz and the interfacial effect on the dielectric properties. It was found that although
conductive networks and electron tunnels may be formed in some regions of the gradient
composite, a thorough percolation network isn’'t achieved in the whole composite. Therefore,
the MWCNT/CE g-CMs remain insulators, and the sudden insulator-to-conductor transi-
tion, or percolation phenomenon, does not appear. These results confirm a high permittivity
of the g-CMs as a consequence of its special dispersion and distribution of nanotubes in the
matrix along the direction of thickness instead of the percolation effect.

In [17] it was shown that the combination of impressive permittivity of inorganic particles
with good dielectric strength of polymers may result in a high-permittivity polymer-based
flexible composites. An attempt has been made to enhance the microwave shielding proper-
ties of elastomeric composites by introduction of a magnetic filler (iron particles) concen-
tration gradient along the thickness [18, 19]. Composites having both carbon nanomaterials
(graphene, carbon nanotube, etc.) and carbonyl iron particles as filler have also been studied
for their EMI SE properties [20, 21].

Utilizing gradient structures as shielding materials opens a wide range of possibilities for
tuning the interaction of CMs with EMR, and therefore, the reflection and absorption of elec-
tromagnetic shielding materials.

In the present study we have modeled the effect of various filler concentration gradi-
ents in CMs on shielding properties and compared the simulated and experimental results
for the epoxy g-CMs filled with graphite nanoplatelets. The obtained computer-simulated
results allow the prediction of EM properties in polymer-electroconductive filler gradient
composites.

2. Experimental section

Gradient distributions of conductive filler in the polymer matrix of epoxy CMs are made
by separating the liquid mixture of polymer and disperse filler in the centrifuge. By varying
the concentration of filler in the polymer matrix C, the rotational speed w, centrifugation
time ¢, amount of composite mixture M and its viscosity, CMs can be obtained with different
degrees of filler concentration gradient along the selected axis of the sample, from decreasing
the concentration along the test-tube height (with a small f) to a sharp separation of filler and
polymer in the solution (for large w and t). The schematic model of obtained concentration
gradient is shown in Fig. 1a, 1c.

We synthesized gradient composite structures using epoxy matrix ED20, filled with
5wt.% of graphite nanoplatelets (GNPs) [22]. Graphite nanoplatelets (average diameter
10 pm, average thickness 40 nm) were prepared by ultrasonic dispersing of thermoexfoliated
graphite particles in acetone. Centrifuging the liquid GNPs-ED20 mixture, creates particle
size (thickness and diameter) and concentration gradients. Four types of CMs ED20-5wt.%
GNPs with different GNP distribution gradients, achieved with different centrifuge rotational
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Figure 1. Gradient composite structure polymer-conductive filler (a, b) and difference in filler concentration
along the shield width / in the direction of EMR propagation (c): a) gradual increase of filler concentration in
the CM; b) CM image in a multilayered structure form; c) 1— uniform concentration distribution (m =1); 2,
3 - linear concentration gradient, m = 0.5 and m = 0, respectively; 4 — significant stratification of the CM
during long centrifugation with a high rotational speed.

speed: 3000 (1), 4000 (2), 5000 (3) and 6000 (4) spins per minute (samples 1, 2, 3 and 4 with
widths 0of 8.7, 7.7, 11 and 3.5 mm) were prepared. According to [4], under a low spinning time
and velocity of the centrifugation, we can observe the formation of a linear concentration
gradient — Fig. 1c (curves 1, 2, 3). The increase of centrifugation time and velocity causes a
significant stratification of the CM according to Fig. 1c (curve 4). The sample 4 was divided
into two parts: one with almost pure epoxy and one with almost pure GNP (Fig. 1c) and for
the investigation the part of the sample (with thickness in 3.5 mm) was cut from whole sample
as indicated by dashed lines in Fig. 1c. Higher levels of filler particles anisomery (aspect ratio)
provide higher concentration gradients that can be achieved after centrifugation.

Microwave properties such as the reflection loss, absorption loss and transmission index
were measured in the frequency range of 25.5-37.5 GHz. The specimens of gradient GNPs-
epoxy composites in a form of 7.2 x 3.4 x I mm? plates were prepared to analyse the inter-
action of electromagnetic radiation (EMR) with the studied materials. Such specimen’s shape
allows totally overlap the cross-section of a rectangular copper waveguides. A P2-65 device
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(the equivalent of a microwave network analyzer) was used to measure the transmission coef-
ficient within the 25.5-37.5 GHz frequency range. Voltage measurements of the standing wave
ratio (SWR) were used to determine the reflection properties of the studied specimens [22].

3. Results and discussion

3.1. Simulation of shielding properties for gradient composite structures

Composite structures with a gradient distribution of electroconductive filler are character-
ized by a growth of electrical conductivity in the direction of increasing filler concentration,
which is similar to the percolation effect along the width of the sample — the first layers are
almost dielectric, while the next ones get larger concentrations of filler, hence, better electri-
cal conductivity. In the case of spatially asymmetric filler particles with a high aspect ratio
(graphite nanoplatelets, nanofibers or nanotubes) in gradient composites, we have observed
differences in the spatial distribution of filler particles [4], which effectively tune the electrical
conductivity of the sample along the thickness of the shield.

During the EMR propagation process we can obtain the reflection R (RL in dB), absorption
A and transmission T (SE7 in dB) indexes for monolayer shield using the following relations
(23, 24, 25]:

A+T+R=1; R=|rP = [B//Es T =t = |Er/E/P (1)

RL =20lg|r|; SEr = 20lg|¢| )

where Ej, EI/ , Er are the electric field strengths of incident, reflected, and transmitted waves,
respectively, r is the amplitude reflection index, ¢ is the amplitude transmission index.

In our model calculations, the reflection (R), absorption (A) indexes and shielding effi-
ciency (SEr) depend mainly on the frequency of EMR wave f, permittivity &/, tangent loss
tan § and thickness of the sample (shield) ! [26, 27]:

e (rlz — T e_zy'l) and t — (1 - 7’122) cev

(1 —rp-e2r) (1=rp?- e )’

3)

where 1, = (1 — n)/(1 + n) is the reflection index on the boundary free space-material;
n = k,/ko is the complex index of refraction; ky = 27 /X, is the wave vector in free space,
Lo = Co/ f3 Ao and f are the wavelength and the frequency; C, = 3-10° m/s; k, = ko - /€7 (07
y =i-k, =« + i is the propagation constant of the electromagnetic waves, 8 is the phase
constant, « is the absorption index; ¢f = ¢/ —ig!/ and uh= uﬁ - iuﬁ/ are the relative com-
plex permittivity and relative complex permeability of medium, respectively.

For the case of nonmagnetic composite the values of « and 8 may be described by following

expressions:

@ = 27” : \/87 \/0.5~ (\/(1 ¥ tan?s) — 1), B = 2777 : \/87 \/0_5~ (\/(1 ¥ tan) + 1),
(4)

where tan § = af//ef.

The calculation of shielding properties in gradient composite structures was implemented
using the impedance method in C++ code. The CM was divided into n independent layers
(n = 100-1000), where filler concentration increased in each subsequent layer. This
impedance method (described in detail in our previous paper [28]) gives the expressions for
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the reflection loss (RL) and transmission (SEr) by using of recurrent impedance ratios:

RL = 201g M : (5)
X + Zpt1)

SEr = 201g ﬁ M - exp (_),Al.) (6)
| G+ Zp) "

Where Z; (X;) — input (output) impedance for j-th layer. Reflection loss RL is calculated for
the n-th layer and clearly depends on reflection losses on previous layers. In other words, RL
in our calculations is total reflection loss for multilayer composite structure.

For the measurements in rectangular waveguide:

5\ 2
yj:i-ko\/sf-(l—i.tanéj)—(Z> (7)

7= % ®)

/ ~\
\/8, (1 —i-tand;) — <Z>

! (Z] + Xjfl . tanh()/j . l]))

(9)

where Zy = \/jt0/€0 = 377 Q2 is the wave impedance of free space, a=7.2 mm or 5.2 mm —
the inside width of rectangular waveguide.

As an example, we have considered a CM, filled with graphite nanoplatelets in an epoxy
polymer matrix with concentration ¢ = 0.047vol. fr. (5wt.%). For this type of composites
ED20-GNPs we have used the experimental concentration dependencies ¢! (¢) and tan 8 (¢)
fitted with following approximation functions [28]:

g/ = —10.51 + 12.13 - exp(¢/0.0284); tan8 = —0.15 - (1 — exp(¢ - 16.505))  (10)

The thickness of the gradient sample is | = 10mm. The slope of the filler concentration gra-
dient (in the direction of EMR propagation) was varied by a linear function, dependent on
the number of the layer:

¢i=¢o+¢”_¢°-1-(i—0.5)=¢-(m+M-(i—o.5)) (11)
I n n

where ¢y = m - ¢ is the filler concentration in the first layer; ¢, = ¢ (2 — m) is the filler con-
centration in the last layer; the value of parameter m varies from 1 (uniform filler distribution)
to 0 (maximum allowed linear concentration gradient under given thickness I of the sample).

Computation results of the frequencies dependencies of reflection, absorption and trans-
mission indexes for the CM in cases of increase (direct gradient) and decrease (reverse gradi-
ent) concentration gradients depicted in Fig. 2.

As we can see from Fig. 2a, b, for the uniform filler distribution in the sample, the average
values of R and A indexes are almost similar (around 0.5). Creation of GNP concentration
gradient weakens the EMR through the process of reflection and adsorption of electromag-
netic radiation between the layers. The values of R and A strongly depends on the direction
of EMR propagation relatively to the concentration gradient: a direct gradient decreases
R and increases A in accordance to the slope value, while the inverse gradient causes an
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Figure 2. Simulated data on reflection R (solid lines), absorption A (dashed lines) indexes for EMR (a, b) and
shielding efficiency SE; (c) in 5wt.% GNPs-ED20 structures with different linear gradient of GNPs concen-
trations in direction of EMR propagation and for composite structure with essential stratification of phases
(curve 4in fig. 1c): a direct gradient in the direction of EMR propagation (a), m =1— homogeneous sample,
and increasing gradient m = 0.8; m = 0.6; m = 0.4; m = 0.2; m = 0 — maximum concentration gradient
(see Eq.(11); reverse gradient in the direction of GNP concentration decrease (b); curves 1, 1* correspond to
stratification of phases in composite.

opposite influence. This behavior of R and A is a clear consequence of minimal (maximal)
wave impedance mismatch on the first air-shield boundary and it causes minimal (maximal)
values of R and maximal (minimal) values of A, because the biggest part of the EMR is
adsorbed in the sample (reflects on the first layer). As we can see from Fig. 2c, shielding
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efficiency enhances with gradient slope in the direction of EMR propagation (results in case
of reverse gradient usage coincide with results, obtained with direct gradient sample). The
maximal EMR shielding efficiency was observed for composite with significant stratification
of GNPs and epoxy phases as presented by curve 4 in Fig. 1c.

3.2. Shielding properties of gradient composites graphite nanoplatelets-epoxy resin

Experimentally measured dependencies of reflection R, absorption A indexes and shielding
efficiency SEr on frequency of EMR waves for epoxy CMs with 5wt.% GNPs with different
growing concentration gradient slopes are presented in Fig. 3. For comparison, Fig. 3 presents
also the theoretical results for shields with different thickness (3.5 and 10 mm) of a homoge-
nous CM (uniform distribution of GNPs). Figure 4 shows comparative diagrams for reflection
R and absorption A indexes at a 27 GHz frequency for both direct and inverse GNP concen-
tration gradient structures in CMs.

As we can see from experimental data (Fig. 4), the reflection R, absorption A and
transmission SE7 of electromagnetic radiation in the gradient composite structures change
accordingly to our theoretical predictions. For example, increasing the GNPs concentra-
tion gradient in the direction of EMR propagation reduces R and increases A. Shielding
effectiveness of gradient samples is also significantly enhanced compared to uniform ones.
Larger tilt of frequency dependencies for samples 1, 2 and 3 compared with the test sample

1.0
0.81a""
-
< 06]
o 4
0.4
0.24
0.0 — T T . - - -
26 28 30 32 34 36 38
f, GHz
(a)
"6 TSGNP-ED20(uniform) » ===
(calculat.) /' %
P R ’f=3.5mm
_:g -1249 -: b I=10mm
H._
w
-24 T T

26 28 30 32 34 36 38
f, GHz
(b)

Figure 3. Reflection R (solid lines 1-5) and absorption A (dashed lines 1*-5*) indexes (a) and shielding effi-
ciency SE; (b) in gradient structures of 5wt%GNP-ED20 during the propagation of EMR in the direction
of GNP concentration increase; numbers of the curves coincide with the numbers of experimental gra-
dient samples — 1, 2, 3, 4 and 5, 5* are numerical simulation for CMs with homogenously distributed
GNPs.
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Figure 4. Experimental data on EMR reflection and absorption indexes for gradient composites 5wt.%GNPs-
epoxy: a) increasing gradient (direct); b) decreasing gradient (reverse); diagram numbers 1to 4 coincide with
sample numbers, last diagram 5 corresponds to the 5 wt.% GNP-ED20 sample with uniformly distributed
GNPs.

5wt.% GNP-ED20 (homogeneous distribution of GNP) and the gradient one (sample 4) usu-
ally indicates that a relatively large part of EMR is absorbed in samples 1, 2, 3 due to their
greater thickness and different concentrations of GNPs contrary to the part of the electro-
magnetic radiation that is reflected by the shield.

Thus, as mentioned earlier, thick shields with a non-zero attenuation coefficient o
demonstrate an enhancement of the shielding effectiveness with frequency increasing
(see Egs. (2, 3)).

A comparison of EMR reflection R, absorption A and shielding efficiency SE; (Figs. 5a,
b) for several different samples with gradient GNPs distribution has shown good agree-
ment between experimental and theoretical predictions. We assume that some differences
between experiment and theory are caused by a more complicated (sub/super-linear) form
of the concentration gradient or, by the formation of a solid GNPs layer on the other side of
the electromagnetic shield at phase stratification, affecting both absorption and reflection of
EMR.

From the analysis of calculated and experimental data we can conclude that the least reflec-
tion coefficient and the highest absorption index in g-CMs are a consequence not to a lin-
ear concentration gradient, but to the presence of significant stratification in the composite
material.



MOLECULAR CRYSTALS AND LIQUID CRYSTALS . 13
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Figure 5. Comparison of the experimental and simulated data on EMR reflection R and absorption A indexes
(a) and shielding efficiency SE; (b) for gradient composites 5wt.%GNPs-epoxy; numbers of curves denote
numbers of samples; solid lines are experiment, dash-doted curves are calculation for CMs with linearly fitted
gradient function (sample 1 (m = 0.2); sample 3, (m = 0) and with concentration gradient on Fig. 1c (curve
4) for sample number 4.

4. Concluding remarks

The modeling of shielding properties of polymer-nanocarbon composites in microwave range
(25.5 - 55.5 GHz) has shown a significant decrease of the EMR reflection index (R) and a suf-
ficient increase of EMR absorption (A) in gradient composite structures, as compared to com-
posites with a uniform distribution of nanocarbon filler, where filler concentration increases
in the direction of EMR propagation. Simulated results for the reflection and absorption
indexes agreed with experimental data for a set of epoxy composites with a 5 wt.% gradient
distribution of GNPs. Such changes in EMR reflection and absorption indexes are explained
by a decrease of wave impedance mismatch at the first “free space — shielding material”
boundary (low concentration of electroconductive filler causes low conductivity and dielec-
tric permittivity), so the larger part of EMR entered into the shield and was absorbed by its
material. We have also shown the increase of EMR shielding efficiency (EMR transmission
index SE7) in composite structures with the increase of filler concentration gradient.

The proposed method for designing composite structures with inhomogeneous filler dis-
tribution opens new possibilities in tuning the EMR absorption and reflection properties of
the composite structures for various electromagnetic applications.
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