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Abstract

The investigation of the electromagnetic shielding properties of composites based on
epoxy resin L285 and hybrid filler graphite nanoplatelets/BaTiO; particles (GNP/BT) has
been performed in the frequency range of 1-67 GHz. The experimental study involved
measuring direct current (DC) conductivity, complex permittivity (versus frequency), and
shielding properties of such composite materials with 0, 3, 5 and 6 wt.% contents of
graphite nanoplatelets and 35 wt.% of BaTiO; particles in the composite. The significant
increase of permittivity was observed in the ternary epoxy composites GNP/BT/epoxy with
the increase of GNP content. The observed sufficient increase of electromagnetic radiation
(EMR) shielding in K,-band for high GNP content correlates with DC electrical
conductivity increase. The simulation of the reflection loss in such composites in EMR
frequency range of 1-67 GHz has been performed in C++ environment using
experimentally determined permittivity frequency dependence. The influence of sample
thickness on position, width, and depth of EMR absorption maximums was defined for the
composites with 0, 3, 5 and 6 wt.% content of graphite nanoplatelets and 35 wt.% of BaTiO;
filler. !

! List of abbreviations

CM — composite material; GNP — graphite nanoplatelet; BT — BaTiOs; DC - direct current
L285 — epoxy resin Larit285; H285 — hardening agent H285; AR — aspect ratio, EMR —
electromagnetic radiation; SE — EMR shielding efficiency; SEp — shielding due to reflection;

SE 4, — shielding due to absorption; R, — reflection loss.
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1. Introduction

The development of new polymer composites filled with various nanoparticles
presents one of the important tasks of modern applied science. Nanofillers have a
great effect on polymer properties as the nano-size of such particles implies a high
surface area that leads to a high interfacial area with the polymer and to the formation
of filler networks at very low nanofiller content. The new enhanced properties of
polymer composites filled with carbon nanoparticles (carbon nanotubes, graphite
nanoplatelets, graphene) make these composites suitable for mechanical deformation
sensor (piezoresistive) [1], electromagnetic interference material [2-4], anti-
electrostatic coating too. In recent years the research on microwave absorption
materials has attracted intensive attention to improving the attenuation of
electromagnetic radiation. It has been shown in [5, 6] that nanometer-scaled multi-
walled carbon nanotubes (MWCNTSs) are a remarkably high-performance functional
microwave absorption material due to the combined light weight and remarkable
mechanical and electronic properties [7]. However, very often, the homogeneous
distribution of the nanosized particles is problematic due to strong Van der Waals
interactions among the nanofiller themselves [8]. On the other hand, the good
conductivity of carbon nanoparticles used as a microwave absorbing material has the
shortcoming of poor impedance matching. In order to overcome these main problems,
magnetic and dielectric materials may be favorable to improving the impedance
matching of carbon nanoparticles [9]. Last time an increasing interest is for polymer-
based composites with hybrid filler systems, for example, a carbon nano-filler
combined with carbon black (CB) [10], metal or metal oxide particles [11-13],
various dielectric nanoparticles such as TiO, [14, 15], MoS,, BaTiO; nanoparticles
[16-19]. Such a combination of nanocarbon filler and inorganic nanoparticles
promotes the further improving the absorption performance of nanocarbon—filled
polymers and also enhances the mechanical properties and thermal stability. It was

shown in [20] that three-dimensional (3D) conductive network structures formed by
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barium titanate/carbon nanotubes incorporated polyaniline were favorable for
electromagnetic absorption capability enhancement. In addition, these composites
with hybrid fillers may be used for the fabrication of the high-efficient microwave
absorbing materials by designing of the multi-layer structures. Such multi-layered
absorbers allow to decrease the EM reflection at the first boundary air/shield and
increase the absorption of EMR inside the shield due to multi-reflections on layers
interfaces. The absorption enhancement, which was produced by the multi-layered
structure, may be tuned by variation of the filler content in each layer [21].

There are many papers devoted to the investigation of dielectric properties of
polymer composites filled with hybrid filler nanocarbon/dielectric particles in the
frequency range of 1 Hz-1 MHz. So, the use of high aspect ratio fillers is a promising
route to provide high dielectric constant, low loss materials at a low filler volume
fraction, for use as capacitors and electric field grading materials. It was shown in
[22] that a combination of ferroelectric barium titanate and graphene platelets used in
a polydimethyl siloxane matrix yielded high dielectric constant in 1 Hz — 1 MHz
range of frequencies. Poly (vinylidene fluoride) (PVDF) matrix hybrid
nanocomposites, featuring barium titanate (BT) nanoparticles and multi-walled
carbon nanotubes (MWCNT) embedded in the polymer, showed the good distribution
of the ceramic nanoparticles with very little particle agglomeration [23]. The
conductive MWCNT increased the charge storage ability of the polymer matrix by
serving as a polarized charge transport phase for the ferroelectric nanoparticles, while
the used small MWCNT amount prevented the formation of conductive networks.
The dielectric properties of the polymer matrix nanocomposites with hybrid fillers
(BT with and without MWCNT) were improved by optimizing the synergistic effects
between the charge storage behavior of the ferroelectric phase and the charge
transport behavior of the conductive phase. Concerning microwave properties of
polymer composites with combined nanocarbon/dielectric filler particles, there are
few publications and EMR frequency range is limited by 18 GHz [9, 18, 20, 24]. That
is why the purpose of this work is to investigate the effect of the combination of

BaTiO; nanoparticles and GNPs filling the epoxy matrix on the complex permittivity
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of such ternary composites in the wide microwave range (1 — 67 GHz) and to study

the shielding properties of developed composites.

2. Experimental
2.1 Materials

Graphite nanoplatelets (GNPs) and dielectric ultra-disperse particles of BaTiO;
(BT) were used as fillers for the preparation of nanocomposites. BaTiO; powder was
purchased from Materials Lab Inc, Ukraine. GNPs were obtained by thermo-
exfoliation of oxidized natural graphite with the following ultrasonication in acetone
medium for 3 hrs [25, 26]. GNPs are disk-shaped plates with the lateral dimensions
of 10 um and the average thickness of 40 nm. Low-viscosity epoxy resin Larit285
(viscosity of 600+900 mPaxs, the density of ~1.20 g/cm? (at 25°C)) with hardening

agent H285 (viscosity of 50+100 mPaxs) was used as a polymer matrix.

2.2 Preparation of composites

GNPs/epoxy and GNP/BT/epoxy CMs with 3-6 wt.% of GNPs and 35wt.% of
BT were fabricated by the method of mixing in solution with additional sonication.
At first, an appropriate amount of epoxy resin was pre-dissolved with acetone.
Further, GNPs or GNP/BT were introduced into the epoxy solution and carefully
mixed. After this, the dispersing in BAKU ultrasonic bath with the frequency of
40 kHz and power of 50 W was applied for 2 hrs. Finally, curing agent H285 was
added in an amount of 40 % by weight of the L285 and the composite mixture was
subjected to mechanical mixing. For preparing the samples with the desired form the
composite mixture was poured into Teflon forms and samples were cured at room
temperature during 1 day. After that, for the complete polymerization, the samples
were treated at the temperature that gradually increased from 40 to 80°C for 5 hrs.

Structural and morphological peculiarities of the filler particles and epoxy
composites with such fillers have been studied by optical microscopy (“Mikmed-1”
with ETREK PCM-510 attachment), electron microscopy (JEOL JSM-6490LV;
Mira3 Tescan), X-ray diffraction (DRON-4-07 X-ray diffractometer, filtered CoK,-

irradiation) at room temperature.



2.3 Measurements

The electric resistance of the investigated composites was measured by standard
two- or four-probe method in DC mode at room temperature with a limit of
measurement of electric resistance of 10'° ohm. Higher than 10'© ohm, resistances
were measured using teraommetr E6—13. Samples for measurements were prepared in
the form of regular parallelepipeds with the dimensions 7.0 x 3.0 x 3.0 mm?.
Conductivity (0 ) was calculated accounting the dimensions of samples by:

1/
O':——, 1
zS ()

where R is the measured resistance, / is the length of the sample or the distance

between electrodes, and S is the cross-sectional area of the sample.
The complex permittivity (€., € ) spectra were measured by Keysight PNA

N5227A vector network analyzer using the transmission—reflection method in the
frequency range of 1-67 GHz. The permittivity was derived from the scattering
parameters using the iterative procedure “NIST precision method” [27] by Agilent
85071E Material Measurement Software. For the measurements of scattering
parameters the samples in the form of toroids with outer diameter of 1.85mm and a
hole with a diameter of 0.82mm were machined using an ultra precise lathe. The
samples tightly fit into the precise 1.85 mm coaxial airline. Full two-port calibration
was initially performed on the test setup in order to remove errors due to the
directivity, source match, load match, isolation, and frequency response in both the
forward and reverse measurements.

The scalar network analyzer was used to measure the transmission index 7
and standing wave ratio (SWR) for GNP/BT/epoxy composites within the 25.5—
37.5 GHz. Index T was determined as a ratio of detected signals corresponding to the

electric field strengths of the incident ; and transmitted g, waves, T=|E, /E,|[ .

Reflection index R can be determined from SWR [28]:

2
R:(SWR—I) | )
SWR +1



3. Results and Discussion

3.1 Sample Characterization
In order to define the quality of purchased BaTiO; powder as a filler (chemical
composition, the morphology of the particles) XRD analysis and SEM electron

microscopy were used. Figure 1 presents powder XRD patterns for BaTiO; powder.

160+ 2 BaTiO,
_120- _
= - N
= 80-
| 8
40 FH F
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Figure 1. Diffractogram for the initial BaTiO3; powder.

XRD result shows the powder of BaTiO; to be well-defined cubic crystal structure
with smaller grain size, that confirmed by the symmetric (200) peak and absence of
002 peak (for the case of tetragonal perovskite structure) [22].

Figure 2 shows the SEM images of filler particles BT and GNPs.
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Figure 2. SEM-images of the disperse BT particles (a, b) and graphite nanoplatelets
GNPs (c).

As it is seen from Fig. 2 a, b the size of BT particles varies in the range 150-
700 nm, but the most number of BT particles have the size of 400 nm. The most part
of GNP particles are of 10 um in diameter, however, the large particles of 20—-100 um
in diameter are observed as well (Fig. 2c). The actual thickness of the graphite
nanoplatelets is over the range of 40 to 100 nm.

To determine the effect of a combination of two types of filler on dielectric and
shielding properties of materials, a series of CM samples with a hybrid filler of GNP /
BT for different weight concentrations of GNP and constant content of BT in CM
were manufactured. The samples are respectively marked as xGNP/BT/L285, where

x — weight content of GNP in CM, data is shown in Table 1.

Table 1. The phase composition and porosity of GNP/BT/epoxy CMs

BaTiO;, GNP, d, Porosity, Cpe,

wt.% wt.%  g/em? P S/m
OGNP/BT/L285 34.5 0 1.40 0.12 2.0-10°M
3GNP/BT/L285 34.5 3 1.37 0.15 1.36-108
SGNP/BT/L285 34.5 5 1.41 0.14 4.45-10°
6GNP/BT/L285 34.5 6 1.32 0.20 1.30-102

Figure 3 displays the surface SEM and cross-section SEM of GNP/BT/epoxy
nanocomposites with various content of GNP particles. It can be observed in Fig. 3a
for CM BT/epoxy that BT particles are mainly well-dispersed in the epoxy matrix.
However, in some regions of the sample, we have observed the higher concentration
of BT particles (see Fig. 3d). For CMs filled with GNP particles with the content of 3
and 5wt.% the BT particles in GNP/BT/epoxy nanocomposites are uniformly
distributed on the GNPs surface (see Figs. 3b, c) and between GNP particles (see
Figs. 3e, f).

As it is seen from the cross-section SEM images of GNP/BT/epoxy nanocomposites



(Figs. 3 e, f), the concentration of BT particles is higher compared with surface SEM
images and some voids and pores can be clearly observed in these ternary
composites. The uniform distribution of both types of filler particles in the
investigated composites was also confirmed by the optical images presented in

Figs.3 g, h, 1.

.
SEM HV: 10.0 kV WD: 10.35 mm MIRA3 TESCAN SEM HV: 10.0 kv WD: 10.09 mm MIRA3 TESCAN SEM HV: 10.0 kv WD: 10.17 mm MIRA3 TESCAN

View field: 26.0 pm Det: BSE 6 pm View field: 26.0 ym Det: BSE View field: 25.0 ym Det: BSE
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3 L
L
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Figure 3. Surface SEM images (a-c), cross-section SEM images (d-f) and optical

images (g-1) of the GNP/BT/epoxy nanocomposites: (a, d, g) - BT/epoxy, (b, e, h) -
3GNP/BT/epoxy, (c, f, 1) - SGNP/BT/epoxy.



The porosity of epoxy composites was determined using the following ratios:

-1

d n

le—d&, demeia)=| 2.Gi/di | 3)
CM(id) i-1

where d, and deariay — CM sample density and density of perfect sample without

pores, accordingly, C., d, are the weight fraction and density of the i component in

composite, consisting of # components.

In determining the porosity of samples using proportions (1), the values of density of

GNP, BT and epoxy were used as follows: (dgp =2.20 g/em?; d) s =1.15 g/em?,
dgr =5.85 g/cm3[29].

It was found that the porosity of composites monotonically increased with GNP
content, only the sample 5SGNP/BT/epoxy has the porosity 0.14 that is lower
compared with 3GNP/BT/epoxy sample. Such discrepancy may be explained by
some manufacturing step mis-matching and rough method in determination of
samples density via its volume and weight.

Table 1 also shows data on DC electrical conductivity of CMs, which, as can be seen
from the table, increases significantly with increasing GNP content in the composite.
As it 1s seen from the table 1 the electrical conductivity of more compact
SGNP/BT/epoxy sample is on 3 orders lower than for the 6GNP/BT/epoxy composite
with higher porosity. This fact confirms the crucial role of conductive particle content
in polymer composite for the formation of the conductive network, while in highly
porous materials such as building materials based on concrete, carbon foams the
porosity is an important parameter for the electrical conductivity, shielding and
absorbing properties [30, 31]. For the investigated samples of composites
GNP/BT/epoxy the size of pores and heterogeneity is smaller (see Fig. 3) compared
with the wavelength of EMR in the frequency range 1-67 GHz, so these samples can

be considered as uniform and isotropic materials.

3.2 Permittivity of GNP/BT/epoxy composites
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Electromagnetic shielding and microwave absorption are two common strategies to
resist the interference of incident electromagnetic waves, while they are generally
evaluated by different measurement models.

For a conventional EMR shielding model, the most important thing is to attenuate the
intensity of the transmission EM waves, and a common parameter — shielding
efficiency (SE;) — is employed to describe the relationship between the transmission
wave and the incident wave. The physical significance of reflection loss in EMR
shielding is the difference between the initial incident waves and those waves
penetrating into the shielding materials.

For the model of microwave absorption, however, a metal substrate is placed to
reflect the transmission waves. As a result, the transmission waves are always
negligible in microwave absorption. Reflection loss (RL) herein means the difference
between the initial incident waves and the final reflected waves. The final reflected
waves include all back-propagation EM waves reflected at various surfaces and
interfaces, and ideal microwave absorbing materials should weaken the reflected

waves as much as possible.

On the basis of relative complex permittivity g: =¢ —ig. and relative complex

permeability y: = —iu’ , the reflective and absorptive properties of a material can

be deduced from the transmission line theory [32].
In a case of polymer composites filled with both non-magnetic conductive and

ferroelectric particles, the microwave properties are determined by the complex
permittivity ¢. and electrical conductivity 0} at high content of electroconductive
filler.

Figure 4 shows the real £ and imaginary & parts of complex permittivity and

dielectric loss tangent (tand =&, / £.) for GNP/BT/epoxy composites in the frequency

range of 1-67 GHz. For the comparison, the data for CMs filled with solely BT or
GNP (3 and 5wt.% content) particles are also presented.

It was known [18] that the real part of complex permittivity E; is the storage capacity

of the surface charge when the composite is under an applied electric field.
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The imaginary part of complex permittivity & presents the energy loss in a dielectric
medium. It can be seen in Fig. 4 that both the real and the imaginary parts of complex
permittivity of BT/epoxy is relatively small (8; ~3.6, 8,',' ~0.18) and remain constant

within the range of 1-67 GHz resulting in negligible dielectric loss tangent (tand
~0.06).

Such low permittivity value of BT/epoxy composite is explained by the low content
of BT particles (only 35wt.% that corresponds to ~9 vol.%) and relatively low
permittivity of BT particles with cubic structure compared to large ferroelectric BT
particles with tetragonal structure [29].

Introduction of graphite nanoplatelets in polymer matrix results in a significant

increase in dielectric constant and change in frequency dependence. For the sample

with 3 wt.% GNP/L285 in 1-32 GHz frequency range «9; is 12-11.5. Starting at
33 GHz, €. decreases with frequency up to 2.8. An increase in the GNP content to

5 wt% results in an increase of €, to 15 and a similar dependence on the frequency of
the EMR. The imaginary permittivity of these samples increases especially and
reaches maximums at frequencies corresponding to €. drops, and integrally decreases

with a subsequent increase of frequency. These composites exhibit electrical
heterogeneity as it comprises highly conductive graphite nanoparticles randomly
dispersed in a low lossy dielectric epoxy matrix. Sufficiently high €. for the epoxy
CMs filled with graphite nanoplatelets at relatively low filler content is explained by
the high aspect ratio ( AR ) of GNPs particles ( AR~ 200) and the large contribution of
interfacial polarization [33, 34]. Under the action of an alternating electric field of
EMR, the electric current must flow across the interface between the epoxy matrix
and the GNPs. It results in the accumulation of charges at the interface. Accordingly,
this leads to the formation of large dipoles at the GNP—epoxy interface, and the
polarizability of the composite becomes stronger. As it was shown in our previous

papers [35, 36], 8; of epoxy composites filled with GNPs may vary within 4-50 in the
frequency range of 26-54 GHz depending on the filler content.
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Compared to the GNP-filled composites, & and & values of the ternary

.
GNP/BT/epoxy composites were enhanced. This increase in & for the ternary

composites may be related to the better dispersion of GNPs particles in the epoxy
matrix in the presence of BT particles, which prevent GNPs agglomeration at CMs
fabrication. In addition, the introduction of BT particles with relatively high
(compared to epoxy resin) permittivity sufficiently increases the volume of interfacial

regions BT—epoxy and enhances the role of interfacial polarization in the formation

of effective permittivity of CM. As one can see in Fig. 4, the maximal values of €, as

well as & were observed for the 6 wt.%GNP/BT/L285 CM. It can be ascribed to the

“geometrical effect” of formed 3D conductive network structures of GNPs particles

and the strong interfacial polarization effects enhanced between conducting GNP

particles and epoxy matrix, leading to the rise of &.. The nonsmooth curves for &,

frequency dependencies and presence of few peaks of €. for ternary CMs with 5 and

6 wt.% of GNPs can be explained by high heterogeneity of CM and indicate the
existence of several dielectric polarization mechanisms that contribute to overall
permittivity [37]. As it is seen from Fig. 4c, the maximum of dielectric loss tangent
exceeds 1 that evidences the strong dielectric relaxation process for this frequency
range. Such a high value of tan¢ is completely acceptable in this case of permittivity
dispersion and was observed also for another carbon/polymer composites [38].

Thus, the values and frequency dependencies of GNP/BT/epoxy composites’
complex permittivity can be adjusted simply by changing the filler content. The
ability to manipulate these characteristics as well as designing of multi-layered
shields based on composites with hybrid fillers are important to obtain good shielding

and absorptive properties in the microwave range.

3.3 Microwave absorbing properties of GNP/BT/epoxy ternary composites

*
As it was mentioned above, the relative complex permittivity &, of polymer

composite filled with conductive particles is a very important parameter that can

determine its microwave absorption properties. Starting from the knowledge of the
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permittivity, the absorbing properties of polymer filled composites can be analysed
considering one-layer of given thickness (/), backed by a metallic plate. Reflection

loss (RL ) for this case was calculated using the following expression [39]:

RL=201g\(Z,, —Z,)/(Z,, + Z,)

: (4)

where 7z, =7, \/u /&" tanh(y-1) is the input wave impedance at the air/composite
interface, Z, = /4, /&, =377 is the free-space wave impedance.

To examine the absorbing properties of developed ternary GNP/BT/epoxy
composites in the wide microwave range of 1-67 GHz, we have calculated the
reflection loss RL (dB) for a normal incident wave at the surface of infinite thin-
plate composite screen backed by a perfect conductor (metal) using Eq. (4) for two
different thicknesses. Figure 5 shows a typical relationship between reflection loss
and frequency for the samples of ternary GNP/BT/epoxy CMs with different
thicknesses (1 and 2.5 mm).

As it is seen, RL depends on the GNP content in CMs as that content variation

produces changes in €. and € values and their frequency dependences. It is also

seen from the figure, that the few RL_. are observed in the frequency range 1-
67 GHz.

From equation (4) and expression for Z, , a minimum reflection requires a
perfect matching between permittivity, permeability, frequency, and thickness of the

composite material with the free space. Since the 1 =1 for GNP/BT/epoxy CMs, for

the samples with the same thickness, the reflection loss minimums for the present

GNP-epoxy composites are mainly determined by the matching condition of

permittivity of the composites at a certain frequency f, . This matching frequency

f, that corresponds to RL_. is related to matching thickness d,, by following

expression [40]:

_n,

m

n=135. (5)
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Composites with relatively high GNP loadings have higher dielectric permittivities
and RL minimums are shifted into lower frequency range.
Figure 5a shows at 31 GHz the wide reflection loss minimum RL_. - 7.8 GHz at

—10 dB level for 3GNP/BT/epoxy CM plate of 1 mm thickness.

GNP/BT/L285

25 —O0GNP/BT
| 3GNP/BT
-301 —5GNP/BT
351 (a) —6GNP/BT
10 20 30 40 50 60
f (GHz)
0 GNP/BT/LL285
4]
2 -8
.|
) —0GNP/BT
‘6 3GNP/BT
] — 5GNP/BT
16- (b) — 6GNP/BT

0 10 20 30 40 50 60

f (GHz)

Figure 5. The calculated values of the reflection loss ( RL ) versus EMR frequency for
the ternary GNP/BT/epoxy composites with various content of carbon filler for shield
thickness of 1 mm (a) and 2.5 mm (b) (the numbers on curves mean the GNP content

in wt.%).

Our calculations of RL for various thickness of composite plate allow to suggest that
such width of this RL_. is the result of the superposition of two RL_.. - one due to

so-called “geometrical effect” [40] when the thickness of absorbers satisfies Eq. (5)
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and another RL_ is related to the maximum of dielectric loss tangent tand at

~ 31 GHz, that was observed for 3GNP/BT/epoxy CM (see Fig. 4c). The increase of
sample thickness up to 2.5 mm leads to the shift of RL minimums towards lower
frequencies, the occurrence of new peaks in RL, and depletion of RL minimums.

Table 2 shows the absorbing properties for polymer composites filled with
nanocarbon filler or mixed nanocarbon/inorganic fillers (backed by a conducting

layer) which are presented in the literature.

Table 2. The reflection loss for polymer composites filled with single nanocarbon

filler or mixed nanocarbon-based filler.

Composition Sample  Band RL,dB Ref.
thickness, frequency,
mm GHz
15wt.GNP/epoxy 3 8-20 -14.5 (at 18.9 GHz) [34]
2.6vol.% r-GO/PEO 1.8 16.4 -40 [41]
15wt.%BT/epoxy 3 1-15 -6 (12.5 GHz) [42]
4 -12 (11 GHz)
70wt.%(BT@Ni)- 2 2-18 -22.6 (at 12.7 GHz) [43]
PVDF+PANI
20wt.%CNT@BT-PANI /wax 3 1-15 -28.9 (at 10.7 GHz) [44]
Iwt.2%MWNT + 2vol.%(BT- 5 8-18 -44.9 (at 159 GHz) [45]
GO)/PVDF/ABS
3wt.%GNP/30wt.%BT/epoxy 1 1-67 -37 (at 31 GHz) This
2.5 -18 (at 16 GHz) work
6wt.%GNP/30wt.%BT/epoxy 1 1-67 -12(at 21 GHz) This
2.5 -12 (at 38 GHz) work

GO — graphite oxide, r-GO — reduced graphite oxide, MWNT — multi-walled carbon nanotubes,
PEO - polyethylene oxide, PVDF - polyvinylidene fluoride, PANI — polyaniline, ABS -
acrylonitrile butadiene styrene, (PEK) - poly(ether ketone).

As it is seen from table 2, the mixing of electric (GNP, r-GO, CNT, Ni) nanoparticles

with highly dielectric BaTiO; particles sufficiently extend the possibility of
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enhancement of microwave absorbing properties of polymer-filled composites at
relatively low shields’ thickness (in 1-3 mm). As it is seen from table 2, the reported
in the literature data are restricted by the band frequency lower than 18 GHz, while
the novelty of our results for GNP/BT/epoxy composites consists in the extension of
the research into the frequency range up to 67 GHz. And it was found that among all
tested GNP/BT/epoxy composites the sample 3wt.%GNP/30wt.%BT/epoxy exhibits
a good absorption ability in the range 30-40 GHz at sample’s thickness of 1 mm,

while the increase of the GNP content up to 6 wt.% promotes the decrease of RL_;,

value due to the higher value of the EMR reflection index related to the increased

complex dielectric permittivity of such composites.

3.4 Shielding properties of GNP/BT/epoxy ternary composites

In order to estimate the shielding properties of ternary composites
GNP/BT/epoxy, we have determined EMR reflection and transmission indices when
electromagnetic waves penetrate through the shield material. There are three
mechanisms that determine the effectiveness of EMR shielding. Part of the incident
radiation energy is reflected from the front surface of the screen material, the other
part is absorbed in the screen material, and the next part is reflected from the back
surface of the screen. The latter part can either enhance the screening effectiveness or

weaken depending on the phase shift of waves at the screen material interface. Thus,
the total material shielding efficiency (SE;) is equal to the sum of the shielding due to
absorption (SE ), reflection (SE,), and multiple reflection (SE)):

SE, =SE,+SE, +SE, . (6)
The last mentioned factor is significant in thin high-conductivity screens or in low-
loss screens when SE, <10-15 dB [46].
All components of the equation are expressed in decibels. In practice, SE, can be
neglected in calculations of SE, if SE, > 10 dB.

Values SE;, SE,, and SE, are expressed through indices of absorption A,

reflection R, and transmission 7', which are related with energy balance equation as



A+T + R =1 [47], as follows [48]:

SE; =-101gT; SE,=-10Ig(1-R) ; SEA:_lolg[%j. (7)

Figures 6-7 show the frequency dependences of total EMR shielding efficiency and
shielding due to the processes of EM waves reflection and absorption in the
composites with binary GNP/BT filler. Samples thicknesses are ~ 1 mm and 2.5 mm.

As one can see from the shown data, the smallest attenuation of the EMR is
observed for the sample of 35 wt.% BT/L285. The introduction of the GNP into the
composite results in the growth of EMR attenuation. The attenuation increases with
the GNP content in GNP/BT/L285 ternary CMs as well as with the sample thickness.
Such increase of EMR shielding with the increase of GNP content correlates with the
increase in the CM electrical conductivity and, correspondingly, with the increase in
microwave electric losses. A conductive network of GNP particles is formed at high

concentrations of carbon filler.
As it can be seen from Figs. 6¢, 7c, the smallest EMR absorption SE, occurs in

samples of 35 wt.%BT/epoxy and the main contribution to EMR attenuation makes
the reflection. In this case, increasing the sample thickness does not significantly

affect the effectiveness of EMR shielding. A significant increase in EMR attenuation

(SE;) in the CM with an increase of GNP content occurs due to increased reflection

(SE;) as well as the significant increase in EMR absorption (SE ).

As can be concluded from Fig. 8a, b, the contribution to EMR attenuation due to
EMR absorption is higher than at the expense of EMR reflection and increases with
the increase of the GNP content.

The efficiency of EMR reflection and absorption processes in a particular

environment is defined by the parameters of the material itself (complex permittivity

5: and permeability ,u: ) as well as by that material thickness.
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content in wt.%).
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In the general case, the EMR shielding efficiency SE, (in dB) is defined by the

following expression [32, 49]:

‘(1+n)2‘

SE, =-101g|T| = 201g‘e”‘ +20lg—

(8)
=SE , +SE, + SE,,



2
where n=k_/k, is the complex index of refraction; =27Z/ 4 is the wavenumber in

free space, /10=C0/ f: Ay and J~ are the wavelength and the frequency; G

=3-108m/s; k, =k, 6‘; ,u: ; y=a+if 1s the complex propagation constant of
electromagnetic wave ( g2 is the phase constant, & is the absorption index); / is the

shielding material thickness.

As it is illustrated in Figs. 6-8, an increase in the sample thickness from 1 to 2.5 mm

leads to SE; increase caused mainly by EMR absorption term because

SE , ~1ge” ~ yl(see Eq. 8). In this case, the increase in SE; can be attributed to the

higher amount of free charge carriers in a thicker sample, that can interact with the
penetrating EM radiation.
Table 3 lists out the EMI shielding properties of polymer composites filled with

nanocarbon and nanocarbon/BT.

Table 3. EMI shielding properties of polymer composites filled with single

nanocarbon filler or mixed nanocarbon-based filler.

Composition Sample  Band SE,,dB Ref.

thickness, frequency,

mm GHz
6wt.% GNP/ PBAT 1 8-12 5 [50]
15wt.%GNP/ PBAT 13
15wt.%r-GO/PS 2 18 21.4 [51]
5vol.%GNP/PP/PE 1 8-12 5 [52]
3vol.%GNP/2vol.%CNT/PP/PE 1 8-12 13 [52]
10wt.%(GNP/CNT)/PU 3 12.4-18 47 [53]
7 wt% (GNP/CF)/epoxy 2 26.5-40 25 [54]
30wt.% BT/PEK 2 8.2-12.4 7.5 [55]
20vol.%BaTiO3/10vol.%Ag/PVDF 1.2 8-12 26 [56]
Iwt.2%MWNT + 1vol.%(BT- 5 8-18 26 [45]

GO)/PVDF/ABS
16wt.%(Graphene-Fe;O,- 2 1-20 35 [57]




BaTi0O;)/Silicone Rubber

3wt.%GNP/30wt.%BT/epoxy 1 25.5-37.5 10-4 This
2.5 10 work

6wt.%GNP/30wt.%BT/epoxy 1 25.5-37.5 6-14-9 This
2.5 17.5-22  work

PBAT - poly(butylene adipate-co-terephthalate), PS — polystyrene, PP — polypropylene, PE —
polyethylene, PU — polyurethane, PEK - poly(ether ketone).

As it is seen from table 3, the incorporation of single nanocarbon filler or mixed
carbon (or nanocarbon) filler effectively increases the shielding properties of such

composites. The combination of nanocarbon filler with dielectric or magnetic
nanoparticles promotes the increasing of shielding due to increased SE , absorption

term at lower nanocarbon content compared with CMs with a single nanocarbon
filler. Such enhancement of shielding properties of ternary compounds can be
explained by better carbon nanoparticles dispersing in the polymer matrix (the lower
level of nanocarbon particles agglomeration) in the presence of BT particles and by
the increase of the volume of BT-polymer interfacial regions and effective internal
multiple EMR reflection on interphase boundaries carbon-BT, BT-polymer and

carbon-polymer.
4. Conclusion

Ternary epoxy composites filled with a mixture of GNPs and BaTiOs; particles
with different filler weight percent were prepared as microwave shielding materials.
It was found that the increase of the GNPs content sufficiently enhances the
microwave permittivity of ternary CMs. It was shown that permittivity of CMs with
combined GNP/BT filler is higher compared to CMs with single GNPs filler. Such
improvement of ternary compounds dielectric properties can be explained by better
GNPs particles dispersion in the epoxy matrix in the presence of BT particles and by
the increase of the volume of BT-epoxy interfacial regions. The latter enhances the

role of interfacial polarization in the formation of effective material permittivity.

Nonsmooth &, frequency dependencies and occurrence of peaks in & frequency
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dependencies for ternary CMs with 5 and 6wt.% of GNPs can be explained by high
heterogeneity of CMs and indicate the existence of several dielectric mechanisms that
contribute to permittivity.

The reflection microwave loss RL (dB) of ternary GNP/BT/epoxy CMs was
calculated. 3GNP/BT/epoxy CMs of 1 mm thickness exhibited reflection loss peak

value of -30 dB at 31 GHz with wide absorption bandwidth (Af =7.8 GHz ).

The study of EMR shielding properties of ternary composites in Ka-band has
shown that the introduction of highly conductive GNP particles in epoxy resin
significantly increases the shielding efficiency due to effective processes of the
reflection and absorption of microwaves. Such increase of EMR shielding efficiency
at GNP content increase in CMs correlates with the enhancement of electrical
conductivity and dielectric loss when the conductive network of GNP particles is
formed at the high content of GNP filler.

The ability to manipulate the complex permittivity value and its frequency
dependence varying the filler content in GNP/BT/epoxy composites seems important

to achieve perfect microwave shielding properties.
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Highlights

e Ternary epoxy composites filled with a mixture of GNPs and BaTiO;
particles

e Electrical conductivity of 0.013 S/m at 6 wt.% of GNP

e Better dispersion of GNP in GNP/BT/epoxy composite results in increased
permittivity

e Increase of EMR shielding due to enhanced electric loss for higher GNP
content

e Reflection loss in GNP/BT/epoxy versus GNP content and sample thickness



