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The influence of carbon nanospheres (CNS) on the electromagnetic proper-
ties of composite materials is investigated. CNS are fabricated by high-
frequency electrical-discharge treatment of propane—butane mixture in
the ratio of 0.5:0.5. The structural characteristics of the synthesized ma-
terials are investigated through high-resolution electron microscopy and
x-ray diffraction analysis. As revealed, the individual particles measured
as of 20—40 nm in size assemble into agglomerates exhibiting a predomi-
nantly spherical morphology. Each particle is composed of multilayered,
partially closed graphene shells with structural defects. As found, the
synthesized material has graphite-like type of short-range atomic order.
As shown, the addition of 10-20 wt.% of CNS into epoxy matrix results
in increase of dielectric permittivity and shielding properties of compo-
sites in frequency range 26—40 GHz.

Hocaimxeno Broaue Byrieresux Hanochep (BHC) Ha erekTpoMarseTHi BJac-
TUBOCTI KOMImo3uTHUX Marepisnis. BHC ozep:KyBaiu HIIAXOM BHCOKOUYACTO-
THOTO €JeKTPOPO3PAAHOTO 00POOJeHHA MPOIaH-0yTaHOBOI cyMiIlri y cmiBBifg-
womrenui 0,5:0,5. CTpyKTypHI XapaKTepUCTUKU CHUHTE30BAHUX MAaTEPiAIiB
IOCJIiI?KEHO MeTOJaMM eJIEKTPOHHOI MiKPOCKOITii BMCOKOI po3mijabpuoi 3mar-
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HOCTU Ta PEHTIeHOCTPYKTYPHOI aHanisu. BusBieHo, IO OKpeMi YacTHHKU
posmipamu y 20—-40 mM 30MpaloThCsA B arjioMepaTu, 0 MAalOTh II€PEBaKHO
chepuuny mopdosorizo. KoxkHa uwacTuHKA CKJIafaeTbca 3 0araToIlapoBUX,
YAaCTKOBO 3aMKHEHUX TpadeHoBUX OOOJIOHOK 3i CTPYKTYpHUMMU medeKTaMu.
BcraHoBiieHO, IIIO0 CHHTE30BaHi MaTepianu XapaKTepusayioThea rpadiTomomio-
HUM THUIOOM OJM3BKOTO0 aTOMOBOro mopsaaky. Iloxasamo, 1o momaBamHa 10—
20 mac.% BHC g0 emoxcuauol MaTpUIli IPUBOAUTH A0 IMiABUIIEHHS HieIeK-
TPUYHOI IPOHUKHOCTU ¥ eKpaHYBaJbHUX BJIACTUBOCTeIl KOMIIO3UTIB y HidAma-
30Hi wacror 26—40 I'T.

Key words: carbon nanospheres, permittivity, dielectric loss, electrical
conductivity, electromagnetic shielding.
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1. INTRODUCTION

The tremendous development of mobile communications, high-speed
electronic switching components and circuits, radars, and systems
of navigation operating in microwave range requires the effective
protection of various electronic devices against the destructive im-
pact of electromagnetic interference and ensuring electromagnetic
compatibility. To solve this problem, the development of polymer
composites filled with various nanoparticles is a perspective alter-
native way for efficient electromagnetic shielding [1, 2] compared
with traditional metallic materials.

Among all the conductive nanofillers in polymer matrix, the
nanocarbon is the most used as a component of polymer composites
with carbon nanotubes, graphene, carbon black, carbon nanofibers and
porous carbon due to the combined lightweight and remarkable me-
chanical, electrical and thermal properties as well as high corrosion
resistance [3—5]. Nanocarbon fillers introduced in polymer matrix
promote a significant increase in permittivity, and low dielectric loss
at a low filler volume fraction, that is prospective for the development
of high energy-density capacitors and electric field grading materials,
owing to the unique property of dramatic increase in their dielectric
constants near the percolation threshold [6, 7].

The observed enhancement in the permittivity can be attributed to
the formation of a large network, which is composed of local microca-
pacitors with carbon particles as electrodes. Due to the high aspect ra-
tio of nanocarbon fillers, carbon-based composites also exhibit en-
hanced microwave shielding properties and have demonstrated en-
hanced attenuation of electromagnetic radiation (EMR) due to the two
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most important loss mechanisms, dielectric (dipolar) and conduction
losses [8]. On the other hand, the good conductivity of carbon nanopar-
ticles used as a microwave absorbing material has the shortcoming of
poor impedance matching that results in high reflection of EMR on the
first boundary ‘air—composite’. To change the balance between the
electromagnetic reflection and absorption into high microwave absorp-
tion capability of polymer-filled composite, some alternative ways are
used, such as combining dielectric and magnetic fillers [9], the special
microstructure design of composite [10], the development of uniform
core—shell microstructures [11], carbon micro- and nanospheres [12,
13, 14], or carbon nanoonions (CNOs) particles [15, 16] that open up
new perspectives for the creation the lightweight and highly efficient
carbon-based microwave absorbing materials.

The special structure and high chemical activity of surface of the
mentioned globular carbon particles, which are embedded in a polymer
matrix results in the formation of a large number of active interfaces as
centres for the multiple reflection and scattering of electromagnetic
waves enhancing the microwave shielding—absorption capability of the
composite. The electrical and electromagnetic properties of polymer
composites filled with globular carbon particles significantly depend on
the type, structure and morphology of carbon filler. For example, in
Ref. [17], it was found that composites with content of mesoporous car-
bon hollow nanospheres (MCHS) lower than the percolation threshold
possess excellent EMR absorbing behaviour, while composites with a
MCHS content close to or higher than the percolation threshold reveal
outstanding EM interference (EMI) shielding. Therefore, the EMR
shielding effectiveness (SE) achieved an average value of 84.50 dB at
MCHS content of 12 wt.% . On the other hand, for onion-like carbon
(OLC)/polydimethylsiloxane composites with an average aggregate size
of 250 nm, the percolation threshold was 10 vol.% and consequently,
the electromagnetic shielding efficiency value is low [18].

This paper is focused on the synthesis of carbon nanomaterial by
high-frequency electrical discharge treatment of hydrocarbon gases
and study of their structural and morphology properties. In addi-
tion, we have prepared the epoxy composite materials (CMs) filled
with synthesized nanocarbon materials—carbon nanospheres (CNS)
to establish the influence of this type of nanocarbon filler on dielec-
tric and shielding properties of two-phase CNS/epoxy CMs in a wide
frequency ranges: 1-500 MHz and 26—-40 GHz.

2. MATERIALS AND METHODS
2.1. Synthesis of Carbon Nanospheres

The studied carbon nanospheres were synthesized by high-frequency
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electrical discharge treatment of propane—butane mixture
(C;H; + C,H,() in the ratio of 0.5:0.5. This technique was developed at
the in the Institute for Pulse Research and Engineering of the National
Academy of Sciences of Ukraine. The main idea is to create non-
equilibrium electric discharge plasma due to the high frequency of
passing short high-voltage pulses in the medium of gaseous hydrocar-
bons [19]. Providing high temperature and pressure gradients as nec-
essary conditions for the synthesis of carbon nanomaterials is achieved
through the high rate of energy input into the plasma channels. Non-
equilibrium plasma, generated by discharges with a frequency of kilo-
hertz, makes it possible to involve rather large volumes of gas in the
synthesis process. In a reactor with special electrode systems, at at-
mospheric or slightly elevated pressure, the reaction products con-
dense in the gas environment near the plasma channels. Visual obser-
vation showed that the reaction products condense in a gaseous medi-
um at one or more centimetres from the plasma channel. Synthesis
products were collected sometime after the equipment was turned off,
allowing enough time for synthesis products to settle.

2.2. Composite Fabrication

The preparation of epoxy-filled composites was performed via ultra-
sonic dispersing of carbon nanospheres and epoxy resin (L285) mix-
ture with subsequent curing in Teflon forms for complete polymeri-
zation. The preparation procedure was described in detail in Ref.
[20]. The composite mixture is placed in an ultrasonic bath BAKU
for dispersion during 2 hrs at power of 50 W. Ultrasound allows
increase the homogeneity of filler particles distribution and to re-
duce the agglomeration of nanocarbon filler. After ultrasonic dis-
persing the curing agent H285 was added in the amount of 40% by
the weight of the epoxy resin L285 and then the composite mixture
was subjected to mechanical mixing. After that, the mixture was
poured into suitable Teflon moulds. The polymerization took place
at least 24 hrs at room temperature. After that, for the complete
polymerization, the samples were treated at a temperature that
gradually increased from 40 to 80°C for 5 hrs. After cooling the
samples, they are ready for the measurements. The content of
nanocarbon filler (CNS) was fixed at 10 and 20 wt.% . The samples
are accordingly marked as xCNS/epoxy, where x is the weight con-
tent of CNS in the composite.

2.3. Methods

The structure of the synthesized carbon materials has been analysed
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using high-resolution electron microscopy, XRD analysis, and the ra-
dial distribution function method. X-ray analysis was performed on a
standard DRON-4 diffractometer with MoK, monochromatic radiation
in the Debye—Scherrer geometry. Electron microscopy was carried out
on a JEOL JEM-2100F high-resolution electron microscope.

The study of the complex permittivity (&', ¢’) in the frequency
range of 1-500 MHz was performed using Keysight Impedance Ana-
lyzer E4991B. The samples for the measurements were in the form
of tablets with a diameter of 15 mm and a thickness of 1 mm. The
shielding properties and complex permittivity spectra in the fre-
quency range of 26.5-40 GHz were measured by Keysight PNA
N5227A vector network analyser using the transmission—reflection
method. The specimens were in the form of a plates with size
7.1x3.5x1.83 mm?. The complex relative permittivity was derived
from measured S-parameters (S;) of material using 85071 Agilent
technology software [20].

Using S-parameters, the overall EMR shielding SE;, shielding due
to EMR reflection SE, and absorption SE, were determined [21]:

SE, =101g(1 -|S,,[), SE, =101g(S,,[), SE, = SE, - SE,. (1)

And the EMR reflection R, transmission T and absorption A indices
are related to scattering parameters, respectively, as follow:

R=|S,[, T=|Su[, A=1-|S,[ ~|S.[ - (2)

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology of Synthesized Carbon Nanomaterials

High-resolution electron microscopy was used to determine the
structure of individual particles. Figure 1 shows the typical micro-
graphs of carbon nanospheres obtained by electric discharge treat-
ment of propane—butane. It can be seen, that particles are collected
into agglomerates (Fig. 1, a) and exhibit a globular shape with a
size of 2 20—-40 nm. It was also found that CNS have a complex hi-
erarchical structure. The internal structure of a single particle con-
sists of non-closed defective graphene layers (Fig. 1, b). This is typ-
ical of amorphous carbon.

Figure 2 represents typical XRD diffraction spectra from the crys-
talline graphite and obtained carbon nanospheres. The XRD spectrum
for the sample synthesized by electric discharge treatment of gaseous
hydrocarbon shows an intense broad peak at = 11.1° coming from the
(001) graphite crystal lattice plane (Fig. 2, b). This indicates that the
material is characterized by an amorphous state and has a graphite-like
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Fig. 1. High-resolution micrographs of carbon nanospheres obtained by
electric discharge processing of propane—butane mixture.
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Fig. 2. Typical XRD patterns of graphite (a) and carbon nanospheres syn-
thesized by electric discharge treatment of propane—butane mixture (b).

type of short-range atomic order. However, it should be noted that the
maximum shifts to a smaller value 20 relative to the position of the
(002) peak of crystalline graphite (Fig. 2, a).

For a more detailed analysis of the material structure synthesized
by electric discharge treatment of propane—butane mixture from
XRD scattering intensities were calculated experimental structure
factors (SF) and radial distribution functions (RDF) using the pro-
cedure described in Ref. [22]. The results of the calculated SF for
the study samples are shown in Fig. 3, a.

On the SF of CNS, there is an intense peak with a maximum of
c,=1.74 A", which corresponds to the graphite-like component. It
confirms the conclusion that the obtained material possesses a
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Fig. 3. Structure factors (a) and radial distribution function (b) of graphite
and CNS.

graphite-like type of short-range atomic order. For crystalline
graphite, the first peak has a position of s; =1.87 A™!. By the width
of the first maximum on the structure factor, using the formula
given in Ref. [23], the size of ordering regions R, was determined.
The calculation results obtained for all samples are presented in Ta-
ble 1. It can be seen that the R, value for the CNS is of = 38 A.

The first and second peaks in the radial distribution function of
crystalline graphite are located at position of 1.43 and 2.48 A, re-
spectively. The positions of these peaks on the RDF for the synthe-
sized CNS shift to higher values of 1.46 and 2.54 A, respectively. A
slight increase in the positions of the first and second co-ordination
spheres indicates a partial disordering of the structure in compari-
son with that of crystalline graphite. The co-ordination number N,
and bond angle ® [22] are determined for samples from experi-
mental RDF. The obtained data are represented in Table 1. The
bond-angle ® value for CNS is close to graphite (120°). However,
the coordination number for them is much larger compared to
graphite. Such an increase in the value of the coordination number
may indicate that the CNS have a randomly close-packed structure.

3.2. Dielectric Properties of Epoxy Composites with Carbon Nanofiller

The complex permittivity (e. = ¢/ —ic") spectra of CNS—epoxy com-
posites in the frequency range 1-500 MHz were determined using
Impedance analyser E4991B. In the frequency range 26-40 GHz,
permittivity spectra were derived from the measured s-parameters
spectra using PNA N5227A vector network analyser. The results
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are presented in Fig. 4.

As seen in Fig. 4, the adding CNS particle into epoxy matrix results
in an increase in permittivity & up to the values of 8 and 17 (at 1 MHz)
for 10 wt.% and 20 wt.% of CNS in composite, respectively. Such in-
crease of permittivity is related to the electric nature of nanocarbon
particles, acting as dipoles and enhanced interfacial polarization due
to large difference between the electrical conductivity of filler and ma-
trix phase and accumulation of charge carriers on ‘nanocarbon—epoxy’
interfaces. The observed gradual decrease of permittivity is explained
by the relaxation of dipole polarization and stimulation of hopping
(tunnel) conductivity with increasing EMR frequency. The imaginary
part of permittivity ¢’ is also increased with CNS content, especially
for the microwave range 26—40 GHz that testifies the increase of A.C.
conductivity of the composite. It should be noted that the permittivity
values for the studied epoxy composites with 3D CNS nanoparticles
(content 10 and 20 wt.% ) are significantly lower compared with epoxy
composites filled with 2D graphite nanoplatelets and 1D carbon nano-
tubes (content up to 5 wt.%). Such a difference in permittivity value
may be explained by the high aspect ratio of GNP and CNT particles
and agrees with Maxwell Garnett model predictions for the composites
with carbon fibres [24, 25].

Since the ratio between the real and imaginary parts of permit-
tivity is often more convenient for determining the nature of com-
posite interaction with the electric field than the value of the imag-
inary part of the dielectric permittivity &”, the dielectric-loss tan-
gent tand =¢"/¢’ is used for the analysis of dielectric loss. Figure 4,
b displays the dielectric-loss tangent tand values for studied epoxy
composites and as seen dielectric loss significantly increases with
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Fig. 4. Complex permittivity (a) and dielectric loss tangent (b) for CNS—
epoxy CMs.
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frequency, which is related to the increased conduction loss due to
enhanced A.C. conductivity.

The conduction losses in composites occur from the electric leak-
age between electroconductive fillers and are described by the fol-
lowing equation [26]:

€)c = 0. /(2nfe,) - 3)

Using the relation (3) the values of A.C. conductivity was calculat-
ed, and o, ¢(f) dependences for the samples with 10 and 20 wt.%
CNS are presented in Fig. 5.

As seen in this figure, the electrical conductivity increases with
increasing frequency for all investigated frequency ranges. Such
behaviour of A.C. conductivity o(f) can be described by an empirical
Jonscher’s power law, where the free term o, is the electrical con-
ductivity at direct current [27]:

o(f) = Gy + AF". (4)

The parameter A represents the strength of polarizability in the
sample, whereas the parameter represents the reactivity between
the sample constituent (such as the interaction between the fillers
or the fillers with the polymeric chains).

In the case of studied CMs with 10 and 20 wt.% of CNS, the value of
Gpc. is low that results in a gradual increase of conductivity c with f.
The change in the A.C. electrical conductivity results from restructur-
ing and reordering of charges at the sample’s interface under an exter-
nal electric field and interface polarization. As the frequency increas-
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Fig. 5. A.C. conductivity of epoxy composites CNS/epoxy versus frequency
with filler content 10 and 20 wt.%.
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es, the capacitive resistance will decrease sharply, and some microca-
pacitors (formed by electrically conductive particles or clusters) be-
come electrically conductive (activation of current carrier hopping (or
tunnelling) increases), which leads to a decrease in permittivity and an
increase in electrical conductivity. It was found that o(f) < 9, i.e.,
exponent u > 1. Usually, exponent u lies in the range, and change o, ¢
with frequency is described within the correlated barrier hopping
(CBH) model [28]. Such an increase of u exponent was also observed for
PVA-treated MWCNT electrolyte composites [29] and testifies to a
more complicated conduction mechanism in percolative nanocarbon-
filled polymer composites.

3.3. Shielding Properties of Nanocarbon—Epoxy Composites

The development of polymer composite materials filled with electri-
cally conductive carbon nanoparticles is the perspective way to
achieve the excellent microwave shielding and absorption proper-
ties. The greater the number of charges (especially free current car-
riers) in the material, the higher is the level of EMR interaction
with this material, and accordingly, the greater the EMR attenua-
tion inside the sample.

The efficiency of the shield is determined by two main mecha-
nisms: the reflection of part of the EMR from the front surface of
the shield and the absorption of part of the EMR inside the shield
material. Therefore, the total shielding efficiency of the material
SE;=10logT is the sum of the term due to absorption SE, and term
due to reflection SE, [30]:

SETZSER+SEA. (5)

The value SE, characterizes the ability of the shield material to
absorb the EMR that has transmitted inside the shield and the clos-
er the ratio SE,/SE; to 1, the higher the absorption capability of
the shield material. There is the following relation for the absorp-
tion term SE, depending on the shield thickness [ and the skin-
depth 5, (8, = 1/ fnfuc ) [31]:

SE, =-8.71/5, = -8.7la., (6)

where o is the EMR attenuation index. The index aand the skin-depth
are determined by the electrodynamic parameters of the material—
permittivity € and permeability u. Thus, the larger the shield thickness
and the smaller the skin-depth the higher EMR shielding due to ab-
sorption. In addition, the presence of a large number of ‘filler—
polymer’ interfaces in the composite promotes the high attenuation of
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EMR due to effective processes of multiple reflection and electromag-
netic wave scattering on these interfaces [32].

The shielding term due to reflection SE, is determined by the
impedance mismatch at the first boundary ‘air—shield’: the high
impedance mismatch (as for metallic shields with high electrical
conductivity) results in high EMR reflection index |S;;|* and en-
hanced SEj shielding term.

The experimental results on the CNS/epoxy composites EMR
shielding characteristics are presented in Fig. 6.

Figure 7 also presents the spectra of EMR reflection R, transmission
T and absorption A indices for studied CNS/epoxy composites, which
shows what part of incident electromagnetic radiation is reflected, ab-
sorbed inside the sample and transmitted through the shield.

As one can see in Fig. 6, the EMR shielding SE; achieves the
values 4—6 dB for 10 CNS/epoxy composite and increases with CNS
content (20 wt.% CNS) up to the values 6—9 dB in the studied fre-
quency range. Such an increase of SE, values correlates with en-
hanced electrical conductivity due to a large number of added
charge carriers. However, in epoxy CMs filled with 10-20 wt.% of
CNS, the percolation threshold is not achieved, so D.C. electrical
conductivity is low and shielding due to absorption (SE,) is lower
compared to the shielding due to reflection (SEj), especially, for
10CNS/epoxy CNS (see Fig. 6, b). The decrease of EMR shielding
ISE,| with frequency is explained by the dominating contribution of
EMR reflection into total EMR shielding due to impedance mis-
match at the first boundary ‘air—composite sample’. As seen from
Fig. 7, for studied composites at f=26.5 GHz, EMR reflection in-
dex R is much higher (0.6-0.7) compared to EMR absorption index

0 8
CNS-epoxy o CNS-epoxy SE,
) o g (d = 1.25-1.30 mm) [ SE,
g & 64f =35 GHz :SET
o T 3
= 1 =
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2 —_—2-20% CNS 1.30 mm 0
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Fig. 6. Dependences of SE; (a) on frequency and SE, constituents on car-
bon nanospheres content in CNS/epoxy composites at 35 GHz (b). The
thickness of the samples is of = 1.3 mm.
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Fig. 7. EMR reflection, R transmission T and absorption A indices versus
frequency for CNS/epoxy composites filled with 10 and 20 wt.% of CNS:
solid line—reflection index, dashed line—absorption index and the inset
displays EMR transmission index.

A (0.12) and decreases with frequency that results in a decrease in
total shielding efficiency SE;, (increase of EMR transmission index
T with f). The improvement of shielding and absorption capabilities
of CNS-filled epoxy composites may be achieved via the increase of
CNS content or combination of CNS filler with other conductive
particles, such as 1D carbon nanotubes, 2D graphite nanoplatelets,
or magnetic nanoparticles.

3. CONCLUSION

The effect of carbon nanomaterials, produced by high-frequency
electrical discharge treatment of propane—butane mixture, on the
electromagnetic properties of composite materials is established. It
is revealed that individual particles represent carbon nanospheres
(CNS) measuring 20—40 nm in size and assemble into agglomerates.
Each particle is composed of multilayered, partially closed graphene
shells with structural defects. The synthesized material has graph-
ite-like type of short-range atomic order.

As shown, the addition of 10-20 wt.% of CNS into epoxy matrix
results in an increase of complex dielectric permittivity €, = ¢, —ig’
that is related to the electric nature of nanocarbon particles, acting
as dipoles and enhanced interfacial polarization due to the large
difference between the electrical conductivity of filler and matrix
phase. The observed increase of the imaginary part of permittivity
e, with CNS content, especially, for the microwave range 26—40
GHz, testifies the increase of A.C. conductivity, which obeys the
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empirical Jonscher’s power law and increases due to the activation
of current carrier hopping (or tunnelling) with frequency.

The electromagnetic shielding efficiency of CNS-filled epoxy
composites SE; increases compared to neat epoxy resin in the fre-
quency range 26-40 GHz that correlates with enhanced electrical
conductivity due to a large number of added charge carriers. The
increase of CNS content up to 20 wt.% promotes the enhancement
of EMR shielding due to absorption SE,; however, the contribution
to shielding due to reflection SEj is still dominant in total EMR
shielding efficiency.

This work was partially supported by project #8F-2024, which in-
volved joint teams of scientists from Taras Shevchenko National
University of Kyiv and the G. V. Kurdyumov Institute for Metal
Physics of the N.A.S. of Ukraine.
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