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Abstract

In this work, composites based on thermosetting polymers (epoxy, polyester and vinylester
resins) are presented, in which carbon particles and cenospheres are embedded. The in-
fluence of combinations of multi-walled carbon nanotubes (MWCNTs) and cenospheres,
as well as amorphous carbon and cenospheres, on the mechanical properties and electro-
magnetic attenuation in (part of) the X-band range (812 GHz) of the developed composites
has been studied. It has been established that the used combinations of carbon particles
and cenospheres have the greatest positive effect on the mechanical properties of the com-
posites based on vinylester resin. The developed materials demonstrate effectiveness for
electromagnetic protection in the X-band range. The combination of a polymer matrix and
appropriate fillers leads to significant attenuation of the radio frequency signal. The pre-
sented composites are suitable materials for integration into various defense systems—f{rom
coatings to structural elements with functional purposes.

Keywords: composites; polymer matrix; carbon particles; cenospheres; mechanical properties;
electromagnetic damping

1. Introduction

Polymer composites are considered to be one of the most important materials used
for high-performance applications and have recently replaced many conventional metal
components due to their low weight, effective strength and the fact that manufacturing
parts from them does not require complex technological processes. Thermosetting poly-
mers, and in particular epoxy, vinylester and polyester resins, are essential materials in
modern engineering due to their excellent thermal stability, chemical resistance and high
cohesive strength. Due to their tightly crosslinked structure, they are widely used as
matrices of composites intended for the aerospace, automotive and electronics industries.
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However, their inherent brittleness and low electrical conductivity limit their application
in sectors requiring multifunctional characteristics, such as electromagnetic interference
(EMI) shielding or structural monitoring. One of the main problems when working with
thermosetting polymers is their recyclability. The most well-known recycling methods are
thermal and mechanical recycling. In recent years, the issue of recycling thermoset plastics
has been widely studied and, although it is still an unsolved problem, some technologies
are suitable for large-scale recycling. Chemical recycling of thermoset materials can be
successfully carried out considering different methods that break the 3D bonds between
the polymer chains, facilitating the recovery of mono-oligomers and fillers in the case of
composites [1]. To reduce the weight of polymer composites and to increase their mechan-
ical and performance properties, various fillers and reinforcing micro- and nano-sized
particles are used.

Carbon nanotubes (CNTs) have good mechanical, electrical and thermal properties and
therefore they are extremely suitable for use in reinforcing polymer composites [2,3]. To im-
prove the functional properties of the composites, carbon fillers with different morphologies
are integrated into the polymer matrix. Multi-walled carbon nanotubes (MWCNTs) are used
because of their exceptional aspect ratio, which allows for the construction of conductive
networks at minimal concentrations. Their incorporation into polymer matrices signifi-
cantly improves the conductivity, strength and elasticity of the resulting composites [4-9].
Amorphous carbon is a waste product generated during the production of pure hydrogen
by the catalytic decomposition of methane [10-15]. Amorphous carbon, characterized by a
disordered structure and a high content of both sp2 and sp3 bonds, offers an economical
alternative for improving hardness and thermal resistance. Currently, waste amorphous
carbon is mainly used in the processing and vulcanization of rubber compounds due to its
average particle diameter and its morphology.

To further reduce the weight of polymer composites, various fillers are used, including
cenospheres [16,17]. Cenospheres are waste products of electricity production from thermal
power plants and are spherical hollow particles with an aluminosilicate shell, with sizes
in the range of 5-500 pm [18-21]. Their integration turns the material into a syntactic
foam with extremely low density. The combination of carbon particles and cenospheres
in polymer matrix composites is of interest due to the synergistic effect: the cenospheres
act as an “exclusion volume” that forces the carbon particles to concentrate in the narrow
spaces between the spheres, optimizing charge and electron transfer.

The development of innovative polymer matrix composites with enhanced mechanical
and performance characteristics is a current engineering topic. With the increasing need
for protection against electromagnetic effects in modern combat systems, the development
of lightweight, effective and technologically applicable radio-absorbing materials (RAMs)
is becoming a strategic priority in the defense industry. Polymer composites modified
with electrically conductive and/or magnetic fillers represent a promising direction in the
development of electromagnetic shielding coatings intended for integration into military
platforms (armored vehicles, drones, communication and electronic units, etc.).

The aim of this work is to investigate the mechanical properties of composites based on
thermosetting polymers with embedded carbon particles and aluminosilicate microspheres.
The objectives are to characterize the attenuation of a radio frequency signal during trans-
mission and reflection from the developed composites and to evaluate the potential of these
materials as coatings for radio frequency shielding and stealth applications.

2. Materials and Methods

In the present study, thermosetting (epoxy“LETOXIT” PR 227, polyester-“DISTITRON”
429 BSX25Q and vinylester-“"DISTITRON” VE 100) resins, production of 5M s.r.0o. company,
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Kunovice, Czech Republic with the appropriate hardeners, namely “LETOXIT” EM 315,
“MEKR 50”, and “MEKR 507, respectively, and the accelerator “"MEKR” were used as
matrices of the developed composites, and the manufacturer’s instructions were followed
for the preparation of the resin systems [22].

To obtain the composites, the following functional fillers were used: multi-walled
carbon nanotubes (MWCNTs), waste amorphous carbon from the production of green
hydrogen by plasma decomposition of methane in an amount of 1 wt% and 2 wt% of the
polymer mass and cenospheres (hollow ceramic microspheres) with a constant concen-
tration of 5 wt.%. The characteristics of the multi-walled carbon nanotubes used are as
follows: length > 2 um, diameter 10-40 nm, number of walls 10-20, and specific surface
area 55 m?/g. The results of studies on the amorphous carbon used show that the carbon
(C) content in its composition is 99.1 at%, while the oxygen (O,) content is 0.9 at% (Figure 1),
and its structure is shown in Figure 1 [22].

Mag= 25.00 KX Image Pixel Size=4.466 nm  Signal A = InLens
WD= 23mm EHT= 1.00kV Aperture Size=10.00 pm  Date :16 Jul 2024

Figure 1. Structure of the amorphous carbon used.

The reason for using cenospheres as a filler in the developed resin systems is their hol-
low microstructure, which not only implies a lightening of the matrix, but also potentially
synergizes with the used carbon particles, confining them in intersphere spaces, facilitating
the formation of conductive paths at lower concentrations of the used carbon particles. In
all developed composites, a constant concentration of 5 wt.% microspheres with a density
of 0.4 g/cm3, sizes in the range of 50-250 um, and a main fraction of 100 um in size were
used (Figure 2).
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Figure 2. Microscopic image of the cenospheres used.

The composites were obtained by mechanical dispersion, first adding carbon particles
(1 wt% or 2 wt%) to the liquid resin; in order to ensure maximum homogeneous breaking
of the larger agglomerates, intensive mechanical stirring was carried out. Then, the ceno-
spheres (5 wt%) were added, which were integrated into the mixture by slow mechanical
stirring, in order to preserve the integrity of their hollow structure and to avoid their
cracking. After adding the appropriate catalyst, test specimens were cast (gravitational)
from the resulting mixtures for mechanical testing and radio frequency attenuation. The
preparation, casting and curing of the composites were carried out at room temperature
(25 °C, according to the manufacturers’ instructions), with the test specimens based on
epoxy resin undergoing secondary polymerization at the manufacturer’s prescribed tem-
perature (55 °C) and process duration (12 h). The following composites were developed
and tested:

Epoxy resin + 1 wt% amorphous carbon + 5 wt% cenospheres;
Epoxy resin + 1 wt% MWCNTs + 5 wt% cenospheres;

Epoxy resin + 2 wt% MWCNTs + 5 wt% cenospheres;

Vinyl ester resin + 1 wt% amorphous carbon + 5 wt% cenospheres;
Vinyl ester resin + 2 wt% amorphous carbon + 5 wt% cenospheres;
e  Vinyl ester resin + 1 wt% MWCNTs + 5 wt% cenospheres;

e  DPolyester resin + 1 wt% amorphous carbon + 5 wt% cenospheres;
e  DPolyester resin + 1 wt% MWCNTs + 5 wt% cenospheres.
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The uniaxial tensile test was conducted using a Zwick Roell Z050 testing machine, and
the hardness of the developed composites was measured using the Shore method (D-HSD
scale) using an EQUOTIP hardness tester.

The electromagnetic attenuation study of the developed polymer composites was
carried out using a Vector Network Analyzer (VNA), which was connected to transmitting
and receiving antennas directed at a sample under study, mounted in front of a metal
reflective substrate. The configuration allows for the measurement of reflected energy in
the presence of the sample and a comparison with standard reflected energy from a metal
substrate without a sample. The tested sample is mounted vertically between the antennas.
The electromagnetic signal passes through or is reflected from it, with the receiving antenna
registering the changes in the power (S21 parameters) in the X-band frequency range
(9.3-9.4 GHz) (Figure 3). The sample bodies used for the electromagnetic attenuation study
have dimensions of 100 x 100 x 2 mm.

Figure 3. Experimental setup for measuring radio frequency attenuation using a VNA and horn
antennas. Nsciensan marepuan: Researched material; Meranu orpasiasama miona: Metal reflective
filler; ITpnemua anrema: Reception antenna; mepenaromas anrenna: Transmitting Antenna.

The measurement principle is as follows: a signal of known power is emitted by the
transmitting antenna, and the receiving antenna registers the reflected power, which is
compared with the reference value obtained when measuring from a clean metal substrate.
The electromagnetic attenuation is calculated as the difference according to Formula (1):

A [dB] = Pref [dB] — Psample [dB] 1)

The resulting value reflects the total signal loss in the material due to reflection,
absorption and scattering.

3. Results

The results of the mechanical tests conducted on the epoxy resin-based composites
reinforced with both types of carbon particles and cenospheres are shown in Table 1.

The results obtained show that the combination of the used amounts of carbon particles
and microspheres in the epoxy resin system does not positively affect the tensile strength
of the composites. The use of MWCNTs1 wt% and cenospheres5 wt% leads to an increase
of ~6% in hardness and a decrease of ~13% in tensile strength of the resulting composite
compared to the base starting material. With an increase in the amount of MWCNTs2
wt%, while maintaining the amount of microspheres, a significant decrease in the tensile
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strength of the newly obtained material is observed; its hardness is higher compared to
the pure resin, but is comparable to the value of the same indicator for the composite with
1 wt% MWCNTs integrated into it. When combining amorphous carbon (a/Carbon) in
an amount of 1 wt% and cenospheres in an amount of 5 wt%, the highest hardness of the
newly obtained materials was registered, which is ~11% greater than the hardness of the
base material. The tensile strength is reduced compared to the strength of the pure resin,
but the values of this indicator are approximately the same as the strength of the composite
with MWCNTs—1 wt% and 5 wt% microspheres.

Table 1. Results of mechanical tests on epoxy resin-based composites.

Polymer Particcizz??vt%] Cer[lv(\)rstg/:lleres om [MPa] &£ [%] HSD
“Letoxit” PR 227 without without 49 0.8 76.7
“Letoxit” PR 227 MWCNTs1 wt% 5 wt% 425 - 81.3
“Letoxit” PR 227 MWCNTs2 wt% 5 wt% 10.0 - 80.9
“Letoxit” PR 227  a/Carbonl wt% 5wt % 394 - 84.6

Table 2 shows the results of the mechanical tests conducted on the composites devel-

oped based on polyester resin.

Table 2. Results of mechanical tests on polyester resin-based composites.

Carbon Cenospheres

Polymer Particles [wt%] [wt%] om[MPal o) HSD
“Distitron” 429 BSX25Q without without 34.8 - 79.8
“Distitron” 429 BSX25Q = MWCNTs1 wt% 5 wt% 22.8 - 69.8
“Distitron” 429 BSX25Q  a/Carbonl wt% 5wt % 19.7 - 79.3

The use of MWCNTs1 wt% and a/Carbonl wt% in combination with cenospheres in
an amount of 5 wt% does not lead to a positive impact on the mechanical properties of the
presented composites based on polyester resin “DISTITRON" 429 BSX25Q. Apparently, in
this particular case, the combinations of particles used act as stress concentrators in the
hard and brittle matrix, which leads to additional embrittlement of the polymer.

The results of the mechanical tests of the composites based on vinyl ester resin with
integrated carbon particles and cenospheres are shown in Table 3.

Table 3. Results of mechanical tests on vinylester resin-based composites.

Polymer Parti?z:([):lvt%] Ce?v(z’iloa/geres om [MPa] e [%] HSD
Distitron VE 100 without without 20.5 - 75.7
Distitron VE 100 MWCNTs1 wt% 5 wt% 224 0.27 74.7
Distitron VE 100  a/Carbonl wt% 5 wt% 221 0.45 83.1
Distitron VE 100  a/Carbon2 wt% 5wt % 23.1 0.6 76.7

Unlike the studies with epoxy and polyester resins, in which the integrated carbon
particles and microspheres had a positive effect only on the hardness (epoxy resin) or did
not have a positive effect at all (polyester resin) on the mechanical properties, positive
results were observed with vinylester resin. In the three developed composites with a
vinylester resin matrix, an increase in tensile strength and relative elongation at break
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was recorded. The composites in which MWCNTs1 wt% and a/Carbon2 wt% in combi-
nation with cenospheres5 wt% were used have hardness values identical to those of pure
vinylester resin. The combination of a/Carbonl wt% and cenospheres5 wt% recorded
the highest measured hardness from the studies of composites based on vinylester resin,
this composite also has the most balanced mechanical properties (tensile strength, relative
elongation, hardness).

The results of studies conducted on radio frequency attenuation in the X-band range
(9.3-9.4 GHz) for the developed composites, which are based on epoxy, polyester, and
vinylester resins with integrated carbon particles and cenospheres, are shown in Table 4.

Table 4. Results of radio frequency attenuation in the X-band range (9.3-9.4 GHz) of the developed

composites.
Polymer ?arbon . Cenosgheres Reference Reflected Attenuation
Particles [wt%] [wt%] Power [dB] Power [dB] [dB]
“Letoxit” PR 227 without without —36.8 —35.8 1
“Letoxit” PR 227 MWCNTs1 wt% 5 wt% —36.8 —34.8 2
“Letoxit” PR 227 MWCNTs2 wt% 5 wt% —36.8 —-35.3 1.5
“Letoxit” PR 227 a/Carbon1 wt% 5wt % —36.8 —-34.9 1.9
“Distitron” 429 BSX25Q without without —36.8 —34.7 2.1
“Distitron” 429 BSX25Q = MWCNTs1 wt% 5wt % —36.8 —34.8 2
“Distitron” 429 BSX25Q  a/Carbonl wt% 5wt % —36.8 —34.2 2.6
Distitron VE 100 without without —36.8 —35.0 1.8
Distitron VE 100 MWCNTs1 wt% 5wt % —36.8 —35.2 1.6
Distitron VE 100 a/Carbonl wt% 5wt % —36.8 —34.8 2
Distitron VE 100 a/Carbon2 wt% 5wt % —36.8 —34.6 22

It was found that in composites based on the epoxy resin used, the integration of both
types of carbon particles and microspheres has a positive effect on the radio frequency
attenuation in the studied range. Comparable values are observed when using 1 wt%
MWCNTs and a/Carbon in combination with the amount of cenospheres. In composites
based on polyester resin, the addition of MWCNTs—1 wt% and microspheres—5 wt %
does not lead to an improvement in radio frequency attenuation, but this is observed in
the combination of amorphous carbon and microspheres in the amounts used. A positive
effect is registered in composites based on vinylester resin, when combining a/Carbon in
both amounts used and combined with cenospheres.

4. Discussion

The results of the mechanical tests of the epoxy resin-based composites show that the
integration of the combinations of the two types of carbon particles and cenospheres does
not positively affect the tensile strength. In the three combinations used, the hardness of the
newly obtained materials was increased compared to the base polymer. The data from the
radio frequency attenuation test are positive: all three combinations used have a beneficial
effect on the developed composites. Epoxy resin-based composites with integrated carbon
particles and microspheres can be recommended for: MWCNT (1 wt%) and cenosphere
(5 wt%)radome housings, MWCNT (2 wt%) and cenosphere (5 wt%) precision shells,
a/Carbon (1 wt%) and cenosphere (5 wt%) radome housings. As with epoxy resin-based
composites, so with the developed polyester resin-based materials, the combinations of
the carbon particles used do not have a positive effect on the tensile strength, but in this
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case they do not increase the hardness of the materials either. Again, a positive effect on
the radio frequency attenuation of the composites was registered. The composite based
on polyester resin and MWCNTs (1 wt%) and cenospheres (5 wt%) can be recommended
for the production of communication shells, and the one with a/Carbon (1 wt%) and
cenospheres (5 wt%) for various types of hulls and drones. The combinations of carbon
particles and cenospheres used increase the mechanical properties of the vinylester resin-
based composites. It is noteworthy that in addition to the tensile strength and hardness,
the values of the relative elongation after fracture are also increased, which is an indicator
of the improved plasticity of the composites. As a result of the results of the conducted
radio frequency attenuation studies, the developed composites can be recommended as
materials for the manufacture of radome housings, communication enclosures, panels,
internal shielding and RAM coatings.

In the case of the epoxy and polyester resins used, due to their relatively high me-
chanical strength and brittleness, the integrated particles clearly play the role of stress
concentrators and, for this reason, additionally embrittle the composites; i.e., their use
does not cause an increase in all mechanical indicators. Even in the case of composites
based on polyester resin, no positive influence on the studied mechanical properties has
been established. The poor adhesion between the matrix and the integrated particles can
also be noted as a reason. In the case of vinylester resin, which has lower mechanical
strength compared to epoxy and polyester resins, the particles used increase the mechanical
and plastic properties of the developed composites. The use of combinations of carbon
particles and cenospheres aims to create a hybrid system that, in addition to the mechanical
reinforcement of the composites, also exhibits radar-absorbing properties (RAM). The use
of MWCNTs and amorphous carbon provides high dielectric losses through conduction
and polarization mechanisms, while the hollow cenospheres contribute to multiple internal
reflection of electromagnetic waves. This design allows the material to “capture” and
dissipate the incident radar radiation, converting it into heat, which is critical for achieving
stealth characteristics in the frequency ranges of modern radar systems (X-band). The mea-
surement data show a significant difference in the electromagnetic behavior of the materials
depending on the type and concentration of the materials used. The highest attenuation
was measured for the composite based on polyester resin and 1 wt% a/Carbon and 5 wt%
cenospheres (2.6 dB). The combinations of the used carbon particles and microspheres
increase the dissipative and reflective properties of the developed composites. They can be
used as materials for radio frequency shielding, radio absorption (RAM coatings; radars;
drones; radomes and antennas with reduced RCS; electromagnetic pulse (EMP) protection),
and structural elements with integrated shielding (housings of communication devices;
transport cases and boxes for sensitive electronics). They can also be used for unmanned
systems and light platforms (drone and sensor shells; internal panels of unmanned aerial
vehicles), the protection of electronic systems (local shielding of electronics) and struc-
tural components with electromagnetic functionality (panels with vibration and thermal
insulation and electromagnetic protection).

5. Conclusions

In this work, the possibility of expanding the spectrum of polymer matrix composite
materials is examined by using thermosetting polymers with two types of carbon particles
and cenospheres integrated into them. It has been established that the used particle combi-
nations do not always improve the mechanical properties of the developed composites, but
they positively affect the radio frequency attenuation of the materials. The results of the
conducted studies show that the developed composites show effectiveness for electromag-
netic protection in the X-band range. The combination of a polymer matrix and suitable
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fillers demonstrates potential for attenuation of the radio frequency signal. This makes
them suitable for integration into various defense systems—from coatings to structural
elements with functional purpose.
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Abbreviations

The following abbreviations are used in this manuscript.

MWCNTs Multi-walled Carbon Nanotubes

EMI Electromagnetic Interference
CNTs Carbon Nanotubes
RAM Radio Absorbing Material
VNA Vector Network Analyzer
a/Carbon  Amorphous Carbon
RCS Radar Cross-Section
EMP Electromagnetic Pulse
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