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Abstract—Composites based on thermosetting polymers
(epoxy, polyester and vinylester resins) with integrated
carbon particles have been developed. MWNTs and
amorphous carbon, a waste product from the production of
“green” hydrogen, have been used. The influence of different
concentrations (0.02 wt %, 0.06 wt % and 0.1 wt %) of the
two types of particles used on the mechanical properties of
the developed composites has been studied, a comparative
analysis has been conducted. The results of the studies show
that the two types of carbon particles used reduce the tensile
strength, but increase the hardness and impact toughness of
the resulting composite compared to pure epoxy resin. The
composite based on polyester resin with integrated MWNTSs
has reduced impact toughness, but with significantly higher
hardness values compared to the resin used. A relative
elongation of the newly obtained material was also registered,
and at a concentration of 0.02 wt% MWNTs an increase in
tensile strength was registered. The addition of amorphous
carbon to the polyester resin has a positive effect on the
mechanical properties of the resulting composite. Relative
elongation, increased hardness, impact toughness, and
higher values of tensile strength were registered. The
amorphous carbon and MWNTSs used are the basis for
obtaining a composite with a vinyl ester resin matrix with
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improved  mechanical properties. @ The  different
concentrations of the two types of carbon particles contribute
to obtaining composites with improved mechanical
properties compared to pure resin. In this case, multi-walled
carbon nanotubes have a greater influence on the studied
characteristics compared to amorphous carbon.

Keywords— amorphous carbon, composites, mechanical
properties, MWNTs, thermosetting polymers

I. INTRODUCTION

The development of modern nanocomposites is closely
related to the optimization of polymer matrices by
incorporating carbon nanomaterials. Epoxy, polyester and
vinylester resins occupy a central place in the industry due
to their excellent technological properties, but their high
brittleness and low electrical conductivity often limit their
application in critical structures.

Carbon nanotubes (CNTs) are an allotropic form of
carbon with a one-dimensional (1D) structure. Depending
on the number of concentric graphene layers they are made
of, they are classified as single-walled (SWCNTs) and
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multi-walled (MWCNTSs). Despite their enormous
potential, the integration of CNTs in industrial applications
is associated with various challenges related to purity
control, dispersion in different matrices and precise surface
functionalization.

Amorphous carbon (a-C) is an allotropic form of carbon
characterized by the lack of long-range order in its atomic
structure. In contrast to the well-defined crystal lattices of
diamond (sp® hybridization) and graphite (sp?
hybridization), amorphous carbon is a metastable phase
consisting of a mixture of these two states. In recent years,
interest in amorphous carbon materials has grown
significantly due to their exceptional adaptability. The
integration of carbon nanotubes (CNTs) and amorphous
carbon as stand-alone modifiers offers radically different
approaches to overcome these shortcomings.

While multi-walled carbon nanotubes (MWCNTSs) are
considered as highly effective structural reinforcing agents
capable of significantly improving mechanical strength and
elastic modulus at minimal concentrations, amorphous
carbon remains the preferred choice for modifying the
physicochemical and protective properties of polymers.
The effectiveness of these fillers depends not only on their
morphology but also on the specific interactions with the
thermosetting matrix—from high adhesion in epoxy
systems to shrinkage and thermal stability in vinylester and
polyester resins.

This paper investigates and compares the individual
effects of MWCNTs and amorphous carbon on the
mechanical properties of epoxy, polyester, and vinylester
resins.

II. MATERIALS AND METHODS

In this study, composites based on a polymer matrix and
with carbon particles integrated into them were developed.
The following thermosetting polymers were used as
matrices of the composites: epoxy resin - "LETOXIT" PR
227, polyester resin - "DISTITRON" 429 BSX25Q and
vinyl ester resin - "DISTITRON" VE 100). For the
polymerization of the indicated polymers, the following
hardeners were used - "LETOXIT" EM 315 for the epoxy
resin, "MEKR 50" for the polyester resin, "MEKR 50" and
accelerator "MEKR" for the vinyl ester resin, and for the
preparation of the resin systems, the ratios prescribed by
the manufacturer were observed [1].

In recent years, a number of researchers have integrated
carbon nanotubes (CNTs) into polymer matrix composites
due to their good mechanical, electrical and thermal
properties [2]-[17]. Amorphous carbon is a waste product
in the production of pure hydrogen using catalytic methane
decomposition, and due to its exceptional adaptability,
there is considerable interest in it [18]-[30]. Two types of
carbon particles were used for the studies. One is multi-
walled carbon nanotubes (MWCNTs) with a length >2 pm,
a diameter of 10 - 40 nm, a number of walls of 10 - 20 and
a specific surface area of 55 m?/g. The second type of
carbon particles is amorphous carbon with a composition:
carbon (C) content of 99.1 at % and oxygen (O-) content of
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0.9 at %. The two types of carbon particles were used in
three concentrations: 0.02 wt %, 0.06 wt % and 0.1 wt %.

The developed composites were obtained by
mechanical dispersion of the used carbon particles in the
liquid resin systems. In order to ensure maximum breaking
of the larger agglomerates, intensive mechanical stirring
was carried out. The preparation, casting and curing of the
composites was at room temperature (25° C according to
the manufacturers' prescription), with the epoxy resin-
based test bodies undergoing secondary polymerization at
the manufacturer's prescribed temperature (55° C) and
process duration (12 h) [1].

The uniaxial tensile test was conducted using a Zwick
Roell Z050 testing machine, the hardness of the developed
composites was measured using the Shore method (D -
HSD scale) using an EQUOTIP hardness tester, and impact
toughness was examined using the Izod Impact Test.

III. RESULTS AND DISCUSSION

The results of the mechanical tests conducted on the
developed composites with epoxy resin matrix
"LETOXIT" PR 227 and both types of carbon particles
used are presented in Table 1 and Table 2.

TABLE 1 RESULTS OF MECHANICAL TESTS OF EPOXY RESIN

AND MWCNTs COMPOSITE
MWNTs | 6u[MPa] | £[%] | HSD | KCViw. [Jem?]
[wt. %]
0 wt. % 49 0.8 76.7 0.180
0.02 wt. % 31.5 0.3 83.2 0.250
0.06 wt. % 26.9 0.7 84.5 0.729
0.1 wt. % 19.8 0.5 84.1 0.313

TABLE 2 RESULTS OF MECHANICAL TESTS OF EPOXY RESIN
AND A-CARBON COMPOSITE

a-Carbon om|MPa] € [%] HSD KCVi,2 [J/em?]
[wt. %]
0 wt. % 49 0.8 76.7 0.180

0.02 wt. % 45 1.2 82.2 0.225

0.06 wt. % 36.9 0.7 83.4 0.604

0.1 wt. % 23.5 0.2 80.8 0.238

The integration of multi-walled carbon nanotubes into
the epoxy matrix has a positive effect only on the hardness
and impact toughness of the resulting composites. A
significant decrease in the tensile strength and a slight
decrease in the relative elongation of the newly obtained
materials were recorded. When using other carbon particles
(a-Carbon), the results are similar. It is noteworthy that
when using a concentration of 0.06 wt % of the carbon
materials used, the developed composites have the highest
values of impact toughness and hardness. The results
obtained when using the lowest concentration (0.02 wt %)
of amorphous carbon are of interest. At this concentration
of carbon particles, a slight decrease in the tensile strength
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of the composite was recorded, but an increase in hardness,
impact toughness and the highest value of relative
elongation were measured. The composite prepared in this
way based on an epoxy matrix has an optimal set of
mechanical properties. Based on the results obtained, we
can say that when developing a composite with an epoxy
resin as the base, the use of amorphous carbon is preferred
over MWCNTs.

Table 3 and Table 4 show the results of the tests
conducted on composites based on polyester resin
"DISTITRON" 429 BSX25Q and the two types of carbon
particles used.

TABLE 3 RESULTS OF MECHANICAL TESTS OF POLYESTER
RESIN AND MWCNTS COMPOSITE

MWNTs 6n[MPa] | £[%] HSD | KCVy, [J/em?]
[wt. %]
0 wt. % 34.8 0 79.8 0.03

0.02 wt. % 373 1.1 88.7 0

0.06 wt. % 31.6 0.9 91.4 0

0.1 wt. % 31.6 0.6 90.4 0.0625

TABLE 4 RESULTS OF MECHANICAL TESTS OF POLYESTER
RESIN AND A-CARBON COMPOSITE

a-Carbon on[MPa] | £[%] HSD KCV 0,2 [J/em?]
[wt. %]
0 wt. % 34.8 0 79.8 0.03

0.02 wt. % 37.7 0.5 91.0 0

0.06 wt. % 38.7 0.3 91.8 0.125

0.1 wt. % 349 0.4 89.4 0.0875

The MWNTs used in the developed composites based
on polyester resin “DISTITRON” 429 BSX25Q have a
positive effect on their mechanical properties. At a
concentration of 0.02 wt. %, an increase in the tensile
strength, relative elongation and hardness of the newly
obtained material compared to the base polymer was
recorded, but the impact toughness was reduced. The
tendency to increase the hardness and relative elongation is
also preserved when using 0.06 wt. % MWNTs, but a slight
decrease in the strength of the composite compared to the
polyester resin was recorded. Increasing the amount of
these carbon particles to 0.1 wt. % is the basis for obtaining
a composite with the best balance of mechanical properties.
After integrating amorphous carbon particles into the
polyester matrix, composites with increased properties
were obtained. Only at a concentration of 0.02 wt. % was
no positive effect on the impact toughness of the composite
compared to the starting resin. The highest mechanical
properties are possessed by the composite with 0.06 wt. %
amorphous carbon integrated into it. As with epoxy and
polyester resins, waste amorphous carbon has a better
effect on the mechanical properties of the developed
composites.

Unlike the cases considered so far, in which amorphous
carbon had a more favorable effect on the mechanical
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properties of composites based on epoxy and polyester
resin, in the case of the vinylester resin “DISTITRON” VE
100, the MWCNTSs used had a more favorable effect. It was
found that at all three concentrations of carbon nanotubes
used, the mechanical properties of the composites are
higher than the initial values of the base polymer, with the
exception of the impact toughness of the composite with
0.02 wt. % MWCNTs (Table 5). The obtained values for
the tensile strength are also higher than the values of the
same indicator of the composites in the composition of
which the same amounts of amorphous carbon are
integrated, and the values of the other studied
characteristics are comparable (Table 6).

TABLE 5 RESULTS OF MECHANICAL TESTS OF VINYLESTER
RESIN AND MWCNTS COMPOSITE

MWNTs | 6u[MPa] | £[%] | HSD | KCVyw, [Jem?]
[wt. %]
0 wt. % 20.5 0 75.7 0.039

0.02 wt. % 45.2 0.8 86.3 0

0.06 wt. % 383 1.1 85.6 0.475

0.1 wt. % 31.5 0.7 84.9 0.588

TABLE 6 RESULTS OF MECHANICAL TESTS OF VINYLESTER
RESIN AND A-CARBON COMPOSITE

a-Carbon om[MPa] € [%] HSD KCVi,2 [J/em?]
[wt. %]
0wt. % 20.5 0 75.7 0.039

0.02 wt. % 18.5 0.7 85.8 0.375

0.06 wt. % 26.9 0.9 84.2 0.350

0.1 wt. % 26.7 0.5 85.7 0.475

Table 6 presents the results of mechanical tests of
composites made of vinylester resin “DISTITRON” VE
100 with amorphous carbon particles integrated into it. The
minimum amount used of 0.02 wt. % leads to an increase
in hardness, impact toughness and relative elongation at a
comparable value of the tensile strength of the composite
with that of the base resin. With increasing concentrations
of the particles used, no significant changes are observed in
the hardness of the composites, but the tensile strength
increases. The highest value of relative elongation is
registered at a quantity of 0.06 wt. % a-Carbon, and the
highest value of impact toughness at 0.1 wt. % a-Carbon.

The development of innovative composite materials
with a polymer matrix and carbon particles embedded in it,
which should have increased mechanical and operational
characteristics, including those intended for the
construction of systems and devices for detecting and
countering low-flying unmanned aerial vehicles, is a
current engineering topic. This study examines the
possibility of expanding the spectrum of composite
materials with a polymer matrix by using thermosetting
polymers and carbon particles. At present, waste
amorphous carbon has found application mainly in the
processing and vulcanization of rubber mixtures, due to its
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morphology and the average diameter of its particles. The
results of the mechanical tests conducted show that in
certain cases, composites with reinforcing waste
amorphous carbon particles have properties competing
with composites with MWCNTSs integrated into them.
Obtaining a machine-building material using a waste
product, in addition to engineering, has an ecological and
economic aspect. By implementing the waste obtained
from an innovative technology for producing green
hydrogen into a construction material, this technology
becomes completely waste-free, i.e. it does not have a
negative impact on the environment.

IV. CONCLUSIONS

The integration of 0.02 wt % amorphous carbon in an
epoxy matrix leads to the production of a composite with
an optimal set of mechanical properties.

The use of MWNTs in an amount of 0.1 wt. % is the
reason for the production of a composite based on a
polyester resin with the best balance of mechanical
properties.

It has been established that waste amorphous carbon
has a better effect on the mechanical properties of the
developed composites with epoxy and polyester resin
bases.

The used MWCNTs have a more favorable effect on the
mechanical properties of the vinylester resin compared to
amorphous carbon. It has been established that at all three
used concentrations of carbon nanotubes, composites with
increased mechanical properties were obtained.
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