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Abstract: With the rapid development of wireless communication technologies and the miniaturiza-
tion trend in the electronics industry, the reduction of electromagnetic interference has become an
important issue. To solve this problem, a lot of attention has been focused on polymer composites
with combined functional fillers. In this paper, we report a method for creating an acrylonitrile buta-
check for diene styrene (ABS) plastic composite with a low amount of conductive carbon and magnetic fillers
updates preparation. Also, we investigate the mechanical, thermophysical, and electrodynamic characteristics
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5 wt % leads to a composite conductivity growth of almost 50 times. It is necessary to underline the
temperature decrease of 5 wt % mass loss and, accordingly, the composite heat resistance reduction
with an increase in the combined filler from 1 to 5 wt %, while the thermal conductivity remains
almost constant. It was established that electrodynamic and physical-mechanical characteristics
depend on the agglomeration of fillers. This work is expected to reveal the potential of combining
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Advances in wireless communications technology, utilization of wireless communi-
cation methods, and miniaturization trends in the electronics industry have increased the
importance of reducing electromagnetic interference (EMI) [1]. Electromagnetic radiation

impact on the human body and electronics reveals the significance of its minimization [2-6].
To provide a shield against the effects of EMI irradiation, a wide range of different mate-
rials are used [7]. The most commonly applied materials are metal screens, which work
by reflecting the incident electromagnetic (EM) wave. Magnetic losses in such shielding
This article is an open access article ~ Materials allow for increasing the shielding efficiency in the low-frequency range [8]. The
distributed under the terms and  USes of metal screens are limited not only by their characteristics, such as high weight, low
conditions of the Creative Commons ~ COTTOsion resistance, and manufacturing complexity of complex shape screens, but also by
Attribution (CC BY) license (https://  the main shielding mechanism of such materials—the reflection of EM waves, which does
creativecommons.org/licenses/by/  not eliminate the impact of interference both inside the screen and through the galvanic
40/). connection of the screen to grounding [9].
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According to the issues described above inherent to the metal screens, composite
shielding materials based on various organic polymer materials are of profound interest [8-10].
However, almost all commercially available polymers are good dielectrics. Plastics utiliza-
tion for screens creation allows for changing the mechanism of EM waves shielding from
EM waves reflection to the absorption of energy in the volume of the material through the
use of various fillers. The Mao-Sheng Cao research group presented theoretical models for
the regulation of dielectric/magnetic behavior, which is important for achieving a balance
between reflection and absorption in composite materials [11-14].

A wide range of synthetic polymers have been studied as dielectric matrices for shield-
ing composites, including polyaniline, polyphenylene sulfide, polyimide, polypropylene
(PP), polycarbonate (PC), polyamide, and polylactic acid (PLA) [15]. The primary objective
for a shielding material based on a plastic matrix creation is the selection of conductive
fillers that can provide the required level of dielectric losses. The most commonly used
conductive fillers are carbon materials of various shapes: nanotubes, graphene oxide,
and carbon fibers [16-20]. The use of magnetic fillers in composites leads to improved
impedance, matching at the sample-air interface, as well as increased EM absorption due
to internal magnetic losses [21]. The distribution of conductive and magnetic fillers in
the polymer matrix forms electrical and thermal conductive paths, which plays a crucial
role in EMI shielding efficiency (SE) and thermal conductivity growth [22]. An increas-
ing amount of literature is devoted to the combined use of nanoscale conductive and
magnetic fillers [18-20,23,24]. The work [19] shows that the magnetite Fe30, content
increase to 10 vol % promotes the development of a percolation network in systems of
hybrid PBS nanocomposites with 0.1 vol % of multiwalled carbon nanotubes (MWCNT)
and the achievement of high conductivity values. Fang Ren et al. [20] showed a signif-
icant conductivity growth of a system with a layered composite structure with 5 wt %
of graphene nanosheets (GNS) and 15 wt % of Fe3O4. Reclaimed carbon fiber (rCF) is
not inferior in its properties compared to virgin CF, which makes it an ideal inexpensive
and ecofriendly conductive material for EM shielding thermosetting polymer composites
reinforcement [25-27]. A detailed investigation of the electrodynamic parameters revealed
the attractive properties of rCF as a component of shielding materials, especially with the
simultaneous addition of magnetite [28].

Plastics and composites based on ABS are used as structural elements of many elec-
tronic products and electrical accessories [17]. Mechanical and thermal properties are vital
for such devices. Thermal conductivity reduction in ABS plastic-based composite materials
can lead to the additional heating of the device and, as a result, to the degradation of its
technical and operational characteristics [29].

Our current research is focused on the investigation of the concentration effect of
available conductive and magnetic fillers in a widely used ABS matrix to achieve a good
correlation between commercial availability and the thermal, mechanical, and electrical
properties of the resulting composite material.

2. Materials and Methods
2.1. Materials

The carbon polyimide is based on epoxy resin ED-20, polyethylenepolyamine (PEPA),
and reinforced with carbon cloth Toho Tenax 3 K (Toho Tenax, Wuppertal, Germany).
The mass content of CF in the polymer was 26.5 wt %. The ABS plastic (bar diame-
ter 1.75 & 5 mm) was manufactured by “Hi-Tech Plast” (Vladimir, Russia). All chem-
ical reagents were high purity grade and used as received: iron (II) sulfate heptahy-
drate (FeSO,e7H,0) (chemically pure), 12.5 M aqueous ammonia solution (NH4OH)
(pure for analysis), and iron (III) chloride hexahydrate (FeCl;#6H,0) (pure) were pur-
chased from “NevaReaktiv” (Saint-Petersburg, Russia); a 95% sulfuric acid (H,SO4) was
purchased from UCC “Shchekinoazot” Ltd. (Tula, Russia); a 37% hydrogen peroxide
(H207) and acetone (C3HgO) (pure for analysis) were purchased from LLC “Sigmatek”
(Saint-Petersburg, Russia).
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2.2. Composite Preparation

The reclaimed carbon fiber was obtained by low-temperature solvolysis [30] with a
mixture of HySO4/H202/HzOisp) (2.5:3:1). According to the scanning electron microscope
(SEM) results, the diameter of the rCF was 67 um, and the length of the short carbon fibers
was approximately 0.5-2 mm [30]. The magnetic particles were obtained by the addition of
ammonium hydroxide excess to the solution of Fe(II) and Fe(III) [28]. The average particle
size of Fe304 was 27 nm [28].

The process of composite preparation based on ABS plastic is shown in the scheme
(Figure 1). The preparation of the composite involved dissolving a rod of ABS plastic in
acetone to obtain a solution with a 10 wt % plastic. For the initial composite, the resulting
solution was poured into a fluoroplastic mold and mechanically mixed to avoid a large
number of bubbles in the sample. Mechanical stirring was stopped when the minimum
amount of acetone was reached, and the sample was left until the complete evaporation
of the acetone at room temperature. The amount of filler and the names of the obtained
samples are shown in Table 1.

10 % mass. ABS in
acetone

Magne‘[l‘[e Shot carbon fiber 3-5 mm ,f':’f
~ /L
.....=. \l%@- W

Drying 24 hours

Room temperature

Figure 1. Preparation of ABS samples with functional fillers.

Table 1. Composite samples description.

Amount of Filler, wt %

Ne Samples
rCF Fe304 Total Amount

1 ABS/Fe;04-1 - 1 1
2 ABS/Fe304-3 - 3 3
3 ABS/Fe;04-5 - 5 5
4 ABS/rCF-1 1 - 1
5 ABS/rCF-3 3 - 3
6 ABS/rCF-5 5 5
7 ABS/rCF/Fe304-1 0.5 0.5 1
8 ABS/rCF/Fe304-3 1.5 1.5 3
9 ABS/rCF/Fe304-5 2.5 2.5 5
10 ABS/rCF/Fe;04-6 3 3 6

2.3. Characterization

A thermal behavior investigation of the plastics samples was performed using a
TGA/DSC 3+ (Mettler Toledo, Greifensee, Switzerland) in the temperature range of
25-1000 °C, with a heating rate of 10 °C/min in an air atmosphere, using 70 uL alu-
mina crucibles as the sample holders. A Differential Scanning Calorimeter (DSC) analysis
of the plastics samples was carried out on a DSC1 822e instrument from Mettler Toledo



Polymers 2024, 16, 2153

4of 15

(Greifensee, Switzerland) in an air environment from 0 to 480 °C at a heating rate of
5 °C/min. The thermal conductivity of the samples was studied with the utilization of
pure gallium metal and naphthalene. The measurements were performed on a DSC differ-
ential scanning calorimeter 882e /400 (Mettler Toledo, Greifensee, Switzerland). The tested
material samples had a cylindrical shape, with a diameter of ~5 mm and a thickness of
2-3 mm. The thermal conductivity coefficient was determined in accordance with ASTM
E1952-11 [31], and specific heat capacity was determined in accordance with ISO 11357-
4:2005 [32]. The test was repeated 3 times, and the error bars were adopted based on the
std error calculated from the standard deviation of the mean values.

The physical and mechanical characteristics of the plastics samples were determined
on an INSTRON-3365 (High Wycombe, Great Britain) universal testing machine: nominal
strength o}; stress—strain modulus E100 at 100%; relative critical tension strain ¢y, at a
tensile speed of 10 mm/min and 25 °C. The samples were thin plates (50 x 10 mm), in
accordance with GOST 14236-81 [33]. The thickness of all the samples was 0.25 = 0.01 mm.
The number of strength test repetitions in the series was 4.

After mechanical measurements, the surface of the polymer samples was studied on a
FEI Quanta 650FEG scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA) with
the following parameters: low vacuum mode, SE, WD ~ 9-7 mm, magnification of 1000
times at 20 kV.

The distribution of the filler particles in the polymer volume was assessed using an
OLIMPUS X501 optical microscope (Tokyo, Japan).

The most important parameters for materials that are used to prevent the propagation
of electromagnetic interference are relative permittivity and permeability. To find the
frequency dependence of the complex relative permittivity and permeability, we used a
measuring equipment based on the vector network analyzer R&SZVA50 (Rohde & Schwarz,
Munich, Germany), with the widely used transmission-reflection method, based on existing
types of radio frequency (RF) transmission lines. The studied material was placed in a
sampler holder with subsequent measurement of the complex coefficients of the scattering
matrix. The studied samples were prepared according to waveguide WR90 IEA type in
the form of 23 x 10 x 1 mm plates. The complex relative permittivity measurements and
the conductivity calculation were made for three samples of each composition material in
order to eliminate errors in the preparation of the samples. To obtain the values of complex
relative permittivity and permeability, a developed specialized software was used [34]. The
calculated error in the real part of the relative permittivity measurement was no more than
5% and is determined by the error of the device itself [35].

3. Results and Discussion
3.1. Thermal and Mechanical Properties of Samples

In order to study the influence of nature and concentration of introduced fillers
(rCF and magnetite) on the thermal properties of the ABS-plastic-based samples, the
process of thermal oxidative destruction of the pure ABS plastic and its composites was
investigated with a simultaneous thermal analysis (TGA/DSC) method. The thermal
oxidative stability comparison of composite samples was carried out according to the
temperature corresponding to the 5% weight loss and is based on the thermogravimetric
analysis (TGA) results. The introduction of all types of fillers in an amount of 1 wt %
and magnetite in an amount of 3 wt % leads to an increase in the heat resistance of ABS
samples (Table 2). It is necessary to admit that the joint introduction of carbon fiber and
magnetite at 1.5 and 2.5 wt % reduces the thermal stability of samples ABS/rCF/Fe304-3
and ABS/rCF/Fe304-5, respectively. The close contact between goethite (FeOOH) ore with
high Fe,O3 content and carbon promotes a rapid reduction reaction to metallic iron [36,37].
Jalil Vahdati Khaki and co-authors showed that reducing the particle size of a composite
mixture of hematite and graphite leads to a decrease in the reduction process temperature
and increase in the rate of its occurrence [38].
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Table 2. Thermal properties of ABS plastic samples.
Sample Tempe_rature of t(l)le 5% Glass Transitign Thermal Conductivity, Heat Ca}:}acity,
Weight Loss, °C Temperature, °C W/(meK) kJ/(kg °C)
ABS 345 80.0 0.15 1.36
ABS/rCF-1 354 97.3 0.15 1.30
ABS/rCF-3 349 98.2 0.17 1.28
ABS/rCF-5 346 99.3 0.17 1.25
ABS/Fe304-1 351 89.7 0.15 1.30
ABS/Fe304-3 353 97.8 0.15 1.30
ABS/Fe304-5 346 99.0 0.17 1.30
ABS/rCF/Fe304-1 353 96.2 0.15 1.37
ABS/rCF/Fe304-3 338 97.9 0.15 1.28
ABS/rCF/Fe304-5 338 99.6 0.15 1.23

The oxidation of the polybutadiene segment phase in ABS leads to an exothermic
and self-accelerating effect at moderate temperatures [39]. Therefore, the heat resistance
reduction in the ABS plastic, with the combined introduction of carbon fiber and mag-
netite, can pose a potential danger when the final material is dried and extruded during
the production process. This effect requires more detailed study and is a subject of our
future investigation.

Moreover, we determined the glass transition temperature, thermal conductivity and
heat capacity of the samples (Table 2). The introduction of all types of fillers led to the
limitation of the polymer chains’ mobility, causing the glass transition temperature to
increase [40-42]. No noticeable change in the thermal conductivity and heat capacity of
the ABS plastic samples with fillers was detected; there is no noticeable change in thermal
conductivity and heat capacity for ABS plastic samples with fillers.

The interaction between the binder and fillers affects the thermal and electrodynamic
properties, as well as the strength of the resulting materials [43]. The mechanical properties
tests results of the original and filled ABS plastic samples are presented in Figure 2. It
is clear that the introduction of the 1 wt % fillers (for ABS/rCF-1, ABS/Fe304-1) and the
3 wt % combined filler (for ABS/Fe30;-3) resulted in a mechanical strength growth of
more than 20%. In other cases, we observed minor changes in strength. With the addition
of the 3 wt % carbon fiber, a strength reduction of 12% was detected, compared to the
pure ABS plastic. One of the reasons for the strength decrease in the samples may be the
agglomeration of rCF and magnetite particles as their amount increases [44]. In this work,
we used a powder filler—magnetite and fiber filler—and a short, reclaimed carbon fiber.
Both fillers, in addition to their different adhesion to the polymer matrix, have a difference
in form, which can have a significant impact on the agglomeration of the filler during the
manufacturing process of the samples and, as a consequence, on the formation of the final
characteristics of the material.

For the composites primarily filled with the rCF, the morphology of the fracture
surface can provide information characterizing adhesion at the filler matrix interface. High
interfacial adhesion is responsible for the production of highly effective composites [45].
The morphological features of the ABS samples’ fractured surfaces are presented on SEM
micrographs in Figures 3 and 4. The fractured surface of the filled samples differs slightly
from the fractured surface of pure ABS. The spikier surface for ABS samples containing
magnetite reflects ductile fracture behavior, compared to samples filled with carbon fibers
only [44]. All ABS plastic samples filled with carbon fiber are characterized by adhesive
failure and fiber pullout [46]. Moreover, the tensile load was not sufficient to cause fiber
failure after matrix failure, causing the fibers to pull out of the matrix during testing [46].
Also, we observed dark rings around the fibers, due to local deformation of the matrix [46].
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Figure 2. Tensile strength, Young’s modulus and deformation test results for ABS filled with extracted
carbon fibers and without filler.

Figure 3. Microphotograph of the ABS plastic sample fracture surface.
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Figure 4. Microphotographs of the ABS plastic samples fracture surfaces filled with rCF 1% (a),
3% (b), 5% (c), magnetite 1% (d), 3% (e), 5% (f) and rCF and magnetite at 0.5% (g), 1.5% (h), 2.5% (i).

The ratio of fillers is considered to be one of the main factors that require control
and influence the improvement of electrical, thermal, and mechanical properties [47].
In addition, the properties are affected by the distribution of the filler in the polymer
matrix and its agglomeration, which can be qualitatively assessed from micrographs of
the structure of the samples [48,49]. Figure 5 shows micrographs of the filled ABS plastic
samples. For sample ABS/rCF-1 with 1 wt %, the carbon fiber filler is distributed evenly in
the ABS matrix, without any continuous structure observed (Figure 5a). Also, a continuous
structure is absent for samples with the introduction of magnetite in ABS (Figure 5d—f) and
for samples with simultaneous introductions of the 1 wt % carbon fiber (Figure 5g). With
the introduction of 3 wt % and 5 wt % carbon fiber, we found areas with high and low
carbon fiber content (Figure 5h,i). In this case, we can assume the presence of isolated areas
with a conductive structure. It should be noted that the presence of areas with high carbon
fiber content also promotes stronger agglomeration of magnetite (Figure 5h,i), compared to
the size of the agglomerates (Figure 5e,f).

The fillers” distribution can also influence the obtained mechanical properties. Thus, a
decrease in tensile strength can be noted for compositions with a higher content and greater
agglomeration of fillers [22]. A strength improvement of the samples was noted for all
samples with 1 wt % of fillers, as well as for the samples with 3 wt % of combined fillers.
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Figure 5. Microphotographs of ABS plastic samples structure filled with rCF 1% (a), 3% (b), 5% (c),
magnetite 1% (d), 3% (e), 5% (f) and rCF and magnetite 0.5% (g), 1.5% (h), 2.5% (i).

3.2. Electrodynamic Properties of Composite

The crucial parameters of materials used to ensure compliance with electromagnetic
compatibility standards is the electrical conductivity of the dielectric material [21]. One
of the main characteristics for composite materials based on a non-conducting dielectric
matrix with the addition of carbon fiber is the percolation point. This parameter provides
the filler concentrations at which the resulting composite gains sufficient conductivity [50]
and, as a consequence, the ability to prevent electromagnetic wave propagation.

Materials that are capable of radiation absorption in the centimeter wavelength range
are of great interest for electromagnetic protection. A large number of satellite communica-
tion systems, radars, and wireless information transmission systems are implemented in
this frequency range, which leads to strong electromagnetic pollution.

The direct measurement of dielectric conductivity as a measure of the material’s ability
to conduct electric current at frequencies of several GHz is not correct. At such frequencies,
the absorption of electromagnetic energy takes place. To estimate the influence of fillers on
these characteristics of the composite, in this work, we used the approach of calculating
the real part of the conductivity from the frequency response of the imaginary part of the
relative permittivity with the Formula (1) [51]:

04 = wepe,” 1)

where ¢, is imaginary part of relative permittivity, ¢g is vacuum permittivity, o4 is conduc-
tivity of a dielectric, and w is angular frequency.

A pure ABS plastic matrix demonstrates stable parameters in the studied frequency
range. The measured characteristics are shown in Table 3.

Table 3. The electrodynamic characteristics of a pure matrix of ABS at fixed frequencies.

Frequency, GHz & e o4, S/m
8 2.4806 0.085 0.037
10 2.4804 0.115 0.064

12 2.4709 0.089 0.059
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The given characteristics demonstrate that the ABS sample without fillers is char-
acterized by weak conductivity. This indicates that ABS plastic is a radio transparent
dielectric material.

Figure 6 shows the dependence of the real and imaginary parts of the relative permit-

tivity for the ABS/Fe304 and ABS/rCF compositions on the amount of filler.

1004 : b
. @ 5 104 _- ®) 104 e (€)
> . = —=—ABS/CF_8GHz 1 _ . 2
= = --m--ABSICF_10GHz —=— ABS/rCF_8 GHz
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Figure 6. Dependence of real part (a) and imaginary part (b) of permittivity and conductivity (c) on
the concentration of fillers.

According to the dependence, it is clear that the addition of magnetite to the ABS
plastic matrix has virtually no effect on the electrodynamic characteristics of the resulting
composite. In contrast, the addition of carbon fiber leads to a sharp increase in the value of
the real part of the relative permittivity. With the frequency of the applied electromagnetic
field’s growth, this dependence becomes steeper (Figure 6a), which may indicate that the
electrical length of carbon fibers increases. With the comparison results of the samples
structure and the data on their thermal conductivity, heat capacity, and conductivity from
Table 2 and Figures 5 and 6, it becomes obvious that the rCF and rCF/Fe;O; fillers form an
electrically conductive structure [22]. The work [52] shows that larger magnetite particles
improve electrical conductivity. Also, larger Fe3O, particles increase the conductivity
and, therefore, can improve the ability to remove radio frequency (RF) interference for
compliance with EMI standards.

The concentration of magnetite filler practically does not affect the imaginary part of
the relative permittivity, which can be considered as the imaginary part of a pure ABS plastic
matrix. The addition of carbon fiber to ABS plastic matrix sharply increases dielectric losses
in the composite. The main reason for such losses is the appearance of conducting regions
in the sample, resulting from the addition of conductive carbon fibers. The conductivity
dependence on the concentration of fillers is presented in Figure 6c¢.

Surprisingly, the introduction of Fe3O4 leads to an increase in conductivity, in contrast
to the data given in the work [14]. The simultaneous introduction of magnetite and carbon
fiber leads to a more expressed percolation dependence of conductivity, helping to obtain
stable electrodynamic characteristics at lower filler concentrations than in the case of
addition of carbon fiber only. Figure 7 shows the real and imaginary parts of the relative
permittivity dependence of the composite on the filler concentration, rCF/Fe3Oj.

The obtained results allow us to conclude that the addition of magnetite and rCF to
the ABS matrix contributes to the production of materials with well-reproducible electrody-
namic characteristics, as well as to the achievement of high values of electrical conductivity
with a low filler content in the sample.
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Figure 7. Dependence of the real part (a) and imaginary part (b) of the relative permittivity and
conductivity (c) on the concentration of fillers.

The data from Table 2 and Figures 6 and 7 suggest a significant difference between the
mechanisms of heat and electrical conductivity. We expected that the introduction of carbon
fibers and magnetite would not only regulate the electrodynamic characteristics but also in-
crease the thermal conductivity of the samples due to their conductive properties and high
aspect ratio [53]. Variation of filler concentration from 1 to 6 wt % for ABS/rCF/Fe304 com-
positions increased the electrical conductivity without any significant changes in thermal
conductivity. Optical microscope images (Figure 5) do not allow for drawing an unambigu-
ous conclusion about the presence of an infinite conducting network in the sample with
the maximum amount of fillers. We suppose that carbon fibers and magnetite particles are
separated by the layers of a dielectric polymer matrix. Such a structure of composites leads
to interfacial resistance between carbon fibers and the polymer matrix, as well as to contact
resistance between carbon fibers that have high interfacial thermal resistance, preventing
thermal conductivity of samples from increasing. Also, the distribution of fillers in the ABS
matrix creates more interfaces that can provide greater phonon scattering than phonon
transport, thereby increasing the interfacial thermal resistance and exhibiting low thermal
conductivity of the composites [53]. The low thermal conductivity of the samples with
rCF and rCF/Fe30; fillers with a significant electrical conductivity growth with increased
filler concentration suggests a tunnel or hopping mechanism as the leading mechanism of
electrical conductivity. This can also be indirectly confirmed by the conductivity increase
with the frequency growth. [15,54-58].

Since complex permittivity (¢ and ¢”) and complex permeability (i’ and p) are the
two most important parameters characterizing the EM response of the materials, we studied
the dependence of these characteristics on the frequency of the applied electromagnetic
field for composites in case of the direct and random orientation of carbon fibers in the bulk
of the polymer. The dependence of the complex permittivity and complex permeability
for the mentioned compositions are shown in Figure 8 and indicate that, with different
orientations of the fibers, as well as in the presence of magnetite, the main mechanism
of electron conduction may change. The maximum values of the real part of the relative
permittivity (¢/) are observed for a composite sample ABS/rCF™°™ with a random
distribution of carbon fibers. Apparently, this sample is characterized by the maximum
number of free electrons [11]. Dielectric losses ¢” do not depend on the relative orientation
of CF for samples with carbon fiber only, while for samples with rCF/Fe;O; filler, they are
significantly higher, with a random distribution of the filler. This feature may indicate that
magnetite particles may help to increase the conductivity of the composite.
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Figure 8. Complex permittivity (a,b) and permeability (c,d), tan 5 (e,f) dependence on the orientation
of the fiber in the bulk of the material for a composite with the addition of carbon fiber and magnetite.

The analysis of dielectric constant ¢’ and ¢” data revealed that, for the random distri-
bution of fibers, the conduction mechanism of electrons predominates for the composition
with rCF, while for the composition with rCF/Fe3O;, the hopping mechanism remains [11].

Figure 8e shows that the tangential loss coefficient tan & for rCF/Fe;0,™"9°™ increases
with the frequency growth. With the increasing frequency, losses caused by eddy currents,
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in conductive composites, increase due to the skin effect leading to the tangential loss
coefficient growth [59]. Magnetic losses are also an important factor affecting microwave
absorption performance. Due to the skin effect of the conductor and the three-dimensional
carbon network, a local conductive network is formed at the macroscopic scale, forming
eddy currents and, thus, generating eddy current losses [60]. Figure 8 reveals that ' is
close to 1 and p” is close to 0, indicating weak dynamic magnetic properties arising from
weak natural magnetic resonance. The value of tan 5. is higher than tan §,,, which means
that dielectric losses are the main way of electromagnetic waves attenuation [59,61-63].

The complex permittivity and permeability of compositions with a random distri-
bution of carbon fiber are more dependent on frequency (Figure 8). A detailed study of
practical cases on the creation of modern protective materials to ensure compliance with
EMI standards contributes to the further development of protective materials.

4. Conclusions

In this work, composites containing short, reclaimed CF, magnetite, and their combi-
nation were studied. The determination of electrodynamic characteristics showed different
conductivity mechanisms in composites with carbon fiber and with a combined carbon
fiber /magnetite filler. The introduction of ABS/rCF magnetite leads to a multiple increase
in the conductivity of the composition. The thermal properties study of ABS plastics
showed that the combined use of carbon fiber and magnetite leads to the thermal stability
decrease in the resulting composites, which requires further study. The electrodynamic and
physical-mechanical characteristics are dependent on the agglomeration of fillers: a com-
position with a combined filler of 2.5 wt % carbon fiber and magnetite can be considered
optimal. The orientation of a short carbon fiber significantly affects the electrodynamic
properties of the composites. To obtain the most stable characteristics, it is necessary to
increase the filler orientation in the composites. This results potentially make ABS com-
posites with rCF and magnetite particularly attractive for practical applications as green
protective materials using available components.

Author Contributions: Conceptualization, E.A.L., S.A.A. and E.V.I; data curation, V.A.C., AN.K.
and N.S.K,; formal analysis, T.S.I. and A.LM.; funding acquisition, S.A.A. and M.B.; investigation,
E.VI. and D.K.T,; project administration, E.A.L., S.A.A. and N.S.K; visualization, E.A.L. and E.V.I.;
writing—original draft, E.A.L., T.S.I. and M.B.; writing—review and editing, S.A.A., E.VIL, D.K.T. and
A.IM. All authors have read and agreed to the published version of the manuscript.

Funding: The reported study was supported by the Government of Perm Krai, research project Ne
C-26/702. JINR Themes No. 04-4-1142-2021/2025 (Project 366/11.05.2021) and No. 04-4-1149-2-
2021/2028.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author/s.

Acknowledgments: The work was carried out using the equipment of The Core Facilities Center
«Research of materials and matter» at the PFRC UB RAS.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Yang, F;Ma,S.; Khor, CM,; Su, Y,; Barani, Z.; Xu, Z.; Boyko, A K,; Iddya, A.; Segev-Mark, N.; Zheng, X.; et al. One-step method
for the fabrication of pure and metal-decorated densified CNT films for effective electromagnetic interference shielding. Carbon
2023, 214, 118370. [CrossRef]

2. Singh, S.; Kapoor, N. Health Implications of Electromagnetic Fields, Mechanisms of Action, and Research Needs. Adv. Biol. 2014,

2014, 198609. [CrossRef]

3. Jiang, B.; Qi, C; Yang, H.; Wu, X,; Yang, W.; Zhang, C.; Li, S.; Wang, L.; Li, Y. Recent advances of carbon-based electromagnetic
wave absorption materials facing the actual situations. Carbon 2023, 208, 390-409. [CrossRef]


https://doi.org/10.1016/j.carbon.2023.118370
https://doi.org/10.1155/2014/198609
https://doi.org/10.1016/j.carbon.2023.04.002

Polymers 2024, 16, 2153 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zhang, K.-L.; Zhang, ].-Y.; Hou, Z.-L.; Bi, S.; Zhao, Q.-L. Multifunctional broadband microwave absorption of flexible graphene
composites. Carbon 2019, 141, 608-617. [CrossRef]

Chai, J.; Cheng, J.; Zhang, D.; Xiong, Y.; Yang, X.; Ba, X.; Ullah, S.; Zheng, G.; Yan, M.; Cao, M. Enhancing electromagnetic wave
absorption performance of Co30O4 nanoparticles functionalized MoS, nanosheets. J. Alloys Compd. 2020, 829, 154531. [CrossRef]
Chen, J.; Zheng, ].; Wang, F.; Huang, Q.; Ji, G. Carbon fibers embedded with Felll-MOF-5-derived composites for enhanced
microwave absorption. Carbon 2021, 174, 509-517. [CrossRef]

Geetha, S.; Satheesh Kumar, K.K.; Rao, C.R K; Vijayan, M.; Trivedi, D.C. EMI shielding: Methods and materials-A review. ]. Appl.
Polym. Sci. 2009, 112, 2073-2086. [CrossRef]

Huang, ].-C. EMI shielding plastics: A review. Adv. Polym. Tech. 1995, 14, 137-150. [CrossRef]

Jiang, D.; Murugadoss, V.; Wang, Y.; Lin, J.; Ding, T.; Wang, Z.; Shao, Q.; Wang, C.; Liu, H.; Lu, N.; et al. Electromagnetic
Interference Shielding Polymers and Nanocomposites—A Review. Polym. Rev. 2019, 59, 280-337. [CrossRef]

Bhattacharjee, Y.; Arief, I.; Bose, S. Recent trends in multi-layered architectures towards screening electromagnetic radiation:
Challenges and perspectives. . Mater. Chem. C 2017, 5, 7390-7403. [CrossRef]

Wang, X.-X.; Zheng, Q.; Zheng, Y.-].; Cao, M.-S. Green EMI shielding: Dielectric/magnetic “genes” and design philosophy. Carbon
2023, 206, 124-141. [CrossRef]

Cao, M.; Wang, X.; Cao, W,; Fang, X.; Wen, B.; Yuan, J. Thermally Driven Transport and Relaxation Switching Self-Powered
Electromagnetic Energy Conversion. Small 2018, 14, e1800987. [CrossRef] [PubMed]

Cao, M.-S.; Shu, J.-C.; Wen, B.; Wang, X.-X.; Cao, W.-Q. Genetic Dielectric Genes Inside 2D Carbon-Based Materials with Tunable
Electromagnetic Function at Elevated Temperature. Small Struct. 2021, 2, €2100104. [CrossRef]

Wang, X.-X.; Zhang, M.; Shu, J.-C.; Wen, B.; Cao, W.-Q.; Cao, M.-S. Thermally-tailoring dielectric “genes” in graphene-based
heterostructure to manipulate electromagnetic response. Carbon 2021, 184, 136-145. [CrossRef]

Durmaz, B.U.; Salman, A.O.; Aytac, A. Electromagnetic Interference Shielding Performances of Carbon-Fiber-Reinforced
PA11/PLA Composites in the X-Band Frequency Range. ACS Omega 2023, 8, 22762-22773. [CrossRef] [PubMed]

Luo, X.; Chung, D.D.L. Electromagnetic interference shielding using continuous carbon-fiber carbon-matrix and polymer-matrix
composites. Compos. Part B Eng. 1999, 30, 227-231. [CrossRef]

Huang, C.-Y.;; Wu, C.-C. The EMI shielding effectiveness of PC/ABS/nickel-coated-carbon-fibre composites. Eur. Polym. ]. 2000,
36, 2729-2737. [CrossRef]

Kruzelak, J.; Kvasni¢akova, A.; Dzuganova, M.; Dosoudil, R.; Hudec, I.; Krump, H. The Electrical Conductivity, EMI Absorption
Shielding Performance, Curing Process, and Mechanical Properties of Rubber Composites. Polymers 2024, 16, 566. [CrossRef]
[PubMed]

Bleija, M.; Platnieks, O.; Macutkevi¢, J.; Banys, J.; Starkova, O.; Grase, L.; Gaidukovs, S. Poly(Butylene Succinate) Hybrid
Multi-Walled Carbon Nanotube/Iron Oxide Nanocomposites: Electromagnetic Shielding and Thermal Properties. Polymers 2023,
15, 515. [CrossRef]

Wang, J.; Liu, B.; Cheng, Y.; Ma, Z.; Zhan, Y.; Xia, H. Constructing a Segregated Magnetic Graphene Network in Rubber
Composites for Integrating Electromagnetic Interference Shielding Stability and Multi-Sensing Performance. Polymers 2021,
13,3277. [CrossRef]

Jia, X.; Li, Y;; Shen, B.; Zheng, W. Evaluation, fabrication and dynamic performance regulation of green EMI-shielding materials
with low reflectivity: A review. Compos. Part B Eng. 2022, 233, 109652. [CrossRef]

Zhang, X.; Song, J.; Meng, J.; Zhang, K. Anisotropic PDMS/Alumina/Carbon Fiber Composites with a High Thermal Conductivity
and an Electromagnetic Interference Shielding Performance. Materials 2022, 15, 8078. [CrossRef]

Choi, H.-S,; Park, J.-W.; Lee, K.-S.; Kim, S.-W.; Suh, S.-]. Thermal Conductivity and Electromagnetic Interference (EMI) Absorbing
Properties of Composite Sheets Composed of Dry Processed Core—Shell Structured Fillers and Silicone Polymers. Polymers 2020,
12, 2318. [CrossRef] [PubMed]

Ren, F; Guo, Z.-Z.; Guo, H,; Jia, L.-C.; Zhao, Y.-C.; Ren, P--G.; Yan, D.-X. Layer-Structured Design and Fabrication of Cyanate
Ester Nanocomposites for Excellent Electromagnetic Shielding with Absorption-Dominated Characteristic. Polymers 2018, 10, 933.
[CrossRef] [PubMed]

Huan, X; Shi, K,; Yan, J.; Lin, S,; Li, Y;; Jia, X.; Yang, X. High performance epoxy composites prepared using recycled short carbon
fiber with enhanced dispersibility and interfacial bonding through polydopamine surface-modification. Compos. Part B Eng. 2020,
193, 107987. [CrossRef]

Wong, K.H.; Pickering, S.J.; Rudd, C.D. Recycled carbon fibre reinforced polymer composite for electromagnetic interference
shielding. Compos. Part A Appl. Sci. Manuf. 2010, 41, 693-702. [CrossRef]

Hanaoka, T.; Ikematsu, H.; Takahashi, S.; Ito, N.; Jjuin, N.; Kawada, H.; Arao, Y.; Kubouchi, M. Recovery of carbon fiber from
prepreg using nitric acid and evaluation of recycled CFRP. Compos. Part B Eng. 2022, 231, 109560. [CrossRef]

Kornilitsina, E.V.; Lebedeva, E.A.; Astaf’eva, S.A.; Trukhinov, D.K.; Knyazev, N.S.; Malkin, A.L; Knyazev, S.T.; Korotkov, A.N;
Balasoiu, M. Enhanced electrodynamic properties acrylonitrile butadiene styrene composites containing short-chopped recycled
carbon fibers and magnetite. Diamond Relat. Mater. 2023, 135, 109814. [CrossRef]

Pandey, A.K.; Kumar, R.; Kachhavah, V.S.; Kar, K.K. Mechanical and thermal behaviours of graphite flake-reinforced acrylonitrile—
butadiene-styrene composites and their correlation with entanglement density, adhesion, reinforcement and C factor. RSC Adv.
2016, 6, 50559-50571. [CrossRef]


https://doi.org/10.1016/j.carbon.2018.10.024
https://doi.org/10.1016/j.jallcom.2020.154531
https://doi.org/10.1016/j.carbon.2020.12.077
https://doi.org/10.1002/app.29812
https://doi.org/10.1002/adv.1995.060140205
https://doi.org/10.1080/15583724.2018.1546737
https://doi.org/10.1039/C7TC02172K
https://doi.org/10.1016/j.carbon.2023.02.012
https://doi.org/10.1002/smll.201800987
https://www.ncbi.nlm.nih.gov/pubmed/29882284
https://doi.org/10.1002/sstr.202100104
https://doi.org/10.1016/j.carbon.2021.07.099
https://doi.org/10.1021/acsomega.3c01656
https://www.ncbi.nlm.nih.gov/pubmed/37396289
https://doi.org/10.1016/S1359-8368(98)00065-1
https://doi.org/10.1016/S0014-3057(00)00039-2
https://doi.org/10.3390/polym16050566
https://www.ncbi.nlm.nih.gov/pubmed/38475251
https://doi.org/10.3390/polym15030515
https://doi.org/10.3390/polym13193277
https://doi.org/10.1016/j.compositesb.2022.109652
https://doi.org/10.3390/ma15228078
https://doi.org/10.3390/polym12102318
https://www.ncbi.nlm.nih.gov/pubmed/33050508
https://doi.org/10.3390/polym10090933
https://www.ncbi.nlm.nih.gov/pubmed/30960858
https://doi.org/10.1016/j.compositesb.2020.107987
https://doi.org/10.1016/j.compositesa.2010.01.012
https://doi.org/10.1016/j.compositesb.2021.109560
https://doi.org/10.1016/j.diamond.2023.109814
https://doi.org/10.1039/C6RA09236E

Polymers 2024, 16, 2153 14 of 15

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

Lebedeva, E.A.; Astaf’eva, S.A.; Istomina, T.S.; Trukhinov, D.K,; II'inykh, G.V,; Slyusar’, N.N. Application of Low-Temperature
Solvolysis for Processing of Reinforced Carbon Plastics. Russ. |. Appl. Chem. 2020, 93, 845-853. [CrossRef]

ASTM E1952-11; Standard Test Method for Thermal Conductivity and Thermal Diffusivity by Modulated Temperature Differential
Scanning Calorimetry. ASTM: West Conshohocken, PA, USA, 2011.

ISO 11357-4:2005; Plastics—Differential scanning calorimetry (DSC)—Part 4: Determination of specific heat capacity. International
Organization of Standarization: Geneva, Switzerland, 2005.

GOST 14236-81; Polymer Films—Tensile Test Method. Ministry of Chemical Industry: Moscow, Russia, 1981.

Malkin, A.L; Knyazev, N.S. Dielectric permittivity and permeability measurement system. In Proceedings of the CEUR Workshop
Proceedings, Yekaterinburg, Russia, 9 December 2017; Volume 1814, pp. 45-51.

Malkin, A.; Chechetkin, V.; Korotkov, A.; Knyazev, N. Estimation of uncertainty of permittivity measurement with transmission
line method in the wide frequency range. In Proceedings of the IEEE 2021 29th Telecommunications Forum (TELFOR), Virtual,
23-24 November 2021; pp. 1-3. [CrossRef]

Kashiwaya, Y.; Yamaguchi, Y.; Kinoshita, H.; Ishii, K. In Situ Observation of Reduction Behavior of Hematite with Solid Carbon
and Crystallographic Orientation between Hematite and Magnetite. ISI] Int. 2007, 47, 226-233. [CrossRef]

Abe, K.; Kurniawan, A.; Ohashi, K.; Nomura, T.; Akiyama, T. Ultrafast Iron-Making Method: Carbon Combustion Synthesis from
Carbon-Infiltrated Goethite Ore. ACS Omega 2018, 3, 6151-6157. [CrossRef] [PubMed]

Khaki, J.V.; Kashiwaya, Y.; Ishii, K.; Suzuki, H. Intensive Improvement of Reduction Rate of Hematite-Graphite Mixture by
Mechanical Milling. ISI] Int. 2002, 42, 13-22. [CrossRef]

Duh, Y.-S.; Ho, T.-C.; Chen, J.-R.; Kao, C.-S. Study on Exothermic Oxidation of Acrylonitrile-butadiene-styrene (ABS) Resin
Powder with Application to ABS Processing Safety. Polymers 2010, 2, 174-187. [CrossRef]

Zhong, K.; Zhou, J.; Zhao, C.; Yun, K.; Qi, L. Effect of interfacial transition layer with CNTs on fracture toughness and failure
mode of carbon fiber reinforced aluminum matrix composites. Compos. Appl. Sci. Manuf. 2022, 163, 107201. [CrossRef]

Dul, S.; Alonso Gutierrez, B.].; Pegoretti, A.; Alvarez-Quintana, J.; Fambri, L. 3D printing of ABS Nanocomposites. Comparison of
processing and effects of multi-wall and single-wall carbon nanotubes on thermal, mechanical and electrical properties. ]. Mater.
Sci. Technol. 2022, 121, 52-66. [CrossRef]

Fonseca, L.P.; Waldman, W.R.; De Paoli, M.A. ABS composites with cellulose fibers: Towards fiber-matrix adhesion without
surface modification. Compos. Part C Open Access 2021, 5, 100142. [CrossRef]

Tager, A.A. Fiziko-Khimiya Polimerov, 4th ed.; Nauchniy Mir: Moscow, Russia, 2007.

Sezer, HK.; Eren, O. FDM 3D printing of MWCNT re-inforced ABS nano-composite parts with enhanced mechanical and electrical
properties. J. Manuf. Process. 2019, 37, 339-347. [CrossRef]

Vitorino, L.S.; Oréfice, R.L. Layer-by-Layer technique employed to construct multitask interfaces in polymer composites. Polimeros
2017, 27, 330-338. [CrossRef]

Lebedeva, E.A.; Astaf’eva, S.A.; Istomina, T.S.; Trukhinov, D.K.; Shamsutdinov, A.S.; Strel’'nikov, V.N.; Kukharenko, A.L.; Zhidkov,
LS. Novel approach to recycled carbon fiber suitability assessment for additive technologies. Appl. Surf. Sci. 2022, 602, 154251.
[CrossRef]

Du, H,; Zhang, J.; Fang, C.; Weng, G.J. Modeling the evolution of graphene agglomeration and the electrical and mechanical
properties of graphene/polypropylene nanocomposites. J. Appl. Polym. Sci. 2022, 140, €53292. [CrossRef]

Ukhin, K.O.; Nechaev, A L; Valtsifer, V.A.; Strelnikov, V.N. Computational description of morphology of dispersive components
spatial structures in polymer composites. |. Compos. Mater. 2016, 50, 2433-2442. [CrossRef]

Minakova, N.N. Evaluation of the contribution of the agglomered component to the formation of the electrical conductivity of
filled polymers according to comparative characteristics microphotography of the structure. Polzunovskiy Vestnik 2022, 1, 147-153.
[CrossRef]

Chippendale, R.D.; Golosnoy, I.O. Percolation effects in electrical conductivity of Carbon Fibre Composites. In Proceedings of the
IET 8th International Conference (CEM 2011), Wroclaw, Poland, 11-14 April 2011; pp. 1-2. [CrossRef]

Geyer, R.G. (Ed.) Dielectric Characterization and Reference Materials; Fb&cLimited: Gaithersburg, MD, USA, 2017.

Shukla, V. Review of electromagnetic interference shielding materials fabricated by iron ingredients. Nanoscale Adv. 2019, 1,
1640-1671. [CrossRef] [PubMed]

Shin, B.; Mondal, S.; Lee, M.; Kim, S.; Huh, Y.-I.; Nah, C. Flexible thermoplastic polyurethane-carbon nanotube composites for
electromagnetic interference shielding and thermal management. Chem. Eng. J. 2021, 418, 129282. [CrossRef]

Shi, S.; Wang, Y,; Jiang, T.; Wu, X,; Tang, B.; Gao, Y.; Zhong, N.; Sun, K.; Zhao, Y.; Li, W,; et al. Carbon Fiber /Phenolic Composites
with High Thermal Conductivity Reinforced by a Three-Dimensional Carbon Fiber Felt Network Structure. ACS Omega 2022, 7,
29433-29442. [CrossRef] [PubMed]

Wu, X,; Shi, S.; Tang, B.; Chen, J.; Shan, L.; Gao, Y.; Wang, Y,; Jiang, T.; Sun, K.; Yang, K; et al. Achieving highly thermal
conductivity of polymer composites by adding hybrid silver—carbon fiber fillers. Compos. Commun. 2022, 31, 101129. [CrossRef]
Jiang, X.; Xu, C.; Gao, T.; Bando, Y.; Golberg, D.; Dai, P.; Hu, M.; Ma, R.; Hu, Z.; Wang, X.-B. Flexible conductive polymer
composite materials based on strutted graphene foam. Compos. Commun. 2021, 25, 100757. [CrossRef]

Wang, G.; Liao, X; Zou, F; Song, P; Tang, W.; Yang, J.; Li, G. Flexible TPU/MWCNTs/BN composites for frequency-selective
electromagnetic shielding and enhanced thermal conductivity. Compos. Commun. 2021, 28, 100953. [CrossRef]

7


https://doi.org/10.1134/S1070427220060117
https://doi.org/10.1109/TELFOR52709.2021.9653335
https://doi.org/10.2355/isijinternational.47.226
https://doi.org/10.1021/acsomega.8b00958
https://www.ncbi.nlm.nih.gov/pubmed/31458798
https://doi.org/10.2355/isijinternational.42.13
https://doi.org/10.3390/polym2030174
https://doi.org/10.1016/j.compositesa.2022.107201
https://doi.org/10.1016/j.jmst.2021.11.064
https://doi.org/10.1016/j.jcomc.2021.100142
https://doi.org/10.1016/j.jmapro.2018.12.004
https://doi.org/10.1590/0104-1428.15616
https://doi.org/10.1016/j.apsusc.2022.154251
https://doi.org/10.1002/app.53292
https://doi.org/10.1177/0021998315604209
https://doi.org/10.25712/ASTU.2072-8921.2022.01.020
https://doi.org/10.1049/cp.2011.0094
https://doi.org/10.1039/C9NA00108E
https://www.ncbi.nlm.nih.gov/pubmed/36134227
https://doi.org/10.1016/j.cej.2021.129282
https://doi.org/10.1021/acsomega.2c03848
https://www.ncbi.nlm.nih.gov/pubmed/36033711
https://doi.org/10.1016/j.coco.2022.101129
https://doi.org/10.1016/j.coco.2021.100757
https://doi.org/10.1016/j.coco.2021.100953

Polymers 2024, 16, 2153 15 of 15

58.

59.

60.

61.

62.

63.

Kim, H.S; Jang, J.-U.; Yu, J.; Kim, S.Y. Thermal conductivity of polymer composites based on the length of multi-walled carbon
nanotubes. Compos. Part B Eng. 2015, 79, 505-512. [CrossRef]

Cao, M.-S,; Song, W.-L.; Hou, Z.-L.; Wen, B.; Yuan, J. The effects of temperature and frequency on the dielectric properties,
electromagnetic interference shielding and microwave-absorption of short carbon fiber/silica composites. Carbon 2010, 48,
788-796. [CrossRef]

Li, X.; Xu, T.; Cao, W.; Wang, M.; Chen, F,; Jin, L.; Song, N.; Sun, S.; Ding, P. Graphene/carbon fiber network constructed by
co-carbonization strategy for functional integrated polyimide composites with enhanced electromagnetic shielding and thermal
conductive properties. Chem. Eng. J. 2023, 464, 142595. [CrossRef]

Chen, J.; Wang, L.; Shen, B.; Zheng, W. Biomass-based Co/C@Carbon composites derived from MOF-modified cotton fibers for
enhanced electromagnetic attenuation. Carbon 2023, 210, 118035. [CrossRef]

Cui, C,; Guo, R;; Ren, E.; Xiao, H.; Zhou, M,; Lai, X.; Qin, Q.; Jiang, S.; Qin, W. MXene-based rGO/Nb,CTx/Fe3O4 composite for
high absorption of electromagnetic wave. Chem. Eng. ]. 2021, 405, 126626. [CrossRef]

Han, C.; Zhang, M.; Cao, W.-Q.; Cao, M.-S. Electrospinning and in-situ hierarchical thermal treatment to tailor C-NiCo0,04
nanofibers for tunable microwave absorption. Carbon 2021, 171, 953-962. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.compositesb.2015.05.012
https://doi.org/10.1016/j.carbon.2009.10.028
https://doi.org/10.1016/j.cej.2023.142595
https://doi.org/10.1016/j.carbon.2023.118035
https://doi.org/10.1016/j.cej.2020.126626
https://doi.org/10.1016/j.carbon.2020.09.067

	Introduction 
	Materials and Methods 
	Materials 
	Composite Preparation 
	Characterization 

	Results and Discussion 
	Thermal and Mechanical Properties of Samples 
	Electrodynamic Properties of Composite 

	Conclusions 
	References

