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Abstract: In the last decade, the development of new materials that absorb electromagnetic radiation
(EMR) has received research interest as they can significantly enhance the performance of electronic
devices and prevent adverse effects caused by electromagnetic pollution. Electromagnetic radiation
absorbers with a low weight and small thickness of the absorber layer, good absorption capacity, and
a wide frequency response bandwidth are highly demanded. Here, for the first time, the properties
of polymer nanocomposites FeCoCr/C synthesized by doping FeCoCr alloy nanoparticles into a
polymer matrix of pyrolyzed polyacrylonitrile are investigated. An analysis of the magnetic proper-
ties of FeCoCr/C nanocomposites showed that increasing the synthesis temperature increased the
specific magnetization and coercive force values of the FeCoCr/C nanocomposites. The dependence
between the ratio of metals in the precursor of pyrolyzed polyacrylonitrile and the electromagnetic
and wave-absorbing properties of FeCoCr/C nanocomposites is considered, and the results of com-
plex dielectric and magnetic permeability measurements are analyzed. It is found that the most
promising of all the studied materials are those obtained at T = 700 ◦C with the ratio of metals
Fe:Co:Cr = 35:35:30.

Keywords: pyrolyzed polyacrylonitrile; transition metal atoms; nanocomposite; polymers synthesis;
FCC lattice; BCC lattice; coherent scattering region; XRF analysis

1. Introduction

While the rapid development of microwave technologies facilitates people’s lives,
electromagnetic pollution and absorption in the microwave bandwidth have become a
growing concern. In the last decade, there has been a demand for new materials that absorb
electromagnetic radiation (EMR), thus improving the reliability of electronic devices and
preventing threats to people’s health. The desired electromagnetic radiation absorbers
should meet certain requirements, such as low weight and a small thickness of the absorber
layer, which allow good absorption capacity and a wide absorption bandwidth.

Carbon-containing materials, due to their chemical stability, low density, adjustable
properties, and variety of shapes, are typical components of radio-absorbing materials with
dielectric losses and are widely used as the basis for magnetic loss absorbers [1–19]. How-
ever, achieving efficient and broadband absorption, especially with a small thickness of the
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absorbing layer, is still a challenge. Doping carbon materials with ferromagnetic metal par-
ticles seems to solve this problem. By doping magnetic components into carbon-containing
materials, composites can be created with higher magnetic losses, improved impedance
matching, wide absorption bandwidth, and a high absorption intensity [20–24].

Currently, nanocomposites based on a carbon-containing polymer matrix are receiving
much attention from the research community. Polyacrylonitrile (PAN) and its co-polymers,
whose structure and composition are determined by synthesis, are among the most effective
and promising materials that serve as a base (matrix) for magnetic components, such as iron
group metal nanoparticles. PAN contains 68% carbon, and the synthesis parameters provide
less weight loss due to the thermal transformations it undergoes during the process. IR
heating of PAN allows for obtaining so-called pyrolyzed polyacrylonitrile (PPAN), having
in its macromolecules a continuous chain of conjugation of bonds (poly conjugation) [25].
The main benefits of PPAN are low cost, simplicity of synthesis, and the possibility for
controlled pyrolysis, which allows for obtaining materials with specified characteristics. The
parameters of PPAN-based nanomaterials synthesis allow for controlling the size and shape
of nanostructures, resulting in obtaining materials with new functional properties [26,27].
Pyrolyzed polyacrylonitrile can be used to create metal–polymer nanocomposites [28]. In a
polymer matrix, soft magnetic nanoparticles can be used to discover new materials.

As a result of the above, today, the urgent issues are the creation of metal composites
based on pyrolyzed polyacrylonitrile, used as a polymer matrix for embedded soft magnetic
metals, and the study of the mechanisms of interaction between composite and electromag-
netic radiation to determine the possible use of the material as a radio-absorbing substance.

Nanoparticles of magnetic metals, such as Fe, Ni, and Co and their alloys with a BCC
crystal lattice (for example, Fe-Co), in comparison with ferrites, have higher saturation
magnetization and Snook limits, compatible dielectric losses, and magnetic permeability
in the gigaHertz frequency range, which makes it possible to increase the efficiency of
the material [29–33]. Fe-Co alloy nanoparticles doped into a carbon-containing polymer
matrix, which can be designated as FeCo/C, form nanocomposites with enhanced magnetic
losses and reduced ability to dielectric losses compared with pure carbon material, which
is promising for creating a consistent impedance.

In our research, we developed methods and technology for the synthesis of nanocom-
posites based on pyrolyzed polyacrylonitrile, containing nanoparticles of various alloys
of transition metals in the iron group (Fe-Ni, Fe-Co, Ni-Co) [34–36]. It is possible to apply
these materials to a wide range of industries: petrochemical synthesis, catalysis, mate-
rials of supercapacitor electrodes, gas sensors and electromagnetic radiation insulation,
and radio-absorbing materials for microwave electronics devices (provide absorption of
microwave radiation up to 80% in the bandwidth of 3–12 GHz and up to 98.7% in the
bandwidth of 20–40 GHz).

Our current research focuses on the synthesis of nanocomposites that contain nanopar-
ticles from three or more alloy components; for instance, FeCoAl/C and FeCoNi/C
nanocomposites were synthesized [37]. The conditions for the formation of a three-
component alloy were found, and the magnetic properties of the obtained nanomate-
rials were studied. It was shown that the saturation magnetization can reach a value of
140 A m2 kg−1 with a metal content of no more than 40 wt.%.

In this paper, for the first time, the properties of polymer nanocomposites FeCoCr/C
obtained by doping FeCoCr alloy nanoparticles into a polymer matrix of pyrolyzed poly-
acrylonitrile are synthesized and investigated. Chromium is paramagnetic, but if alloyed,
it affects the magnitude of the coercive force, and if chromium is in alloy nanoparticles, it
should also influence the anisotropy field. Cobalt in the Fe-Co alloy has the property of
increasing the coercive force and saturation induction of the alloy but is an expensive and
scarce metal. It is of interest to partially replace it with chromium and evaluate the change
in the electrophysical, magnetic, and radio-absorbing properties of the FeCoCr/C.
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2. Materials and Methods

Synthesis of FeCoCr/C nanocomposites with IR pyrolysis of organometallic precursors
was carried out using an automated IR furnace “MILA-5000”(“Ulvac Riko”, Yokohamam,
Japan). The MILA-5000 installation is equipped with halogen IR lamps with a total power
of 4 kW and a maximum radiation intensity within the range of 0.8 to 1.2 µm. The lamps are
installed outside the quartz reactor and are isolated from the reaction zone. This installation
is designed to carry out IR heating of samples both in vacuum and in an atmosphere
of various gases. In the reaction chamber, temperature control and exposure time are
accurate to ±1 ◦C and ±1 s, respectively. The IR heating temperature is recorded using a
chromel–alumel thermocouple placed directly on the sample.

The phase composition and structure of the nanocomposites were determined with
X-ray diffraction (XRD) analysis using a powder diffractometer “Difray” 401 (Scientific
Instruments, Russia) with Bragg–Brentano focusing (Cr-Kα (wavelength of 0.22909 nm)
radiations).

For the synthesis of FeCoCr/C nanocomposites, polyacrylonitrile (PAN) with a molec-
ular weight of 100–250 thousand at. units obtained with redox polymerization were
used as an organic base. PAN has many advantages for the synthesis of metal–carbon
nanocomposites: due to complexation, it can form solutions with metal compounds of
various concentrations and viscosities in polar solvents (dimethyl sulfoxide, nitric acid,
dimethylformamide), which allows for a uniform distribution of metal over the volume of
the polymer. During the pyrolysis process, PAN is characterized by relatively low mass
losses compared with polyvinyl alcohol, polystyrene, and cellulose, due to the fact that the
melting point of the polymer is significantly higher than the formation temperature of the
cyclic structure of molecules. Therefore, it is used for the synthesis of carbon fibers.

The polymer nanocomposites FeCoCr/C were synthesized from a precursor, which
is a system of “polyacrylonitrile–salts of the corresponding metals–solvent dimethylfor-
mamide”. Iron acetylacetonate, cobalt acetate, and chromium chloride were used for the
synthesis of FeCoCr/C nanocomposites.

A uniform distribution of metal in the polymer was achieved by preparing a solution
of PAN and metal salts in dimethylformamide, which was conducted in an oven at a
temperature of 50 ◦C for 4 h. The concentration of PAN in the solution was 5 wt.%, and the
total concentration of metals was 20 wt.%. The mass ratio of metals (Fe:Co:Cr) was 40:40:20
and 35:35:30.

The obtained solutions were dried to remove the solvent. Drying was carried out in an
oven at temperatures T ≤ 70 ◦C until the solutions had a constant weight, but the process
duration was no longer than 8 h. The drying temperature in the given range did not cause
chemical transformation processes in the initial solution. Due to the formation of metal
salts and nitrile groups in the polymer complexes, a uniform distribution of metal salts
relative to each other and the PAN molecules was maintained, even after the removal of
the solvent.

After drying, the solid residue (hereinafter referred to as the precursor) was pyrolyzed
in the IR-heated installation. The temperature of IR pyrolysis was controlled using a
thermocouple, which was placed directly under the sample and was in contact with it. The
heating rate and the duration of the process were also controlled. The process consisted of
2 stages.

Stage 1. Pre-annealing in the air, stepwise: heating to 150 ◦C with an exposure of
15 min, then heating to 200 ◦C with an exposure of 15 min. The process was carried out in
the air. It is known that under these conditions, the structure of molecules in the polymer
(PAN) changes from linear to cyclic with the formation of -C=C- and -C=N- polyconjugation
systems. Metal salts decompose to oxides that are no longer coordinated with the nitrile
group but with conjugated bonds. Since the process took place in the air, the formation of
carbonyl, carboxyl, and hydroxyl groups on PAN molecules was possible.

Stage 2. Heating in vacuum (200 Pa) to a temperature in the range of 500–700 ◦C with
an exposure time of 15 min. The heating rate was 50◦/min.
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During Stage 1, due to the formation of a developed -C = N- and -C = C- polyconjuga-
tion system, a rigid cyclic structure of polymer molecules was created in order to fix metal
compounds in this matrix and prevent their diffusion. At the same time, exposure to 200 ◦C
in the air made it possible to convert metal compounds into oxide forms. Heat treatment in
the air at 200 ◦C allowed for accelerating the process of PAN cyclization, which enabled
less weight loss during the main stage of IR heating (i.e., during stage 2). The polymer was
carbonized and converted into a carbon material (nano-composite matrix). Nanoparticles
were obtained simultaneously with the formation of a carbon matrix due to the reduction
of metal oxides by PAN pyrolysis products, including H2 and CO. During the course of
the reduction, due to partial agglomeration and coalescence, the metals interacted with
each other to form nanoparticles of a disordered ternary Fe-Co-Cr solid solution. The type
of crystal lattice in such nanoparticles depends on the ratio of metals. If Fe and Cr are
excessive in nanoparticles, then BCC lattices are formed, and if Co is excessive, then FCC
lattices are formed. In general, there was a correlation between the experiment and the
equilibrium diagram for the Fe-Co-Cr system.

In addition to the reduction of metal oxides, the carbon matrix was also reduced.
Moreover, during the process of reduction, the detachment of carboxyl and carbonyl
groups occurred, and CO was released, which contributed to the restoration of metals.

On the whole, after we cooled down and removed the nanocomposite from the furnace,
some of the dangling bonds in the carbon matrix oxidized again when it contacted the air.

The nanoparticles were stabilized in the carbon matrix of the nanocomposite due to
Me-C bonds and practically did not undergo secondary oxidation. Large nanoparticles
were covered with a graphite shell 5–6 layers thick. This was established in the study of
FeCo/C nanocomposites.

The choice of the metal ratio was justified by the presence of solid solutions of various
compositions on the state diagrams of the corresponding systems.

X-ray phase and X-ray diffraction studies were performed at room temperature using
a DIFRAY X-ray diffractometer with CrKα radiation. The results of the experiment were
compared with standards from the PDF-4 database (International Centre for Diffraction
Data, ICDD). Using the data from the X-ray phase analysis (XPA), calculations for the
average sizes of synthesized nanoparticles of the Fe-Co-Cr alloy were carried out according
to the Scherer equation [38].

Raman light scattering (RAMAN) spectra were obtained using the inVia Raman Micro-
scope (Renishaw plc) RAMAN spectrometer when excited with a laser with a wavelength
of 514 nm. Magnetic measurements were carried out using the advanced vibromagnetome-
ter VSM-100. Measurements for complex values of magnetic and dielectric permittivity
were performed with the resonator method using a rectangular multimode resonator. As
a microwave generator and indicator, a vector analyzer of circuits E 8363 B from Agilent
Technologies was used.

3. Results and Discussion
3.1. Structure and Composition of Nanocomposites

During the pyrolysis of PAN, a large amount of hydrogen and CO is released. These
pyrolysis products are capable of reducing metals from their compounds. At the same time,
the process proceeds in the solid phase, which ensures the most effective interaction among
the components. In addition, the metals and their compounds can catalyze the process of
polymer carbonization. As a result, during the pyrolysis of precursors, metal salts are either
hydrolyzed or decomposed to oxides and then reduced to metals by the pyrolysis products
of PAN. Since metals are located at a close distance, and the polymer matrix undergoes
structural and chemical transformations, metals form nanoparticles of solid solutions.

The doping of chromium into the Fe—Co system, which is often used in the creation
of various iron-based magnetic alloys, leads to a change in both the microstructure of the
alloy and its properties.
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As the results of the XRD analysis show, unlike FeCo/C nanocomposites, the formation
of a single-phase system does not occur in PAN-based FeCoCr/C nanocomposites (Figure 1).
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Figure 1. Diffractograms of nanocomposites FeCoCr/C with the ratio of metals Fe:Co:Cr = 40:40:20
synthesized at 500 ◦C (a), 600 ◦C (b), and 700 ◦C (c) and Fe:Co:Cr = 35:35:30 at 700 ◦C (d).

According to an analysis of the diffractograms, it can be noted that at a synthesis
temperature of 500 ◦C, nanoparticles with a BCC-type crystal lattice and weak reflexes of
the metal phase with a FCC lattice are present. Nanoparticles with a BCC lattice correspond
to a solid solution based on Fe-Co. Since the position of the reflexes is shifted relative to the
reference, it can be assumed that a triple solid solution of Fe-Co-Cr is formed. Similarly, it
can be assumed that the FCC phase is also a triple solid solution based on cobalt with a
minimum content of iron and chromium. In addition, there are weak reflexes corresponding
to various mixed oxides based on magnetite.

With an increase in the synthesis temperature from 500 to 700 ◦C, due to the reduction
of oxides and coalescence of nanoparticles, a triple solid solution based on the cobalt FCC
lattice begins to form. There is a shift in the reflex maxima to the region of small angles,
which indicates an increase in the crystal lattice parameter due to the formation of an
unordered solid solution of iron and chromium in cobalt (Figure 2). The intensity of the
reflexes in the BCC and FCC phases increases, which indicates an increase in the average
size of the coherent scattering region (CSR). A comparison of the obtained results with the
state diagram for the triple Fe-Co-Cr system [39] showed almost complete correspondence
of the phase composition. In the diagram, at the given values for the relative metal content,
FCC- and BCC-solid solutions are clearly distinguished.
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Figure 2. Diffractograms of FeCoCr/C nanocomposites with the ratio of metals Fe:Co:Cr synthesized
at different temperatures.

With a change in the ratio of metals, the basic composition of the identified phases has
practically not changed, but there is a change in the ratio of the intensity and areas of the
reflexes in the FCC and BCC phases of the Fe-Co-Cr alloy: the proportion of the FCC phase
decreases, and the BCC increases. Also, the maximum of the BCC phase reflexes shifts to
the left, indicating an increase in the lattice parameter, which is associated with an increase
in the proportion of Cr in the corresponding nanoparticles.

Figure 3 shows the dependence of the average size of the CSR of nanoparticles of
alloys with different crystal lattice types on the synthesis temperature.
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temperature of nanocomposites.

It was found that the average size of the CSR of the FCC-phase nanoparticles of the
alloy varies from 9 to 16 nm, whereas for the BCC phase, it is within the range of 22 to
28 nm, depending on the synthesis temperature and the composition of the nanocomposite.



Polymers 2023, 15, 3596 7 of 18

In FeCoCr/C nanocomposites, the halo characteristic of carbon materials and nanocom-
posites based on PAN is fixed on the diffractograms in the area between angles of 20 and
40◦ (Figure 4).
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Figure 4. Deconvolution of the peak of the d002 plane—the peak of the carbon matrix of nanocom-
posites synthesized at different temperatures: (a) 500 ◦C; (b) 600 ◦C; (c) 700 ◦C; (d) 700 ◦C
(Fe:Co:Cr = 35:35:30).

With an increase in the synthesis temperature from 500 to 600 ◦C, a clearly pronounced
maximum (2θ = 39◦) appears, corresponding to the graphite phase. At the same time, the
wide halo on the X-ray images is associated with the presence of amorphous carbon, the
small size of the coherent scattering regions of the graphite-like phase crystallites, and
disturbances in the relative position of the graphene planes of the crystallites relative to
each other. The estimation of the average size of the CSR of the graphite-like phase showed
an increase in values from 1.3 to 2.1 nm with an increase in the synthesis temperature. An
increase in the proportion of chromium in the nanocomposite leads to a decrease in the
average size of the CSR to 1.9 nm (Table 1).

Regarding the ratio of the integral areas of the amorphous and graphite-like phases of
the carbon-containing polymer matrix of nanocomposites, the dynamics show that with
an increase in the synthesis temperature, the proportion of amorphous carbon decreases.
However, an increase in the proportion of chromium, all other things being equal, hinders
the graphitization process.
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Table 1. Characteristics of nanocomposites.

Tsynth., ◦C Ratio
Fe:Co:Cr Phases FeCoCr CSR np

1, nm CSR m 2, nm A(Cam)/A(Cg) 3

500
40:40:20

FCC
BCC

9
22 1.3 3.4

600 FCC
BCC

14
23 1.8 1.3

700 FCC
BCC

16
24 2.6 1.1

700 35:35:30 FCC
BCC

12
28 2.2 1.2

1 CSR np—the average size of the CSR of FeCoCr nanoparticles. 2 CSR m is the average size of the CSR of a
graphite-like polymer matrix of nanocomposites. 3 A(Cam)/A(Cg) is the ratio of the peak areas in amorphous
(Cam) and graphite-like (Cg) carbon.

The structural features of the matrix of nanocomposites obtained under various condi-
tions were studied using RAMAN spectroscopy. The results are shown in Figure 5. Clearly
defined D- and G-bands are observed in the FeCoCr/C polymer nanocomposites.
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Figure 5. Raman spectra of FeCoCr/C nanocomposites synthesized at different temperatures and
metal ratios.

It is known that, depending on the microstructure of a carbon-containing material, the
position of the maxima of the D- and G-bands change, as well as their intensities in the
RAMAN spectrum [40–42].

The Raman spectra were analyzed using the method of decomposition into three peaks
(Voigt function and Gauss function): D, G, and D’ (Figure 6). The results of the calculations
using this technique are presented in Table 2.
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Table 2. Characteristics of nanocomposites.

Tsynth., ◦C Fe:Co:Cr ν(ID), sm−1 ν(IG), sm−1 ν(ID’), sm−1 ID/IG ID’/IG La, nm

500
40:40:20

1370 1608 1531 2.87 0.56 1.5
600 1359 1618 1553 1.77 0.53 2.5
700 1358 1601 1547 1.47 0.49 3.0
700 35:35:30 1356 1612 1530 1.68 0.52 2.6

Depending on the synthesis conditions, the position of the bands and the ratio of their
intensities change. Thus, for samples of nanocomposites synthesized at 500 ◦C, the intensity
ratio (ID/IG) of the bands is 2.87, and the position of the G-peak corresponds to 1608 sm−1.
It is known that in nanocrystalline graphite samples, the intensity of the D-peak can exceed
the intensity of the G-peak by two times [43]. Consequently, the carbon-containing polymer
matrix of PAN nanocomposites FeCoCr/C synthesized at 500 ◦C has a structure similar to
nanocrystalline graphite.

With an increase in the synthesis temperature from 500 to 700 ◦C, the ID/IG ratio
tends to 1.47, which indicates an increase in the size of crystallites (La). But in the range
of 500–600 ◦C, a stronger growth is visible, which is associated with the formation of a
graphite-like matrix structure from a highly amorphized transition form of carbon. Similar
results are shown in the XRD results with respect to the average size of the Lc CSR (it is
almost impossible to estimate La using XRD since the corresponding graphite planes give
reflexes in the same place as metals). In addition, the diffractograms of nanocomposites
synthesized at 600 ◦C and above show the appearance of a clear maximum at the peak of
the plane (002), which is achievable only with relatively large graphite crystallites.

An increase in the proportion of chromium leads to a decrease in the relative intensity
of the G-band and an increase in the ID/IG ratio to 1.68, i.e., the presence of chromium
partially suppresses graphitization.
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In addition, there is a change in the intensity of the spectrum in the region of 1520–1570 sm−1

(the so-called “saddle”), which usually manifests itself in amorphous carbon in the form of
an asymmetric peak due to the fusion of D- and G-bands. With an increase in the synthe-
sis temperature, the intensity of this band decreases with a simultaneous increase in the
intensity of the G-band (the ID’/IG ratio decreases from 0.56 to 0.49). This trend indicates
not only an increase in the size of crystallites but also a decrease in the proportion of amor-
phous carbon, which correlates with the XRF data. An increase in the relative proportion
of chromium from 20 to 30% at the same temperature of synthesis of nanocomposites
(700 ◦C) leads to the formation of smaller graphite crystallites with a higher proportion of
amorphous carbon. In general, the results correlate with the XRD data.

Thus, based on the analysis of the RAMAN spectra of metal–carbon polymer com-
posite nanocomposites FeCoCr/C, it was found that with an increase in the synthesis tem-
perature in the matrix microstructure, the size of the clusters in the crystalline component
increases by 1.5 to 3 nm and the proportion of disordered (amorphous) carbon decreases.

3.2. Magnetic Properties of Nanocomposites

An analysis of the magnetic properties of nanocomposites (Figure 7) FeCoCr/C
showed that with an increase in the synthesis temperature, the values of specific mag-
netization and coercive force increase (Table 3).
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Figure 7. Magnetization reversal loops of FeCoCr/C nanocomposites synthesized at different tem-
peratures (a) and metal ratios (b).

Table 3. Magnetic characteristics of FeCoCr/C nanocomposites.

Tsynth., ◦C Fe:Co:Cr Ms, A·m2·kg−1 Mr, A·m2·kg−1 Hc, O Mr/Ms
Dnp, nm

(FCC/BCC)

500
40:40:20

1.3 0.05 168 0.04 9/22
600 2.5 0.18 205 0.07 14/23
700 11.2 1.89 424 0.17 16/24
700 35:35:30 7.6 2.4 620 0.32 12/28
700 50:50:0 25.8 7.8 562 0.30 0/14

The increase in saturation magnetization from 1.3 to 11.2 A·m2·kg−1 is determined
by the increase in the average size of Fe-Co-Cr alloy nanoparticles in the PPAN poly-
mer matrix at the synthesis temperature range of 500–700 ◦C. An increase in the relative
chromium content from 20 to 30% leads to a decrease in the saturation magnetization
from 11.2 to 7.6 A·m2·kg−1 and an increase in the value of the coercive force. Saturation of
nanocomposites synthesized at 700 ◦C is achieved in fields of ~8 kO.

The increase in saturation magnetization with an increase in the synthesis tempera-
ture of nanocomposites is determined by an increase in the average size of the FCC and
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BCC nanoparticles in the Fe-Co-Cr alloy phases. At synthesis temperatures of 500 ◦C,
superparamagnetic alloy nanoparticles and oxides are present, so the Mr/Ms ratio is small.
In addition, the ratio of the size and proportion of nanoparticles significantly influence
the saturation magnetization of the FeCoCr/C nanocomposite with different lattice types
and compositions.

3.3. Radio-Absorbing Properties of FeCoCr/C Nanocomposites

Structural changes in the polymer matrix of nanocomposites, the size, and composition
of nanoparticles with an increase in the synthesis temperature cause significant changes in
the electromagnetic characteristics of materials.

The results for the effect of synthesis temperature on the dielectric and magnetic
properties of the polymer nanocomposites FeCoCr/C in microwave fields are shown in
Figure 8.
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When considering the frequency dependencies of the complex permittivity, there is a
tendency for both components to increase with an increase in the synthesis temperature.
This growth is determined by the formation of a nanoscale heterogeneous structure in the
matrix of nanocomposites. It should be noted that the dielectric loss tangent values of
FeCoCr/C nanocomposites for the samples synthesized at T = 600 and 700 ◦C are almost
identical, whereas, in the first low-frequency half of the 3–13 GHz band, there is a slight
predominance of the sample obtained at 700 ◦C. That is, the presence of chromium in
the precursor causes the formation of metal particles with a composition that initiates the
structuring in the carbon-containing polymer matrix. This can also be explained by the
formation of thick carbon shells on the nanoparticles. The magnetic loss tangent in the
middle of the frequency range under consideration prevails for nanocomposites synthesized
at 700 ◦C, whereas up to 7 GHz, its maximum falls on the FeCoCr/C nanocomposite
obtained at 500 ◦C.

The calculations show that the optimal thickness of the absorber layer based on
FeCoCr/C nanocomposites differs significantly for samples synthesized at different tem-
peratures. A comparative analysis is presented in Figure 9.
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Figure 9. Optimization of the thickness of the absorber layer for nanocomposites synthesized at
different temperatures (Fe:Co:Cr = 40:40:20).

Based on the results, it follows that for samples obtained at 500 and 700 ◦C, the
calculated optimal thickness based on the maximum of the imaginary part of the magnetic
permeability is more than 8 mm, which is technologically impractical. However, for the
FeCoCr/C 700 ◦C nanocomposite, several minima are observed including 1.5 mm, 4.3 mm,
and 7.3 mm.

The results of the reflection loss calculations are shown in Figure 10.
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Figure 10. Frequency dependences of the reflection coefficient of FeCoCr/C nanocomposites synthe-
sized at 500 ◦C (a), 600 ◦C (b), and 700 ◦C (c) (Fe:Co:Cr = 40:40:20).

It follows from the results that the FeCoCr/C nanocomposite synthesized at 600 ◦C
is effective at a very large thickness. At the same time, the FeCoCr/C nanocomposite
obtained at 700 ◦C with a thickness of 4.3 mm provides an absorption efficiency of 77% at a
frequency of 4.9 GHz (RL = −13.8 dB), and only at a thickness of 5 mm, an absorption level
of 83% is achieved at a frequency of 12.6 GHz (RL = −15.2 dB).

Thus, the most promising materials are those obtained at T = 700 ◦C.

3.4. Radio-Absorbing Properties of FeCoCr/C Nanocomposites

The effect of the ratio of metals in the precursor of pyrolyzed polyacrylonitrile on
the electromagnetic and radio-absorbing properties of FeCoCr/C nanocomposites was
considered. The measurement results for the complex dielectric and magnetic permittivity
are shown in Figure 11.

The analysis showed that with an increase in the relative Cr content, the tangent of
dielectric losses increases, which, apparently, is determined by a change in the electro-
physical properties of the alloy nanoparticles and a less pronounced degree of structuring
in the carbon matrix. The tangent of magnetic losses also increases from 0.02 to 0.13 rel.
units, while the highest growth lies in the region of 6–12 GHz, which is determined by
the formation of a predominantly single-phase triple alloy system. That is, instead of
two maxima in the imaginary magnetic permeability component corresponding to the
presence of nanoparticles with two different types of crystal lattice, we obtain an effect for
which the BCC phase of the alloy is mainly responsible. Since the size of the nanoparticles
in this phase increased, as well as its relative content in the nanocomposite, a dedicated
maximum appears.
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Figure 11. Frequency dependences of the complex dielectric (a), magnetic (b) permeabilities and the
tangent of dielectric (c) and magnetic (d) losses on the ratio of metals in the precursor (Tsint. = 700 ◦C).

The calculations of the optimal thickness of the absorber layer based on the polymer
nanocomposites FeCoCr/C with various compositions (Figure 12) showed that with an
increase in the chromium proportion in the nanocomposite from 40-40-20 to 35-35-30, the
minimum reflection corresponds to a greater thickness of the material, while the RL value
reaches −27 dB. Compared with the nanocomposite FeCo/C, the required thickness is less,
while the RL for FeCoCr/C nanocomposites (35:35:30) is significantly lower.

The results for the calculations of reflection losses for different thicknesses of the
absorber layer are shown in Figure 13.

A comparison of the results showed that an increase in the relative chromium content
in the nanocomposite makes it possible to obtain an absorption value of 95.7% at a frequency
of 10.06 GHz and an absorber layer thickness of 2.3 mm (RL = −27.3 dB). An increase in
the layer thickness leads to a shift in the reflection minimum (absorption maximum) to the
low-frequency region, while RL increases to −19.7 dB (absorption coefficient decreases to
89.6%) at a frequency of 5.3 GHz and an absorber thickness of 4.5 mm.
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with a different ratio of metals in the precursor for Fe:Co:Cr: 40:40:20 (a) and 35:35:30 (b).

Thus, the most promising of all the studied materials are those obtained at T = 700 ◦C
with the ratio of metals Fe:Co:Cr = 35:35:30.

The method utilized in this study allowed us to obtain metal–carbon nanocomposites
with the pyrolysis of organometallic precursors formed from a joint solution of a polymer
and metal salts. This method is optimal for the following reasons:

- The method is versatile. As a wide range of polymers and metal salts can be used, the
main condition is the possibility of joint dissolution in the same solvent.

- The method uses simple equipment. In fact, for complex equipment, only an inert
atmosphere furnace is needed.

- The purity of reagents, which are chemically pure.
- The simultaneous formation of nanoparticles and a matrix that stabilizes them but

does not prevent the use of materials, for example, in catalysis.
- IR heating for polymers is more efficient than resistive convective heating.
- IR heating has a minimum of inertia as quick heating and cooling can be provided.

However, the method is not free of flaws, which include the following:

- The impossibility of obtaining monodisperse nanoparticles: there will always be a
normal-logarithmic distribution.
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- The furnace used for IR heating is structurally more complicated, due to the need to
use a quartz reactor.

- It is impossible to obtain metal nanoparticles that are strongly oxidized in contact with
the air but are reduced at temperatures above 1200 ◦C.

4. Conclusions

This paper carried out studies of nanocomposites based on pyrolyzed polyacryloni-
trile acting as a polymer matrix for embedded soft magnetic metals of the iron group.
The mechanisms underlying the interaction between such a composite and electromag-
netic radiation were also studied to determine the possible use of the material as a
radio-absorbing substance.

The properties of FeCoCr/C polymer nanocomposites synthesized by doping Fe-Co-Cr
alloy nanoparticles into a polymer matrix of pyrolyzed polyacrylonitrile were investigated
for the first time. The choice of this composition of metals was due to the following reasons.
Chromium, being paramagnetic, affects the magnitude of the coercive force in alloys, and in
alloy nanoparticles, it should also influence the anisotropy field. Cobalt in the Fe-Co alloy
has the property of increasing the coercive force and saturation induction of the alloy, but it
is an expensive and scarce metal. Therefore, it was of interest to partially replace cobalt with
chromium and evaluate the change in the electrophysical, magnetic, and radio-absorbing
properties of the FeCoCr/C nanocomposite.

Polymer nanocomposites FeCoCr/C were synthesized from a precursor, which is a sys-
tem of “polyacrylonitrile–salts of the corresponding metals–solvent dimethylformamide”.
The performed X-ray phase and X-ray structural studies of the structural features of poly-
mer nanocomposites obtained under various conditions proved the formation of a system
consisting of Fe-Co-Cr alloy nanoparticles embedded in the PPAN polymer matrix. It was
found that a rise in the synthesis temperature in the matrix microstructure enabled the size
of the clusters in the crystalline component to increase by 1.5 to 3 nm, while the proportion
of disordered carbon decreased.

An analysis of the magnetic properties of FeCoCr/C nanocomposites showed that
if the synthesis temperature rises, the values of specific magnetization and coercive force
increase. The increase in saturation magnetization at rising synthesis temperatures of
nanocomposites is determined by an increase in the average size of the FCC and BCC
nanoparticles of the FeCoCr alloy phases in the polymer matrix. In addition, the saturation
magnetization of the FeCoCr/C nanocomposite is significantly influenced by the ratio of
sizes and fractions of nanoparticles with different lattice types and compositions.

It was established that structural changes in the polymer matrix of nanocomposites
and changes in the size and composition of nanoparticles with an increase in the synthesis
temperature cause significant changes in the electromagnetic characteristics of materials.
The effect of the synthesis temperature on the dielectric and magnetic properties of polymer
nanocomposites FeCoCr/C was investigated in the microwave bandwidth. It was shown
that the optimal thickness of the absorber layer based on FeCoCr/C nanocomposites differs
significantly for samples synthesized at different temperatures, while the most promising
materials are those obtained at T = 700 ◦C.

The influence of the ratio of metals in the precursor of pyrolyzed polyacrylonitrile
on the electromagnetic and radio-absorbing properties of FeCoCr/C nanocomposites
was considered. The results for the measurements of complex dielectric and magnetic
permeability are analyzed. It was proven that the most promising of all studied materials
are those obtained at T = 700 ◦C with the ratio of metals Fe:Co:Cr = 35:35:30.
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