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Two- and tree-component spinel-polymer composites were produced by thermal pressing. The initial components
were chosen as CoFe204 and Nig 4Cug 2Zng 4Fe204 spinels that were produced using the sol-gel method. The ratio
between spinel phases varied from 1:3 to 3:1. As a polymer, fluorinated ethylene propylene was used. The
concentration of the spinels in the polymer matrix was fixed at 20 mass.%. Using XRD, SEM, and high-frequency
spectroscopy, the correlation between the composition, structure, and electrodynamic characteristics of com-
posites was established. It was found that the parameters of the unit cell of ferrite fillers do not change when
filling the polymer. The RL values for the initial CoFe;04/FEP and Nig 4Cug 2Zng 4Fe204/FEP were in the range of
—14.5...-24.2dB and —10.4 ... -14.1 dB, respectively, which is lower than for ferrites without a polymer matrix.
The maximum values of RL (as a module) were marked for CoFe;O4/FEP. Obtained values of the reflection loss
coefficient in the range of 5-10 GHz open broad perspectives for the development of materials for electro-

magnetic absorption and 5G technology.

1. Introduction

Complex oxides based on transition metal ions are currently of great
interest. This area of study has been discussed in many articles published
in notable journals. Magnetic oxides with a spinel-type structure and the
general formula AFe;Oy4 ferrite-spinel (FS) are of great interest [1-3]. In
addition to having a spinel structure, the naturally occurring mineral
magnetite “exhibited" magnetic qualities to humanity for the first time.
Today, a variety of ferrites with different magnetic and electrical
properties may be created because of advancements in ferrite-spinel
synthesis technologies [4-6]. As previously mentioned, AFe;O4 (where
A%" is a divalent ion) is the general chemical formula that represents the
structure of ferrite spinels [3]. FS are extensively studied and utilized for
plenty of purposes. The chemical composition (concentration of
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substituents) and microstructural characteristics of FS have a consider-
able influence on its optical, electrical, magnetic, and electrodynamic
characteristics [7,8]. FS are materials with great potential for use in
microwave devices [7], soft magnetic materials for electromechanical
purposes [9], and catalytic processes [10]. Due to the broad range of
practical applications, new types of materials (magnetically hard and
magnetically soft composites) based on FS [11] have been actively
developed and researched recently. From a fundamental perspective,
this class of materials is of great interest to researchers. It is noteworthy
that FS can be synthesized using a variety of techniques, allowing for
diversity in structural characteristics and physico-chemical features. The
most often used synthesis techniques are sol-gel [12,13] and ceramic (or
solid-phase) [2]. The researchers were able to create stoichiometric and
single-phase samples with different compositions by using these
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techniques. The fundamental steps of the ceramic method are mechan-
ical mixing, heat treatment (sintering), and simultaneous grinding of the
mixture’s original ingredients (metal ion oxides). Heat treatment during
ferritization—the creation of a phase with a spinel structure—is per-
formed at the maximum temperature that thermodynamics allows in
order to speed up diffusion processes. The main benefits of this tech-
nology are that it doesn’t require expensive components, is highly
manufacturable, and is simple to implement. The primary drawbacks are
the initial mixture’s relative heterogeneity and the potential for impu-
rity phases to emerge during synthesis.

Nowadays, the synthesis and study of composite materials based on
soft magnetic [13-15] and hard magnetic [11,16,17] ferrites is an issue
that many researchers worldwide are interested in. Soft ferrites that
have a structure similar to that of spinel are being intensively
researched. Hard ferrites are ferrites that have a magnetoplumbite
structure. As a result, it is possible to establish distinctions between
various composite material types according to ferrites: 1. ceramic
composites (powdered ferrites are mixed, compacted, and sintered in the
form of ceramic samples) [18-20]; 2. polymer composites (powdered
ferrites are introduced into the polymer matrix by dispersion in the
liquid-phase medium of the matrix or by thermal pressing of powdered
solid-phase mixtures) [21-23]; 3. CerMet structures (composites formed
by mixing of the ceramic phase and metal powder fractions) [24-26]. All
varieties of composite materials are interesting from an academic and
practical viewpoint. Two sub-types of ceramic composites, particularly
type No. 2, are commonly distinguished in magnetic materials: 1.
“Hard-soft" composite materials [27,28]: CMs that consist of a combi-
nation of soft magnetic materials with high saturation magnetization
(Ms) and low coercive force (e.g., ferrites with a spinel-type structure)
and magnetically hard materials with high values of residual magneti-
zation (Mr) and coercive force (Hc) (e.g., hexagonal ferrites); 2. “Soft--
Soft" composite materials [14,13]: CMs that consist of a mixture of two
magnetically soft phases. Two ways of interaction between magnetic
phases can be applied in this subtype of composite material. A dipole
interaction mechanism occurs when the grains of “hard-hard ferrite" or
“soft-soft ferrite" interact with one another. The interaction has an
exchange-coupling nature if interactions between hard-soft grains pre-
dominate. Exchange interactions and magneto-crystalline anisotropy
have a major role in determining magnetization when dipole in-
teractions are negligible. In composites with two magnetic phases, an
increase in the concentration of the soft magnetic phase makes dipole
interactions more prominent. The magnetic parameter values of com-
posites alter as a result. Additionally, there may be notable changes in
electrical characteristics as a result of the combining of two fractions
with various electrical values. Variations in electrical and magnetic as-
pects, particularly magneto-crystalline anisotropy, have a significant
impact on the microwave characteristics of composite materials. It’s
important to note that the effects seen in metamaterials, notably nega-
tive permeability values, can also be found in CerMet composites that
contain metal powder in the ferrite matrix. These values have an impact
on the characteristics of the composites’ interaction with microwave
radiation.

It must be highlighted that the results of the investigations related to
the correlation between the chemical composition (concentration of the
substituents), structural characteristics, and physical properties of
substituted spinel ferrites have attracted great attention recently
[29-33].

The goal of the investigation is to establish the correlation between
chemical composition (ratio between magnetic fillers CoFe,O4 and
Nig 4Cug 2Zng 4Fe304 in ceramic/polymer composites), evolution of
microstructure, magnetic properties, and electrodynamic characteristics
of spinel-based (CoFe304 and Nig 4Cug 2Zng 4Fe204) composites.

2. Experiment

The method known as sol-gel was used to synthesize composite
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materials (CMs) [13]. The powdered fillers of CMs were found to be
CoFe;04 (or CF) and Nig 4Cug 2Zng 4FesO4 (or NCZ), ferrites with a
spinel-type structure (soft magnetic materials or soft magnetics). Table 1
provides information about the samples’ composition.

Ternary soft-soft/polymer composite materials were synthesized by
means of the thermal compression technique. As specified in Table 1,
soft-soft CM samples were utilized as a magnetic ferrite filler. As a
polymer matrix, powdered fluorinated ethylene propylene (FEP) was
employed. One of the copolymers of hexafluoropropylene and tetra-
fluoroethylene is FEP. Advantages of this polymer include resistance to
aging, chemical inertia, heat resistance, strength, flexibility, a low co-
efficient of friction, a lack of adhesion, low water absorption, and
weather resistance.

There were multiple stages to the thermal pressing. A mechanical
mixture of soft/soft/polymer was created at the initial step. The hang-
ings were weighed using HR250 AZG scales in accordance with the
recommended ratios of concentration between the magnetic ferrite
filling (soft-soft CMs) and the matrix (FEP). For every sample of CMs
soft-soft, CMs with an 80 wt% polymer (FEP) ratio and 20 wt% ferrite
fillers (soft-soft) were produced. Using ethyl alcohol as a surfactant, the
soft-soft and FEP powders were mixed in a porcelain mortar. The low-
dimensional state of the soft-soft CM samples and the strong adhesion
between the polymer FEP and ferrite powder were both noted. It is clear
that electrostatics caused both of these observations. The uniform dis-
tribution of particles and the mixing of components were promoted by
this situation. The color alteration served as a circumstantial indicator of
how uniformly the components were distributed throughout the
mixture. The final mixture was pressed in a stainless-steel mold (grade
U8). At the second stage. In order to eliminate air gaps, pressure P ~1
ton was applied three times prior to pressing. For the purpose of
determining the microwave characteristics within the microwave range,
parallelepiped samples were created, measuring 36 x 16 mm in size and
varying in thickness from 1 to 4 mm. 350 °C was the temperature under
thermobaric exposure. 10 min was the exposure period.

An ADVIN POWDIX 600 diffractometer and an X-ray diffraction
(XRD) study with Co-K, radiation were used to conduct structural-phase
analysis [30]. Method of scanning: point-by-point, step 0.03, angle
range 20: 20-80°. XRD data processing was performed using the Riet-
veld method as part of a full-profile analysis. The XRD data’s qualitative
phase analysis is conducted using the “COD" database, and the data is
concurrently compared with the “ICDD PDF-2" database.

Morphologies were examined with a scanning electron microscope,
the Carl Zeiss EVO 10. The research objects’ particles were arranged
according to size by determining the equivalent diameter. The following
formula [31] was used to calculate the proportion of occupied area (P):

1'[1’1;(1-2
P="s @
Table 1

Detailed sample information: sample’s number (No.); sample’s acronym; sam-
ple’s composition (ratio between ceramic phases and polymer concentration);
and sample’s density (p).

No.  Acronym Composition and ceramic Ceram/FEP P, g/
phase ratio ratio, wt.% cm®

S1 CF/FP CoFey04 20/80 2.39

S2  NCZ/FP Nig.4Cug 2Zng 4Fe,04 20/80 2.23

S3 (CF3: CoFey04: 20/80 2.31
NCZ,)/FP Nig.4Cug 2Zng 4Fes04 = 3:1

S4 (CFy: CoFey04: 20/80 2.29
NCZ,)/FP Nio.4Clig.2Zno 4Fe504 = 2:1

S5 (CFy: CoFey04: 20/80 2.25
NCZ,)/FP Nig.4Cug.2Zng 4Fe;04 = 1:1

S6 (CFy: CoFey04: 20/80 2.25
NCZ,)/FP Nig.4Cug 2Zng 4Fes04 = 1:2

S7 (CFq: CoFey04: 20/80 2.24
NCZ3)/FP Nig 4Cug 2Zng 4Fe04 = 1:3
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where d; is the particle’s size (diameter of the analogous circle), n; is the
number of particles in the i-th dimension, and S is the total area of all the
particles in the image. Additionally, the hexaferrites under study were
investigated via energy-dispersive X-ray spectroscopy (EDX). An Ultim
Max 40 detector (Oxford Instruments, UK) equipped with AZtecLive
Advanced Energy Dispersive X-ray Spectroscopy was used for the EDX
investigation.

Studies of electrodynamic characteristics were carried out in the
frequency range from 5 to 10 GHz using the Agilent vector circuit
analyzer. The permittivity and permeability of the material were
calculated using the Nicholson-Ross-Weir algorithm using S-parameters
recorded as a function of frequency by the coaxial method. The
impedance of the coaxial line was estimated by the following formula:

Z=60In <9> \/E @)
d €

where D is the outer diameter; d is the inner diameter of the coaxial
cable; p is the magnetic permeability (complex value); € is the dielectric
constant (complex value). The following formula determines the
reflection loss (coefficient RL):

IR| =20 1g \\ﬁ_i ®)

Measurements of the magnetic properties were made at room tem-
perature in a field range up to 7 T by the VSM (Liquid Helium Free High
Field Measurement System).

3. Results and DISCUSSION
3.1. Structural properties

Fig. 1 shows the results of the study of the crystal structure of syn-
thesized samples by X-ray diffraction.

Fig. 1a shows the diffraction spectra of the initial ferrite materials
(CF and CNZ), which were previously synthesized by the sol-gel method.
In the figure, 6-7 intense diffraction maxima can be observed, corre-
sponding to the spinel-like structure of ferrite. The space group (SG) of

Fig. 1. XRD patterns of the (a) initial ceramic CoFe,O4 and Nig 4Cug 2Zng 4.
Fe,04 samples; (b) FEP and (c) S1-S7 composites.
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the structure is Fd-3m. There are covalent cations (Co®t, Ni*T, Cu?*, and
Zn%") and ferric cations (Fe>") in the spinel crystal structure. These are
arranged in tetrahedral (Th) and octahedral (Oh) coordinates, or in
oxygen environments. The main diffraction peaks that can be observed
on X-ray images correspond to the following (hkl): (202) at ~30.4°;
(311) at ~35.8°; (222) at ~37.3°; (400) at ~43.3°; (422) at ~53.6°.;
(511) at ~57.2°; and (440) at ~62.9°. The most intense peaks are (311),
(202), and (440). The absence of other diffraction peaks not belonging to
SG:Fd-3m for all studied CMs confirms the single-phase nature of both
the initial ferrites (CF and NCZ) and the absence of any chemical
interaction between the phases in S1-S7 composite materials.

Fig. 1b shows the spectrum of the polymer matrix (FEP). Diffraction
spectra are presented for a pure FEP polymer. The only characteristic
diffraction maximum in the region of 17.9° can be noted, and there is a
wide plateau in the area of 35-45°. Fig. 1c shows the diffraction spectra
of samples of composite materials S1-S7. For the S1-S7 CM spectra, as
well as for the initial ferrites, 6-7 intense diffraction maxima corre-
sponding to the spinel-like structure of ferrite can be observed. Also,
only peaks characteristic of FEP and initial ferrites are marked on the CM
diffraction spectra. This proves that the initial CM was made up of a
single phase and that the ferrite phases and the FEP polymer did not
interact chemically with each other. Moreover, it can even be noted that
the position of the diffraction maxima for fillers (ferrites) and polymers
(FEP) corresponds to CMs, as does the preserved ratio of intensities
compared with the initial compounds (CF, CNZ, and FEP). The first fact
indicates the immutability of the unit cell parameter of ferrite CMs in the
polymer, and the second fact indicates the absence or formation of any
texture in CMs. The X-ray images were analyzed using the Rietveld
method. The parameters of the unit cell (a), the volume of the unit cell
(V), and the average size of the crystallite (Dxgp) or the average size of
the coherent scattering region (CSR) of X-ray radiation (calculated using
the Scherrer formula) for the initial ferrite compositions were deter-
mined. Thus, it was found that the parameter a for CF (8.3726 f\) is
slightly less than for CNZ (8.4043 [o\). A similar situation was noted for
the volume of the unit cell (586.91 A3 for CF compared to 593.60 A3 for
CNZ). The average size of the coherent scattering region for CF (30.2
nm) was also smaller than for CNZ (41.1 nm). The processing X-ray
diffraction results show that the structural properties of soft-soft CM can
be passed on to a composite with a polymer without changing the crystal
structure’s parameters. This emphasizes the absence of any chemical
interaction or mutual influence of the CM components on each other.

Fig. 2 shows SEM images and the analysis of the distribution of the
average grain size in the studied samples. The analysis of the average
grain size and grain size distribution for each cM sample was carried out
using a standard statistical method using SmartSEM software.

According to the results of the SEM research, it is shown that the
structure and distribution of the chemical elements of the pure FEP
matrix are homogeneous. In CMs, there is a tendency to the formation of
soft-soft powdered CM agglomerates in the FEP matrix, which is clearly
visible in the distributions of chemical elements and is confirmed by
SEM images.

CM S1 and S2 have a particle size distribution that is well described
by the Gaussian distribution. All CM samples are characterized by
similar behavior in accordance with the concentration of the initial
ferrite phases. It is noted that the particles in KM S2 have a smaller size
and range from 0.2 to 1.5 pm. The most probable particle size is 0.45 pm.
KM S1 contains particles ranging in size from 1.0 to 2.0 pm; the most
probable size is 1.65 pm. All other KM have a well-defined bimodal
particle size distribution. The extremes of the Gaussian function corre-
spond to the most probable values of each individual component. Two
values of the most probable grain sizes were determined for each CM
sample. It is shown that the grain size for the coarse fraction decreases
monotonously from 1.65 to 1.23 pm, and the particle size of the fine
fraction varies non-linearly from 0.43 to 0.47 pm. There was no obvious
effect of the polymer matrix on the microstructural parameters of KM
S1-S7. A similar effect of the ratio of ferrite phases in KM S1-S7 is noted.
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Fig. 2. SEM images and particle size distribution for (a) S1; (b) S2; (c) S3; (d) S4; (e) S5; (f) S6 and (g) S7 composites.
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An increase in the NCZ content from 1:1 (S5) to 1:3 (S7) at a fixed
concentration of soft-soft CMs (20 wt%) leads to a decrease in the
average grain size for both small and large fractions. It’s also clear that
raising the concentration of CF in CMs from 1:1 (S5) to 3:1 (S3) promotes
the growth of large grains that are 1-2 pm in size per CM, and raising the
concentration of NCZ in CMs also contributes to the growth of grains
that are 0.33-0.58 nm in size on average.

3.2. Electrodynamic characteristics

The electrodynamic characteristics were studied in the frequency
range of 5-10 GHz using the Agilent vector circuit analyzer. The
Nicholson-Ross-Weir algorithm was used to figure out the material’s
permittivity and permeability. S-parameters were recorded as a function
of frequency using the coaxial method. The impedance of the coaxial
line was estimated using formula (2). Reflection losses (RL coefficient)
were determined by formula (3).

Fig. 3 shows the behavior of the dielectric constant (real and imag-
inary parts of the dielectric constant) as a function of frequency.

It is noted that for all CMs S1-S7, the values of the real part of the
permeability are in the range of 5.75-2.0, which is significantly higher
than the values for similar CMs but without a polymer matrix. It is
shown that with increasing frequency, there is a decrease in the values of
the real part of the dielectric constant (Fig. 3a). The decrease in the
actual part of the dielectric constant with increasing frequency has a
monotonous character.

The values of ¢ for CMs S1 and S2 were in the range of 3.46-2.01 and
5.66-3.58, respectively. It should be noted that there is no synergistic
effect. The values of all CMs S3-S7 were in the range between the values
of ¢ for CMs S1 and S2. This is explicable by the fact that the polymer
matrix material makes a significant contribution to the value of CMs,
whereas the ferrite filler’s composition does not significantly affect the
behavior of CM’s microwave characteristics. The values of the imagi-
nary part of the dielectric constant are almost an order of magnitude
lower for CMs S1-S7 compared to CMs without a polymer matrix
(Fig. 3b). A slight increase in the value of ¢" was noted with increasing
frequency. This may be due to an increase in the contribution of dipole
polarization in interaction with CM, which will cause a more intense
absorption of EMR energy due to an increase in electrical losses (which is
explained by the influence of the polymer matrix).

Fig. 4 shows the behavior of magnetic permeability (real and imag-
inary parts of permeability) as a function of frequency.

It is possible to note higher p’ values of CMs S1-S7 compared to CMs
without a polymer matrix. Almost all CMs showed a monotonous and
insignificant decrease in the actual part of the magnetic permeability.
The values of ' for CMs S1 and S2 were in the range of 1.61-1.57 and
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1.83-1.75, respectively. It should be noted that there is also no syner-
gistic effect. The values of all CMs S3-S7 were in the range between the
values of p’ for CMs S1 and S2.

The values of p" CMs S1-S7 were significantly lower than for CMs
without a polymer matrix (Fig. 4b), which is logical when forming CMs
where the major part (matrix) is a non-magnetically active material
(polymer). It can be assumed that in CMs based on ferrite/polymer,
energy losses may increase, not due to magnetic losses but due to elec-
trical losses. The values of p" for the initial S1 and S2 were in the range of
0.09-0.07 and 0.13-0.07, respectively.

Fig. 5 shows the behavior of reflection energy losses (RL coefficient)
as a function of frequency for S1-S7 (see Fig. 6).

The RL value for all CMs S1-S7 is negative. This corresponds to the
attenuation of the reflected wave energy. It can be emphasized that all
samples showed an increase in losses (modules) with increasing fre-
quency. It can be concluded that the nature of the attenuation of re-
flected energy is associated with the processes of absorption of
electromagnetic radiation energy to a greater extent due to electrical
losses. The RL values for the initial S1 and S2 were in the range of —14.5
...-24.2dB and —10.4 ... -14.1 dB, respectively, which is lower than for
CMs without a polymer matrix. It should be noted that the energy loss
values for CMs S3-S7 were between the values of S1 and S2. The
maximum values of RL (modulo) were marked for S1.

3.3. Magnetic characteristics

Fig. 5 shows the dependence of the magnetization vs. magnetic field
strength in the range up to 7 T for S1-S7 CM. The measurements were
carried out at room temperature. It can be highlighted that the maximal
value of saturation magnetization (M) was observed for S6 (17.7
A*m?*kg™1). This value for composition 1:2 was higher in comparison
with the initial compounds S1 (16.3 A*m?'%kg™!) and S2 (13.6
A*m%*kg™1). It was observed that there was a good correlation in M
evolution for samples with varying CF:NCZ from 3:1 (S3) to 1:1 (S5)
with an increase in saturation magnetization from 8.2 A*m%*kg™! to
12.5 A*m?*kg !, respectively. At the same time, there was no observed
correlation between M evolution for samples with varying CF:NCZ from
1:1 (S5) to 1:3 (S5).

The main magnetic characteristics obtained from the VSM mea-
surements are presented in Table 2.

It must be highlighted that the main contribution to the changes in
magnetic characteristics belongs to the polymer matrix and the non-
homogeneity of the filler distribution in composites. This is an inter-
esting fact that for sample S2 (Nig 4Cug.2Zng 4Fe204), it was observed
that the H. value was extremely low (~11 Oe), which is much lower in
comparison with the ceramic bulk sample. It opens broad perspectives

8
F (GHz)

Fig. 3. Frequency dependences of the real (a) and imaginary (b) parts of the permittivity for the S1-S7 composites.
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Table 2

Magnetic characteristics obtained by the vibration sample magnetometry.
Magnetic characteristics ~ S1 S2 S3 S4 S5 S6 S7
M, A*m**kg~! 163 136 82 9.0 125 177  9.54
M,, A*m>**kg ™! 8.3 2.7 2.4 1.6 1.2 5.2 1.2
M,/Mg 0.51 0.20 0.30 0.18 0.09 0.33 0.13
Hc, Oe 630 11 240 170 370 290 210

for the development of functional magnetic materials for electro-
technical applications (transformers) with low magnetic losses (as cores)
in the frequency range up to 100 kHz.

4. Conclusion

CMs were synthesized on the basis of soft magnetic ferrites CoFep04/
Nig.4Cug 2Zng 4Fes04 (CMs soft-soft) with a variable ratio of soft mag-
netic phases, and CMs were synthesized on the basis of the soft magnetic
KM/polymer system (CM soft-soft/FEP) with a fixed ratio of ferrite filler
(20 wt%) and polymer matrix (80 wt%).

As part of the study of the structural characteristics of CMs by X-ray
diffraction, it was found that the parameters of the unit cell of ferrite CM
fillers do not change when filling the polymer. According to the results
of the SEM research, it is shown that the structure and distribution of the
chemical elements of the pure FEP matrix are homogeneous. The anal-
ysis of the grain size distribution revealed a correlation between the
average grain size of CMs and the presence of two fractions in CMs:
coarse (1.0-2.0 pm) belonging to CF and fine (0.2-1.5 pm) belonging to
the NCZ fraction. For CMs S3-S7, the bimodal nature of the distribution
is noted. It can be noted that the polymer matrix does not significantly
affect the structural characteristics of the CMs.

The electrodynamic characteristics of CMs S1-S7 in the 5-10 GHz
range have been studied. Based on the results of measuring the S-pa-
rameters, the values of the real and imaginary parts of the permittivity
and permeability were calculated. It is shown that the reflection losses in
CMs S1-S7 are due to the main contribution of electrical losses, while for
CMs without a polymer matrix, the losses are due to the increasing
contribution of magnetic losses. The RL values for the initial S1 and S2
were in the range of —14.5 ... -24.2 dB and —10.4 ... -14.1 dB, respec-
tively, which is lower than for CMs without a polymer matrix. It should
be noted that the energy loss values for CMs S3-S7 were between the
values of S1 and S2. The maximum values of RL (modulo) were marked
for S1. It opens broad perspectives for the development of materials for
electromagnetic absorption (based on ceramic samples and ceramic
composites) and 5G technology (based on ceramic:FEP composites).
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