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Electromagnetic properties of polymer composites
Li0_33Fe2_292n0_21Mn0_1704/P(VDF-TFE) in the frequency
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The article describes electromagnetic and microwave properties of the polymer composite with the lithium spinel
ferrite inclusion of composition Lig 33Fes 20Zng 21 Mng 1704 in the frequency range 100—7000 MHz. It is shown that
samples with a mass fraction of ferrite 60, 80% have pronounced radio-absorbing properties, measured using the
reflection coefficient on a metal plate (return losses). For a composite with 80% ferrite, the minimum return loss
was —37.5dB at 2.71 GHz with an absorption width at —10dB of 3 GHz. High absorption characteristics are
directly related to the use of ferroelectric polymer P(VDF-TFE) as a binder, which is expressed in the combined
action of the absorption mechanisms of the magnetic and ferroelectric phases.

Keywords: lithium ferrite, polymer composite, polyvinylidene fluoride, radio-absorbing material.

DOI: 10.21883/SC.2022.01.53026.9728

1. Introduction

Ferrites MeyFe;_xO4 with spinel structure are well-
known magnetic semiconductors. These materials are
actively studied by researchers all over the world due to
high potential for variation of their physical properties. By
introducing the isomorphous substitutions it is possible to
change saturation magnetization, coercitive force, electrical
conductivity, magnetostriction constant, magnetic losses,
catalytic, magnetocaloric and other properties [1,2]. This
results in rather impressive list of ferrospinel applications
and research trends in biomedicine and medical diagnos-
tics [3], as components of microwave devices (circulators,
valves), electronic devices, magnetoelectronics (magnetic
semiconductors) [4,5], gas sensors [6], electronic compo-
nents and electrical circuit components, radiation absorbing
materials and even in water treatment technologies [7]. Cur-
rently, the large variety of methods for ferrites production
are developed, but one of the widely used is still the
method of ceramic processing technology due to its high
producibility and utilization in industry. Since there is an
acute problem related with electromagnetic compatibility
and electromagnetic pollution, the works are performed
on creation of technologies of electromagnetic shielding
or eclectromagnetic radiation level suppression [8]. Ferrites
and polymeric composites based on them are great to use
as radiation absorbing materials, since they are materials
with pronounced magnetic properties with high or medium
resistivity [9-12]. The latter is especially important since
conductors usually have high value of reflection coefficient,
that complicates the use as radiation absorbing materials.
Researchers are very interested in ferrite spinels doped with
Li, since lithium spinels can have high values of saturation
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magnetization [13,14] due to irregular distribution of cations
over sub-lattices, cut-off frequency of ~ 500 MHz [15],
low values of sintering temperature of 880—920°C [16],
values of electric conductivity with direct current of
~10712—10°Ohm~"' - cm~!, dielectric losses in a wide
range of frequencies [17], low width of resonance line of
1-100e [18].

Earlier in [19] it was shown that Li-Mn-Zn ferrite
with chemical composition of Lig 33Fe;29Zng 21 Mng 1704
is characterized as radiation absorbing material within
frequency range of 0.05—7GHz. Coefficient of reflection
on a metal plate for samples with sintering temperature
of 1050—1100°C was —22.52 dB at frequency of 1.34 GHz.
It was shown that one of the minimums of the reflection
coefficient coincides with natural ferromagnetic resonance
in terms of frequency position. Also there were no dielectric
losses within the examined frequency range for ferrite
Lig 33Fer 29Znp2,1Mng 1704.  The conclusion was made
that the electromagnetic losses in Li-Mn-Zn ferrite were
caused by magnetic losses due to domain-wall resonance
(DWR) and natural ferromagnetic resonance (NFMR).
This study is focused on examination of radiation absor-
bing properties of composites of poly(vinylidenfluoride-
tetrafluoroethylene)/Li-Mn-Zn ferrite. Choice of electrically
active PVDF copolymer is caused by presence of ferroelec-
tric phase in it, that can make an additional contribution
to high-frequency losses of electromagnetic energy due to
repolarization processes.

2. Experimental part

Copolymer of polyvinylidenfluoride (F2M brand)
-[(CF,-CHy)n-(CF2-CFy)mlk— with ratio of monomers in
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circuit of N =96, m=4 and ferrite-spinel with chemical
composition of Lig33Fes20Zn921Mng 1704 were used as
initial materials. Ferrite ceramics production was described
earlier in study [19]. Powder size was < 45um, that
allowed to obtain the homogeneous mechanical mixture in
a mortar. Mixture homogeneity was indirectly evaluated
with color change. Then, the mixture was put into a
mold with heater, which were put under hydraulic press.
Heating was performed at constant pressure of ~ 12 MPa
to temperature of 190°C. At this temperature the exposure
was performed for 10 min, after which the mold was cooled
on air to room temperature. Samples were produced of a
ring-shape with outer diameter of 16 mm, inner diameter
of 7mm and height of 6 mm. The sample of ceramic
sintered ferrite product of similar composition and sizes
was also used for electrophysical characteristics comparison.
Diffractograms were made using X-ray diffractometer Difrei
(CrK,radiation). Lattice parameter was defined using the
formula for cubic crystal:

1 h+k>+1? )
dihkl) ~ a2z

where d is the interplanar distance of reflex (hkl), a is the
lattice parameter.
Crystallites size was evaluated using the Scherrer equa-

tion:
A

- BcosH’
where S is the width on the reflex half-height.
Micrographs of scanning electron microscopy were made
using the electron microscope ThermoFisher Apreo. Elec-
tromagnetic spectra (complex dielectric permeability, com-

plex magnetic permeability) were measured using coaxial
cell and vector network analyzer Rohde & Shwartz ZVL-13.

(2)

3. Results and discussion

X-ray phase analysis of initial powders and composites
shows that during thermal pressing process the external
phases are not formed (Fig. 1). In initial ferrite powder
the phase a-Fe,O3; content was observed. Phase analysis
was performed using Match!3 software. For that purpose
we used diffraction maps of COD base Ne 96-153-3269
(Li0.25Zn0_5Fe2.25O4, spinel phase) and Ne 96-900-0140
(Fe,0O3, hematite phase). Determination of the lattice
parameter for ferrite powder using the formula (1) gives
the value for spinel elementary cell 8.3344 A, and average
size of crystallite D using the formula (2) is 36.91 nm. For
sintered ferrite a = 8.3601 A, D = 108.8 nm. X-ray struc-
tural analysis data can indicate the difference between ferrite
powder microstructure and sintered ferrite microstructure:
ferrite powder generally has the smaller grain size (and
crystallites size) compared to the sintered ferrite ceramics,
that correlates with the results of studies [20,21]. As will
be shown further, this fact can significantly influence on
the spectra type of the electromagnetic characteristics of
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Figure 1. Diffractograms of X-ray phase analysis (XPA) of initial
components and composites: / — P(VDF-TFE); 2 — composite
with mass fraction of 20%, 3 — composite with mass fraction
of 40%, 4 — composite with mass fraction of 60%, 5 — composite
with mass fraction of 80%; 6 — powder of Li-Mn-Zn-ferrite.
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the samples of fine powder and sintered product. It also
should be noted that PVDF copolymer reflex decomposition
into components, related to the ordered ferroelectric S-phase
(110) and paraelectric phase, shows that with introduction
of ferrite mass fraction, equal to 20%, the increase of
crystallite size in the composite from 7.28 to 10.82nm
is observed.  This can indicate the rise of polymer
crystallinity degree at introduction of ferrite inclusions, as
was described in other studies on composites of ferrite-
spinel/PVDF [22,23].

Figures 2,a and 2,b show spectra of complex mag-
netic permeability of the examined samples. Spectra of
magnetic permeability of ceramic ferrite product show
two distinct areas with u’(f) bend, while u”(f) depen-
dence goes through the maximum. This fact can be
explained with different frequencies of NFMR and DWR
in Li0.33Fe2.292n0_21Mn0_1704 ferrite. Maximum y” on the
frequency corresponds to spin rotation process or NFMR,
while maximum on the frequency of 0.04 GHz — to DWR.
In composites based on Li-Mn-Zn ferrite the contribution
of DWR is significantly reduced, since the particles are
too small to contain large amount of domains. It indirectly
indicates the reduction of crystallites size D, since with grain
size reduction the contribution of magnetization rotation in
magnetic domains will be lower. Domain walls quantity
decreases and low-frequency value of u” also decreases.
As per Kramers-Kronig relation, with decrease of values
of the imaginary part of the complex value the real part
also decreases. Therefore, the real part of the magnetic
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Figure 2. a — spectra of real part of
magnetic permeability of composites of P(VDF-TFE)/
Lig33Fes290Znp 21 Mng 1704 with various mass fraction of ferrite.
b — spectra of imaginary part of magnetic permeability of
composites of P(VDF-TFE)/Lio_33F62_292H0A21Mn0_1704 with
various mass fraction of ferrite. On insert — spectrum of ceramic
product Li0<33F62.292n0.21Mno.1704, %: 1 — 20, 2— 40, 3 — 60,
4 — 80.

permeability also significantly decreases. On the other side,
reduction of the conservative part of the magnetic permea-
bility u’ is related to magnetic induction decrease inside
the material due to presence of non-magnetic polymeric
layers. It also can be noted that the frequency position
of maximum u” in composites is shifted towards the area
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of high frequencies with polymer concentration increase.
Thus, for 60 and 80% of composites the position of u,,, is
~ 0.95 GHz, while for 40 and 20% — 1.23 and 1.49 GHz,
respectively.  Shifting of dependence maximum u”(f) is
happened with variation of internal magnetic field inside
the composite. As was described earlier, contribution of
DWR to u”(f) spectrum is rather small. Therefore, the
spectrum type is defined with NFMR process. In case of
non-magnetic layers between ferrite particles the additional
fields of internal demagnetizing factors, that can change
the value of the internal field Hex [24], appear. While
the calculation of internal field inside the composite is
a complicated task, that requires its own study, in case
of spectra examined in this study we can assert that,
considering that NFMR resonance frequency in ferrite is
defined with relation f,; = yH.g, the internal field increases,
since NFMR frequency in the less concentrated composite
is maximum.

Figure 3 shows the spectra of the real part of dielec-
tric permittivity. With increases of ferrite concentration
the & of the composites also increase, that correlates
with theoretical models of effective medium, in which the
effective dielectric permeability of heterogeneous medium is
a function of permeabilities of individual components [25].
Such statement is correct, since, as shown in the figure,
dielectric permeability of F2M polymer is ~ 3.5, and
of Li-Mn-Zn ferrite is ~ 6. Almost identical value of
dielectric permeability of the composite with mass fraction
of 80% of magnetic inclusions and the sintered product of
Lig.33Fes2 29Zn¢ 21Mng 1704 should be noted. This fact can
be explained, bearing in mind that at this concentration
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Figure 3. Dependencies of real part of dielectric permeability of
the examined samples with various mass fraction of ferrite: 7 —
P(VDF-TFE); 2 — 20, 3 — 40, 4 — 60, 5 — 80%; 6 — ceramic
sample Lio 33Fe2.20Zn0.21Mng.1704.



90 .M. Isaev, V.G. Kostishin, R.l. Shakirzyanov, A.R. Kayumova, D.V. Salogub

the matrix and filler change the positions, ie. the layers
of P(VDF-TFE) polymer are evenly distributed in ferrite
matrix, while not all particles are incapsulated with polymer.
It can be seen in images of scanning electron microscopy
(Fig. 4), which show that individual particles of inclusions
contact with each other and form clusters. In this case the
electrical percolation is happened, due to which the passing
high-frequency current goes solely through channels, created
by ferrite particles. In this case the dielectric permittivity
of the composite can be equal to ferrite permittivity. For
spectra of the imaginary part of dielectric permeability &
it was observed that permittivity value does not depend on
concentration of inclusions and slowly decreases from ~ 0.6
to ~ 0.18 in the frequency range of 100—7000 MHz.

Electromagnetic absorption properties absorption proper-
ties were evaluated as per spectra of coefficient of reflection
on metal plate R, that was experimentally measured for
rings with thickness of 6 mm on short-circuited cell (Fig. 5).
Formulas of calculation of reflection coefficient R, and
normalized impedance Z;,/Zy, were used for analysis of
factors, resulting in high absorption:

Zin - ZO
Zin+ 2o

Zo  |u 27fh
U hljZ—— ok 4
o | 20 | @

where Z; is the free space impedance, h is the absorbent
thickness, C is the light velocity.

It was observed that composite with 60% of ferrite
has the lowest reflection coefficient with minimum value
R = —35dB. It should also be noted that the observed
spectrum is characterized with significantly high absorption
width Af on a level of 10dB of about ~4GHz. As
seen from formulas (1), (2), the maximum absorption
(minimum value of reflection coefficient) in geometry with
perfect reflector behind absorbent is possible at equality of
impedances Z;, and Zy (or Z;j,/Zy = 1), that characterize
the sample input impedance and free space impedance,
respectively. If the normalized impedance is close to 1,
the condition of ideal matching is met [26], at which the
waves, reflected from air/absorbent interface and from metal
plate, interfere with equal amplitudes. Peak position is also
related to interference thickness, that can be calculated as
per quarter-wave agreement model [27] using the equation:

tija = nc/ (4foy/[e"u]), (5)

where n is the odd natural number 1, 3, 5..., fq is the
frequency of electromagnetic radiation (EMR), ¢ is the light
velocity.

Equation (2) shows that the value of normalized
impedance depends on values of complex magnetic and
dielectric permeabilities. In this case the certain ,set of
values of real and imaginary parts of permeabilities can
define the value Z,/Zy =1, and, consequently, the low
reflection. Calculating diagrams for determination of ideal

Ry = 201log

: 3)

40 pm

Figure 4. Micrograph of scanning electron microscopy of the
composite with mass fraction of 80%.

R, dB
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Figure 5.  Spectra of reflection on metal plate of com-
posites with thickness of 6mm of the composition F2M-
Lig 33Fes.20Zng 21 Mng 1704 with various mass fraction of ferrite, %:
1—20,2— 40,3 — 60, 4 — 80.

matching conditions for radiation absorbing material (RAM)
on a perfect reflector are presented, for instance, in [28]. De-
spite of such approach of radiation absorbing characteristics
describing, it should be understood that ,the lucky” com-
bination of permeability values is defined by the physical
processes in materials. In case of the examined composites,
this is the processes of dipoles repolarization in polymer,
ferrite and resonance absorption of electromagnetic wave at
magnetic torque rotation, magnetic domain walls movement.
Moreover, their simultaneous action can result in synergetic
effect, under which the electromagnetic waves (EMW)
weakening significantly increases. Study [29] includes the
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Comparison of absorption parameters of experimental and design spectra R|

Cm, % h, mm fo, GHz R™, dB Af, GHz Zin/Zo t1/4, mm tan &, tan &,
20 6" 6.18 —4.5" - 1.96 7 0.05 0.17
40 6" 6.13* —-11.6* — 1.65 6.3 0.05 0.37
60 6* 5.37* —33.8* 4.2% 1.02 6.3 0.05 0.74
60 7 426 —25.0 3.6 1.13 74 0.04 0.69
60 8 3.60 -21.9 2.8 1.18 83 0.04 0.69
80 5 4.49 —-17.7 4.0 0.77 5.8 0.03 1.19
80 6" 3.35% —23.2% 37" 0.88 6.9 0.04 1.12
80 7 271 -37.5 3.0 0.98 79 0.04 1.06
80 8 2.29 -30.1 24 1.07 8.8 0.04 0.99

Note. R™* is the peak value of reflection coefficient, f is the peak frequency position, Af is the absorption width on level of —10dB, Z;,/Z is the
normalized impedance, t; /4 is the interference thickness. * is the experimental data.

results, indicating that composites based on electrically
active PVDF matrix demonstrate higher electromagnetic
energy weakening compared to matrices of linear dielectrics.
Thus, the conclusion can be made that high absorption
in concentrated composites can be related to ferroelectric
behavior of the matrix (binder). However, if we consider
the design values of tangents of magnetic tané, = u”/u/,
and dielectric losses tan§, = &”/¢’, the main contribution
to electromagnetic energy losses in the resulting samples
is made by magnetic losses, since the values of tan g, are
in large excess of dielectric losses tangent values. With
magnetic phase increase the values of tand, and |Rj| also
increase. Summary data on analysis of radiation absorption
factors are presented in the table. It can be noted that design
values of t;,4 not always coincide with real or set thickness
of absorbent. It can be related to reflection peak smearing,
when the frequency f is uncertainly defined. On the other
side, in some studies it is noted that formula (5) gives only
qualitative explanation and is not always compliant with
experimental data.

4. Conclusion

Ferrite-polymeric composites of
P(VDF—TFE)/LiO,33Fe2V292n0,21Mno, 1704, observed in
the study, were made with mass fraction of ferrite of 20,
40, 60, 80%. It was shown that with ferrite concentration
increase the values of complex dielectric and magnetic
permeability also increase, while in case of magnetic
permeability the dispersion shift towards the area of low
frequencies was observed. Pronounced radiation absorbing
properties, measured through spectra of coefficient of
reflection on metal plate, were observed in composites with
mass fraction of 60, 80%. For composite with mass fraction
of 60% with thickness of 6 mm the minimum reflection
coefficient was R = —33.8 dB at frequency fo = 5.37 GHz
with absorption width on a level of —10dB of about
Af =4GHz, and for composite with mass fraction of
80% the same parameters with thickness of 7mm were
—37.5dB, 2.71 GHz, 3 GHz, respectively. It is shown that

Semiconductors, 2022, Vol. 56, No. 1

absorption in composites is caused by impedance matching,
magnetic losses due to NFMR and DWR, and possible
synergetic effect due to dielectric and magnetic losses from
ferroelectric and magnetic phases.
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