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Metal-dielectric nanocomposite system with fer-
romagnetic inclusions was prepared and studied:
epoxy resin-xFe (x=0-30 vol. % is a content of the
Fe nanoparticles). Its dielectric and magnetic spec-
fra were measured in a broad frequency range
from 10° Hz to 10"° Hz. Both dielectric and mag-
netic dispersion was observed. Based on the ex-
perimental spectra of the complex permittivity and
permeability, reflection and transmission coeffi-
cients of the composite layers in a free space were
calculated depending on the content of ferromag-
netic inclusions and layer thickness. Microwave
absorption of the studied metal-dielectric compos-
ites varies in a broad rage and can be controlled by
changing the concentration of ferromagnetic inclu-
sions. The composites can be used as microwave
absorbing or shielding materials. References 9, fig-
ures 3.
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Introduction

Nanocomposite metal-dielectric materials with
ferromagnetic inclusions (and polymer matrix) are
very interesting for a great amount of potential ap-
plications, for example: absorption of radar emis-
sion, defense from electromagnetic pulses, in-
crease in immunity and reliability of electronic de-
vices, electromagnetic compatibility of electronic
systems, reduction of the impact on the human
body etc. [1, 2]. Analysis of the electromagnetic
field absorption efficiency demonstrated by present
materials has showed that special attention should
be paid to metal-dielectric composites based on the
nanoparticles of magnetic metals distributed in di-
electric matrix for developing wideband absorbing
coatings [2]. It is caused by the variety of their elec-
tromagnetic properties and prospects for their ap-
plication. Therefore, development and improve-
ment of resonant devices, modern electronic and
telecommunication systems is not only important
task, but also motivation for the research of absorb-
ing materials based on composite metal-dielectric
systems (CMDS). However, development of such

metal-dielectric composites with the specified spec-
tral parameters is very complicated task, since
even minor change in content and structure of
composite materials leads to significant change of
their electromagnetic properties [2]. Moreover, ex-
isting descriptions of such electrodynamics pa-
rameters as dielectric permittivity and magnetic
permeability, depending on the structure and con-
tent of nanocomposite components, are not
enough developed and are given only for narrow
frequency range [2, 3]. Accordingly, the compre-
hensive analysis of absorbing materials based on
CMDS in a wide frequency range is the actual
problem.

Continuing previously performed experiments
[4-6], the current work reports on the study of di-
electric (10 to 10" Hz) and magnetic (10° to 10"
Hz) spectra of the epoxy resin — Fe composites
and on the analysis of their microwave absorbing
and shielding efficiency.

Processing and Experimental Techniques

Samples of metal-dielectric composite materi-
als were produced by the electromechanical mixing
of nanodispersed metal filler with the binding matrix
material at room temperature. The nanodispersed
powder of Fe was used as metal filler and the ep-
oxy resin as a dielectric matrix. Series of epoxy
resin-xFe (x = 0-30 vol. % is a content of the Fe
nanoparticles) compositions was prepared. The
structure of the composite materials was investi-
gated by a raster electronic microscopy. It is seen
from the results of electronic microscopy studies,
that nanodispersed metal phase is represented by
the particles from 50 nm to 100 nm in size.

Samples of two kinds were prepared for dielec-
tric experiments. Plate-shaped samples (with a di-
ameter of 10-20 mm and thickness of 3-5 mm)
were used in the low-frequency (LF, 102 — 10° Hz)
and microwave (MW, 10®° — 10" Hz) measure-
ments. For the high-frequency (HF, 10° — 10° Hz)
measurements, cylindrical samples with a diameter
of 2-3 mm and length of 5-7 mm were prepared. In
LF and HF experiments, the pasted silver or evapo-
rated gold electrodes were deposited on the flat
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surfaces of samples, while the MW experiment was
performed on samples without electrodes. For the
magnetic experiment, toroid-like samples with outer
diameter of 7-8 mm, inner diameter of ~3.5 mm
and thickness of 2-3 mm.

Dielectric and ac conductivity spectra were
measured using impedance methods by the tech-
niques described in [7, 8]. Standard LF dielectric
measurements were performed with the dielectric
analyzer Novocontrol Alpha AN, HF measurements
- with the Novocontrol BDS 2100 coaxial sample
cell and Agilent 4291B impedance analyzer, MW
measurements — with the open-end coaxial probe
and Agilent E8364B vector network analyzer. Mag-
netic spectra were measured by the impedance
method with Agilent E5061B-3L5 network analyzer
and Agilent 16454A magnetic material test fixture.

Results and Discussion

Experimentally measured spectra of the real '
and imaginary p” parts of the complex magnetic
permeability of the epoxy resin — Fe composites
are presented in Figure 1, and the broadband
spectra of the dielectric permittivity and conductivity
are shown in [5].
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Fig. 1. Frequency dependence of the real (a) and
imaginary (b) parts of the complex magnetic perme-
ability of the epoxy - xFe composites with different
concentrations of Fe (in vol.%) 1 — x = 10; 2 —x = 20;
3-x=30

For all studied compositions, dielectric and
magnetic dispersion was observed in the whole
studied frequency range.

Generally, the increase in concentration of fer-
romagnetic inclusions leads to an increase in the
values of both dielectric permittivity and magnetic
permeability at all frequencies. Some deviations of
dielectric parameters from the monotonic depend-
ence on concentration observed in [5] could be
caused by nonuniform distribution of ferromagnetic
nanoparticles in a dielectric matrix. Let us note, that
magnetic properties of the composites are less de-
pendent on the filler distribution and are mainly de-
termined by the filler concentration.

High dielectric and magnetic losses of the ep-
oxy resin — Fe composites observed in the high-
frequency and microwave ranges (see Fig. 1 and
[5]) are very important for their tentative application
as absorbing or shielding materials.

Microwave absorbing efficiency of
nanocomposites can be estimated using the free-
space model presented in Figure 2 [9]. It shows a
multilayer microwave absorber that consists of n
layers of different materials backed by a perfect
electric conductor. For simplicity, the normally
incident electromagnetic wave is considered.
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Fig. 2. Schematic of a multilayer microwave absorber
with a normally incident wave. di, pi, and &i denotes
the thickness, complex magnetic permeability and
permittivity of the i-th layer, respectively [9]

In the case of a single layer absorber backed
by a perfect electric conductor, the reflection loss
(RL) of the absorber and attenuation constant a
(real part of the propagation constant y) of the
material, in nepers/m, can be calculated as
following [9]:

Z, +mo

RL = 20log|/'| =20log
n—To
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where & =¢'-i¢" is a complex permittivity and
u=p'+iu" is a complex permeability of the mate-

rial, d is the layer thickness and c is a velocity of
the electromagnetic wave.

We used our experimentally measured spectra
of the complex permittivity and permeability to
calculate the reflection loss and attenuation
constant spectra of single layer absorbers with
different thicknes based on the composites of
epoxy resin with different concentration of Fe
nanoparticles. The results are presented in Figures
3, 4.
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Fig. 3 Frequency dependence of the reflection loss
(RL) for the epoxy - xFe composites with different
concentration of Fe (in vol.%) 0 — x=0; 1 -x =10, 2 -x
=20, 3 - x= 30, 4 - x= 30 (u= 1) for the layer thickness
of 1mm (a) and 3mm (b)
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Fig. 4. Frequency dependence of the reflection loss
(RL) (c) and the attenuation constant a (d) for the
epoxy - xFe composites with different concentration
of Fe (invol.%): 0 —x=0;1-x=10,2-x=20,3 - x
=30, 4 — x = 30 (u = 1) for the layer thickness of 10
mm

Analysis of the dependences given in Figures 3
and 4 shows that variation of Fe content from 0 to
30 vol. % causes changes in the reflection losses
up to 20 dB at frequency range from 1 to 3 GHz,
depending on the layer thickness. At the same time
the attenuation constant reaches 100 neper/m.
Importance of the magnetic properties is clearly
shown by comparison of curves 3 and 4 (in Figures
3 and 4). Both curves correspond to the same
composition (x=30) with the same dielectric
parameters, but in the case of curve 4 magnetic
properties were neglected in calculations.

Reflection loss and attenuation constant
characterize the microwave absorption (MA)
efficiency which could be numerically estimated as
MA = — RL [9]. Then increasing of complex
magnetic permeability allows to expand the MA
band, by shifting it toward lower frequencies.
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YOK 621.318

0O.B. BopucoBa, O.B. MauynsiHCbKWWM , kKaH. TexH. Hayk, F0.l. AkMMeHKo, O-p. TEXH. HayK
HauioHanbHUin TeXHIYHWI YHiBepenTeT YKpaiHu "KNiBCbKUIN MNOMITEXHIYHUIN IHCTUTYT",

Byn. MNonitexHiyHa, 16, kopnyc 12, Kuis, 03056, YkpaiHa.

AHani3 metanogienekKTpMYHNX HAHOKOMMNO3UTHUX NOKPUTTIB HA OCHOBI
cdepomarHiTHUX BKIOYEHb ASIS1 eNIeKTPOMarHiTHOro 3axmcTy
eJIeKTPOHHUX NPUCTPOIB

BuzomoeneHo ma 0ocnidxeHo memarnoodienieKmpuy4Hi HaHOKOMIMO3UMHI cucmemMu Ha OCHO8i ¢bepo-
MazgHUMHUX BKIYeHb: ernokcudHa mampuus- xFe (emicm yacmoyok Fe x = 0—30 06’eMHbIx %). [Npose-
0eHo docnidxeHHs1 OienleKmpuYHOI ma MazgHImHOI NPOHUKIUeoCcmi 8 WupokoMy dianal3oHi Yacmom (8i0
106 'y do 1010 'y). Ompumari ducnepciliHi 3anexxHocmi. Po3paxoeaHi Ha OCHO8I eKcriepuMeHmarbHUX
OaHux KoegbiuiecHmu 8i0bumms ma rpPOXOOXKEHHsT MoKpummie 8 3arexHocmi 8i0 KOoHUueHmpauii
epomacHimMHUX 8KMOYeHb ma mosuwuHuU wapy. [loka3aHo, Wo enekmpoMagHimHUMU ernacmugocmsamu

© Borisova A., Machulyansky A., Yakimenko Y., 2014



TBepooTenbHas aneKkTpoHvKa 27

memanoodienIeKmpu4YHUX HaHOKOMMO3umHux cucmem e HBY Odiana3oHi MOXHa Kepysamu, 3MiHHOHOYU
KOHUeHmpaujiro memaresux BKJTIOYEHb. HadaHo pexkomeHdauii ujo0o 8UKOpUCMaHHS
memarnodierIeKmpuU4YHUX HaHOKOMITO3UMHUX CUCMEM Ha OCHO8i (hepoMazHUMHUX 8KITIOYEHb 8 SIKOCMI eK-
paHyrodux 8 HBY diana3oni nokpummis. bion. 9, puc. 4.

KnrouoBi cnoBa: memannodienekmpuyHi HaHOKOMMIO3umu, rioefuHarydi mamepianu, gheppomazHi
BKJTIOYEHHSI, empamu Ha 8i0bummsi.
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AHanus MeTanno-An3aneKTpn4yeCKnux HaHOKOMMNO3UTHbIX nOKprTMﬁ Ha
OCHOBé (beppOMaI'HMTHbIX BKITIOYEeHUU Ans 3ﬂeKTp0MarHMTHOﬁ
3alUUTbIl ANEeKTPOHHbIX yCTpOVICTB

lModeomoerieHbl U U3y4YeHbl HAHOKOMIO3UMHbIE MemasioOuaieKmpuyeckue cucmembl Ha OCHO8e
peppomMacHUMHbIX 8KMIOYEHUU: anokcudHas mampuua-xFe (codepxxaHue yacmuy, Fe x = 0—30 06beMHbIX
%). NposedeHo uccriedosaHue Ouanekmpuyeckol U MagHUMHOU rfpoHUUaeMocmu 8 WUpPOKoM duarnaso-
He yacmom (om 106 'y do 1010 l'y). lNonyyeHbl ducnepcuoHHbIe 3a8UcuMocmu. PaccyumaHbl Ha OCHoge
aKcriepuMeHmarsbHbIX OaHHbIX KO3(hUUUeHmMbI ompaxeHusi U MPoxox0eHUs nokpbimuli 8 3agucumMocmu
0m KOHUeHmpauuu gheppoMacHUmMHbIX 8KIIOHYEHUU U mosuwuHbl ¢/1os. [MokasaHo, 4mo afiekmpomazHUm-
HbIMU cgolcmeamMu MemasiioduanIeKmpu4YecKuUx HaHOKOMNO3UumHbix cucmem 8 CBY Quana3oHe MOXHO
ynpaensame fMymeMm U3MEHeHUSs KOHUeHmpauuu Memasnudeckux eKmoYyeHul. [aHbl pekomeHOayuu o
UCIMOJIb308aHUK Memarsio0uaIEKMPUYECKUX HaHOKOMITO3UMHbIX CUCMEM Ha OCHog8e ¢heppoMazHUMHbIX
BKJTIOYEHUL 8 Kadyecmee akpaHupyrouwux 8 CBY duana3oHe nokpbimul. buon . 9, puc. 4.

KniouyeBble crnoBa: mMemasnio0usnekmpu4yeckue HaHOKOMIO3Umbl, roanowaruwue mamepuaribl,
heppomacHUMHbIE 8KITIOYEHUS, TOMEPU Ha OMpaxeHue.
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