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Paper presents the results of investigation of electromagnetic insertion loss (4) for
carbon materials, including thermoexfoliated graphite (TEG), TEG-metal and TEG-epoxy
composites (CMs) in temperature ranges 77-300 K at the frequency f~1.8 GHz. The
performed investigations have shown that TEG-based composite materials are prospective
to use them as radio-protective materials in the electromagnetic shields for radio objects
and buildings in particular. The microwave insertion loss L for studied TEG and TEG-Me
based specimens at the frequency of 1.8 GHz is ranged within (16.2-18.5) dB. TEG-based
composites containing polymer binder (epoxy resin) was shown to provide high electromag-
netic insertion loss (L = 23.5 dB) as well as high level of elastic-plastic parameters. The
increase of microwave insertion loss A(L) is observed for all the studied CMs under
decrease of temperature. But the character of A(T) was found to be essentially dependent
on the type of CM.

IIpencraBieHsl pe3ysbTATHI KCCIELOBAHUS BHOCHMBIX IIOTEPH BJIEKTPOMATHUTHOTO HU3JY-
uyeHusi (A) B yriepoAHbIX MaTepuaiax, B YACTHOCTH, B Tepmopacmupenaom rpadure (TPT) u
B kommosutrax (KM) TPI'-merann u TPI-snokcupHasi cMoJsia B TeMIIEPATYPHOM HHTEpPBaJje
77-300 K mpu uacrore f ~ 1,8 I'Tu. IIpoBeseHHble MCCIELOBAHNA ITOKA3AJM, YTO KOMIIO3UT-
HBle MaTepuaJbl Ha ocHOBe TPI' gBIAOTCA IIepCIEeKTUBHBIMU MJIA WCIOJL30BAHUA HX B
KauecTBe BAIIUTHLIX MaTEPUAJIOB IJId 9KPAHUPOBAHUSA HCTOUYHUKOB 9JIEKTPOMATHUTHOIO U3-
JIyUEeHUSA W, B YACTHOCTU, JJIA SAIIUTHl IIOMEIIeHUIl OT BO3ZelcTBUA M3IydeHUA. MUKPOBOJI-
HOBBIEe BHOCUMBIe moTepu L AJA uMcciaefoBaHHBIX o0pasioB Ha ocHoBe TPI' m TPI-merann
cocraBiaT (16,2-18,5) 1B npu uacrtoTre sjeKkTpoMarHutHoro uadayueHusa 1,8 I'T'n. O6uapy-
JKeHO, UTo B KoMmosuTax Ha ocHoBe TPI', comepskamux mojmMepHOe CBA3YIOIee (9MOKCHJ-
Hadg CcMoJa) 3JeKTPOMATHUTHBLIE BHOCHMEIE IIOTEPU JocTaTouHo BeIcOKue (L = 23,5 nB),
KpOMe TOTO, 9THM KOMIIOSUTHI XapaKTEePU3YIOTCA BBICOKMM YPOBHEM YIPYTroO-ILIACTUYECKUX
XapaKTepPUCTUK. ¥YCTAHOBJIEHO, UTO IPU IOHWKEHUU TEeMIIePATyphl BHOCUMEIE 3JIEKTPOMAT-
HUTHBIEe TToTepu A(L) BO3pacTaioT A BCEX HCCIEJOBAHHBIX KOMIIOSUTOB, HO XapaKTep TeM-
nepatypHbIX 3aBucuMocteili A(T) cymiecTBeHHO 3aBUcHUT OT Tuita KM.

The peoples in modern cities and suburbs
are now under continuous negative action
of a set of electromagnetic field sources:
radio and TV systems, microwave and cellu-
lar telephonic systems, electric power gener-
ators and perhaps microwave generators for
the directed deleterious effect on technical
and alive objects. Besides, the unauthorized
access to the confidential information could
be realized by remote registration from the
outside to computers, radio-phones, wired
communication systems, etc. That is why
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the problem of the alive objects protection
against electromagnetic radiation and pro-
tection of confidential information against
unauthorized access are now especially ur-
gent. One of the most perspective way to
solve these problems is the development of
special electromagnetic shields. The aim of
this paper is to study the characteristics of
the electromagnetic radiation absorption in
composite materials (CMs) based on thermo-
exfoliated graphite (TEG) and to determine
the influence of TEG modification (the sup-
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porting of metal particles (Co, Ni) on TEG
surface) on electromagnetic loss in these CMs.

TEG based samples produced under vari-
ous technological regimes using certainly
modified graphite matrices have been studied.
TEG(1) samples are the samples of thermoexfo-
liated graphite produced by the technology de-
scribed in [1]. Thermoexfoliated graphite
TEG,(2) was obtained after re-oxidizing of
TEG(1) with nitric acid and repeated thermal
shock at 900°C [2]. Metal-graphite composites
were prepared by chemical deposition of salt
(Me(CH3COO0)3 or Me(NO3),) from aqueous so-
lution followed by thermal decomposition of
the salt to metal [3].

TEG-epoxy CMs were prepared via sev-
eral stages: preparation of the solution of
epoxy resin in acetone; preparation of the
TEG mixture with organic solution and drying
the mixture at 20°C for 3—4 days under peri-
odic agitation; adding of plasticizer (dibutyl
phthalate, DBF) and hardener (polyethylene
polyamine, PEPA); final drying in an oven at
100-110°C for 4 h up to total evaporation of
acetone. The TEG content in the prepared
TEG-epoxy composite was 11 mass% . The bulk
CM samples were prepared by cold compaction
of powders. The investigated samples were
shaped as tablets of 15 mm diameter and about
2 mm thickness.

The adjustment of experimental proce-
dure, experimental studies of TEG samples
and the analysis of the experimental data
have been performed using network ana-

lyzer P2-52/3 SHF [4]. The operation of the
network analyzer is based on the reflec-
tometry principle, i.e. on separate selection
of signals proportional to the power of inci-
dent wave from generator and of the wave
reflected from the measuring load or of the
wave passed through the sample. The vari-
able frequency of P2-52/3 is (1.07-
2.14) GHz. The presented equipment per-
mits to study the insertion loss conditioned
by different TEG samples, to perform the
variation analysis of their electrophysical
parameters for the subsequent classifica-
tion. At the same time, it is possible to
carry out the measurements compared with
reference samples. The microwave investiga-
tions of TEG based samples in the tempera-
ture range 77-293 K have been carried out
in cryogenic arrangement (CA) that was en-
closed in cryostat. The CA provides input
and pickup of microwave signal from inves-
tigated sample and stabilization its tem-
perature during measurement.

The investigation of the insertion loss
(A) has been performed for a series of com-
posite materials based on TEG in order to
analyze the influence of thermochemical
treatment of TEG on the electromagnetic
radiation absorption characteristics (see
Table). According to the experimental data
discussed in [5], the repeated thermochemi-
cal treatment of TEG (TEG(2) samples) and
an additional surface activation of the TEG

particles (TEG,,;, samples) result in a sig-

Table. Electric, magnetic and electrodynamic characterictics of composite materials based on TEG

No. Sample Density d, Electric P77/Ps00 Magnetic Insertion loss A
composition g/cm? resistivity suscept. (L in dB)
3
Pg> €2 -m x> em®/g Along the Along the
compacting axis | compacting
axis
1 TEG(1) 1.79 1.0-10°5 1.59 77(18.8+0.4)"
2 TEG(1) 1.81 42 - (16.2+0.4)
3 TEG(1) 1.78 49 - (16.940.4)
4 TEG,(2) 1.74 6.0-.10°¢ 1.48 50 — (17.0+0.4)
5 TEG(1),,,, 1.60 42 - (16.2+0.4)
6 TEG,(2) + 2.15 2.17.107° 1.28 61073 | 44 — (16.410.4)
+ C (45 mass %)
7 TEG(2)-Co 1.64 70 — (18.5+0.4)
TEG(1)-Ni 1.79 3.5:1073 | 64 — (18.1+0.4)
TEG(1)-epoxy 1.13 1.55.10°2 1.45 225 — (23.510.4)
(89 mass %)

¥ — Rod-shaped sample (set of samples 1, 2, 3).
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Fig. 1. Temperature dependences of microwave insertion loss for different CM samples: (a) micro-
wave insertion loss A (in times), sample 2 — pure TEG, 6 — TEG-Co, 9; and 9, — different
samples prepared using TEG-epoxy (89 mass %) powder; (b) microwave insertion loss L in dB.

nificant fragmentation of particles, to the
changes in their structure and phase compo-
sition and, correspondingly, to the variation
of their electrochemical characteristics.

The electrophysical parameters of TEG
samples were analyzed before the investiga-
tions. A set of electrodynamic parameters
containing the widest information about the
TEG CMs under study has been determined.
As it is seen from Table, the electrical resis-
tivity for all the investigated samples is not
high: (6.0-1076-2.5.107%) Q:m for the TEG
and TEG-Co, Ni and 7.90-102 Q.m for TEG-
epoxy CM, respectively.

The metals are known to be used widely
in construction of electromagnetic radiation
shields due to high concentration of free
carriers therein. The possibility to deposit
nanoscaled metallic component on the sur-
face of graphite substrate, i.e., the creation
of metal-graphite nanocomposite materials,
offers a new challenge to use these materi-
als as radio-protective ones.

Experimental data on the insertion loss
A of electromagnetic radiation are pre-
sented in Table and in Fig. 1. The Table
contains the insertion loss A values in the
studied TEG samples in comparison with in-
sertion loss in copper analogues. Copper
possesses one of the highest conductivity
values (pg, = 1.72-1078 Q-m (dc current at
20°C)) and one of the lowest loss in the
microwave range. Cooper conductors are
used to construct the  microwave
waveguides, antennas and reflective shields.
The majority of the electric parameters for
other materials are usually normalized to
the appropriate values for copper. Hence,
the presented parameters characterize the
microwave properties of the studied samples
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unambiguously and in a full measure. The
insertion loss A values measured at fre-
quency f~1.8 GHz are tabulated. It is seen
that TEG samples are characterized by the
insertion loss values over 16 dB (more than
40 times by the power). This indicates good
prospects of their application as radio-pro-
tective materials.

The Samples 1, 2, 3 produced under the
same technological regimes and having al-
most the same density display almost the
same level of the microwave loss. Extruding
of TEG particles results in a significant
diminution of particles (the particle length
decreases by a factor of 5 to 7). As it is
seen from the Table, the level of the micro-
wave loss decreases thereby.

According to [6], the main mechanisms
of electromagnetic interference (EMI)
shielding are reflection of radiation, absorp-
tion and multiple reflections which refer to
the reflections at various surfaces or inter-
faces in the shield. The total loss charac-
terizes the shielding efficiency. To provide
the radiation reflection by the shield, the
latter should contain mobile charge carriers
(electrons or holes) which interact with the
radiation electromagnetic fields.

All the investigated CMs based on TEG
are electric conductors that is a precondi-
tion for high electromagnetic shielding. In
addition, compacted TEG samples are highly
anisotropic, that causes differences in char-
acteristics measured along different direc-
tions of sample. It has been found that the
average insertion loss in the direction per-
pendicular to compacting axis (a-axis) are
1.5 times higher than the losses measured
along the compacting axis (C-axis). This
fact may be explained by the electrical con-
ductivity anisotropy in compacted TEG: the
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ratio between electric conduectivity in direc-
tion perpendicular to compacting axis o,
and that along C-axis o, c,/c., is about
~70. For the single crystalline graphite, this
value may attain 103-104.

For sufficient radiation absorption, the
shield should include electric or magnetic
dipoles which interact with the radiation
electromagnetic fields. The presence of mag-
netic dipoles can be provided by materials
with high magnetic permeability. The inser-
tion loss is a function of o,-u,, while the
loss due to reflection is a function of o,/u,,
where o, is the electrical conductivity rela-
tive to copper and u, is the relative mag-
netic permeability [7]. The supporting of
metal particles (Co, Ni) on TEG surface pro-
vides the ferromagnetic properties of TEG-
metal CMs. As it is seen from the Table,
magnetic susceptibility y is 6-1073 and
3.5-1073 cm3/g for TEG-Co and TEG-Ni,
respectively.

Unexpectedly, we have not observed any
essential increase of insertion loss for the
TEG—Me samples (Co or Ni content ~30—
40 mass%). This fact may be explained by
significant diminution of TEG particles
under chemical modification of TEG surface
with metal.

Finally, the third mechanism of EMI
shielding is based on multiple reflections
which refer to the reflections at various
surfaces or interfaces in the shield. This
mechanism requires the presence of a large
surface area or interface area in the shield.
The more effective are the composite mate-
rials containing electrically conducting
filler with a large surface area. In this case,
the surface currents are appeared on large
surface and loss due to electric resistance is
large. In our opinion, the use of TEG with
high specific surface (50-60 m2/g) as the
filler is promising for development of the
materials for shielding. As it is seen from
Table, the insertion loss A is maximal for
TEG-epoxy composites: the loss in sample
No.9 TEG-epoxy (89 mass %) is 4 times
higher than in other investigated samples.

The depth at which the alternating elec-
tric field in radiation drops by a factor of
1/e of the incident value is called the skin
depth (8), which is determined as

1

° = Vafuo’

where f is the frequency; u = pgp,, the mag-
netic permeability pg = 47-1077 H/m; o, the
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electrical conductivity. Hence, the skin
depth decreases with inecreasing frequency
and increasing conductivity or permeability.
Due to the skin effect, a composite material
containing a conductive filler with a small
filler particle size is more effective than
one having the conductive filler with a
large one. For effective use of the entire
filler particle cross-section for shielding,
the filler particle size should be comparable
to or less than the skin depth.

The polymer-matrix composites contain-
ing conductive fillers are attractive for
shielding [7—9] due to their processability
(e.g. moldability).

Temperature dependences of the inser-
tion loss A(T) for different CM samples are
presented in Fig. 1. Evidently, the increas-
ing of insertion loss is observed for all the
studied CMs at reducing of temperature.
But the character of A(T) was found to de-
pend essentially on the CM type. Materials
on the basis of pure TEG are characterized
by the ratio A;;/A5p0~5. Coadditive causes
a decreasing of A,;/Ag3qp- As it is seen from
Fig. 1, the A value for CM on the basis of
TEG and epoxy is 6—7 times higher than for
pure TEG and TEG-Co CMs (9; and 9, are
different samples prepared by using TEG-
epoxy (89 mass %) powder). The value for
those materials, A;;/A3zq0~1.8.

Thus, for the first time the insertion loss
of electromagnetic radiation in compacted
TEG samples has been investigated in tem-
perature range 77—300 K and for two direc-
tions — along and across the compacting
axis. The investigations of insertion loss in
TEG based composites (TEG, TEG-Co,
TEG—-Ni, TEG-epoxy) have shown that the
microwave insertion loss for the studied
TEG based samples at 1.8 GHz frequency is
ranged within 16.2-23.5 dB. These TEG
based materials could offer a challenge to
use these materials as radio-protective ones
in the electromagnetic shields for radio ob-
jects and buildings in particular, in order to
avoid the unauthorized access to the confi-
dential information. TEG based CMs con-
taining a polymer binder have been shown
to provide high electromagnetic radiation
insertion loss as well as a high level of
elastic-plastic parameters.The microwave in-
sertion loss for TEG based composites in-
creases under cooling, that agrees with in-
crease of electric resistance of these materi-
als under cooling.
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EnexkTpomarniTHi BTpaTu
y MaTepiajlax Ha OCHOBi BYTIJIeI(l0

JI.Boéuenko, JI.Mayyi, I.Kopomaw, O.Pixcewmescvra

IlpexcraBieHo pesyabTaTH MOCHiIKEHb BHECEHHUX BTPAT €JeKTPOMATHITHOIO BUIIPOMIiHIO-
BaHHA (A) y ByrieneBmx Marepianax, 30Kpema, y Tepmoposmupenomy rpadiri (TPT) i y
kommosuTtax (KM) TPI'-meran i TPI-emokcugna cmosia y TemieparypHoMmMy imrepsami 77-
300K npu uacrori f~1,8 I'l'u. IlpoBegeni mociaimkeHHs MOKa3aaM, 10 KOMIIOSHTHI mMarepia-
au Ha ocHOBiI TPI' € mepcrneKTUBHMMU JIs1 BUKOPHCTAHHS IX y SAKOCTI 3aXMCHHX Marepiaiis
IS eKPaHyBaHHS [IKepesl eJeKTPOMArHITHOrO BUIIPOMIHIOBAHHSA i, 30KpeMa, IJsS 3aXHUCTY
OymiBeap Bim il BumpomiHoBaHHs. MiKpoxBuaboBi BHeceHi BTpatu L aas TOCIimgKeHHX
spaskiB Ha ocuoBi TPT i TPI'-meran ckaamaiors (16,2—18,5) 1B mpu vacrori exexkrpomarsir-
"Horo BumnpomiHmBauus 1,8 I'T'n. 3maiigzeno, mo y xomnodutax Ha ocHoBi TPI', mio micrsare
mosimepHe 3B’sA3yroue (EIOKCHIHA CMOJA), €JIEeKTPOMATHITHI BHECEHI BTpaTW JOCTATHBO BU-
coki (L = 23,5 dB); kpim TOro, 1i KOMIIOBUTH XapaKTEePU3YIOTHCS BHCOKMM DiBHEM IIPYIKHO-
IIACTUYHUX XapaKTepucTuK. BCTaHOBJIEHO, IO IIPU 3HUKEHHI TeMIIepaTypPH BHECEHI eJIeKT-
pomaraitui BTpatm A (L) 3pOCTAOTH A BCIiX JOCHiIMKeHMX KOMIIOBWUTIB, aJjie XapaxkTep
TemneparypHux sanexxkuocreit A(T) cyrreso samexurthb Big tumy KM.
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