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On the electromagnetic shielding properties of carbon fiber materials

Introduction. Due to the good electrical and thermal properties of carbon, carbon-based materials represent a major trend is
various applications, including electromagnetic compatibility. Among carbon-based materials, graphite-impregnated woven fabrics
represent a new trend in the field of electromagnetic shielding, with the perspective of being used for protective clothing. The novelty
of the proposed work consists in the exhaustive comparative analysis of various carbon-based sample shields by employing both
simulation and experimental methods. The selected configurations included a simple graphite plate, a graphite powder strip network,
and a graphite-impregnated fabric with 2x2 twill weave. Purpose. The main scope of the analysis is to prove the efficiency of the
graphite-impregnated twill woven fabric in the field of electromagnetic shielding. Methods. Two main research methods were
employed: simulation and experiment, both following the same protocol: the shield placed in the middle, with the excitation
(transmitting antenna) on one side and the measurement / receiving antenna on the other. The experimental stage was thorough,
being performed in two different laboratories and by applying the double transverse electromagnetic (TEM) cell method and the
shielded box method. Results. A significant difference yielded from the comparison of the simulation and experimental results for the
shielding effectiveness, probably due to the fact that the virtual model is an idealized version of the physical one, not taking into
account its imperfections. The virtual analysis yielded the graphite plate shield as the most efficient, followed closely by the twill
fabric. The graphite strip network had significantly poorer performance compared to the other two shields, probably due to the
electrical contact imperfections between the graphite strips and the optical transparency of the shield. The main focus of the analysis
was the twill woven graphite-impregnated fabric; therefore, its shielding effectiveness was determined through simulation and
experiment. The experimental analysis was performed in two stages in two different electromagnetic compatibility laboratories, by
employing the double TEM cell method and the shielded box method, respectively, both methods providing similar results and
classifying the shielding performance as good. Practical value. The paper provides an accurate analysis of the graphite-impregnated
2x2 twill woven fabric in terms of electromagnetic shielding effectiveness, by employing both simulation and experimental methods,
and comparing its performance to the one other graphite-based shields. References 14, tables 2, figures 14.
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Bemyn. 3as0saKu Xopowum eneKmpuuHuM i meniosum 61acmueocmam 8yeneylo, 8yeneyesMicHi Mamepianu Aeiaoms co60i0 OCHOBHI
HANpsIMKY Yy PI3HUX 30ACMOCYBAHHAX, Y MOMY YUCTL 8 001acmi eleKmpoMAazHimHOI CYMICHOCMI, 3a805KU XOPOULUM eKPAHYIOUUM
enacmugocmam. Ceped mamepianie Ha OCHO8I yeneylo NPOCoYeHi cpagimom MKAHUHU € HOB0I0 MEHOeHYiclo 6 obnacmi
eNIeKMpPOMASHIMHO20 eKPAHYBAHHSA 3 NePCHEKMUBOI0 GUKOPUCIAHHA 0A 3axuchozo oosey. Hoeusna sanpononosanoi pobomu nonseac y
BUUEPNHOMY NOPIBHATGHOMY AHAMI3I PISHUX 3DA3KI6 eKpaHié Ha OCHOBI 8yeleyio 3 GUKOPUCMAHHAM 5K MOOeN08AHHA, MAK |
eKCNepUMEeHMAIbHO20 Memodig. Bubpani kongbieypayii éxmouanu npocmy epagimosy niacmumny, Cimky 3i cmye 3 2paghimoo2o nopouwixy i
npocoyeny epagpimom mranuty 3 nepeniemenuam caposceio 2x2. Lins. Ocnogroro memoro ananisy € 00kaz eghekmusHOCmi capiceso2o
NONOMHA, NPOCOUEH020 Zpaghimom, y 2any3i enekmpomazHimnoz2o expanyeanns. Memoou. Buxopucmogysanucs 06a ocHOGHUX MemOoOu
00CTONCEHHSL: MOOCTIOBAHHS MA eKCNEPUMEHM, 00U08a CIOY8ANU OOHOMY Ul MOMY JiC NPOMOKOLY: eKPAH PO3MAUO8Y8a6Cs NOCEPEOUHI, 3
36y0oicysantam (nepedarouoro aHmenor) 3 00H020 6OKY | BUMIPHOBAILHOWINPUIIMATEHOI aHmeHOK 3 IHW020. Excnepumenmanshuti eman
0Y6 pemenbHuM i nPOGOOUBCSL Y 080X PI3HUX 1AOOPAMOPISX i3 3ACMOCYBAHHAM MemOoOy noositinoi nonepeunoi erekmpomazhimuoi (IIEM)
KOMipKu ma memooy eKkpanoeanoi ckpunvku. Pesynomamu. Ilopiensnnus pesynvmamie MoOeNo8aHHs mMa eKCHepUMEHMi8 CMOCOBHO
epexmueHoCcmi eKpaHy8ants OeEMOHCIMPYE CYMMEBY GIOMIHHICIb, UMOBIPHO, Uepe3 me, Wo GipmyabHa MOOENb € i0eani308aHOI0 8epCi€io
@izuunoi, ne spaxogyrouu ii Heoockonanocmi. Bipmyanvnuii ananiz nokazae, wjo ekpa iz pagimosux niacmuH € HaubiibuL e)eKmueHUM,
3a HUM Oau3bKO clidye capoicesa mkanuna. Mepedica 3 spagimosux cmyz mana 3HauHO 2ipuii XapakmepucmuKu nopieHaHo 3 080MA
iHWUMU  eKkpaHamu, UMOBIpHO, Yepe3 HeOOCKOHANICMb eNeKmpUuuHo20 KOHMAKMY Midc 2pagimosumu cMyxckamu ma ONmuiHoOIO
npo3opicmio expana. OCHOBHUM NpeOMemoM aHanizy Oyna MKAHUHA CApIICceBoeo NnepeniemeHnHsl, npocoyena epagimom; momy it
ehexmugHicmb eKpanysants UIHAYANACS WLTAXOM MOOeTI08aHH ma excnepumenmy. Excnepumenmanvhuii ananiz 0y sukonanuti y 08a
emanu y 060X PIi3HUX 1aOOPAMOPIAX eleKMPOMASHIMHOL CYMICHOCTE 3 8UKOPUCMAHHAM Memooy noosiinoi ITEM komipku ma memoody
eKpPaAHOBAHOI CKPUHBKU, 6I0N0GIOHO, 06U06a MemoOu Oanu AHANOZIYHI Pe3yIbmamu ma 6USHAYUNU XaPaKMepUCuKy eKpamyeaHHs sK
xopowi. Ipakmuuna yinuicme. Y cmammi HageOeHO MOUHUL AHANI3 NPOCOYEHOL 2paimom caprcesol mKanuHu 2x2 3 MOuKu 30py
eexmuHoCmi eneKmpoMazHimHo20 eKpaHy8anHs 3 GUKOPUCIAHHAM SIK MOOENIOBANHS, MAK | eKCHepUMEHMANbHUX Memooie, a maKoic
NOpi6HsAHHS IT Xapakmepucmux 3 iHWUMU ekpaHamu Ha ochosi epaginty. bion. 14, Tabmn. 2, puc. 14.

Knrouoei crosa: Byrienese Bo1okHO, noasiiina [IEM komipka, ejlekTpoMarHiTHe ekpanyBaHHsl, rpadiT, MeTo eKpaHOBaHOI
CKPHHBLKH, e()eKTHBHICTh €eKPaHYBaHHSI.

Introduction. Carbon exists in nature in different
forms with different physical properties. as diamond, as
graphite (also called amorphous carbon), as fullerene —
geodesic dome-type structures and in cylindrical
structures — as carbon nanotubes. Graphite is one of the
two allotropic states of carbon, in which the atomic lattice
— also known as stratified lattice — occupies a volume of
space formed by parallel planes of carbon atoms arranged
in a regular planar hexagonal structure. The planar two-
dimensional structure of graphite, actually having a
monoatomic thickness, is caled graphene and has
superior properties in terms of electrical and thermal

conductivity. It was obtained in 2004 by Andrel Geim
through an exfoliation technique. The research undertaken
by Andrei Geim and Konstantin Novoselov on this type
of material brought them in 2010 the Nobel Prize [1].

The low mass density and high tensile strength of
carbon fiber recommend it for the use in aerospace
industry, in automotive industry (the sports competition
sector), or sports articles, while the high electrica
conductivity of carbon turns it into a solid option for
electromagnetic shielding materials. Although metals are
traditionally used in electromagnetic shielding, their high
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mass density prevents using them in applications where
the shield portability is required. Another limitation of the
metal shield is given by the fact that the shielding
mechanism relies mostly on reflection, which renders
such shields inadequate for stealth applications, for
instance. Conductive polymers come as an alternative for
electromagnetic shielding, but with the inconveniences of
low thermal stability and high processing cost. Carbon-
based polymer nanocomposites offer the advantages of
both conductive polymers and carbon, having low mass
density, high electrical conductivity, and a shielding
efficiency based on absorption and multiple internal
reflections mechanisms [2].

Depending on the application, several types of
carbon-based shielding materials such as polymer
composites, cellulose composites, woven fabrics, or
fabric/epoxy composites are investigated in [2-9].
Carbon-based technical textiles have also proved their
economic efficiency in the aerospace industry, yielding a
20 % fuel saving for aircrafts with wing movables made of
carbon fiber epoxy compositesinstead of aluminum [7].

Referring to carbon woven fabrics, several papers
report the results of their analyzes on the impact of weave
type, the number of carbon fiber layers, as well as their
direction. In [9], Rea et a. investigate the shielding
effectiveness (SE) of two woven carbon fiber composites
used in aerospace industry, and placed in satin weave. Both
samples are made of three plies, the difference between
samples congisting in the direction of the middle ply.

The twill weave was analyzed in terms of shielding
effectiveness in the frequency band up to 3 GHz, when
compared to the plain weave and the uniform direction
weave [6, 8, 10, 11]. In [10], Pamuk et al indicate the 2x1
twill structure has higher shielding effectiveness
compared to aplain 1x1 weave and a satin 6 weave.

The goal of the paper isto perform a comparative
analysis in terms of electromagnetic shielding
effectiveness, of various carbon-based materias through
both numerical and experimental methods.

Subject of investigations. Due to its high
absorption properties, carbon is extremely efficient in
electromagnetic shielding [12]. In this paper, the
properties of various carbon fiber materials are studied,
including graphite powder and graphite impregnated
woven fabric [12-14]. Since the textile carbon fiber
materials represent a new tendency in electromagnetic
shielding, a sample of twill woven fabric is analyzed with
reference to other carbon-based screen types. The
shielding effectiveness of three selected samples, for the
1 GHz frequency, is initidly investigated through
simulation in a commercial Finite Element Method
(FEM) software, by following an approach similar to the
standard experimental procedure. The carbon-based fabric
is built in great detail in the virtua environment. The
second research method described in this paper was
experimental and it investigated the efficiency of two
sample shields. The experimental stage was carried out in
two different electromagnetic compatibility (EMC)
laboratories employing different methods — the double
transverse electromagnetic (TEM) cell method and the
shielded box method, respectively. The results obtained

for the same frequency as in the simulation stage are
presented and discussed.
Presentation of the sdected samples. The
following types of screens are investigated:
e a shielding material consisting of
impregnated fabric with twill weave (Fig. 1);
e agraphite plate;
e an orthogonal grid graphite powder screen (Fig. 2).
From the materias listed above, the fabric and the
graphite strip mesh have been practicaly made and
studied both theoretically and experimentaly. The
graphite plate was investigated only in the simulation.

graphite

=
.....

Fig. 2. Orthogonal grid with graphite powder strips

Description of the twill weave. Twill weave is a
diagonally woven fabric and is characterized by the
interweaving of warp and weft yarns at a specific angle.
In this case, the two categories are perpendicular. This
characteristic binding gives the fabric a particular
appearance. Diagonal weaves can be: diagonal weft
(when the weft yarns are visible on the face of the fabric
and outnumber the warp yarns), diagonal warp (when the
visible warp yarns are predominant on the face of the
fabric) and diagonal balanced. The cross stitches are
fewer than in the woven pile bond and therefore the fabric
will be smoother, looser, softer and less durable than
woven pile bond fabrics. Diagonal-bonded fabrics are
softer, suppler, with more friction-resistant stitches.
Diagonal bonded fabrics do not have high bond strength
like woven bonded fabrics and therefore these fabrics will
have mechanical properties inferior to the ones of woven
bonded fabrics. The 2x2 twill weave iswiddly used in the
decoration field and in the automotive industry and is
made according to the following pattern: the warp yarns
are arranged in the Ox direction, at a fixed distance, and
the warp yarns are arranged perpendicularly, in the Oy
direction, so that the warp yarn passes over two warp
yarns, then under two other warp yarns. The 2x2 twill
fabric model was built in the Ansys HFSS simulation
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environment (Fig. 3), following textile industry standards.
The model characteristicsare givenin Table 1.

R e = S —

I ——
Fig. 3. Geometric pattern of 2x2 twill fabric
Tablel
Virtual twill fabric model parameters
Parameter specification Value
Threads diameter 1mm
Distance between warp threads 3mm
Distance between batting yarns 0.1 mm
Shield width 20 mm
Shield length 1000 mm

Calculation of shielding effectiveness by means of
simulation. To obtain the shielding effectiveness (SE),
the procedure is similar to the experimental method: place
the shield in the middle of a field, with excitation at one
end, and determine the field or power level at the other
end, with respect to the no-shield situation.

The model used is illustrated in Fig. 4 and is
represented by a parallelepiped-shaped air box, with a
sguare cross-section with a side equal to one screen side
and a length of 1 m. The following boundary conditions
were applied: on the top-bottom surfaces the «Perfect E»
boundary condition was imposed, and on the front-back
surfaces, the «Perfect H» condition, and thus waveguide
propagation medium was obtained.

e
SAEE |:::‘_:r 7 "‘T-':_..:l Futuri H
2 :

Fig. 4. Smulation domain, boundaries and excitation

«Wave Port» excitation is applied to one end of the
domain, corresponding to the cross section of the domain
and having the dectric field distribution mode such that the
curvilinear integral of the eectric field along a verticd line
is podtive. At the opposite end of the excitation, a
«Radiation» boundary condition was applied, which is

actualy an Absorbing Boundary Condition (ABC). This
minimizes reflections of waves incoming from the
perpendicular direction or nearly perpendicular to the
boundary. Figure 4 shows the excitation applied to the near-
plane base, the «Radiation» condition on the far-plane base,
and the side surfaces with the «Perfect E» (top and bottom)
and «Perfect H» (left and right) condition, respectively. The
working frequency of the smulation is1 GHz.

In the absence of the shield, the simulation domain
behaves like a waveguide with the excitation on the left
side, as shown in Fig. 5, which illustrates the electric field
distribution in the longitudina plane.

I- YO TR R ::-m.ﬁ:h-:-.',
Fig. 5. Propagation of the electromagnetic field
within the domain in the absence of the shield

Simulation of the shielding effectiveness of the
graphite twill fabric. In the analysis of the shielding
effectiveness of the carbon materia, the 2x2 twill
geometric model is extended to a 20 mm wide square-
shaped screen, arranged in the air box at mid-length, and
the excitation on the left side. The electric field distribution,
illustrated in Fig. 6, highlights the mechanisms of
dectromagnetic field reflection and absorption. Thus, inthe
left half of the longitudinal plane, an increase of the electric
field is observed — highlighted by the increase of the peak
values compared to the previous case, due to the reflection
process of the electromagnetic (EM) waves by the screen
located in the middle. The right-hand side shows the
dectric field transmitted through the screen after the
internal reflection, absorption and refraction mechanisms
have occurred; it is approximately half compared to the
Situation without the shield.

in the middle of the domain

In both cases the same distance is observed between
the maximum and minimum points, which means that the
wavelength does not change, due to the fact that the
propagation medium is the same (air) and the impedance
of the medium is constant. For a more precise
determination of the shielding effectiveness of the carbon
fabric, the electric field strength E and the
electromagnetic wave power density S are plotted on the
central longitudinal axis. The variation of the two
physical quantities on the central longitudinal axis in the
two casesisgivenin Fig. 7, 8, respectively.

For the first case — in the absence of the shield, the
maximum value of the electric field strength
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Emac = 1315.34 V/m and Sy = 2423.35 W/nv’. As noted
in Fig. 7, there is a natural fluctuation of the power
density S generated by the discontinuous structure of the
discretization mesh. Depending on how the mesh was
applied, only a portion of the mesh vertices are located on
the longitudinal axis on which the E and S quantities were
calculated. For points on the longitudinal axis that do not
coincide with the mesh vertices, the E and S quantities are
calculated by interpolating the values of adjacent vertices.
The S graph in Fig. 7 shows an average value of the
transmitted power and a peak deviation of 250 W/m?
which, compared to the average value, indicates arelative
deviation of approximately 10 %.

= el porn ey

al ! ! ; b o
Fig. 7. The power density S(blueline) and the electric field
strength E (red line) on the central longitudinal axis—in the

absence of any shield
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Fig. 8. The power density S(blueline) and the electric field
strength E (red line) on the central longitudinal axis—in the
presence of the fabric material shield

In the second case — in the presence of the shield, a
significant reduction of the values of the two magnitudes
in the second half of the axis and an increase of the values
on the left side (compared to the first case) is evident, as
shown in Fig. 8. On the right side, the value of Sis zero
and that of E = 0.06 V/m. Applying the formula for
calculating SE based on the electric field strength, we
obtained:

E-20.1g |- 20-Ig(%]=86.8d8 .
E, 0.06

In this case, the value of SE indicates a very high
degree of shielding.

Simulating the shielding efficiency of a graphite
plate. To complete the analysis of the carbon powder
fabric, we evaluate the results obtained from the
simulation by comparing it with a shield consisting of a
continuous graphite plate with the same dimensions as the
first shield. The results for the two sizes considered are
given in Fig. 9. Using the same formula and the same
value for E;, but modifying E, = 0.03 V/m, we obtain
SE=92.8dB.

Sro el pome demty —w

L] =

i -4

o7t

Fig. 9. The power density S(blueline) and the electric field
strength E (red line) on the central longitudinal axis—in the
presence of the graphite plate shield

Simulation of shielding effectiveness of an
orthogonal network made of graphite powder strips.
The shielding material is an orthogonal network of
graphite powder strips of 1 mm thickness and 10 mm
width. These are arranged in parallel at 10 mm intervals.
The physical screen has been illustrated in Fig. 3. A mesh
has been represented in the simulation (Fig. 10) which
fals within the same simulation domain used in the
previous cases.

Fig. 10. The geometric pattern of the graphite mesh

The smuldion results, shown in Fg. 11, indicate a
maximum dectric field level after the screen of E; =10.3V/m
and also a good degree of shielding effectiveness of
about 42.1 dB.

e bl o sty i 9
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Fig. 11. Power density S(blue line) and electric field strength E
(red line) on the central longitudinal axis—in the presence
of agraphite strip grid shield

Experimental  determination of  shielding
effectiveness. The experimental determination was
carried out in two steps performed in two different EMC
l[aboratories. Although the experimental investigation
covered a wide band of frequencies, for the purpose of
comparison with the numerical method only the SE values
for the 1 GHz frequency will be presented.

In the first experimental stage, a double TEM
(DTEM) cel from TESEO was used. A DTEM cdll
consists of two cells that provide a good approximation of
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the far field propagation and which are coupled through a
rectangular aperture. The DTEM cell has two of its ports
connected to a Rohde & Schwarz FSH3 spectrum
analyzer with tracking generator. The textile shield was
placed inside the DTEM cell, covering the common
aperture between the two parts. The other two ports of the
DTEM cell there were connected 50 Q2 impedances. The
input port was fed from the spectrum analyzer with
signals in the 500 MHz — 1 GHz frequency range, and the
transmitted signal was received at the output port of the
cell into the spectrum analyzer. The measurement setup
described above is illustrated in Fig. 12. This
experimental stage was focused on the textile shield.

Fig. 12. The experimental setup used in s-tage 1

Second stage of the experimental investigation of the
shielding effectiveness was based on the use of a steel box
in a cubic shape with the side of 60 cm. The shield partly
replaced one box side — as it can be noticed in Fig. 13.
The measurements were performed in a different EMC
laboratory and investigated both the textile material and
graphite strips screen. The measurement setup drawn in
Fig. 14 consisted in placing the transmitting (Tx) antenna
outside the steel box and the receiving (Rx) antenna
inside it, aong with a Signa Hound BB60C SDR
receiver, apersonal computer (PC), and a media converter
(MC). The MC was connected through optical fiber to
another PC, and the Tx antenna was fed by a Rohde &
Schwarz SMP04 signal generator. Both Tx and Rx
antenna were Rohde & Schwarz HF906 horn type and
were placed so as to have horizontal polarization.

Fig. 13. Shield installation on one side of the steel box

TESTING ROOM ANECHOIC CHAMBER

Steel box

material
Tx
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Radio
frequency
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|GENERATOR|

Fig. 14. The experimental setup used in stage 2

Optical fiber

Shielding effectiveness results. In order to compare
the simulation and experimental results, the SE values for
the test frequency of 1 GHz are presented in Table 2.

Table2
Values obtained for the shielding effectiveness of the three
sample screens, at atest frequency of 1 GHz

Experimental results
Shield pattern Simulation results
Stagel | Stage?2
Twill weave 86.8 dB 57dB | 54.8dB
Graphite plate 92.8dB - -
Graphite strip network 42.1dB - 6.5dB

Results discussion. Significant differences are
observed between the simulation results and the
experimental results. Among the three sample shields, the
graphite plate was investigated only through simulation,
but its shielding performance proved to be superior to the
other ones, although closely followed by the carbon-based
fabric. The superiority of the graphite plate is obvious due
to the fact that there are no holes or aperturesin the shield
structure. Since the twill sample was the focus of the
investigation, it was analyzed through both simulation and
experiment — in both EMC laboratories. As it can be seen
in Table 2, there is a dight difference between the SE
results obtained through different methods. Although
a 30 dB difference is noted when compared to the
simulation results. A similar 35 dB difference between
simulation and experiment is aso obtained for the
graphite strips shield. This difference could be explained
by the virtual model construction, which does not include
imperfections in electrical contact between strips and has
a constant thickness on the entire surface of the screen.

Conclusions.

1. There is anadyzed the shielding performance at
1 GHz of three types of carbon-based screens. a graphite
plate, a network of orthogonal graphite powder strips, and
a twill woven graphite-impregnated fabric. All screens
were investigated by simulation means, following an
approach similar to the experimental procedure. The
second and third screens were  investigated
experimentally.

2. From the virtua analysis, the graphite plate shield
was the most efficient, followed closely by the twill
fabric. The graphite strip network had the poorest
performance, 45-50 dB lower than the other shields,
probably due to electrical contact imperfections between
graphite strips and the shield optical transparency.

3. The main focus of the analysis was the twill woven
graphite-impregnated fabric; therefore, its shielding
effectiveness (SE) was determined through simulation and
experiment — by employing the DTEM cell and the
shielded box method. The experimental results of the two
stages were similar: SE = 57 dB from the former and
SE = 54.8 dB from the latter, respectively.

4. A significant difference yielded from the
comparison of the simulation and experimental results for
the SE. This is probably due to the fact that the virtual
model is an idealized version of the physical one, not
taking into account itsimperfections.
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5. Both from the simulation and experimental stages,
the efficiency of the graphite-based twill fabric proved to
be at least at agood level, with SE = 55 dB.

6. Graphite has considerable advantages over other
materials currently used due to its properties: high
electrical conductivity, lower mass density than metals,
corrosion resistance in hostile environments, mechanical
flexibility, easy processing. Compact graphite structures
have higher attenuation than other structures due to their
low transparency to the electromagnetic field.

7. Properties related to the eectromagnetic field
absorption and the mechanical properties recommend the use
of graphite fabric for protective clothing and electromagnetic
security. The protective clothing has variable and dynamic
geometric structure, and such qualities are provided by the
carbon fiber fabric.

8. A further research direction consists in manufacturing a
twill woven protective suit and investigating its shielding
propertiesin terms of gpecific absorption rate reduction.
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