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Abstract. The usage of electrical and electronic equipments has been increasing in daily life, which has a potential
hazardous impact on humans and other living organisms. In this paper, multi-axial fabrics containing steel yarns
and carbon filaments, and their polyester (PES) resin-reinforced composites have been prepared for electromagnetic
shielding applications. The electromagnetic shielding effectiveness (EMSE) of these structures was determined by
using coaxial transmission line measurement technique. There were eight different multi-axial fabrics constructed.
It was observed that the amount and the orientation of carbon and stainless steel yarns influenced the EMSE perfor-
mances of multi-axial fabrics and their reinforced PES composites. The structures containing both carbon filaments
and stainless steel yarns exhibited better EMSE than the ones including only one type of conductive yarns or fila-
ments. Also, the EMSE performance of multi-axial fabrics was found better than their reinforced composites. The
best EMSE results were obtained for the fabric, including two layers of yarns (steel and carbon) on top of each other
in the centre with the angle of 45 and −45◦.
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1. Introduction

Recently, the growing numbers in the usage of electrical and
electronic equipments have been the main concern among
researchers due to their potential health hazards on humans
such as cancer and their negative impacts on the performance
of the other electronic devices. Base stations, energy trans-
mission lines, radars, military electronic devices, a.c. or d.c.
motors, point of sale terminals, transformer stations, satel-
lites, cellular phones, calculators, modems, digital comput-
ers, medical scanning devices, electric and electronic home
appliances are some of the common examples of sources that
produce electromagnetic waves and create electromagnetic
fields [1,2].

Figure 1 introduces the graphical representation of elec-
tromagnetic wave (EM) spectrum and related specific appli-
cations. Recently, EM waves in 1–10 GHz range are largely
used especially, in wireless communication devices and local
area networks. In the near future, it is expected that EM
waves with higher frequencies will be utilized in many
fields of everyday life as remarkable developments con-
tinue in information technology and electronic equipments
[5]. Therefore, suitable shielding materials are needed to be
developed to protect human health and prevent or limit the
electromagnetic interference (EMI).
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EM are transverse waves consisting of electric and mag-
netic fields, and they are characterized by three main factors;
wavelength, frequency and energy. Wavelength is described
as the distance between two adjacent crests of the wave and
is measured in metres. Frequency is the number of wave
oscillations per second and measured in units of Hertz (Hz).
Wavelength and frequency are inversely related i.e., as the
wavelength increases, frequency decreases. Energy is asso-
ciated with individual photons in the wave. The amount
of energy carried by an electromagnetic wave depends on
wavelength. The shorter the wavelength, the higher the
energy [6].

The source of the EMI is principally electrical with
unwanted electromagnetic emission being radiated or con-
ducted [2]. Electromagnetic shielding is defined as blocking
the electromagnetic fields by using conductive or magnetic
materials as barriers [7]. Effectiveness of a shield depends on
the frequency of the EM, the distance of the shield from the
source, the thickness of the shield and the shielding mate-
rial composition. The shielding effectiveness (SE) in decibel
(dB) is an evaluation of EMI at a certain frequency range
by the shielding material, and is calculated by the following
formula (equation (1)):

SE = 10 1g
P0

Pt
= 20 1g

E0

Et
20 1g

H0

Ht
, (1)

where P0, E0 and H0 are power, electric and magnetic field
intensities to the shield and Pt, Et and Ht are the factors trans-
mitted through the shield [8]. The attenuation of an EM is
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Figure 1. Graphical representation of electromagnetic wave spectrum and related applications
[3,4].

defined by three phenomena; (1) incident radiation which is
reflected from the front surface of the shield, (2) the portion
of the wave that crosses the shield surface and travels inside
the shield wall as residual energy, and (2) transmitted wave [9].

Metals are claimed as the best electromagnetic shielding
materials; however, they are highly expensive and heavy.
Moreover, thermal expansion, oxidation and corrosion are
considerable problems during usage [10]. On the other hand,
conductive textile fabrics and textile-reinforced polymeric
composites are potential electromagnetic shielding materi-
als that can be successfully used in defense, electrical and
electronic industries. The logic behind the construction of
textile-based electromagnetic shielding material is to incor-
porate the conductive fillers such as metallic particles, met-
allized fibres, carbon fibres, metal wires (stainless steel,
aluminium, copper), conductive yarns into the fabrics
or textile-reinforced composites [9]. There are many
records in literature related to the electromagnetic shielding
effectiveness (EMSE) of woven fabrics [11–16], woven
fabric-reinforced composites [10], knitted fabric-reinforced
composites [17], co-woven knitted fabrics [18,19] and non-
wovens [20,21].

Conductive textile-reinforced polymeric composites are also
new alternatives for various shielding applications. The polymeric
composite materials are manufactured by the combination of
different materials (the matrix, reinforcement and conduc-
tive fillers) that form on a macroscale. These constituent
materials do not dissolve but completely merge into each
other [22]. The advantages of using such composite materials
are flexibility, light weight, effective EMI protection, effi-
cient radiofrequency interference protection and thermal
expansion matching [23]. In the case of textile-reinforced

polymeric composites, the matrix also serves to protect the
textile structures from external damage and environmental
attack.

The usage of multi-axial fabrics and their composites has
significantly increased in terms of construction of various
composite structures that are subjected to complex loads.
Multi-axial fabrics contain multiple layers of continuous
fibre strands that are generally stitched to each other with
yarns or warping loops. The fibres in each layer can be
oriented in different directions such as 0, 30, 45, 60 and
90◦ [24]. There are many different studies that have been
carried out regarding the mechanical properties and geomet-
ric preforming of stitched multi-axial textile-reinforced com-
posites [25,26]; however, the number of studies related to
electromagnetic shielding of these structures are limited [27].

The motivation behind the present study is to prepare
multi-axial textile (without stitching) fabrics and their rein-
forced composites by using specifically designed metal
frame and hand lay-up technique, and to analyse the
EMSE of these structures. For this purpose, thermoset
polyester (PES) resin was chosen as the matrix material due
to its lower costs of material and manufacturing and easier
processing compared to thermoplastics [28,29]. Also, poor
bonding between filler and thermoplastic matrices is quite
common which affects negatively the strength and ductibility
of a composite [30]. Stainless steel yarns and carbon filament
yarns were used as the reinforced materials because
of their excellent conductivity properties. Impacts of yarn
type and fabric structure to EMSE properties were investi-
gated. Various steps followed to produce conductive multi-
axial textile-reinforced PES composites are described in
section 2.
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2. Experimental

2.1 Preparation of textile-reinforced composites

In this study, conductive multi-axial textile fabrics and the
reinforced composites were prepared and the EMSE of the
structures was investigated. To form the multi-axial tex-
tile fabrics, continuous stainless steel yarn (Bekinox�VN-
12/2x275/175S/316L, Beakart) with a linear density of 505
tex and carbon ribbon shape filament yarn (3K A-38,
DowAksa) with a linear density of 200 tex were chosen as
reinforcement and conductive materials.

A rectangular metal frame (15 × 25 cm) was also designed
that had grooves created at 2 mm intervals on each bor-
der. Multi-axial textile fabrics were formed by placing the
steel yarns and carbon filament yarns regularly through the
grooves on the metal frame. In this way, several types of
topologies were obtained as defined in table 1 and showed in
figure 2. Then, the metal frame was properly placed into the
wooden mould and the thermoset PES resin was poured into
the mold to yield the final composite structure, which was
subsequently left for 48 h at room temperature for complete
drying and curing. As the carbon filament yarn is highly brit-
tle and relatively inflexible, it has been carefully placed on
the metal frame to establish the uniform multi-axial fabric
structure without any fibre breakage.

Thermoset polyester (PES) resin was used to prepare
the textile-reinforced composites by hand lay-up technique.
Each multi-axial textile fabric was laid on a flat and smooth
surface inside the rectangular shape (15 × 25 cm) wooden
mould, then the polyester resin was poured onto the fab-
rics in order to yield the final composite structures. For dry-
ing and curing processes, the resin-added fabric structures
were maintained at room temperature for 48 h. The obtained

composite laminates were approximately 4 mm in thick-
ness. Each of the multi-axial fabrics and reinforced compos-
ite structures were weighed to find out the amount of carbon
and steel yarns used within the construction. Also, for com-
posite structures, steel and carbon fibre volume fraction was
calculated according to ASTM D2584 by using the following
formula (equation (2)):

Vf = [Qm · Wf/Qm · Wf + Qf · Wm], (2)

where Vf is the volume fraction of fibres, Wf the weight of
fibres, Wm the weight of matrix, Qf the density of fibres and
Qm the density of matrix [31].

2.2 Measurement of electromagnetic shielding effectiveness

EMSE of both the multi-axial textile fabric structures and the
reinforced PES composites was determined according to the
ASTM D4935-10 standards by using coaxial transmission
line measurement technique in the frequency range of 15–
3000 MHz. The compact testing equipment (Electro-Metrics
Inc., model EM-2107 A, USA) was utilized to measure
EMSE of the materials. The reflectivity, absorption and trans-
missibility of the electromagnetic wave power of the fabrics
and composites were evaluated by using a network analyzer
(Rohde & Schwarz, ZVL/9 kHz–13.6 GHz) with two coax-
ial connectors and two attenuators (10 dB), generating and
receiving EM signals (figure 3a). This standard determined
the EMSE of the textile structures using the insertion-loss
method.

Two specimens were required to carry out the EMSE
assessment; one for the reference and another for the
loaded samples (multi-axial fabrics and their reinforced PES

Table 1. Nomenclatures and definitions of multi-axial textile fabrics and reinforced PES composites.

Nomenclatures Definition

C090FA One layer of carbon yarn perpendicular to each other (angle is 0–90◦) as fabric
C090PC One layer of carbon yarn perpendicular to each other (angle is 0–90◦) as PES composite
S090FA One layer of steel yarn perpendicular to each other (angle is 0–90◦) as fabric
S090PC One layer of steel yarn perpendicular to each other (angle is 0–90◦) as PES composite
C45FA One layer of carbon yarn placed in between course and wale directions (angle is 45, −45◦) as fabric
C45PC One layer of carbon yarn placed in between course and wale directions (angle is 45, −45◦) as PES composite
S45FA One layer of steel yarn placed in between course and wale directions (angle is 45, −45◦) as fabric
S45PC One layer of steel yarn placed in between course and wale directions (angle is 45, −45◦) as PES composite
RSC090FA Two layers of yarn (steel and carbon) exactly on top of each other in course and wale directions (angle 0–90◦) as fabric
RSC090PC Two layers of yarn (steel and carbon) exactly on top of each other in course and wale directions (angle 0–90◦) as PES

composite
RSC45FA Two layers of yarn (steel and carbon) exactly on top of each other in between course and wale directions (45, −45◦) as

fabric
RSC45PC Two layers of yarn (steel and carbon) exactly on top of each other in between course and wale directions (45, −45◦) as

PES composite
ESC090FA Two layers of yarn (steel and carbon) on top of each other incentre with the angle of 0–90◦ as fabric
ESC090PC Two layers of yarn (steel and carbon) on top of each other incentre with the angle of 0–90◦ as PES composite
ESC45FA Two layers of yarn (steel and carbon) on top of each other incentre with the angle of 45–90◦ as fabric
ESC45PC Two layers of yarn (steel and carbon) on top of each other incentre with the angle of 45–90◦ as PES composite
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Figure 2. Various topologies of multi-axial fabrics and reinforced PES composites: (a) C090FA; (b) C090PC; (c) S090FA; (d) S090PC;
(e) C45FA; (f) C45PC; (g) S45FA; (h) S45PC; (i) RSC090FA; (j) RSC090PC; (k) RSC45FA; (l) RSC45PC; (m) ESC090FA; (n) ESC090PC;
(o) ESC45FA and (p) ESC45PC.

composites). The specimen dimension was determined as
133 mm, same as the diameter of the outer ring dimension
(figure 3b). EMSE was calculated by comparing the differ-
ence in attenuation of a reference specimen to the loaded
specimen, taking into account the incident and transmitted

power. EMSE of the samples was measured in decibels (dB)
and calculated by the following relation (equation (2)):

EMSE (dB) = 10 log
Pout

Pin
, (3)
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Figure 3. Testing equipment (Electro-Metrics Inc., model EM-2107 A) for EMSE analysis.

Table 2. The properties of multi-axial fabrics and reinforced PES composites.

Multi-axial fabrics Reinforced PES composites

Weight (g m−2) Composite Matrix Resin Steel fibre Carbon fibre Fibre
weight weight density density density volume

Samples Carbon Steel Samples (g m−2) (g m−2) (g cm−3) (g cm−3) (g cm−3) fraction

C090FA 87 XXX C090PC 2978.64 2891.64 1.128 XXX 1.78 0.018
S090FA XXX 229.15 S090PC 3060.28 2831.13 1.128 8 XXX 0.011
C45FA 91.72 XXX C45PC 2991.88 2900.16 1.128 XXX 1.78 0.019
S45FA XXX 232.93 S45PC 3077.93 2845 1.128 8 XXX 0.011
RSC090FA 87.31 224.74 RSC090PC 3030.96 2718.91 1.128 8 1.78 0.013
RSC45FA 92.04 228.2 RSC45PC 3041.36 2721.12 1.128 8 1.78 0.013
ESC090FA 87 225.05 ESC090PC 3100.62 2788.57 1.128 8 1.78 0.012
ESC45FA 91.72 229.15 ESC45PC 3116.38 2795.51 1.128 8 1.78 0.013

Note: XXX means no results of content available.

where decibel (dB) is the unit that defines the power ratio
which is used for specifying the SE, Pout is the output power
(watts) and Pin the input power (watts) in the reference sample.

3. Results and discussion

3.1 Structural properties of fabrics and reinforced
composites

Microstructural observation of several longitudinal and
cross-sections of the composite materials indicated good
integration of carbon and stainless steel yarns with the
PES matrix. Various types of conductive multi-axial textile
structures have been aimed to be prepared, because hielding
material must be conductive to hinder the passage of electric

fields and also highly permeable to hamper the passage of
magnetic fields [15]. On the other hand, the amount and
the orientation of carbon and stainless steel yarns influenced
the EMSE performance of multi-axial fabrics and reinforced
PES composites.

The properties of each multi-axial fabric and reinforced
PES composite are presented in table 2. It is obvious that the
weight of the multi-axial fabrics constructed with steel yarns
found to be greater than the fabrics that included only carbon
filament yarns. This was related to the difference in linear
density of the yarns used in the fabric construction. Regard-
ing fibre volume fraction results, no remarkable distinctions
were obtained among the composite samples. As a result of
that yarn type, placements were more focussed in terms of
determining the EMSE performance of the structures.
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3.2 EMSE performance of fabrics and reinforced
composites

For EMI shielding, there are two main mechanisms neces-
sary; reflection and absorption. In the case of reflection of
EM, the shielding material must have mobile charge carri-
ers (electrons and holes) which interact with the electromag-
netic fields in the radiation. Also for significant absorption
of EM, the shield ought to have electric and/or magnetic
dipoles to be involved in an interaction with the electromag-
netic fields in the radiation [30]. Therefore, enhancing the
electrical conductivity of the composites improves their elec-
tromagnetic shielding ability. Steel and carbon are the poten-
tial candidates to fulfill this mission [32]. Carbon has low
electrical resistivity and steel functions well by reflection due
to the free electrons in it [33]. Figure 4 displays the variation
of EMSE values of ESC090FA, RSC090FA, C090FA and
S090FA multi-axial fabrics with the incident frequency in the
range from 15 to 3000 MHz. Results indicate that ESC090FA
reached a peak in the region between 600 and 900 MHz,
respectively, and performed better EMSE than the other three
fabrics. This can be explained by the amount of yarn used
in the fabric structure as well as the placement of the yarns
within the multi-axial form. As the openness between the
yarns increases, the EMSE of the fabrics decreases [34].
Moreover, it is stated in the literature that the structures with
smaller gaps between conductive fibres display higher over-
all EMSE at high frequencies, on the other hand, bigger gaps
between conductive fibres exhibit higher overall EMSE at
low frequency [4,35]. Figure 2m clearly represents that car-
bon and steel yarns were placed on top of each other in
center. This sort of placement generated a multi-axial form
that possesses smaller pore size compared with the other
fabric structures. Furthermore, this type of placement pro-
vides more conductive materials to be established in per unit

Figure 4. Variations in EMSE of multi-axial fabrics of
ESC090FA, RSC090FA, C090FA and S090FA in the frequency
range from 15 to 3000 MHz.

area and creates more fibre interconnectivity within the con-
struction. Therefore, ESC090FA fabric better prevented the
penetration of the electromagnetic waves and produced the
highest EMSE. On the other hand, all the fabrics displayed
downward tendency with the increasing frequency.

Although some studies [30,36] in the literature states
that the metal filaments have better conductivity than car-
bon filaments, our findings represented that the fabrics and
the composites with carbon yarns performed better EMSE
than the ones containing steel yarns. Greater EMSE val-
ues were obtained for C090FA multi-axial fabric compared
with S090FA fabric. This may be due to ribbon-like shape
of the carbon yarn exhibited in figure 2b, where the pore
sizes are narrower than the sizes obtained for S090FA fabric
(figure 2d). As conductive yarns/filaments are closely placed,
continuous conductive mesh paths can be generated easily that
increases the EMSE [4]. Ribbon shape of the carbon filament
yarns created a mesh path with the closely spaced yarns.

Figure 5 illustrates the variations of EMSE values of
ESC090CO, RSC090CO, C090CO and S090CO reinforced
PES composites with the incident frequency in the range
from 15 to 3000 MHz. Findings revealed that the highest
EMSE value was obtained for ESC090CO composite. It was
observed that the EMSE of ESC090CO and RSC090CO
showed increasing tendency until the region of 600–
900 MHz, approximately, and then fell again as the fre-
quency increased. On the other hand, EMSE of C090CO
and S090CO increased until 900 MHz, respectively, then
showed downward tendency with the increasing incident fre-
quency. According to the figure, C090CO presented bet-
ter EMSE value than S090CO within the frequency range
between 15 and 3000 MHz. This is probably due to the rib-
bon shape of the carbon yarn again, because multiple reflec-
tions occur during shielding where surface and interface
characteristics of the shielding structure become very important.

Figure 5. Variations in EMSE of reinforced PES composites of
ESC090CO, RSC090CO, C090CO and S090CO in the frequency
range from 15 to 3000 MHz.
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Figure 6. Variations in EMSE of multi-axial fabrics of ESC45FA,
RSC45FA, C45FA and S45FA in the frequency range from 15 to
3000 MHz.

Large interface area created by ribbon shape carbon yarns
induced the increase in EMSE performance [30]. In general,
results proved that yarn type used in the composite structure,
and the placement of yarns (centre or exactly top of each
other) influenced the EMSE performance of the structures
dramatically.

Figure 6 exhibits the variations of EMSE values of
ESC45FA, RSC45FA, C45FA and S45FA multi-axial fab-
rics with the incident frequency in the range from 15 to
3000 MHz. According to the graph, the EMSE of ESC45FA
was found greater than the other fabrics. All fabrics per-
formed better EMSE in low frequencies compared with the
high frequency range. In terms of EMSE, RSC45FA was
more effective than C45FA and S45FA, which is a direct
result of the fact that RSC45FA contains both steel and car-
bon yarns where more conductive field has been established
per unit area.

Figure 7 displays the variations of EMSE values of
ESC45CO, RSC45CO, C45CO and S45CO reinforced PES
composites with the incident frequency in the range from
15 to 3000 MHz. It was observed that ESC45CO displayed
greater EMSE than other composite structures. It increased
until around 400 MHz and reached a peak, then started to
decrease until 2700 MHz, then increased again slightly. Low-
est EMSE value was obtained for S45CO, it increased in
the range of 0–900 MHz and reached a peak at 900 MHz,
approximately, then fell until 2400 MHz and remained steady
between 2400 and 3000 MHz.

In general, shielding analysis proved that multi-axial fab-
rics showed slightly better EMSE than the reinforced PES
composites. This may be due to the insulation property of
polymeric materials since PES resin was used as the matrix
to produce the composite structure, which might negatively
influence the conductive characteristic of the composite at
the end. Furthermore, insulating characteristics of PES might

Figure 7. Variations in EMSE of reinforced PES composites of
ESC45CO, RSC45CO, C45CO and S45CO in the frequency range
from 15 to 3000 MHz.

prevent the effective contact between the conductive fila-
ments in composites, and avoided the formation of an effi-
cient conduction mesh network [4,37]. On the other hand,
the multi-axial fabrics and reinforced PES composites con-
structed with carbon and/or steel yarns, which are placed
in between course and wale directions (angle is 45,−45◦)
presented better EMSE performance than the structures that
constitute yarns that are placed perpendicular to each other
(angle is 0–90◦). This might be related to the unknown data
about the height of the electromagnetic waves (the distance
between the crests and troughs) that have been used during
our experiments.

4. Conclusions

In this study, the multi-axial fabrics including carbon fil-
aments and stainless steel yarns, and their reinforced PES
composites have been successfully prepared. The impacts of
volume fraction, amount and orientation of carbon filament
yarns and stainless steel yarns on electromagnetic shield-
ing were investigated according to standard test method,
ASTM D4935-10. For composite samples, the influence of
the fibre volume fraction to EMSE properties was negligi-
ble. The amount, the type and the placement of the yarn
sand/or filaments were effective on EMSE properties of the
structures. Usage of both carbon filaments and stainless steel
yarns increased EMSE of the structures. Structures includ-
ing only carbon filaments displayed better EMSE than the
ones containing only stainless steel yarns. Shielding analysis
also showed that multi-axial fabrics exhibited slightly better
EMSE than the reinforced PES composites. Our study ver-
ified that EMSE properties of the structures can be tailored
by placing the yarns and/or filaments in different directions.
Textile-reinforced polymeric composites could be potential
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alternatives to metallic materials in terms of electromagnetic
shielding applications. Multi-axial forms can be improved by
further attempts regarding changing the construction of the
structures and the yarns/filament types. Also, flexibility of
the conductive reinforced composites can continue to moti-
vate researchers to develop novel electromagnetic shielding
products that are used in many industrial fields.
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