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Abstract: Electromagnetic pollution interferes with electronic equipment in proximity and jeopardizes
human health, which urges the development of electromagnetic interference (EMI) shielding materials.
It is urgent to develop electromagnetic interference (EMI) shielding materials. However, the
preparation of materials with superhydrophobicity, flame retardancy and EMI shielding properties
is still challenging. In this study, we invented a core-spun yarn feeding device, which uses
polysulfonamide (PSA) roving as a coating material and stainless steel wire as the core material to
prepare a conductive core-spun yarn, which solves the problem of the wire having an easily exposed
fabric surface. The finally prepared conductive fabric was subjected to Waterproof 2P hydrophobic
treatment to form a superhydrophobic flame-retardant EMI shielding fabric. The results show that
the hydrophobic treatment creates a thin film over the woven fabrics, and the contact angle of the
fabric surface can reach 155°. The hydrophobic treatment will not damage the shielding effect and
slightly increase the dB value. The average dB value of PSA-55-1" and PSA-55-2” are increased by
0.82 dB and 1.92 dB, respectively. When composed of conductive wrapped yarns for both the warp
and weft yarns, the electromagnetic interference shielding effectiveness (EMI SE) of conductive fabrics
is beyond 30 dB at 0-3000 MHz and the burnt depth is shorter than 40 mm. As for real applications,
superhydrophobic/flame retardant/EMI SE fabrics can be used in a moist and complex environment
with retaining conductivity and shielding effectiveness.

Keywords: superhydrophobic; flame retardant; electromagnetic interference shielding; conductive
fabric
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1. Introduction

Mobile communications and electronic devices have become necessities for people to acquire new
knowledge and communicate with others in the modern world [1,2]. The use of electronic products
such as laptops and cellphones inevitably generates electromagnetic interference (EMI) [3-5]. The
electromagnetic pollution jeopardizes people’s health, which leads to the presence of the EMI shielding
materials [6,7]. EMI shielding materials attenuate electromagnetic energy propagation by means of
absorption and reflection, thereby refraining electromagnetic interference and pollution. The shielding
materials are qualified when they have a resistivity lower than 10? (/cm? [8,9]. One simple method
of shielding EMI is adopting the conductivity of metallic materials. However, the applications of
metallic materials are restricted due to having a heavy weight, a high cost, and the difficulty of the
process [10,11] and conductive polymer composites (CPC) have been developed in order to address
the issue [12,13]. Nazan et al. studied the EMI SE of cotton/metallic composite fabrics and found
that the plain weave fabrics had an optimal shielding effectiveness [14]. Lou et al. investigated Cu
and SS conductive fabrics, and the differences in the lamination layer and lamination angle could
change the electromagnetic interference shielding effectiveness (EMI SE) of materials [15]. Chen et al.
compared the methods for gaining EMI SE and subsequently composed a complete shielding network
with improved EMI SE [16]. The comfort of conductive fabrics compromises when the constituent
metallic wires could not be enwrapped completely [17]. As a result, the conductive fabrics demonstrate
oxidation corrosion, which decreases the shielding effectiveness against electromagnetic waves.

Another issue is the stability of the electrical conductivity and, hence, the EMI shielding efficiency
and reliability for the practice application of the CPC. In order to better solve the problem of
electromagnetic radiation, it is also necessary to maintain the stability of the conductivity of the
conductive material. Therefore, the shielding efficiency of the conductive material will be reliable
and stable in practical applications [18-20]. For example, when conductive metal materials are used
under harsh conditions such as humidity, acidity and alkalinity, the materials are easy to be oxidized
or corroded, especially when the composite yarn cannot wrap the wire well [21-23].

Therefore, the conductive material is preferably corrosion resistant. In fact, a fabric having
superhydrophobicity is a good candidate for achieving this goal because the superhydrophobic
material can repel water droplets, thereby preventing the aqueous solution from diffusing within
the conductive fabric [24,25]. In addition to maintaining the stability of conductivity during use, the
material should also have a certain flame retardant effect to prevent fires caused by electronic equipment.

PSA fiber with good acid and alkali resistance has relatively better combustion resistance, heat
resistant property, heat stability, and a limiting oxygen index (LOI) over 33%. However, PSA fibers
have a moisture regain of 5.5%, which has a negative influence on the hydrophobicity of the resulting
conductive fabrics in a moist condition [26-29]. In order to develop conductive fabrics with excellent
flame retardancy, excellent hydrophobicity and excellent EMI shielding properties, our laboratory
has invented a feeding device for preparing conductive core-spun yarns, which is compared to
conventional core-spun yarn devices. A custom-made feeding device is used to produce conductive
wrapped yarns, ensuring that one or two metallic wires (i.e., the core) can be precisely wrapped in PSA
roving to prevent the exposure of metallic wires. The conductive wrapped yarns are then made into
conductive fabrics that are then processed with waterproof 2P superhydrophobic treatment, to prepare
a superhydrophobic flame-retardant electromagnetic shielding fabric. After hydrophobic treatment,
the contact angles of fabrics reached 155° and the burnt depth is shorter than 40 mm. The hydrophobic
treatment will not damage the shielding effect for which the EMI SE of PSA-SS-1" and PSA-SS-2” are
34.08 dB and 34.42 dB with electromagnetic waves of 0-3000 MHz.
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2. Experimental

2.1. Materials

316L Stainless steel wires (SS) (Yuanneng Co., Ltd., Shanghai, China) have a diameter of 0.06
mm, breaking strength of 354.36 cN, and an elongation of 29.4%. PSA fibers (Shanghai T & L Co.,
Ltd., Shanghai, China) have a fiber length of 51 mm, a fineness of 1.5D, a specification of 215/3,
a tensile strength of 207.84 cN and a tensile elongation of 8.9%. Waterproof 2P (Hefei Dong Fang Mei
Jie Molecular Material Technology Co., Ltd., Anhui, China) has a concentration of 2%. Waterproof
2P is composed of a fluorine emulsion polymer, emulsion fluid, and a weak cationic type that is
non-toxic biodegradable.

2.2. Preparation of Conductive Wrapped Yarns

A core yarn feeding device, which is specially made with a spinning frame as a drafting system,
can fully enwrap the SS wires in PSA roving in the spinning process in order to prevent the exposure
and oxidation of metallic wires (Figure 1). The number of metallic wires is adjusted to form core yarns
with different functions. The PSA roving with a specification of 4 g/10 m is used as the sheath while
one or two metallic wires are used as the core. The conductive wrapped yarns are made with twist
counts of 50, 60, 80, 100, and 120 turns/10 cm.

Figure 1. The schematic diagram of the preparation process for conductive wrapped yarn.

2.3. Preparation of EMI Shielding Fabrics

A semi-automatic weaving machine (DWL 5016, Hangzhou Tianma Textile Machinery, Zhejiang,
China) is used to produce conductive woven fabrics. The PSA yarn and conductive yarn are used as
warp or weft. The four fabric specifications are shown in the Table 1 (PSA-55-1: for warp and weft
yarn is a conductive yarn wrapped in a single wire; PSA-S5-W1 indicates that the warp yarn is PSA
yarn and the weft is a conductive yarn wrapped with a wire; PSA/SS-60 means feeding one wire with a
twist of 60 turns/10 cm; PSA/SS-60" means feeding 2 wires, with a twist of 60 turns/10 cm, and so on).

Table 1. The characteristics of conductive woven fabrics.

Fabric Code ~ Warp Yarn Weft Yarn Fabric Weight Thickness Number of Warp Number of Weft

(g/m?) (mm) Yarns (ends/10 cm)  Yarns (picks/10 cm)
PSA-55-1 PSA/SS-60 PSA/SS-60 228.74 0.41 120 110
PSA-55-2 PSA/SS-60 PSA/SS-60 233.64 0.41 120 110
PSA-SS-W1 PSA PSA/SS-60 210.92 0.38 120 110

PSA-SS-W2 PSA PSA/SS-60" 214.36 0.38 120 110
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2.4. Preparation of Superhydrophobic/Flame Retardant/EMI Shielding Fabrics

The conductive fabrics are immersed in waterproof 2P (2% o.w.f.) and compressed with a pick-up
rate of 60%, which is repeated for another cycle. Samples are then dried at 80 °C for 5 min and then
stored at room temperature. Figure 2 shows the resulted superhydrophobic/flame retardant/EMI
shielding fabrics.

Figure 2. The schematic diagram of the processing procedures of hydrophobic/flame retardant/
electromagnetic interference (EMI) shielding fabrics.

2.5. Characterizations

The microstructure of the superhydrophobic and conductive composite fabric was investigated by
using a scanning electron microscope (TM3030, HTTACH]J, Tokyo, Japan) at an accelerating voltage of 5
kV. The contact angles (CAs) of the composite fabric were measured by using an optical CA measuring
device (OCA20) and a 5 pL water droplet was chosen for each CA measurement. The thermogravimetric
measurement was conducted with a thermogravimetric analyzer (TG 209F3, NETZSCH, Bavaria,
Germany) with dry nitrogen gas at a flow rate of 60 mL-min~!. The relative mass loss of the samples
was recorded from 50 °C to 800 °C at a heating rate of 10 °C-min~!. The thermal properties were
analyzed using a differential scanning calorimeter (NETZSCH DSC200F3, Bavaria, Germany). Samples
were heated from room temperature to 500 °C at 30 °C/min and held for 3 min to remove the thermal
history. Subsequently, the samples were cooled to 30 °C at a cooling rate of 10 °C/min and heated again
to 500 °C at 10 °C/min. The tensile properties of the core yarns were measured using a universal force
meter (HT-9101, Hong da Instrument, Shanghai, China) with the distance between the gauges being
250 mm and the tensile rate being 300 mm/min. EMI shielding performance of the composite fabrics
was evaluated by using a spectrum analyzer (Advantest R3132, Burgeon Instrument, Taiwan). All
samples were sliced into small circular plates with a diameter of 150 mm for the EMI shielding tests.

3. Results and Discussion

Figure 3a,b shows the cutting section of the conductive wrapped yarns where the metallic wires
are confirmed to be wrapped in PSA roving regardless of the number of metallic wires. The observation
indicates that the employment of the custom-made feeding device produces wrapped yarns with
an intact morphology and thus solves the corrosion problem caused by the exposure of metallic
wires. Figure 3¢ shows the morphology of the control group (PSA-SS-W1) that is not processed with
waterproof 2P, whereas Figure 3d shows the morphology of the experimental group (i.e., PSA-S5-W1’)
that undergoes superhydrophobic treatment using waterproof 2P, and the fabric is covered with a
transparent breathable film. The major component of the hydrophobic agent is fluorine-containing an
emulsion polymer. Polysiloxane is aligned along the same direction with hydrophobic agent-CH3
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being aligned outwards. Moreover, waterproof 2P is composed of silicon and oxygen atoms that
interact with some atoms of the fibers to form coordination bonds and hydrogen bonds. Subsequently,
the vapor and air can penetrate the fabrics instead of the water droplets. The fabrics demonstrate a
good hydrophobic effect with CAs of 155°. The microstructure of the core-spun yarns after FR testing is
shown in Figure 3e-h. It can be showed that the fabrics do not demonstrate distinct shrinkage, cracking,
and dripping during the combustion, after which the fabrics exhibit carbonization and have a crisp
edge, retaining good fabric morphology. A film is formed on the surface of the PSA-SS-W1 fabric after
hydrophobic treatment. The outermost film will destroy the flame retardant effect of the PSA-SS-W1
fabric. This is also the damaged length of the PSA-SS-W1 sample, which is higher than that of PSA-SS-
W1’. Figure 3i shows that water droplets with different pH values displayed on the surface of the
superhydrophobic fabric, including acid and alkali water droplets that can stand well on the fabric
surface. This phenomenon shows that the superhydrophobic fabric can be used in harsh conditions
such as humid, acid and alkali environments. The thermal properties of fabrics were investigated by
PSA-S5-W1 and PSA-SS-W1'. The results show that the hydrophobic treatment will not destroy the
stability of the thermal properties. A more detailed discussion is shown in thermogravimetric analysis.

Figure 3. (a,b) The scanning electron microscope (SEM) image of Core yarn with different number of
wires; (¢) SEM image of the warp yarn is PSA yarn and the weft is a conductive yarn wrapped with a wire
(PSA-SS-W1); (d) SEM image of PSA-SS-W1’; (e f) SEM image after burning of PSA-SS-W1’conductive
fabric (g/h): SEM image after burning of PSA-SS-W1 conductive fabric; (i) Photograph displaying water
droplets with different pH values on the superhydrophobic fabric surface; (j k) Thermal properties of
fabrics before and after superhydrophobic treatment.

3.1. Breaking Strength of Conductive Wrapped Yarns

Figure 4 shows the breaking strength of conductive wrapped yarns as related to the twist counts.
The breaking strength is correlated with the level of twisting. Increasing the twist counts first increases
and then decreases the breaking strength. As for the wrapped yarns composed of one metallic wire,
the optimal twist counts is 60 turns/10 cm with a maximum breaking strength of 1.67 cN/dtex. As for
the wrapped yarns composed of two metallic wires, the optimal twist counts is 60 turns/10 cm with
a maximum breaking strength of 1.02 cN/dtex. A low twist count renders the wrapped yarns with
uneven strength lengthwise, which generates a greater number of rounds for weak ring arrangement.
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Hence, the wrapped yarns have a higher strength where the weak rings are situated rather than other
parts. An increase in the twist counts causes the fibers to incline and decreases the axial force of the
core yarns. Therefore, the wrapped yarns demonstrate a lower strength. In addition, the twisting
process exerts prestress onto the fibers, attenuating the ability of fibers to withstand a force. To sum
up, the core and the sheath of the wrapped yarns jointly form a compact structure and contribute to
a greater cohesion when the twist counts increase. Meanwhile, the amount of PSA roving per unit
length also increases, which improves the strength and elongation of the wrapped yarns. Conversely,
excessive twist counts have a negative influence on the axial force of the wrapped yarns which, in turn,
interferes with the mechanical properties.
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Figure 4. The breaking strength of conductive wrapped yarns as related to the twist counts. (a) one
metallic wire; (b) two metallic wires.

3.2. EMI Shielding Effectiveness of Conductive Fabrics

The four types of fabrics all demonstrate an EMI SE that is highly dependent on whether the
metallic wires and fabrics build a complete shielding network. Furthermore, the employment of
superhydrophobic treatment has a positive influence on the EMI SE. When composed of a higher
density, the fabrics have a smaller porosity and greater EMI SE [30,31]. After the superhydrophobic
treatment, the fabrics are enwrapped in transparent films that decrease the distance among fibers to a
certain extent and thus strengthens the EMI SE of the conductive fabrics. Figure 5 shows that when
both the warp and weft yarns are composed of conductive wrapped yarns, the conductive fabrics
exhibit a higher EMI SE comparing to those composed of conductive wrapped yarns as weft yarns. In
particularly, PSA-SS-1, PSA-55-2, PSA-55-1’, and PSA-55-2" have EMI SE values of 33.26, 32.50, 34.08,
and 34.42 dB at frequencies of 0-3000 MHz respectively, which refers to a 99% shielding effectiveness,
suggesting that the conductive fabrics have a good EMI SE. Especially at 1000-2500 MHz, the fabrics
have EMI SE of 30-50 dB. Furthermore, the number of metallic wires only has a marginal influence on
the EMI SE because EMI SE is primarily related to a well-established shielding network.

The shielding materials that suit the majority of electronic products are required to be able to
shield incident electromagnetic waves between 30 and 1000 MHz, and an EMI SE of 35 dB is deemed to
effectively block electromagnetic waves. Accordingly, the proposed conductive fabrics are also suitable
for industry and commercial electronic equipment. With PSA roving as warp yarns, the conductive
fabrics have an average EMI SE lower than 10 dB, indicating a low EMI SE. Although the difference in
both of the number of laminations as well as lamination angle is helpful to the EMI SE, it also increases
the thickness of the fabrics which is detrimental to the specific shielding effectiveness (SSE, the SE
per unit volume). The EMI SE is based on the formation of a shielding network that is formed in the
conductive fabrics. Using conductive yarns as both the warp and weft yarns can build a complete
shielding network and yields a good shielding effect. If the conductive fabrics only have conductive
yarns as the weft yarns, the absence of a shielding network leads to a low EMI SE.
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Figure 5. (a) The electromagnetic interference shielding effectiveness (EMI SE) of four fabrics without
hydrophobic treatment; (b) the EMI SE of four fabrics with hydrophobic treatment; (c) The average
EMI SE value of samples before and after hydrophobic treatment; (d) the shielding effectiveness per
unit volume (SSE) values of hydrophobic fabrics.

To further demonstrate the highly efficient EMI shielding of the conductive composite fabrics,
the shielding effectiveness per unit volume (SSE) and specific SSE/t of the fabric based EMI shielding
material are discussed in Figure 5d and Table 2 [31,32]. It can be found that the PSA-5S-1" and
PSA-S5-2’ superhydrophobic and conductive composite fabric in this study possesses a very high SSE/t
(1623 dB-cm?/g and 1617 dB-cm?/g). The SSE value of the conductive fabric is related to the thickness
of the fabric, the density of the fabric, and the total dB value. The larger the SSE value, the better the

shielding effect.

Table 2. The shielding effectiveness per unit volume (SSE) and SSE/t of four types of fabrics.

Fabric Type Thickness Density EMI SE SE/t SSE SSE/t
(mm) (g/cm®) (dB) (dB/mm) (dB cm3g~1)  (dB cm?g™)
PSA-SS-W1’ 0.41 0.56 10.64 25.95 19 463.43
PSA-SS-W2’ 0.41 0.57 9.38 22.87 16.46 401.33
PSA-SS-17 0.38 0.55 34.08 89.68 61.96 1623.98
PSA-SS-2’ 0.38 0.56 34.42 90.57 61.46 1617.38

3.3. The Permittivity of Conductive Fabrics

The permittivity’ real part (¢’) represents the polarization level of the conductive fabrics in an
external electric field. A high permittivity real part indicates the higher polarization ability of the
material. Similarly, the permittivity’s imaginary part (¢”) represents the energy loss caused by the
rearrangement of the electric dipole moment for the conductive fabrics in an external electric field.
A high imaginary part indicates a greater loss capacity against electromagnetic waves. In addition, the
loss tangent characterizes the absorption attenuation capability of the materials, and thus a greater loss
tangle means an equivalently better absorbing property [33-35].
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Figure 6 shows that PSA-SS-1 and PSA-SS-2 which are composed of conductive yarns as both
warp and weft yarns have ¢” and ¢” values that are higher than those of PSA-S5-W1 and PSA-55-W2
which have only weft yarns that are composed of conductive yarns. PSA-S5-1 and PSA-S5-2 have a
higher storage energy capacity, higher dielectric loss capability, and better EMI SE than PSA-S5-W1 and
PSA-S55-W2 because of a higher polarization ability and more loss capacity. Additionally, the shielding
mechanisms of EMI SE are absorption, reflection, and multiple reflections. Taking PSA-55-1 as an
example, the ¢’ is between 4 and 6 and the ¢” is between 0 and 1.2, and the latter is smaller than the
former. Due to the low absorbing ability and high polarization, PSA-SS-A thus shields electromagnetic
waves primarily by means of reflection.
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Figure 6. The influence of different wire content fabrics on the (a) permittivity’s real part (¢’);
(b) permittivity’s imaginary part (¢”) and (c) loss tangent (tan®).

3.4. The Effects of Superhydrophobic Treatment on TG, DSC and Fabric Burnt Length

Figure 7a—c and Table 3 show that the samples before and after the hydrophobic treatment did not
destroy the flame retardant property of the PSA. As for PSA-S5-W1, the thermo-gravimetric process of
the PSA fiber can be divided into two stages. In the first stage, the weight loss ratio is small because
it is caused by the evaporation of the residual solvent and small-molecule auxiliaries. In the second
stage, the weight loss rate is high because of the decomposition of the PSA fiber. Specifically, the heat
loss rate of the PSA fiber reaches the maximum at 450.8 °C, which is generally defined as its thermal
decomposition temperature. With the temperature increasing to 800 °C, the residue accounts for 50.67%,
with half of the material not being decomposed. When it comes to the superhydrophobic-treated
PSA-S55-W1’, the surface is covered by waterproof 2P that consists of more water and small molecules.
They undergo a volatile cracking process continuously with the rising temperature and thus the residue
is only 29.74 % at 800 °C. However, PSA-SS-W1’ has a thermal decomposition temperature of 454.0 °C,
which is comparable to that of PSA-55-W1, because the PSA fiber starts to decompose at this specified
temperature. Usually, materials with a high thermal decomposition temperature have a better thermal
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stability. Moreover, the high residue content at the termination of the temperature indicates that there
is less combustible gas. The residue has a relatively higher heat absorption, which leads to a decrease
in heat energy released by the burning material. Subsequently, it is difficult to render fibers with
thermal cracking, which prevents the combustion of materials and improves the combustion resistance
and refractory [36-38]. Therefore, PSA roving has a good refractory and is proven to be an effective
material in this study.
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Figure 7. (a—c) The effect of hydrophobic treatment on thermal properties of fabrics; (d) the effect of
hydrophobic treatment on fabric burning damage length.

Table 3. The thermogravimetric analysis (TG) and differential thermogravimetry analysis (DTG) data
of fabrics under a nitrogen atmosphere as related to the employment of hydrophobic treatment.

Sample T swio (°O) Tmax1 (°C) Tmax2 CC) Residue at 800 °C(%)
PSA-S5-W1 435.4 450.8 519.4 50.67
PSA-SS-W1’/ 210.6 454.0 510.9 29.74

Based on the DSC curves, the employment of superhydrophobic treatment does not affect the
melting peaks. The DSC curves fluctuate significantly at 400-450 °C, which means that the fibers
undergo a drastic reaction equivalently. Meanwhile, no carbonized phenomenon occurred, indicating
that within this temperature range, thermal cracking occurs to the fibers. Moreover, the burned length
of fabrics is dependent on the density, porosity, and structure of the fabrics. To minimize the error, each
sample processed with superhydrophobic treatment is used to compare the length before and after
combustion. Figure 7d shows that the flame-retardant property of fabrics does not compromise for the
employment of superhydrophobic treatment. The burned length of PSA-55-1, PSA-SS5-2, PSA-SS-W1,
and PSA-SS-W2 is 33.0 mm, 34.5 mm, 37.5 mm, and 36 mm, which is 1 mm, 3 mm, 4 mm, and 3
mm longer than the original length, respectively. The average burned length of samples is shorter
than 40 mm. The fabrics do not demonstrate distinct shrinkage, cracking, and dripping during the
combustion, after which the fabrics exhibit carbonization and have a crisp edge, retaining good fabric
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morphology. The smoldering and continuous burning times are both zero, and therefore, the thermal
behaviors of fabrics are not correlated with the superhydrophobic treatment.

4. Conclusions

This study proposes using a specially designed feeding device to produce conductive corn yarns
with PSA roving as the coated material and metallic wires as the core material. The conductive corn
yarns are made into conductive fabrics and then processed with superhydrophobic treatment, forming
superhydrophobic/flame retardant/electromagnetic shielding fabrics. The test results show that treated
with waterproof 2P, the fabric CAs reached 155° and the EMI SE is also increased accordingly. The
EMI SE value of PSA-55-1" and PSA-SS-2’ is 34.08 dB and 34.42 dB with electromagnetic waves of
0-3000 MHz. Comparing to the control groups, the EMI SE value of PSA-55-1" and PSA-55-2" is 0.82 dB
and 1.92 dB higher. The shielding effectiveness of 99.9 % proves that the conductive fabrics are suitable
for use in harsh conditions such as humid, acid and alkali environments. Based on the permittivity
results, when composed of conductive yarns for both the warp and weft yarns, the conductive fabrics
have a polarization ability and greater loss ability against electromagnetic waves than those made of
only weft yarns being conductive yarns in an external electric field. The fabrics shield electromagnetic
waves by means of reflection. After the hydrophobic treatment with waterproof 2P, the PSA fiber
retains its inherent thermal properties demonstrated by a burned length of the conductive fabrics being
shorter than 40 mm.
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