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Abstract: Novel, high-performance silver coated polyamide, Ag/PA66, nonwoven fabrics with a density of only 0.04 g/cm’
have been developed using staple fibres of 19 (3.3 dtex) and 27 (6.7 dtex) um diameter. The obtained nonwoven fabrics with
an Ag loading of 12-18 wt% exhibited excellent weight-normalised specific electromagnetic shielding effectiveness of over
1200 dB/(g/cm®) in the 0.015-3 GHz range, which is among the highest reported till date. Moreover, the applied microwave
was verified to be absorbed rather than being reflected back making the fabrics highly suitable for shielding applications. It
was also observed that nonwoven fabrics made from finer 3.3 dtex Ag/PA66 fibres have higher reflection and lower
absorption values than their thicker (6.7 dtex) counterparts. Additionally, we have also explored the use of these nonwoven
Ag/PA66 fabrics for personal thermal management via Joule heating with samples showing rapid heating response (up to
0.2 °C/sec) and long-term stability measured over 10,000 seconds. The needle-punched Ag/PA66 nonwoven fabrics, in spite
of their low density of the order of 0.04 g/cm?, exhibited high EMSE values of nearly 69-80 dB, leading to excellent weight-
normalised specific electromagnetic shielding effectiveness of over 1200 dB/(g/em®) in the 0.015-3 GHz range. The
production of Ag/PA66 needle punched nonwoven fabrics thus offers a facile route to develop multifunctional fabrics for
EMI shielding as well as personal thermal management applications.
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Introduction

The advent of wireless technology has seen an exponential
increase in the use of electromagnetic wave based devices
and architectures such as personal communication equipment,
wireless networks among others, resulting in significant
electromagnetic interference (EMI) phenomena in both
civilian and military applications. To protect not only the
sensitive electronic equipment but also humans from the
adverse effects of long-term exposure to electromagnetic
waves, the continual development of EM shielding materials
is essential. Electromagnetic shielding (EMSE) is the process
of limiting the penetration of electromagnetic energy into
space, by blocking it with barriers made of conductive
materials. As compared to traditional metal based EMI
shielding materials, polymer composites containing electrically
conductive nanofillers (nanotubes, graphene, and metal
nanoparticles), conductive metallic yarns and fibres are
becoming more attractive owing to their ease of processability,
resistance to corrosion and light weight [1]. However, their
EM shielding performance is still not comparable to their
bulk metal counterparts and thus the rapid development of
novel and high performance EMI shielding materials
remains an on-going challenge [2-4].

Within the area of EM shielding, a rapid increase in the
usage of synthetic fibres coupled with the development of
conductive textile materials such as fibres, yarns and fabrics
has enabled advances in smart, technical textiles for EM
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shielding applications [5-8]. Most of the synthetic fibres
used in the textiles are electrically insulating materials with
the resistivity of the order of 10" /cm?, much higher than
the desired resistivity for electromagnetic shielding applications.
For example, the resistivity values for anti-electrostatic
applications is of the order of 10° to 10" Q/cm” with this
value reducing to 10% to 10° Q/cm? for static dissipation
materials. The desired value for electromagnetic shielding
materials is lower than 10% Q/cm?. Conductive textile materials
have been mainly used for the dissipation of static electricity,
transfer of electrical current and signals in wearable electronics
and more recently in the production of EM shielding
materials. To this effect, silver (Ag) coated polyamide (PA66)
fibres are one of the most important conductive textile
materials. These commercially available Ag coated polyamide
66 fibres are produced via a chemical bath electroless
plating. Electroless plating is a chemical reduction process
which depends upon the catalytic reduction of a metallic ion
in an aqueous solution containing a reducing agent, and the
subsequent deposition of the metal without the use of
electrical energy. The metals capable of being deposited by
electroless plating include nickel, cobalt, copper, gold,
palladium and silver [9,10]. Among all these metals, including
copper, Ag offers the highest electrical conductivity
(6.30x10” S/m), thermal conductivity (398 W/mK) and in
conjunction with its anti-bacterial, anti-fungal, anti-odour
and thermal-reflecting properties, makes them an attractive
proposition for the production of multi-functional textile
structures [11-17]. However, due to its cost, silver is generally
used in small quantities. For EM shielding applications,
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electrically conductive textiles are preferred over metal foils
or grids owing to their properties of low weight, elasticity,
porosity, air permeability, low-cost and comfort to the end-user.

Now, the technical textiles themselves can be produced
through various routes including knitting, weaving and
nonwoven technology. For staple fibres, nonwoven method
is the most practical and preferred method to convert the
staple fibres to fabric structures. The nonwoven structures
themselves are largely defined as a random web structure or
sheet formed by entangling together the staple fibres or
filament fibres mechanically, thermally or chemically [18-
20]. As compared to more conventional knitting and weaving
processes, the nonwoven technique offers significant
advantages such as higher production speed, lower weight
material production, ease of use of recycled fibres thereby
offering higher cost-effectiveness. Using suitable fibres and
modifications to the technique, a wide variety of properties
can be designed in nonwoven structures such as high
breathability, strength, tear-resistance, absorbance among
others which are considered vital for the desired application.
The nonwovens structures have a broad spectrum of end-
uses including applications into agriculture, automotive,
medical, hygiene and healthcare among others [21]. Most of
the previous literature in the area has been on the woven and
knitted fabrics and composite structures produced from
conductive yarns. Only a handful of reports exist on the use
of non-woven technologies for the production of EM
shielding fabrics, which can provide solutions towards low-
weight and high shielding efficacy [7,22,23]. In this work,
we demonstrate the use of nonwoven technology to produce
high efficiency Ag/PA66 EM shielding fabrics offering
unprecedented shielding efficacy over a wide frequency
range. Furthermore, Joule heating effect is further utilised to
make active Ag/PA66 nonwoven fabrics for personal thermal
management applications, thereby providing multifunctional
textile structures.

Experimental

Materials

The raw material of 3.3 and 6.7 dtex Ag-coated PA66
fibres was obtained from R-Stat Ltd. (France). The 3.3 dtex
Ag/PA66 fibres have a staple length of 50 mm with a
diameter of 19-20 um and were loaded with approximately
20 wt.% Ag. The 6.7 dtex Ag/PA66 fibres have a staple
length of 60 mm with a diameter of 26-27 pm with an Ag
loading of 12-15 wt.%. The linear electrical conductivity of
both the samples is of the order of <10° Q/cm.

Fabrication of Needle Punched Nonwoven Ag/PA66
Fabrics

The needle punched samples were prepared according to
the method described in our previous works [7,22,23].
Briefly, Automatex laboratory type needle punching line,
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consisting of carding, cross lapper and needle punching
machines was used for the production of fabric from staple
Ag/PA66 fibres. During the process, the fibres are fed onto
the feeding belt of the carding machine (operated at 0.3 m/
min) which produces the initial webs. The fibres are carded
and combed by worker, stripper, carding drum and comber
drum cylinders, respectively. The speeds of these cylinders
were kept at 33 m/min, 945 m/min, 2875 m/min and 107 m/
min, respectively. At the end of the carding machine, parallel
laid webs were formed from staple Ag/PA66 fibres. The
working speed of carding machine was 15 m/min. The webs
were oriented to the cross-lapper machine running at approx.
11.50 m/min. The webs were folded at the machine one after
the other and transferred to punching machine where the
folded webs were needle punched at 250 rpm stroke using
the F20 9-22-3/5/5B/Conical 15x17x36x3.5 CBA Foster
needles. The feeding and delivery speed of the needle
punching machine was 0.8 m/min and 1.2 m/min. The
needle penetration depth was 10 mm with a needle punch
density of 47.91 needle/cm®.

Characterisation

Physical Characterisation

Differential scanning calorimetry (DSC) analysis of the
pristine Ag/PA66 fibres was carried out using a DSCQ2000
system (TA Instruments). The fibre samples were carefully
rolled using tweezers and then sealed in aluminium crucibles,
where they were heated from -50 °C to 300 °C under 50 m//
min N, flow. The melting enthalpy and glass transition
temperature were calculated using vendor provided software.
To estimate the weight of Ag in Ag/PA66 samples, the
pristine staple fibres were subjected to thermogravimetric
analysis (TGA) using TA Instruments SDT 2960 DTA-TGA.
Samples of approximately 10 mg were carefully rolled using
tweezers and placed in Pt sample pan. The TGA scans were
carried out from 30 °C to 700 °C at a heating rate of 10 °C/
min under 100 m//min dry air flow. Fourier transform infra-
red spectroscopy (FTIR) analysis was carried out on a
Thermo Scientific IS10 Nicolet FTIR spectrometer equipped
with the smart TR accessory. Vendor provided OMINIC
software was used to analyse the results. The surface
morphologies of the Ag/PA66 fibres were observed with a
scanning electron microscopy (Hitachi S3400) at an
accelerating voltage of 1.5 kV. The SEM images of the cross
and longitudinal section of the Ag/PA66 fibres were taken at
different magnifications from 1100x to 3000x. The tensile
strength test of the Ag/PA66 fibres was carried out using an
Instron4411 test device based on the TS EN ISO 5079
standard. The measurements were carried for a 10 mm test
length at 10 mm/min cross-head speed and reported results
are an average of ten readings.

Electromagnetic Shielding Efficiency & Electrical
Properties

The EMSE, absorption, reflection and transmission
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measurements of pre-needled nonwoven fabrics produced
was carried out in the frequency range of 0.015-3.0 GHz at
room temperature. The fabric samples were cut into circular
plates with an areal dimension of 138.85 cm? to place them
between flanges with the measurement area of 37 cm®. The
measurement set-up consists of two coaxial adapters
(Electrometrics, EM-2107A), two 10 dB attenuators, and a
network analyzer (Rohde & Schwarz, ZVL 9 kHz-13 GHz).
The EMSE calculations were performed using the standard
mentioned in ASTMDA4935-10 and is described by the
following equations:

E.
EMSE =20 log(?) (1)
t

where E; and E, are electrical fields of incident and
transmitted radiation, respectively during shielding and no
shielding periods. The absorption and reflection values of
the sample are calculated using the following equation (2):

Ab: 1_Tr_Re (2)

where, A, and R, are the absorbance and reflection of
incident radiation, respectively during shielding, and 7, is
transmittance of incident radiation. The values of R, and T,
themselves are calculated using the S parameters according
to equations (3) and (4):

E 2

R, =21 =S, (or Sp,)° 3)
E,
E 2

T,= 12 =ISu(or Sl @)

The surface resistivity measurement of pre-needled
nonwoven fabric specimens was carried out in accordance
with ASTM D 257-07 standard, using a Keithley6517A
electrometer and Keithley8009 resistivity test fixture.
Surface resistivity (p,) was calculated using the following
equation by applying a potential difference across the
surface of the specimen and measuring the resultant current:

Table 1. Classification of electromagnetic shielding textiles [48]
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where p; is the surface resistivity of the needle punched
nonwoven fabric specimen, V is the applied voltage, and [ is
the current reading from the instrument [3]. The Joule
heating effect in nonwoven fabrics was measured using
Farnell PDD3502A Dual 35V, 2A power supply and PICO
TC-08 8 channel thermocouple data logger. A sample size of
1”x1” was connected to the power supply using Cu
electrodes pasted (using silver paste) on the fabric sample
with the thermocouple mounted on the top surface of the
fabric.

Results and Discussion

Physical Characterisation of Ag/PA66 Fibres

Figure 1(a), (b) shows the cross-sectional and longitudinal
images of the 3.3 and 6.7 dtex (Figure 1(d), (¢) Ag/PA66
yarns wherein the presence of the Ag as discrete coating and
particles can be clearly observed [9,24]. The fibre diameter
for 3.3 and 6.7 dtex fibres was confirmed to be 19 and
26 um, respectively and is in agreement with the data
provided by the manufacturer. The pre needled nonwoven
fabrics (PNNF) produced using these fibres are shown in
Figure 1(c), (f) for 6.7 and 3.3 dtex Ag/PA66 fibres. At similar
magnifications, as compared to PNNF-6.7 samples, the
number density of the fibres for PNNF-3.3 samples is
significantly higher. The as-obtained SEM images of
nonwoven fabrics were further analysed using the ImageJ
image analysis software to measure the fibre density per unit
area. The Image] software is generally used for viewing
fibre orientation distribution, measuring fibre diameter and
visualizing 3D images of fibres. As shown in Figure 2, the
areas occupied by Ag/PA66 fibres with fineness of 3.3 dtex
and 6.7 dtex in the nonwoven fabrics were found as 72 %
and 67 % respectively [35]. Moreover, the number of fibres
per cm” in the PNNF-3.3 and PNNF-6.7 samples were found

Type Grade

Shielding effectiveness

Classification Electromagnetic shielding,

(dB) ES (in %)
AAAAA SE>60 dB Excellent ES>99.9999%
AAAA 60 dB>SE>50 dB Very good 99.9999%>ES>99.999%
Class I AAA 50 dB>SE>40 dB Good 99.999%=ES>99.99%
Professional use
AA 40 dB>SE>30 dB Moderate 99.99%>ES>99.9%
A 30 dB>SE>20 dB Fair 99.9%>ES>99.0%
AAAAA SE>30 dB Excellent ES>99.9%
| AAAA 30 dB>SE>20 dB Very good 99.9%>ES>99.0%
Class II AAA 20 dB>SE>10 dB Good 99.0%=>ES>90%
General use
AA 10 dB>SE>7 dB Moderate 90%=ES>80%
A 7 dB>SE>5 dB Fair 80%=ES>70%
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Figure 1. The cross-sectional (SEM) images of 3.3 dtex (a) and 6.7 dtex (b) silver coated PA66 fibres. The longitudinal (SEM) images of
corresponding pre-needled nonwoven fabrics produced from 3.3 dtex (c) and 6.7 dtex (d) silver coated PA66 fibres.
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Figure 2. Modified threshold map of SEM images of (a) PNNF-3.3 and (b) PNNF-6.7 samples with (c, d) corresponding (ImageJ analysis).

to be ~733 fibres/cm” and 313 fibres/cm” respectively. slightly higher melting enthalpy of 6.7dtex Ag/PA66 fibres

Figure 3(c) shows the DSC thermograms of the 3.3 and translates into enhanced crystallinity for these samples. The
6.7 dtex Ag/PA66 fibres wherein the melting peak of the corresponding crystallinity, AX, (calculated using AHm of
PA66 can be clearly observed at ~252 °C with a melting 100 % crystalline PA66 to be 188 J/g) is calculated to be
enthalpy of 63.74 J/g and 69.32 J/g, respectively. The 33.90 % and 36.87 %, respectively, indicative of the
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Figure 3. (a) TGA scans showing the residual Ag mass above 600°C, (b) FTIR spectra of 3.3, 6.7 dtex Ag-PA66 fibres and its comparison
with a pristine PA66 pellets, (c) DSC thermograms, and (d) stress-strain curves for 3.3 dtex and 6.7 dtex Ag-PA66 fibres.

crystallinity of the samples [25]. The small melting peak
observed at ~50 °C corresponds to the upper glass transition
of PA66 due to the reorganisation of crystallites and has been
observed by various other authors as well [26,27]. The FTIR
spectra of the 3.3 dtex and 6.7 dtex Ag/PA66 fibres are
shown in Figure 3(b) and results compared to pristine PA66
pellets. The characteristic vibrations of PA66 are seen at
3297 cm™ (N-H stretching vibrations from secondary amide
groups), 1632 cm™ (C=0, amide I), 1553 cm™ (planar N-H
deformation, H-N-C=0, amide IT) and 1274 cm™ (amide III
stretching vibrations). Additionally, peaks observed at
2931 cm™ and 2858 cm™ belonging to CH, asymmetric and
CH, symmetric stretching vibrations, respectively are also
observed. The Ag/PA66 shows the characteristic peaks of
PA66 however, the intensity of the bands is considerably
weakened. Especially, the intensity of peaks at 3297 cm’
and 1632 cm™ in the Ag/PA66 fibres are weakened due to
interaction of silver and non-bonding electrons in the
carbonyl and nitrogen atoms in the amid group of Nylon 66
(H-N-C=0). The silver coated staple polyamide fibres
consist of silver particles on polyamide fibres. The deposition of
the silver nanoparticles on polyamide fibres caused decreasing
of the peak in the Nylon6.6 [31,32]. The loading of Ag on
PA66 fibres was measured using TGA analysis as shown in

Figure 3(a). The decomposition of PA66 occurs in the
temperature range of 290-550 °C with three significant mass
losses observed at 320, 435 and 495 °C [28,29]. The residual
mass left (considered as Ag wt%) was observed to be 18.6
and 12.7 % for 3.3 and 6.7 dtex Ag/PA66 samples, respectively
and is in agreement with the values provided by the
manufacturer [30]. In terms of mechanical strength, the
3.3 dtex Ag/PA66 fibres displayed a breaking strength of
12.1 cN, with the 6.7 dtex fibres displaying a much higher
value of 25.9 ¢cN at similar elongation at break values of
nearly 30 % (Figure 3(d)). The normalisation of the breaking
strength, as a function of dtex value, provided values of
393 MPa and 503 MPa for 3.3 dtex and 6.7 dtex Ag/PA66
fibres, respectively.

Physical Characterisation of the Ag/PA66 Nonwoven
Fabrics

The weight per unit area for the Ag/PA66 nonwoven
fabric samples was measured to be 121 and 126 g/m’ with
the corresponding thickness (measured according to TS EN
ISO 9073-2) of 2.64 and 2.87 mm for PNNF-3.3 and PNNF-
6.7 samples, respectively. The resulting areal density of the
fabrics was thus calculated to be 0.046 and 0.044 g/cm’ for
PNNF-3.3 and PNNF-6.7, respectively. The tensile properties
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Figure 4. Stress-strain curves for nonwoven fabrics made from 3.3
and 6.7 dtex Ag-PA66 fibres.

of needle punched nonwoven fabrics were measured on
Instron4411 tensile test device according to ASTM D 5034
standard. The breaking strengths of the nonwoven fabrics
made from Ag/PA66 fibres with 3.3 dtex and 6.7 dtex were
found 0.20 MPa and 0.28 MPa, respectively. The Young’s
modulus values of nonwoven fabrics produced from Ag/
PAG66 fibres with 3.3 dtex and 6.7 dtex were measured as
0.31 MPa and 0.44 MPa, respectively. In addition to that, it
was observed that both the PNNF-3.3 and PNNF-6.7
samples showed high elongation values of up to 127 and
140 %, respectively (Figure 4). As these nonwoven fabrics
are only pre-needled, these fabrics have low young modulus
and breaking strength values. As compared to woven and
knitted fabrics, the areal density of nonwoven fabrics is
significantly lower and is particularly attractive for wearable
applications.

Electrical and EM shielding properties of Pre-Needled
Nonwoven Ag/PA66 Fabrics

Surface resistivity is electrical resistance over a unit area
of materials surface and is the resistance to the leakage of
current along the materials surface [33,34]. Now, for EM
shielding materials, the surface resistivity values are of
prime importance with low resistivity (i.e. high electrical
conductivity) favouring the enhancement of EM shielding
effect [4]. The surface resistivity of pre-needled nonwoven
fabrics produced from silver coated staple polyamide fibres
with fineness of 6.7 dtex and 3.3 dtex are measured to be
2.75E+02Q and 1.17E+02Q. The results clearly show that
while both the pre-needled nonwoven fabrics are highly
conductive; the PNNF-3.3 nonwoven fabric shows much
lower surface resistivity. This increase in the conductivity
values can be attributed to the higher loading of Ag
(18.6 wt%) for 3.3 dtex Ag/PA66 fibres as compared to the
12.7 wt% for 6.7 dtex Ag/PA66 fibres.
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Figure 5. (a) EMSE response and (b) absorption and reflection
results of PNNF-3.3 and PNNF-6.7 samples in the 0.15-3.0 GHz
range, and (c) comparison of specific EMSE values of our samples

with other reported results of nonwoven fabrics obtained from Ref.
[7,22,23].

The EMSE response of PNNF-3.3 and PNNF-6.7 nonwoven
fabrics measured between 0.015-3 GHz frequency range are
presented in Figure 5(a). It can be clearly observed that the
EM shielding properties of both the nonwoven fabrics are
remarkably high in spite of their low weight per square
meters of 120-126 g/m”. Moreover, as compared to PNNF-
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6.7, the PNNF-3.3 samples consistently showed 4-5 dB
higher EMSE values across the whole of the frequency
range. This difference became more significant at higher
frequency values, especially above 2.1 GHz where the
difference reached nearly 13 dB at 2.4 GHz. This increase in
the EMSE values for PNNF-3.3 samples throughout the
frequency range can be explained by considering the fact
that the as the fineness of fibre reduces from 6.7 dtex to
3.3 dtex, the number of conductive Ag/PA66 fibres in the
nonwoven structure increases, which enhances the conductivity
and consequently the EMSE. This increase in the number of
Ag/PAG66 fibres for PNNF-3.3 samples can be observed in
the SEM image of the fabrics in Figure 2. Figure 5(b) shows
the reflection and absorption behaviour of the nonwoven Ag/
PA66 fabrics. It can be clearly observed that the absorption
values of both the PNNF-3.3 and PNNF-6.7 samples are
gradually increasing with a difference of 3-4 dB in their
respective absorption values, with higher absorption values
observed in the high frequency range (1.5-3 GHz). Consequently,
the reflection values observed across the measurement range
showed an opposite trend to the absorption values, with the
reflection values decreasing with an increase in the frequency.
It was observed that as fibre fineness reduces from 3.3 dtex
to 6.7 dtex, in the other words, as the fibre is coarse, the
absorption values of pre-needled nonwoven fabric produced
from this kind of the fibres increase too. Similarly, the
reflection values for PNNF-3.3 samples are consistently
higher than the PNNF-6.7 samples. As mentioned earlier as
well, with an increase in the fibre fineness, the number of
fibres increase (per unit area) for 3.3 dtex Ag/PA66 samples.
Therefore, it is believed that the values of reflection for
PNNF-3.3 are higher due to this increase in the number of
fibres per unit area. It should be mentioned that the transmission
values for both the pre-needled nonwoven fabrics are close
to zero due to the high reflection and absorption values
observed. According to equation (2), it can be seen that the
reflection and absorption become large, while transmission
reduces.

It was observed that both of pre-needled nonwoven fabrics
have shielding effectiveness of more than 30 dB (99.9 % or
better) in the 0.3-3.0 GHz frequency range. An EMSE value
of 30 dB or more is classified as “excellent” and graded with
“AAAAA” in Class II-General Use by the Committee for
Conformity Assessment on Accreditation and Certification
of Functional and Technical Textiles. The highest EMSE
value of 82.1 dB was observed for the sample PNNF-3.3 at a
frequency of 2.4 GHz, with the samples showing an increase
in the EMSE from 23.1 dB (for 0.15 GHz) to 77.3 dB (at
3.0 GHz). The PNNF-6.7 samples in the same range showed
the highest EMSE value of 68.8 dB, with an increase in the
EMSE from 19.2 dB (for 0.15 GHz) to 64.9 dB (for 3.0
GHz). These shielding characteristics thus classify the
samples as “excellent” for general use. For professional use,
these pre-needled nonwoven fabrics reach 99.9999 %
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shielding effectiveness after 1.8 GHz and can thus be
classified as “excellent” for high frequency range for
professional use. The specific EM shielding efficiency was
calculated on the basis of the rate of total EMI shielding
efficiency and the fabric density, and the results are shown in
Figure 4(c). The specific EM shielding efficiency of the
PNNF-6.7 and PNNF-3.3 was calculated to be 1217 dB/(g/
cm’) and 1270 dB/(g/em®), respectively. Owing to the greater
density of fibres per unit area, the specific EM shielding
efficiency representing the material utilisation efficiency, is
slightly higher than the PNNF-6.7 fabrics, again demonstrating
the effect of fineness of the Ag/PA66 fibres on the EM
shielding effect. Figure 5(c) provides a comparison of the
values obtained from the literature for other reported
nonwoven fabrics using polyester (PES) and stainless steel
(SS) fibres. Due to the much higher density of the PES-SS
samples, the weight normalised EMSE values of pre-
needled nonwoven fabrics produced from Ag/PA66 fibres
are approximately 5 times higher than the nonwoven fabrics
made from 50 % PES-SS [36]. Chen et al have reported on
the production of co-weaving-knitting fabric reinforced
composites using stainless steel/copper/polyamide yarns
exhibiting high EM shielding values of nearly 40-50 dB.
However, due to the extensive use of stainless steel, the
density of the samples was very high at 1.47 g/cm’ leading
to a density specific EMSE of 34.02 dB/(g/cm’)). The EM
shielding properties of nanofiber based nonwoven materials
coated with Ni-Fe metallic films via sputtering. Electrospinning
was used to produce nanofibers of ~500 nm diameter
followed by Ni-Fe coating of 100-400 nm thickness resulting
in attenuation of nearly 99.98 % of electromagnetic waves in
the 6-13 GHz region [38]. Similarly, Avloni et al. have
investigated the EM shielding behaviour of Polypyyrole
coated nonwoven fabrics where a maximum attenuation of
37 dB was obtained. Koprowska et al. have used a polyurethane/
polyacrylonitrile layer containing electro conductive fillers
such as carbon nanotubes and nanofibers in conjunction with
a needle-punched polyester nonwoven fabric. The composite
exhibited a shielding efficiency of 6-20 dB only, which is
significantly lower than our samples. The needle punched
nonwoven fabrics made from Ag/PA66 fibres have continuously
increasing EMSE behaviour between 0.15-3 GHz frequency
range, while the woven stainless steel-polyester fabrics show
continuously decreasing EMSE behaviour at the same
frequency range. The highest EMSE value obtained was 41
dB at a rather low frequency of 360 MHz with woven fabric
made of acrylic based hybrid yarns containing metal stainless
steel wire, while the highest EMSE value was found 82.1 dB
at 2.4 GHz high frequency with needle punched nonwoven
fabric made from Ag/Pa66 fibres with fineness of 3.3 dtex.
As the frequency increases in the 0.5-3 GHz frequency
range, the EMSE values of the woven fabrics with metal
wire tends to decrease, while the EMSE values of the needle
punched nonwoven fabrics with conductive silver coated
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Figure 6. (a) Temperature evolution for PNNF-6.7 fabric samples as a function of applied voltage and (b) stability of temperature response

measured over 10,000 seconds.

polyamide fibre tend to increase [37]. In another study, the
shielding effectiveness of silver plated polyacrylonitrile
(PAN) fabric in the 30 kHz and 3 GHz frequency range was
investigated and found as 40-80 dB. After washing for over
30 times, the shielding value decreased to 35-50 dB [38]. We
envisage that due to their low weight and excellent EM
shielding characteristics, these nonwoven fabrics can be
used for technical textile applications such as interlining
fabric for wearable garment, military tent and shielding
fabric for building [48].

Temperature control is one of the most basic functions of
textiles and for active clothing and there is a strong demand
to produce active structures which are not only lightweight
but also provide control over the heating. Passive clothing is
not suitable in applications where the end-user undertakes a
large amount of work as the large number of layers hinder
the movement [44]. Most of the heating elements use the
Joule’s heating principle in which heat is generated as electric
current flows through the conductive material. Conductive
materials such as metals, metal coated fibres and conducting
polymers have been used in many textile applications for
making heating elements. These active textile based heating
elements have been manufactured using various textile
production techniques such as knitting, weaving and nonwoven
technology [43-45]. However, it has been shown in the
literature that heating elements made from nonwoven
structures suffer from high electrical resistance, thereby
limiting their use as compared to knitted and woven structures
with the woven fabric showing lower resistance as compared
to knitted structures [46]. As observed in Figure 6(a), the
PNNF-6.7 sample shows a rapid increase in the temperature
as a function of applied potential which can be attributed to
the rather low mass density of the samples. The temperature
was measured using a thermocouple in close contact with
the 17x1” specimen. As the Joule heating is inversely
proportional to the resistivity, the PNNF-3.3 samples showed
a slightly lower peak temperature than the PNNF-6.7

samples (Figure 6(b)) at the same applied voltages during
the stability test carried out for 10,000 seconds. The PNNF-
6.7 sample showed an average stable temperature reading of
33.52+0.47 °C whereas the PNNF-3.3 sample showed an
average stable temperature of 32.38+0.48 °C over the
measurement. These values are comparable to those obtained
by Ag nanowire coated textiles and knitted, woven fabrics
obtained using Ag coated yarns [47].

Conclusion

In this work, the electromagnetic shielding effectiveness
of nonwoven fabrics produced from conductive Ag/PA66
staple fibres with fineness of 6.7 dtex and 3.3 dtex was
investigated. The fabrics samples were further characterised
using surface resistivity analysis as well as electron microscopy
and infrared spectroscopy analysis. The needle-punched Ag/
PA66 nonwoven fabrics, in spite of their low density of the
order of 0.04 g/cm?, exhibited high EMSE values of nearly
69-80 dB, leading to excellent weight-normalised specific
electromagnetic shielding effectiveness of over 1200 dB/(g/
cm’) in the 0.015-3 GHz range. The nonwoven fabric produced
using 3.3 dtex Ag/PA66 fibres, PNNF-3.3, showed higher
EMSE values as compared to the 6.7 dtex nonwoven fabrics
due to higher fibre density and lower resistivity. Further
analysis of the EM shielding behaviour led to the conclusion
that the reflection (absorption) values for PNNF-3.3 samples
was higher (lower) than PNNF-6.7 samples across the 0.015-
3.0 GHz range. Concurrently, the transmission values measured
were negligible across the whole range, suggesting that these
fabrics are highly suitable for most of the class-II (general)
uses and many class-I (professional) applications such as
protective wearable textiles and building textiles. Due to
their high conductivity, the samples were further utilised as
Joule heating fabrics for application into personal thermal
management. Both the PNNF-3.3 and PNNF-6.7 nonwoven
samples showed voltage dependent, rapid heating rates with
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the PNNF-6.7 samples showing a better and stable response
due to the higher thickness of the fabric. Thus, the production
of Ag/PA66 needle punched nonwoven fabrics offers a facile
route to develop multifunctional fabrics for EMI shielding as
well as personal thermal management applications.
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