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a b s t r a c t

Polyester fibers (PEF) were successfully coated with Polyaniline (PANI) via in situ poly-

merization to make electrically conductive fibers (ECF). X-ray diffraction (XRD) analysis

confirms the synthesis and scanning electron microscopy (SEM) confirms the coating of

PANI on the surface of PEF. Both coated and uncoated fibers were tested for their DC

conductivity, and the results showed a clear difference between the two. From a highly

insulating state, it transitions to about 0.1 S/cm. Both the tensile strength and modulus

seemed to rise, going from 0.5 MPa to 2.5 MPa and from 0.04 MPa to 0.4 MPa, respectively.

Blocking electromagnetic (EM) waves primarily requires a material with good electrical

conductivity. The fabric proved effective in blocking about 99.9% of the ultraviolet (UV) and

near-infrared rays. Fabrics that effectively block electromagnetic waves are able to conceal

the high-temperature human body from a thermal imaging camera, which detects heat

signatures by observing the infrared (IR) radiation generated by objects. We also measured

the dielectric characteristics using impedance analysis and found that the values for the
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dielectric constant, dielectric loss, and AC conductivity dramatically increased from the

frequency range of 100 Hz to 5 MHz. Further, electromagnetic interference (EMI) and

shielding efficiency were determined with the aid of the dielectric constant and dielectric

loss (SE). The overall SE in the same 100 Hz to 5 MHz range was similarly more than 80 dB.

Improved EMI shielding was feasible due to the non-woven fabric's strong electrical con-

ductivity, homogenous PANI coating on the surface, and great compactness. These findings

are enough to predict that these fibers will provide good EMI shielding and thermal imaging

when used in any application.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The ability of thermal imaging cameras to detect human

bodies is a major threat to soldiers at night. It's extremely

difficult for the armed forces to conduct operations at night.

Armed forces can use thermal imaging systems to detect

temperature differences between extinct enemy forces and

their surroundings [1e3]. Thermal imaging cameras use

infrared radiation in the camera's field of vision and follow

that information to produce a thermal image. As a result, EMI

shielding is required for the army's protection against thermal

imaging cameras, as well as for the internal armed suit's
electrical systems from external radiations [4e7]. Over the last

20 years, the use of these gadgets has increased exponentially

[8,9]. However, the major issue with the increased use of such

electronic accessories is electromagnetic pollution. EMI

shielding is presently one of the important issues for the de-

fense of soldiers and technological gadgets. In this regard,

polymer-based conductive composites have taken a tremen-

dous amount of work to provide EMI shielding [10e12].

Now, conductive polymers are used for EMI shielding in

several everyday applications, including aircraft, the military,

energy, and electrical equipment. The conductive polymer-

based EMI shielding helps us to protect electrical equipment

(laptops, mobiles, sensitive sensors, electricity supply in-

struments, characterization devices, and so on). The use of

conductive polymers has increased over the last two decades

due to their versatility. This research has moved into the field

of textiles with the goal of creating conductive fabrics for a

variety of applications.

In past work, admicellar polymerization was used to

prepare conductive polymer-coated fabrics. When a thin

layer of the conductive polymers was coated on fabrics, an

increase in the DC conductivity of the fabric was observed

[13e16]. The study of polypyrrole/cotton composites reveals

their high conductivity, flexibility, and thermal stability.

Using an in situ polymerization technique, flexible poly-

pyrrole/cotton textiles with a resistance of up to 0.37Ucm can

be produced [17e20]. Cotton fibers combined with polyaniline

by in situ polymerization produce semi-conductive materials

with a conductivity of almost (1.54 � 10�4 Scm�1) [21e25].

Using polyaniline (PANI) and its settling on bagasse fiber (BF)

(through the in situ polymerization of aniline in a dispersed

system of BF), it was observed that the BF/PANI composite

had a higher conductivity (2.01 ± 0.29 Scm�1) than pristine
PANI conductivity (1.35 ± 0.15 Scm�1) [26e28]. A simple

chemical polymerization approach has already been used to

make a PANI nano-fibers composite with graphite. It has an

EMI shielding of more than 80 dB in the frequency band

(8.2e18) GHz with a thickness of 1 mm [29e32]. Polymers do

not have a natural conductive characteristic. As a result, they

are unable to provide enough protection for gadgets. Ac-

cording to the research, fillers are one of the items that have

the potential to increase conductivity [7,33e35]. The study of

polyacrylate expandable foam particles (PEFP) and nano-

platelets in (GNP) porous glass fiber mat indicated that by

using GMT/PEFP/GNP-4.0 wt%, shielding can be easily ob-

tained close to 33.8 dB with 22.8 MPa strength in conductive

composites [36e38]. Insitu polymerization of barium

hexaferrite-polypyrrole nanoparticles results in less than 1%

transmission in the NIR region and less than �50dB shielding

efficacy in the microwave range [39]. According to the ex-

amination of PVC-based composite files incorporating Ag/

ZnS and PANI-Ag/ZnS nanoparticles the frequency of the

PANI-ZnS nanoparticles reached 52.5 dB in 0.1e20 GHz. The

transmission in the near-infrared range was estimated to be

<0.5% [40e43].

In the current study, polyester fibers (PEF) were coatedwith

polyaniline (PANI) to provide shielding against electromag-

netic interference (EMI) and thermal imaging cameras (TIC).

The in-situ polymerizationmethodwas used for the coating of

electrically conductive PANI on PEF. The electrically conduc-

tive fibers (ECF) produced were characterized using DC con-

ductivity, impedance, SEM, NIR spectroscopy, andmechanical

properties. The major goal was to assess EMI shielding in the

infrared area. For the hindering properties of IR, a wavelength

of range 250e2500 nmwas used. The results revealed that the

shielding efficacy is more than 80 dB. According to IR spec-

troscopy, the composite sheets had less than 1% transmission

throughout the whole NIR range.
2. Materials and methods

2.1. Materials

Formic acid (96%, Sigma Aldrich), Aniline monomer (99.5%,

UNI CHEM chemical reagents), Ammonium persulfate (98%,

DAE JUNG Korea), Polyester fibers (140 deniers, FARNA Textile,

Pakistan), PVC (100%, Glory Plastic LTD) and THF (99.5%, DAE

JUNG, Korea).
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Table 1 e List of samples and their composition.

Sr# Sample Names Thickness

1 A1 1 mm (PEF)

2 A2 1 mm (ECF)

3 A3 1.5 mm (ECF)

4 A4 2 mm (ECF)
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2.2. Preparation of electrically conductive fibers (ECF)

In-situ polymerizationwas adapted for the coating of PEF with

PANI. A solution of APS (25 g) and aniline (25ml) was prepared

in formic acid (500 ml) separately at 50 �C at continuous stir-

ring. Polyester fibers (25 g) were then added to an aniline so-

lution and stirred for 1 h. After that, the beaker was set in an

ice bath to achieve the desired polymerization temperature of

0e5 �C. APS solution was added dropwise to the aniline/fibers

solution while maintaining a uniform temperature of 0e5 �C
and continuously stirring. The dark greenish tint began to

appear after some time. The solution was left for 2e3 h at

continuous stirring to undergo complete polymerization. Af-

terward, the fibers were removed from the solution and

washed with water and ethanol to remove unreacted APS,

aniline, and excess formic acid content. It is then dried in a

furnace overnight at 120 �C. For a better understanding, a

flowchart is given below in Fig. 1. By using 15 g of PEF, 20 g of

ECF was obtained. PSF/PANI wt ratio in ECF is 75:25.

2.3. Fabrication of PANI-polyester composite

A homogeneous solution of (15 g) PVC wasmade in (150 ml) of

THF. PANI-coated fibers (15 g,30 g,45 g) were added to the PVC

solution and left to soak. To let THF evaporate completely, the
Fig. 1 e Visual representation o
soaked fibers were spread evenly on an aluminum foil. The

fibers were then placed on a Teflon sheet with a 600 dimension.

The Teflon sheet containing the fiber was placed in the

compression molding machine at 80 �C temperature and 12-

ton pressure. The composite sheets obtained were dried in a

vacuum oven at 50 �C. Composites were made with different

thicknes and shown in Table 1.

2.4. Characterization

2.4.1. X-ray diffraction (XRD)
X-ray analysis was done using 2q from 10� to 70� with a stay

duration of 1 s and a 0.02� increment. In this study, the D8

Discover of BRUKER company was utilized. In section 4.6, the

results obtained are discussed.

2.4.2. Scanning electron microscope (SEM)
The “JEOL-instrument JSM-6490A”was utilized to examine the

surface of PEF and ECF at different magnifications after

coating with gold.

2.4.3. DC conductivity
The DC conductivity test was carried out using “Keithley

2450”. The two probes were kept at a distance of 1 mm. After

placing the probes, 5 V was applied and the current was

measured using the ammeter. Further calculations for con-

ductivity were done by utilizing the following relationship:

R¼V
I
; r ¼ RA

L
;s ¼ 1

r

here R, V, and I represent resistance, voltage, and current,

respectively. L and A denotes the length and area of the cross-

section.Whereas r and s represent the resistivity and value of

conductivity, respectively.
f the experimental process.
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Fig. 2 e XRD of the prepared sample.
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2.4.4. Mechanical properties
Under ASTM standard D3039, the mechanical properties were

evaluated using Ametek Lloyd's model LRX. The gauge length

and width of the sample were 20 mm � 10 mm, and the strain

rate was 1 mm/min.

2.4.5. Impedance analyzer
The “Wayne Kerr 6500B” was utilized to measure and deter-

mine impedance properties in the frequency range of 100 Hz

to 5 MHz. The values of Tan d and capacitance was obtained

from it. The dielectric loss, AC conductivity, and dielectric

constant were then determined using these data. Afterward,

dielectric constant and loss parameters were used to calculate

EMI shielding effectiveness in the same frequency region.

2.4.6. Thermal imaging cameras
Cantronic System Ins. IR916 captured the thermal images of

non-woven fabric samples. The thermography camera uses

an advanced 160x120 uncooled Microbolometer FPA detector

to provide a radiometric 50/60 Hz real-time picture.

2.4.7. IR spectroscopy
“PerkinElmer's “Lambda 95000 was used to analyze the trans-

mission of UV/Vis/NIR radiation through a composite sheet in

the 250e2500 nm frequency range.
3. Result and discussion

3.1. X-ray diffraction (XRD)

PANI has a semi-crystalline structure and has two distinct

peaks in its XRD pattern. PANI was synthesized using a

chemical oxidative approach, and its success in creation was

verified using x-ray diffraction. In Fig. 2, the XRD pattern of

PEF and ECF is displayed. It is evident that PEF is completely

amorphous as there is no prominent peak and only a rough

and noisy graph. Whereas there are two peaks at 2q ¼ 19� and
2q ¼ 25� in the ECF pattern. These peaks arise from periodicity

horizontal and vertical periodicity of the polymer chain. A

similar XRD pattern of XRD also reported by Khadija et al. [44].

3.2. Scanning electron microscopy (SEM)

The structural investigation of the nanocomposite was done

using scanning electron microscopy. PEF and ECF were coated

with gold and their surface featureswere observed at different

magnifications. In Fig. 3 a and b, low-resolution images of both

PEF and ECF was shown. It can be seen that PEF has a very

smooth surface with no visible discontinuities or flaws. The

rough surface of the ECF verifies the binding of polyaniline

nanoparticles to the fiber surface. In the high-resolution

image (Fig. 3c) the nanoparticles attached can be clearly

seen and it is quite homogeneous. It can be expected from the

SEM micrographs that fibers became electrically conductive

and later on verified by DC conductivity measurement in

section 3.3. Polyanilinewas decorated on the surface of carbon

fibers by Weiwei et al. and got similar SEM micrographs [45].

The PANI nanoparticles content was measured in weight

percentage, after in situ polymerization and drying of fibers.
The comparison between the weight of pure polyester fibers

and the weight after the coating of fibers gives information

that the coated fibers contain 25 wt % of PANI Nano particles

content.

3.3. DC conductivity

DC conductivity of samples A1 and A2 wasmeasured by the 4-

probe technique. Samples were cut in the dimensions of 5mm

* 10 mm The obtained DC conductivity values after calcula-

tions are shown in Fig. 4. Sample A1 exhibits a conductivity of

1.5 � 10�13 S/cm which is an insulative region. As the PANI is

coated on insulated PEF, a significant increase in conductivity

can be seen. This prominent change in conductivity value was

due to the pi-electrons in the PANI structure. The conductivity

value increases as a result of the formation of a densely

interconnected network structure.

3.4. Mechanical properties

ASTM D3039 standard samples were cut with the dimension

of 20 mm gauge length and 10 mm width. The strain rate of

1 mm/min was used for the measurement. Three samples

were tested for each fabric sample and the average results are

shown in Fig. 5. The standard deviation of data obtained for

each sample is almost 3%. Through the stress-strain curve,

the Ultimate tensile strength, elongation at break, and

modulus of each sample for a constant value of strain i.e., 10%

were compared. Samples started to break and cracks appeared

at UTM (shown in Figure a) and rupture at the maximum

elongation point. For sample A1, UTSwas about only 0.35MPa.

By adding PANI and increasing fabric GSM in samples A2 and

A3, the stress value increased to 24 and 2.3 respectively.

The stress value again dropped to 0.35 because of the high

amount of fibers and the same amount of binder. On the other

hand, elongation at break decreased from sample A2 to A3

and then increased again for A4. Because there is no PANI

https://doi.org/10.1016/j.jmrt.2023.01.101
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Fig. 3 e SEM images of different samples (a) PSF (b) ECF at low resolution and (c) ECF at high resolution.

Fig. 4 e DC conductivity of the prepared samples.
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reinforcement, A1's modulus is very low. As PANI is added in

A2 and a high concentration of binder, themaximummodulus

was achieved. From A2 to A4, the number of fibers increased

with a constant amount of binder.

3.5. Dielectric properties

Dissipation factor (tan d) and capacitance (C) from 100 Hz to

5 MHzweremeasured by an impedance analyzer (Wayne Kerr

6500B). Dielectric constant (ℇ0), dielectric loss (ℇ0 0), and AC

conductivity (sac) were determined using the following re-

lationships and shown in Fig. 6:

ℇ0 ¼ Cd
Aℇo

;ℇ
00 ¼ Tan d * ℇ0; sac ¼ u ℇo ℇ0 tan d

here C, d, and A are the capacitance, thickness, and area of the

sample. Whereas ℇo and u are the permittivity of free space

and angular frequency.

The dielectric constant enables us to know the amount of

charge that can be stored at one time. The result shows that by

https://doi.org/10.1016/j.jmrt.2023.01.101
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Fig. 5 e Mechanical properties of prepared nanocomposite sheet.
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increasing the thickness of the polyester fabric and filler

amount, the dielectric constant value increases. A1 shows the

lowest dielectric constant as it contains PEF with no free

electrons. The sample A2 has a marginally higher dielectric

constant due to the presence of conductive PANI, whereas

sample A3 has a higher dielectric constant value as the

thickness increases. SampleA4 has the highest number of free

electrons due to the fact that it shows the highest dielectric

constant value compared to samples A1, A2, and A3. Fig. 8a

shows the graphical results of the dielectric constant.

Enhanced dielectric constant values of PANI have already

been reported by Khadija et al. [44].

Whenever an electric field is altered, some of the energy is

lost to reorient the dipole in opposite directions and termed

dielectric loss. The dielectric loss also follows the same

behavior as the dielectric constant. The pure sample A1 shows

the lowest dielectric loss value as there are almost no dipoles

to orient and reorient in opposite direction, while the sample

A2 due to the availability of dipoles in PANI shows a margin-

ally increased dielectric loss value. As the thickness of the

fabric goes up in sample A3, the dielectric loss goes up, but

sample A4 has the highest dielectric loss because it has the

most electric dipoles.

The AC conductivity of samples doesn't change as much

when the thickness of the samples is changed, but it does

changewhen the frequency is changed. The sample A1 and A2
and A3 express almost the same AC conductivity. The fre-

quency effect is only prominent in sample A4 and increases as

the frequency increases. The overall behavior of the AC con-

ductivity of samples is given in Fig. 6.

3.6. Thermal imaging

In order to investigate how IR radiations are blocked, thermal

images of all samples were tested with a thermal imaging

camera. In thermal imaging cameras, the IR waves are gath-

ered and converted to electrical signals. Afterward, the signals

are displayed in the form of colors which signify the values of

temperature. Fig. 7 displays the thermal images of all the

samples. The Pure sample A1 showed the lightest shade

which implied that it has a maximum transmission and

minimal absorption of IR radiations. The reason behind the

lightest shade of sample A1 is the absence of conductive PANI

nanoparticles. From samples A2 to A4, the absorption was

increased due to the addition of conductive PANI and the

increased fabric thickness. The sample A4 showed the darkest

shade as compared to other fabric samples, because sample

A4 fabric has the highest thickness with the most number of

conductive fibers. So from thermal imaging results, It can be

concluded that with the addition of conductive material the

absorption of the IR radiations is increased. Rukhsar et al. [46]

and sabahat et al. [47] used PANI, Polyaniline and showed a

https://doi.org/10.1016/j.jmrt.2023.01.101
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Fig. 6 e Dielectric constant, dielectric loss, and AC conductivity of the samples.
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similar pattern of thermal images. With the addition of

conductive filler, IR radiation is blocked by the PVC-based film.

3.7. IR spectroscopy

As previously stated in Section 3.6, the fabric completely

blocked IR radiations; this was confirmed by UV/Vis/NIR

spectroscopy as well as in the different spectra. The nano-

composite sheet was cut according to the sample holder size

which is 10 mm in width and 30 mm in length. Radiation

transmission was measured in the UV/VIS/NIR region from

200 to 2500 nm. The sample A1 shows almost 80% trans-

mission. With the addition of aniline content, the trans-

mission of IR radiations reduced to less than 0.5%. All the

obtained data of transmission is shown in Fig. 8. Due to the

good dispersion of aniline and conductive networked struc-

ture all the radiation was hindered. From the results it can be

concluded that the electrically conductive structure effec-

tively blocked the greatest quantity of IR radiations and pre-

venting their passage from fabric.

3.8. EMI shielding

The impedance analyzer was used to determine the capaci-

tance and dissipation factors in the frequency region of 100 Hz
to 5 MHz Dielectric constant, dielectric Loss and AC conduc-

tivity was already calculated in section 3.5. By using the

following relationships, SER SEA and SETwere then calculated

and shown in Fig. 9.

SEA ¼ 8:8 al

SER ¼20 log
j1þ nj2

4n

a¼ 2p
l

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 d

p
2

s

n¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 d±1

p
2

s
þ i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2 d±1

p
2

s

When electromagnetic radiation (EMR) comes into contact

with matter, the EM wave is reflected, absorbed, and trans-

mitted, as postulated by the EMI theory. Three methods exist

for shielding against electromagnetic interference that are

absorption (SEA), multiple reflections (SEMR), and reflection

(SER). If the overall efficiency of the shielding is more than

10 dB, then the SEMR is often disregarded, and no calculations

are required. The combined efficacy of the remaining two

shielding processes is given by Refs. [8,48]:

https://doi.org/10.1016/j.jmrt.2023.01.101
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Fig. 7 e Thermal images of the prepared sample.
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SET ¼SEA þ SER ¼ log
EIN

EOUT

The study regarding the method of absorption (SEA) gives

information that the frequency of electromagnetic radiation

effects the absorption behavior of samples with respect to the

number of PANI-coated fibers and fabric thickness. The fabric

samples A1 andA2 exhibit the same behavior by absorbing the

lowest amount of radiation by increasing frequency; the

reason is that both samples A1 and A2 have a minimum
Fig. 8 e UV/VIS/NIR
thickness. The other reason is that sample A1 contains pure

fibers and sample A2 has a low number of PANI-coated fibers.

The sample A3 has a higher number of PANI-coated fibers

than A1 and A2, and due to this fact, it exhibits a slight change

in the absorption of radiation, as frequency has essentially

little effect on the absorption behavior. According to the pre-

ceding discussion, samples A1, A2, and A3 have low absorp-

tion values. However, when the frequency of the

electromagnetic radiation rises, the sample's absorption
transmission.

https://doi.org/10.1016/j.jmrt.2023.01.101
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Fig. 9 e SEA, SER, and SET of samples.
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behavior increases. The reason is that the increasing fre-

quency exhibits a high effect on the absorption of sample A4

fabric, which has the highest number of PANI-coated fibers

and thickness as well.

The reflection study reveals that electromagnetic radiation

reflection increases as the thickness of the fabric sample in-

creases. Pure sample A1 doesn't have any PANI-coated fibers

due to this it reflects less electromagnetic radiation than

sample A2, which contains PANI-coated fibers. The samples

A3 and A4 show an increase in reflection as the thickness

increases with an increase in the amount of coated fibers in

the fabric sample, respectively. The sample A4 shows excep-

tional shielding with the highest reflection of electromagnetic

radiation because this sample has highest thickness. The

overall reflection behavior of radiations in samples is given in

Fig. 9.

The transmission (SET) behavior study of the samples gives

the information that transmission decreases as the thickness

of the coated sample increases. Sample A1 has a non-

conductive structure due to this, it exhibits a high trans-

mission of electromagnetic radiation. In sample A2, there is

less transmission of electromagnetic radiation as compared to

sample A1 because PANI-coated fibers are present. The results

give sense that with the presence of conductive structure, if

the thickness of the fabric samples goes up than the high

amount of transmission will stop. Similarly, the sample A3
blocks a good amount of electromagnetic radiation because its

thickness is higher than that of the sample A1 and the sample

A2. The Sample A4 has a best shielding by blocking the most

electromagnetic radiation because its thickness is highest in

all fabric samples.

The EMI shielding increases as the shielding effectiveness

increases. Everyone is aware that the shielding effectiveness

is determined by the PANI content. This content was

measured as a percentage of the weight on the surface of

polyester fibers, as previously stated. For this, the weight of

polyester fibers before and after the in situ polymerization

was calculated. After the comparison of the weights, the dif-

ference between the pure polyester fibers and coated poly-

ester fibers is assumed to be the weight content of the PANI on

the fibers. The content of PANI was optimized by increasing

the thickness of fabric sheet. The thicker polyester fabric

sheet contains more coated fibers in compact form, which

means these fabric sheets have more PANI content, and that's
why these thicker samples have shown greater shielding

effectiveness.
4. Conclusion

Polyester fibers (PEF) were successfully coated with Polyani-

line (PANI) via in situ polymerization to make electrically

https://doi.org/10.1016/j.jmrt.2023.01.101
https://doi.org/10.1016/j.jmrt.2023.01.101
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conductive fibers (ECF). XRD analysis confirms the synthesis

and SEM confirms the coating of PANI on the surface of PEF.

Almost 0.1 S/cm of DC conductivity was observed that also

proves the fabrication of ECF. Non-woven fabric was prepared

using PVC as a binder via compression molding. Both me-

chanical and dielectric properties seemed to increase with the

increase in the thickness of the fabric. UV/Vis/NIR spectros-

copy and thermal imaging signal analysis exhibit 99.9%

blockage of waves falling in the mentioned spectrum. EMI

shielding in 100 Hz to 5 MHz frequency region was calculated.

More than 70 dB shielding effectiveness in the whole fre-

quency region of 100 Hz to 5 MHz. Which is enough to predict

that these fibers will give good EMI shielding and thermal

imaging when used in concerned application.
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