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Owing to the ever-increasing complexity of the electromagnetic environment, the market for electro-
magnetic interference (EMI) shielding is expanding at a rapid rate. Recently, there has been a focus on
developing new methods that can be used to fine-tune and forecast the shielding qualities of buildings
without using up all of the raw materials. Additionally, methods that are economical and need a short
duration of time for optimization have been prioritized. The purpose of this article is to demonstrate an
efficient and accurate method for predicting the EMI shielding effectiveness (EMI SE) of materials. This is
accomplished by simulating the performance of composites that contain alternate layers of conducting
and magnetic materials within a virtual waveguide measurement environment. Using CST Studio Suite
software, the EMI shielding effectiveness of multilayered structures is simulated in the X-band range. The
strategic arrangement of electromagnetic (EM) energy-trapping layers within impedance-matching
layers in the multilayered structures is found to significantly contribute to the enhancement of
absorption-dominated EMI shielding, as demonstrated through a simulation carried out by varying the
order and number of the conducting and magnetic layers. Among the multilayered structures, the PC/
PM/PC (PVDF-CNF/PVDF-MWCNTs/PVDF-CNF) systems showed the best shielding efficiency, with a
value of 96.47 dB. Poly(vinylidene fluoride)-based composites comprising low-cost MWCNTSs are used to
construct the multilayered structures for testing purposes. After completing this research, we came up
with the hypothesis that it is not required to use materials that have a high manufacturing cost and need
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rsc.li/materials-advances laborious fabrication processes in order to create extremely effective shielding materials.

sophisticated precision electronic devices utilized for advanced
applications across diverse domains, including medicine, aero-

1. Introduction

EM radiation-based products and gadgets have grown increas-
ingly essential in our daily lives ever since EM frequencies were
first commercialized in the late 1800s. The amount of EM
radiation surrounding us has unquestionably increased with
the introduction of the internet of things (IoT) and advance-
ments in technology, leaving us vulnerable to a complicated
electromagnetic environment."” Furthermore, it is apparent in
the current available literature that electromagnetic inter-
ferences have a disruptive effect on the optimal operation of
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space, and military sectors.*”” Moreover, numerous data indi-
cate the detrimental effects of EM radiation on the overall
health and welfare of humans and other living organisms.*°
Thus, there has been an increasing demand for the develop-
ment of EMI shielding materials that are capable of efficiently
mitigating electromagnetic waves. This demand arouses pri-
marily as a result of the implementation of fifth-generation
networks, which utilize higher-frequency electromagnetic
radiation. Therefore, innovation in the development of techni-
cally improved EMI shielding materials and reinforcement of
engineering strategies for shielding structures are urgently
required.

Two basic mechanisms that are engaged in electromagnetic
interference shielding are reflection and absorption. Therefore,
electromagnetic interference shielding materials can be roughly
categorized into two types: reflection-dominant shielding materials
and absorption-dominant shielding materials. Despite the fact
that metals, conductive polymers, and low-dimensional materials
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such as reduced graphene oxide and MXenes can achieve high
EMI SE, the inherent reflection of electromagnetic waves due to
the conductivity of these materials can have adverse effects on the
environment and electronic devices utilized in an enclosure for
aerospace and military purposes.'®® The attainment of such
material combinations can be accomplished through the appro-
priate integration of magnetic and conducting materials in order
to facilitate impedance matching and consequently minimize the
reflection of electromagnetic waves.'* Additionally, it has been
reported that the utilization of a multilayered configuration
consisting of magnetic and conductive structures can effectively
enhance the shielding capabilities of the composites. This is
achieved by capitalizing on the phenomenon of multiple internal
reflections that occur due to the impedance mismatch between
the several layers with differing properties.'*"°

The utilization of multilayered composites presents a compel-
ling approach to mitigate reflection-based shielding by strategi-
cally arranging the conducting and magnetic layers in a certain
order. Enormous research has been conducted to investigate the
EMI SE of various arrangements of multilayered composite
structures.’>*® The method is further validated by recent review
articles that explore the possibility of multilayered structures
made of polymers for EMI shielding."®>' When using multilayer
structures, the EMI shielding efficiency can be tuned by adjusting
the concentration of the fillers, layer order, layer thickness, and
layer number, as well as by choosing the conducting and magnetic
fillers for each layer. A prevalent myth is that producing high-
performance EMI shielding materials is too expensive, time-
consuming, and labor-intensive for industrial integration because
of the optimization step alone. Therefore, it is critical to innovate
methods by implementing strategies that can yield good out-
comes in a reasonable amount of time without wasting resources.

An intriguing and underexplored approach to predicting a
material’s EMI SE from its electrical conductivity and electro-
magnetic parameters is the use of simulation in the design of
EMI shielding materials and then comparing and measuring
the EMI shielding parameters as well. According to the litera-
ture, many studies have focused on fabricating and testing
various microwave-absorbing and EMI shielding materials
with different properties. However, very few have attempted
to design EMI shielding materials using robust simulation
tools and then validate the simulated results with the experi-
mental results obtained after fabrication. For X-band applica-
tions, Liu et al. and Kashi et al. utilized CST Studio Suite in 2020
to investigate and optimize the EMI shielding characteristics
of textiles modified with Ag nanowires and poly- (butylene
adipate-co-terephthalate) and poly-lactide nanocomposites
incorporating graphene, respectively.”* Phan et al. also investi-
gated the use of the high frequency structure simulator (HFSS)
to conduct simulation-based EMI shielding investigations on
transparent shielding applications involving multilayered salt-
water in planar acrylic and glass within the frequency range
of 7.5-8.5 GHz.”® Subsequently in 2022, Hu et al. conducted
simulations within the 1.0-1.5 GHz frequency range on the
optimized textile model in order to optimize a multitude of
parameters for shielding applications based on textiles.>*
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This study details a novel systematic simulation analysis of
multilayered composites made of conducting and magnetic
filler-reinforced polymers along with experimental evidence
for the purpose of mitigating electromagnetic radiation. Cog o
Niy,Fe,0, (CNF) is used as a magnetic filler, multiwalled
carbon nanotubes (MWCNTs) are used as the conductive filler
and poly(vinylidene fluoride) (PVDF) is the selected polymer
matrix because of its exceptional mechanical qualities. The
multilayer structures are created by stacking the single-layers
that are produced using the doctor blade process and then hot-
pressing these individual layers. This paper further dives into
measuring EMI shielding efficiency and understanding the EMI
shielding mechanism of multilayer structures with different
layered configurations and numbers of layers by modelling the
electromagnetic characteristics of the individual layers using
CST Studio Suite software along with visualization of electric
and magnetic field propagations through individual layers as
well as multilayer structures. This work primarily focused on
three arrangements: (1) PC/PM (PVDF-CNF/PVDF-MWCNTS),
(2) PC/PM/PC (PVDF-CNF/PVDF-MWCNTSs/PVDF-CNF), and
(3) PM/PC/PM (PVDF-MWCNTSs/PVDF-CNF/PVDF- MWCNTS).
We take a close look at the underlying mechanisms that increase
the shielding efficiency of multilayer structures, highlighting
the importance of choosing the correct sequence and number
of layers. In conclusion, this paper mainly delves into the
function of simulation in engineering, design, and prediction
of laminated structures, as well as their capacity to protect
against electromagnetic radiation, with enough supporting
experimental evidence.

2. Materials and methods

2.1. Simulation

All of the EMI shielding structures that are addressed in this
study have been constructed and simulated in the X-band
region by utilizing the finite element method using CST Studio
Suite software. This involves developing a virtual EMI shielding
measurement setup (see ESLf Section S1 for details of the
virtual wave guide environment). This is accomplished by
designing a rectangular waveguide and placing the material
under test (MUT) between port-1 and port-2 of the waveguide.
The multilayer structures are constructed by assigning the
electromagnetic parameters and electrical conductivity to indi-
vidual layers, which will contribute to the total EMI shielding
efficiency (SEy) of multilayer structures.

The simulated structures are shown in Fig. 1(a)-(c). Shielding
effectiveness is evaluated based on absorption (SE,), reflection
(SEg), and total shielding (SEr) using the reflection (S;4, S»,) and
transmission scattering characteristics (Sy,, S,;) derived from the
following equations:

_ Sai?
SEg (dB) = —10log (1 — S1,°) = —10log (1 — S5,%)  (2)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SEr = SE, + SEg + SE (3)

where SEy; represents the shielding caused by multiple internal
reflections and can be disregarded if SE, exceeds 10 dB.>®

2.2. Fabrication of multilayer structures

The multilayer structures consisting of conductive MWCNTs
(AdNano Technologies Pvt. Ltd., 99% purity) and magnetic CNF
layers are prepared through a solvent casting and hot-pressing
method. The synthesis of CNF is outlined in Section S2 (ESIY).
In order to create separate conducting and magnetic layers, 1 g
of PVDF powder is dissolved in 5 ml of N,N-dimethylformamide
(DMF). 15 wt% MWCNTs is added to the fully dissolved uni-
form PVDF-DMF mixture and stirred overnight using a mag-
netic stirrer set at a speed of 300 rpm. The solution is subjected
to sonication for a duration of 30 minutes using a bath
sonicator maintained at room temperature. Ultimately, using
the doctor blade technique the film is produced and main-
tained at ambient temperature for 24 h in order to achieve a
consistent and even PC layer. A similar method is employed
to manufacture the PM magnetic layer. The CNF layer is
fabricated with 15 wt% of CNF.

The multilayered structures PM/PC, PM/PC/PM, and PC/PM/
PC are created by stacking alternating layers of PM and PC
(see Fig. 1(a)-(c)). The composites are subsequently exposed to
hot-pressing at a temperature of 220 °C for a duration of
15 minutes, with minimal applied pressure. The PM/PC is a
combination of a conducting and magnetic layer. PM/PC/PM
and PC/PM/PC composites consist of a conducting layer sand-
wiched between two magnetic layers, and vice versa, respectively.
The PM/PC, PM/PC/PM, and PC/PM/PC composites consist of a
sequential arrangement of conducting and magnetic layers. There
is a total of 2- and 3-layers, each with a uniform thickness of
3.8 mm (see ESIT Fig. S1(a) for the schematic of preparation of
multilayer structures).

2.3. Characterization

The degree of crystallinity and identification of phases in CNF
and individual layers of multilayer structures are examined
using X-ray diffraction (XRD) (BRUKER D8 advanced X-ray

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a)—(c) Model of simulated multilayer structures in CST Studio Suite software and (d) XRD pattern for pure PVDF, PM, and PC layers.

diffractometer) with Cu K, radiation (. = 1.5406 A). The scan-
ning range is set from 26 = 10° to 80°. The individual composite
layers are analyzed for their microstructure using a field emis-
sion scanning electron microscope (FESEM) (Thermo Fisher
Scientific FEI Quanta 250 FEG). The electromagnetic properties
of the individual layers in the X-band range are also determined
using the waveguide approach. The conductivity of the indivi-
dual layers of multilayer structures is determined based on
the complex permittivity of the composites. The SEr of the
individual layers as well as multilayer structures in the X-band
region is determined by analyzing the reflection and transmis-
sion scattering parameters. These parameters are assessed
using a vector network analyzer (VNA) (Anritsu) through the
transmission-line method.

3. Results and discussion

3.1. Characterization of individual PM and PC layers

Before moving to the characterization of individual layers, the
characteristics of synthesized CNF are presented and discussed
elsewhere.?® The XRD patterns of individual PM and PC layers
are graphically represented in Fig. 1(d). Confirmation of the
cubic structure of CNF is provided by the data presented in
Fig. 1(d), which is indexed at 26 = 18° (1 1 1), 29.9° (2 2 0), 36.9°
(311),42.9° (22 2),53.3° (4 22),56.8° (51 1), and 62.4° (4 4 0).
Upon examination of the X-ray diffraction pattern for PM, it is
evident that the diffraction peaks that correspond to the (3 1 1)
crystal planes of CNF and the B-phase peak of PVDF are
present. In a similar manner, it is observed for the PC film.
No secondary peaks are noticed, confirming the formation of
the PM and PC composite films.

The morphology studies of the individual PC and PM layer
are shown in Fig. 2(a) and (b). Fig. 2(a) depicts the distribution
of CNF throughout the PVDF matrix, and the morphology
reveals that PVDF granules have been created in a clear and
distinct manner. It has also been observed that the PM layer
has a higher degree of porosity in comparison to the rigid
CNF discussed in the article.>® Therefore, with reference to
EMI shielding, the porous layer of the PC contributes to the
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and PM layers.

enhancement of the effectiveness of absorption shielding.
An SEM image of the PM layer (see Fig. 2(b)) clearly demon-
strates the presence of MWCNTSs, which indicates that they are
distributed uniformly throughout the PVDF matrix. The FTIR
absorption spectra of a pure PVDF film, the individual PC and
PM layer are shown in Fig. 2(c). In the FTIR spectrum of PVDF,
absorption bands are observed at 614, and 763, and 795 cm ™"
(as shown in Fig. 2(c)). These bands are associated with the
mixed CF, bending, and C-C-C skeletal vibration, respectively,
for the a-phase.>” Furthermore, a distinct low- intensity band at
1275 em™ ' is noted, indicating the existence of the B-phase.
It may be deduced that the pure PVDF material does not
contain the y-phase because there is no band at 1234 cm™'.
So, it’s reasonable to assume that the o-phase makes up the
majority of the pure PVDF film, while the B-phase is indicated
by bands at 1275 cm ™, 841 cm™ ', and 510 cm ™. Fig. 2(c) shows
the FTIR spectrum of the PC and PM layer. The spectra show a
pattern similar to that of PVDF, as previously noted. The PC
layer additionally shows a band at a frequency of 560 cm ™",
which corresponds to the stretching vibrations of the metal-
oxide groups that are situated in the tetrahedral sites of
ferrite.*® The Fe-Co bond is responsible for the band found
at 1155 em ™ .*°

The band gap energy is the amount of energy that is
required to excite an electron from the valence band to the
conduction band. The calculation of the band gap energy with
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(a) and (b) SEM images for PC and PM layers, respectively, (c) FT-IR studies of pure PVDF, PM, and PC layers and (d) and (e) band gap studies for PC

precision is very necessary in order to accurately predict the
electromagnetic absorption characteristics of the multilayer
structure, it is essential to ensure that the band gap energy of
individual layers of the multilayer structure is calculated. The
E, is obtained by analyzing the tangent that is extrapolated
to the X-axis of the ‘Tauc’ plots (see Fig. 2(e) and (f)) and the
formula used to find the band gap is discussed in Section S3
(ESIT).*® The E, values for PC and PM layers are 2.48 eV and
2.26 eV, respectively. It has been demonstrated that the band
gap decreases with the addition of CNF and MWCNT when
compared to pure PVDF (see Fig. S2(a), ESIT). Thus, it may
enhance EMI shielding efficiency by forming a conductive
network.

Electrical conductivity (¢) is an essential factor that plays a
significant role in determining the EMI shielding ability of
a material. This is because ¢ is directly related to both SEx
and SEA.'?! In addition, it is a well-established fact that an
increase in electrical conductivity leads to an increase in
reflection. As a result, the amount of conductive filler in the
matrix and the arrangement of the system that involves the
conducting layers may be adjusted to achieve the desired level
of shielding. Fig. 3(a) shows the electrical conductivity of the
individual PM and PC layers. In the case of the PM and
PC layers, they exhibited an electrical conductivity of 3.5 and
2.79 S m™", respectively. A minor increase in conductivity is
shown for the multilayer structures as the number of layers

© 2024 The Author(s). Published by the Royal Society of Chemistry
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multilayer structures.

increases. In addition, it is important to understand that the
sequence in which the layers are arranged is a significant factor
in determining the conductivity of the composites. Due to the
absence of a conductive upper and lower layer, the conductivity
of the PC/PM/PC structure is seen to decrease by a significant
amount. This is in accordance with the findings of Guo et al.>®

The electromagnetic properties of a shielding material have
a significant impact on the EMI shielding performance.
Complex permittivity (e, = ¢’ — j¢”) and complex permeability
(ur = ' — ju") are the parameters that characterize the electro-
magnetic (EM) properties of a material, where the imaginary
parts of permittivity and permeability correlate with the EM
energy losses (¢ and y"), and the real component of permittiv-
ity and permeability (¢/ and u') is assigned to the electro-
magnetic energy retention potential when it comes to
electromagnetic energy. Fig. 3(b) and (c) illustrates the dielec-
tric constant and loss of the PM and PC layer in the 8-12 GHz
frequency range. In comparison to the PC, the PM layer has the
highest permittivity. This can be due to the high electrical
conductivity of the MWCNTSs present in the matrix, as well as
the added Maxwell-Wagner-Sillars (MWS) polarization. Due to
the discrepancy in their electrical conductivity, the free charge
carriers will be trapped at the filler-matrix interfaces in hetero-
geneous systems. This will result in the formation of MWS
polarization, which is a result of the contribution of both the
migrating and the hopping electrons.’>*® It can be observed
from Fig. 3(b) that the PC layer has the lowest permittivity, in
accordance with the lowest conductivity of the layer. In the case
of the multilayer structures, the PC/PM/PC exhibits a higher
permittivity than PM/PC/PM and PM/PC, which agrees with
the trend in electrical conductivity of the multilayer structures.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Electrical conductivity versus frequency for individual and multilayer structures and (b)—(e) electromagnetic characteristics for individual and

The analysis of the dielectric loss (see Fig. 3(c)) revealed that the
PM layer presents more dielectric loss than the PC layer, which
might be attributed to the conduction losses associated with
percolative composite systems. In the case of PM/PC (see
Fig. 3(c)), the high dielectric loss stems from the ohmic losses
contributed by the well-connected conductive network formed
by MWCNTs and the polarization losses arising from the
increased interfaces in the composite.®® The PC layer exhibited
a dielectric loss of 0.725 (see Fig. 3(c)). The dielectric loss of
the multilayer structures PC/PM/PC and PM/PC/PM followed
the same trend as observed in the case of real permittivity
(see Fig. 3(c)). The curve in Fig. 3(d) and (e) depicts the
magnetic permeability and losses of the PM, PC/PM, PM/PC/
PM and PC/PM/PC structures as a function of frequency. It is
possible to ascribe the magnetic permeability of ferrites to the
domain wall motion that is common in low-frequency regions
as well as the gyromagnetic spin rotation that is predominant
in high-frequency regions.>* The u’ values of all the structures
followed a steady a pattern with an increase in frequency. This
trend is in line with the observations made on ferrite-based
composites that have been documented in the literature.*>3¢
As can be seen in Fig. 3(d) and (e), the magnetic permeability
and loss of the multilayer structures are lower than those of
the individual magnetic PC layer. One possible explanation for
this is that the inclusion of nonmagnetic MWCNTSs results in
a decrease in the magnetic characteristics of the material.
Over the X-band, the electromagnetic properties of each of
the composites are tabulated in Table 1. It is clear that the
conducting PM layer and the magnetic PC layer each provide a
unique contribution to the improved shielding behaviour of
the multilayered structures. This is demonstrated by the high

Mater. Adv., 2024, 5, 8889-8900 | 8893
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Table 1 Electromagnetic parameters for individual and multilayer structures

Composite ¢ & W W c(Sm™)
PM 5.64 3.34 — — 3.50
PC 4.49 0.73 10.71 5.86 2.79
PM/PC 8.0 4.06 5.52 1.48 4.97
PM/PC/PM 9.93 5.8 8.02 4.44 6.39
PC/PM/PC 10.28 5.69 8.79 4.96 6.17

dielectric loss of the PM layer and the superior magnetic
characteristics of the PM layer.

3.2. Simulation

The capability of a material to provide protection against
electromagnetic radiation is referred to as the EMI shielding
effectiveness. Three mechanisms—reflection, absorption, and
multiple internal reflections—are responsible for determining
the overall EMI shielding performance of any material. It is
therefore possible to express the entire shielding efficiency as
the sum of SEg, SE,, and SEy,, as shown in eqn (5). SEg is highly
dependent on the electrical conductivity of the shielding mate-
rial since the shielding that is induced by reflection occurs as a
result of the interaction between the charge carriers and the
electromagnetic field. It is possible to express it in decibels by
using the following equation:

SEgr = 71010g( (4)

7
32nfeop
Similarly, shielding due to absorption can be given as

SEs = —8.7d\/fnou (5)

where ¢ is the total conductivity, i is the relative permeability,
¢ is the relative permittivity, f is the frequency, and d is the
thickness of the material. To be suitable for commercial use,
a material’s overall EMI shielding efficiency must be higher
than 20 dB, which translates to a 99% attenuation of electro-
magnetic waves.

3.2.1. Simulated EMI shielding properties of multilayered
structures. It is evident from eqn (5) that the electrical con-
ductivity of a material, in addition to the relative permeability
of the material, acts as a defining factor for the absorption of
the material. In light of this, a suitable shielding material
should be the combination of the attributes that are required
by eqn (5) and (6). Providing specific input data, such as the
electrical conductivity and electromagnetic properties of the
materials involved, is essential in order to simulate the EMI
shielding efficiency of any structure. Therefore, the input para-
meters of individual PM and PC layers that are utilized for
simulations are investigated and tabulated in Table 1. Section
3.2.2 has a comprehensive examination of these factors. These
values are used to simulate the multilayer structures at the
microwave frequencies. Using CST Studio Suite software, reflec-
tion loss (RL) characteristics are predicted for the multilayer
structures in the 8-12 GHz range.

The simulated RL curves of the individual layers PM and PC
and multilayer structures PM/PC, PM/PC/PM, and PC/PM/PC

8894 | Mater. Adv, 2024, 5, 8889-8900
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are presented in Fig. 4. The predicted RL of the composites
from the simulation is in the order of PC/PM/PC > PM/PC/PM >
PM/PC > PC > PM. Fig. 5(a)-(d) and animated videos in
Supporting information V1(a)-(d) (ESIt) show the electric field
and magnetic field propagation in the waveguide with PC/PM/
PC and without the material (see the animated videos in
Supporting information v2(a)-(d), ESIt). For PM/PC, and PM/
PC/PM the electric and magnetic field propagation through the
material in the waveguide is presented in Fig. S2(b) (ESIf).
It is noteworthy to observe that the RL of PM/PC, PM/PC/PM,
and PC/PM/PC multilayer structures is superior to that of the
individual PM and PC layers. Furthermore, the PM/PC/PM
structure displayed a RL that is greater than that of the PM/
PC and PC/PM/PC, while having a conductivity that is signifi-
cantly higher. From the results it is understood that when it
comes to multilayer structures, the sequence in which the
layers are arranged is a significant factor. Additional mechan-
isms that are involved are the conduction losses that occur
from the PM, the polarization losses that occur from the PM,
the magnetic losses, and the many internal reflections that
occur at the interface between the PM and PC.*

3.3. Testing the EMI shielding properties of multi-layered
structures

Fig. 6(a) illustrates the frequency response curves of the compo-
sites, with respect to reflection loss (RL) characteristics for PM,
PC, PM/PC/PM, and PC/PM/PC. 1t is evident from the illustration
that the maximum difference between the simulated and mea-
sured RL values does not exceed 5 dB. The reflection losses are
found to rise with the number of layers and the arrangement of
individual layers, which has an effect on the absorption properties
of multilayer structures. When compared to other structures,
the PC/PM/PC exhibits a larger reflection loss of —34.49 dB (see
Table 2), which indicates that 99.99% of electromagnetic waves
are absorbed, hence increasing the number of electromagnetic
waves that are absorbed. This topic will be covered in greater
depth in subsequent Section 3.3.1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6
shielding mechanism for individual and multilayer structures PC/PM/PC.

The SE,, SEg, and SEr as a function of frequency are displayed
in Fig. 6(b) for PM, PC, PM/PC, PM/PC/PM, and PC/PM/PC
structures. The measurements demonstrate that PC/PM/PC has
the highest SE; value with a large increase in SE, without a
corresponding rise in SEg compared to other developed structures
(see Table 2). Furthermore, the SE; of the manufactured struc-
tures clearly demonstrates an impact of the arrangement of the
conducting and magnetic layers. The experimental data indicate
that the arrangement of layers is a crucial factor in regulating the
reflection-based shielding and electromagnetic energy trapping in
the multilayer structures. This finding aligns with the outcomes
derived from the simulation. The reason behind the larger SEy
value of PC/PM/PC structures than other structures is discussed in
Sections 3.3.2. and 3.3.3.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Experimental RL for individual and multilayer structures, (b) EMI shielding parameters for individual and multilayer structures, and (c) EMI

Table 2 EMI shielding efficiency and parameters for individual and multi-
layer structures

Sample RL simulated (dB) RL (dB) SE, (dB) SEg (dB) SEr (dB)
PM —52.66 —-57.15 42.14  10.66  52.79
PC —50.50 —53.72 41.33  11.03 52.36
PM/PC —49.18 —54.08 48.28  12.04  60.32
PM/PC/PM —38.2 —44.81 6221 1135  73.55
PC/PM/PC  —34.49 —39.91 87.37 9.10  96.47
3.3.1. Mechanism of EMI shielding. Fig. 6(c) illustrates the

mechanism behind attenuating electromagnetic radiation in
multilayered structures. It is the separate contributions of
the conducting PM layer and the magnetic PC layer that are
responsible for the attenuation of electromagnetic energy in the

Mater. Adv,, 2024, 5, 8889-8900 | 8895
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multilayer structure. Additionally, the specific layered arrange-
ment is responsible for trapping of the EM energy. In the
PC/PM/PC configuration, whereby conductive reflective layers
are placed between impedance-matching layers, the incident
electromagnetic wave will experience low primary reflection in
contrast to the PM/PC/PM structure, whereby the reflections of
electromagnetic waves will be more pronounced at the interface
between the main electromagnetic wave and the material.
Additionally, the incident wave will experience absorption at
the magnetic PC layer as a result of the magneto-dielectric
properties of PC. Polarization losses and magnetic losses con-
tribute to the attenuation at the magnetic PC layer. At the PC
layer, there are two types of polarization losses that can occur:
dipolar polarization loss, which is caused by the magnetic filler,
and interfacial polarization loss, which is caused by the inter-
faces between the filler and matrix. First discussing the dipole
polarization loss, the polarization relaxation process is a
contributing factor to it. So, to estimate this, Debye’s theory
is employed which gives a correlation between ¢ and "’

(see eqn (6)).

where o is the angular frequency, ¢ is the conductivity, ¢, is the
permittivity in vacuum, & is the permittivity in the electrostatic
field, and ¢., is the permittivity at the high-frequency limit,
respectively. Fig. S3 (ESIT) depicts the Cole-Cole plot for the PC
layer, which explains the relaxation nature in the PC layer. The
observed semicircle of the plot is indicative of the Debye
relaxation polarization. Since there are many relaxations, the
semicircle takes on an arc shape and the radius of the circle
suggests high degree of polarization. Furthermore, the length
of the sloped straight line is a good indicator of the significant
conduction loss. The conduction loss of the PC to EMWs is
proportional to the length of the inclined straight line.*®
Generally speaking, the conduction loss of the PC is shown
by an inclined straight tail in the Cole-Cole curve.** Conduc-
tivity loss is proportional to the slope of the inclined straight
tail, and it increases as the slope increases.** When electro-
magnetic radiation is directed towards the magnetic PC layer, it
will lead to the formation of induced dipole moments in the
CNF molecules. When the dipoles come into contact with the
incident electromagnetic radiation, a damping effect occurs,
leading to dipolar losses and a reduction in the intensity
of the electromagnetic radiation. The occurrence of Maxwell-
Wagner-Sillars (MWS) polarization, also known as interfacial
polarization, is primarily attributed to the buildup of charge
at the interfaces. This phenomenon is particularly prominent
in heterostructures that contain a significant number of
heterojunctions.®® At these junctions, the electromagnetic
waves will experience attenuation as a result of interfacial
relaxation losses. In addition, the presence of filler-matrix
heterojunctions in the magnetic layer will result in numerous
internal reflections and dispersion of electromagnetic waves,
ultimately causing a decrease in electromagnetic energy. In
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addition to polarization losses, electromagnetic waves will
also experience attenuation as a result of magnetic losses.*"
Magnetic losses in composites containing ferrite are primarily
attributed to three factors: eddy current, hysteresis, and
resonance.”” The occurrence of both eddy current loss and
hysteresis loss results in the transformation of electromagnetic
energy into thermal energy, which then disperses throughout
the material. Subsequently, the electromagnetic radiation that
has experienced primary attenuation at the magnetic layer will
be directed towards the conducting layer. In the PM layer, the
electromagnetic wave will experience attenuation as a result
of ohmic loss caused by the presence of MWCNTSs, as well as
interfacial polarization loss arising from the interfaces between
MWCNTSs and PVDF. In the case of highly conductive MWCNTs,
the presence of migrating electrons leads to a considerable
reduction in electromagnetic energy at the PM layer. The
MWCNTSs-PVDF junctions inside the PM layer will also result
in heterojunctions exhibiting varying conductivity, leading to
the occurrence of MWS polarization and subsequent relaxation
in response to electromagnetic radiation. Moreover, electro-
magnetic waves will also experience many internal reflections
and scattering at the interfaces between the filler and matrix,
resulting in the absorption of electromagnetic radiation. Elec-
tromagnetic waves will experience a degree of reflection at the
PM layer as a result of the layer’s conductive properties. The
weak secondary electromagnetic waves will experience attenua-
tion at the PC layer and will finally emerge from the shielding
structure as secondary reflections. As shown in Fig. 6(c), elec-
tromagnetic radiations that successfully traverse the second
layer within the multilayer structure will experience further
attenuation at the PC layer, which serves as the third layer.

In the cases of PM/PC and PM/PC/PM structures, electro-
magnetic radiation will be incident on the conducting PM layer,
which will then reflect the electromagnetic waves back to the
source. It is expected that the electromagnetic waves that are
transmitted from the PM layer in the case of the PM/PC
structure will be absorbed at the PC layer due to impedance
matching, whereas for PM/PC/PM these are caught between the
conducting PM layer and the magnetic PC layer (see Fig. 6(c)).
With the distinct contributions of the conducting and magnetic
layers, as well as the various back-and-forth reflections of
electromagnetic waves that occur within the energy-trapping
layers, the electromagnetic energy will be greatly reduced.

3.3.2. Influence of the order of layers in multilayer struc-
tures. Let us take into consideration the shielding structures of
the PM/PC/PM and PC/PM/PC. When it comes to the PM/PC/PM
composite, the conducting layers PM are located in the first and
final layers. The inclusion of highly percolative conductive
layers in the composites plays a crucial role in enhancing
conduction losses. Since both SE, and SEy are directly related
to electrical conductivity, electromagnetic energy absorption
and reflection take place when electromagnetic waves come
into contact. Upon entering the PM/PC/PM structure, they
undergo the initial reflection followed by the subsequent
encounter at the magnetic layer. This layer’s permeability will
decrease SEg and increase SE, (see Fig. 6(b)). The absorption

© 2024 The Author(s). Published by the Royal Society of Chemistry
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capabilities of the PC layer may be enhanced by addressing the
magnetic losses, namely, the hysteresis loss and eddy current
loss.'* Moreover, it is important to note that there will be
numerous internal reflections taking place at the interfaces
between the layers and the filler-matrix interfaces. Ultimately,
the waves will impinge against the last boundary of the com-
posite material, which concurrently serves as a conductive
layer. The conductive layer’s reflecting properties will be advan-
tageous in this case, as the electromagnetic waves that encoun-
ter this layer will be reflected back to the material, resulting in
more dissipation of electromagnetic energy. In this specific
configuration, the primary factor contributing to electromag-
netic energy attenuation is reflection, followed by absorption.
This specific configuration of layers can be referred to as
“senticing layers,” which reduce the EM energy by reciprocal
reflections at the conductive layers PM, resulting in the sub-
sequent absorption of EM energy.

For the PC/PM/PC composite, the impedance matching
provided by the first magnetic layer PC (see Fig. S4(a) (ESIY)
for impedance matching degree of PC and PM) makes it
possible for electromagnetic waves to penetrate the sample in
an effective manner; hence, the reflection is minimum, thus
justifying the low SER value of PC/PM/PC (see Fig. 6(b)). Due to
magnetic losses associated with the magnetic layer, the con-
duction losses associated with the conductive layer, and the
dielectric losses, the electromagnetic wave that is introduced
will be reduced in intensity. On the other hand, the waves that
travel through the second conductive layer will come to interact
with an impedance matching-magnetic layer. Despite experien-
cing attenuation because of magnetic and polarization losses,
in contrast to the PM/PC/PM structure, some electromagnetic
waves that remain unattenuated will traverse the last boundary
of the composite material. The effectiveness of EM wave trap-
ping is limited due to the arrangement of impedance-matching
layers on both the front and back. Nevertheless, the utilization
of PC/PM/PC ordering offers benefits in terms of reducing SEg.
To enhance the shielding efficiency of the multilayer structure,
it is advisable to carefully choose a highly conductive layer as
the intermediate layer. The results obtained from studying the
EMI shielding mechanism of the PC/PM/PC and PM/PC/PM
structures suggest that the specific arrangement of the layers
significantly improves the efficiency of shielding in multilayer
structures. Further, to justify the obtained SEt values for multi-
layer structures attenuation constant studies are carried out,
which agrees well with SEr values (see Fig. S4(b), ESIT).

3.3.3. Influence of the number of layers in multilayer
structures. In order to study the effect of the number of layers
in the multilayer structures, a comparison is made between the
EMI shielding properties of the 2-layer (PM/PC) and 3-layer
(PM/PC/PM and PC/PM/PC) structures. From the tested RL
values of the structures with a constant thickness of 3.8 mm
in the X-band region, depicted in Fig. 6(a), it is clear that the
number of layers has a significant impact on the total shielding
efficiency of the material. In the case of the 2-layer (PM/PC)
structure when the EM wave encounters this structure, due to
PC being the first layer to interact, due to impedance matching

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the EM wave penetrates and strikes the PM layer. At PM, due its
high electrical conductivity it is reflected back to the first layer
and this process goes on. Some unattenuated waves transmit
from the second layer and come out. As we increase the number
of layers, the absorption of EM radiation increases via
increased multiple internal reflections.

4. Conclusion

This study focuses on a simulation-based methodology to
fabricate multilayered structures that exhibit enhanced electro-
magnetic interference shielding performance. The study pri-
marily involves simulating several layered structures with
varying layer patterns and number of layers. It is observed that
the efficiency of shielding in multilayered structures is directly
influenced by the order and number of layers. Moreover,
thorough examinations of the impact of layer order on SE have
shown that the careful selection of an appropriate configu-
ration of the conducting and magnetic layers is crucial in
improving the shielding effectiveness of the multilayered struc-
tures. The simulation of multilayered structures demonstrates
that the strategic placement of the impedance matching layers
in PC/PM/PC structures significantly improves absorption-
dominated shielding by enhancing numerous internal reflec-
tions. PC/PM/PC structures provide a superior shielding effi-
ciency of 96.47 dB compared to PM/PC/PM structures, with
about 99% of the EM radiation attenuation being attributed to
absorption. The EMI SE tests conducted on 2-layer (PM/PC) and
3-layer (PM/PC/PM and PC/PM/PC) structures show that the
shielding characteristics of all the developed composites closely
match the simulation results. This suggests that electromag-
netic modelling is a highly effective method for forecasting the
shielding characteristics of different structures with low
requirements, and it can be used for all frequency ranges
within the microwave spectrum. The findings of this study
indicate that it is feasible to build microwave-absorbing struc-
tures with great efficiency by strategically arranging layers in
magnetic-conducting topologies, without the need for expen-
sive raw materials. Moreover, this study highlights a significant
concept that electromagnetic simulation has great potential to
design and optimize the EMI shielding characteristics of mate-
rials before the manufacturing stage of the systems. This
enables the development of shielding structures with excep-
tional properties without depleting resources and capital.
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