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ABSTRACT 

 

Electromagnetic Interference (EMI) refers to the electromagnetic radiation emitted by electronic 

devices, which can interfere with other nearby devices and cause performance issues. EMI 

shielding is the process of enclosing an electronic device or component in a material that blocks 

electromagnetic radiation from escaping or entering. EMI shielding is crucial for protecting 

electronic devices, complying with regulations, improving performance, ensuring safety, and 

saving costs. The choice of an EMI shielding material depends on several factors, including the 

frequency of the electromagnetic radiation, the size and shape of the electronic device, and the 

required level of shielding effectiveness. Traditionally, metals were used for EMI shielding due to 

their excellent shielding effectiveness and durability. However, metals are prone to corrosion, are 

bulky, and can only reflect the electromagnetic energy, which at best partially mitigates the EMI 

issue. Polymer composites, on the other hand, offer a range of advantages for EMI shielding, 

including their light weight, flexibility, customizability, and cost-effectiveness. In this work, the 

EMI shielding and microwave absorption performance of epoxy composites containing hybrid 

nanoparticles in the X-band frequency range, i.e., 8-12.4 GHz, is investigated. The X-Band 

frequency range plays an important role in various industries and applications that require high-

speed data transfer, high-resolution imaging, and reliable communication over long distances.  

Copper nanowires (CuNW) are being increasingly used as a filler material in polymer composites 

for EMI shielding applications. This is because copper has high electrical conductivity and is an 

effective EMI shielding material. CuNW, with its high aspect ratio, offers several advantages over 

other copper filler materials. Driven by this aspect, the EMI shielding performance of CuNW-

filled epoxy composites was evaluated over the X-band frequency range and the results are 

discussed in detail in Chapter 3 of this thesis. Briefly, the CuNWs used in this study were produced 
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using a facile one-pot hydrothermal synthesis method. A series of CuNW-epoxy nanocomposites 

containing various filler contents were fabricated and compared for their electrical conductivity 

and EMI shielding effectiveness. The obtained results indicated that 12 wt% CuNW sample 

demonstrated the highest total shielding effectiveness, i.e., SET value of 6.5 dB, which corresponds 

to 77.1 % attenuation of incident EM wave. Although encouraging, the realized SET performance 

was inferior when compared to values reported for carbon-filled polymer systems.  

It has been demonstrated by several researchers that the addition of magnetic and/or dielectric 

particles can enhance the EMI shielding effectiveness in conducting polymer composites. Driven 

by the motivation to increase the SET values of the CuNW-epoxy system, the influence of Fe3O4 

nanoparticles on the EMI shielding and microwave absorption performance in these composites 

was subsequently investigated. The chapter 4 of this thesis summarizes the detailed results from 

this effort. A series of composites containing 12 wt% CuNW and varying weight percentages of 

Fe3O4 were prepared and tested. The composite sample containing 12 wt% CuNW and 8 wt% 

Fe3O4 demonstrated the highest SET value of 14.6 dB in the X-band frequency range among all 

the composites tested. Furthermore, the SET value for a composite containing both particles was 

found to be significantly more than the composites containing equivalent loading of only either of 

these particles, which suggested a synergistic effect between these particles. To explore further on 

the observed synergy between conductive and magnetic nanoparticles, an epoxy composite 

containing an altogether different filler system, i.e., graphene nanoplatelets (GNP) and Barium 

hexaferrite (BaM), was also studied. A set of epoxy composites were made using varying weight 

ratios of GNP:BaM and tested for their EMI shielding performance. The results obtained were 

similar to that of CuNW/Fe3O4 epoxy composites, wherein the composite containing both 

magnetic and conductive filler particles exhibited larger SET values when compared to those 
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composites that had equivalent loading of only one type of filler. A one-millimeter-thick composite 

sample containing 8 wt% BaM and 10 wt% GNP exhibited a SET value of 17.2 dB in the X-band 

frequency range, which equates to attenuation of 98.17% of incident wave power.  

It was noted from the literature review that the direct incorporation of conductive nanoparticles 

along with magnetic nanoparticles in the polymer matrix can lead to phase segregation, which can 

deteriorate the shielding performance. Driven by this observation, an attempt was made to test the 

EMI shielding performance of epoxy composites containing hybrid particles, i.e., Fe3O4@CuNW. 

It was envisioned that these hybrid filler particles would reduce phase separation and can further 

enhance the EMI shielding performance. Accordingly, the Fe3O4@CuNW hybrid particles were 

synthesized using the hydrothermal method and were characterized for their microstructure using 

XRD, SEM, and XPS. The composites containing varying content of these hybrid particles were 

made and tested for their EMI shielding performance. A one-millimeter thick 12:8 (wt%/wt%) 

CuNW: Fe3O4 hybrid epoxy composite exhibited a SET value of 19.3 dB in the X-band, which 

translates to attenuation of 98.8% of the microwave power. Furthermore, 60% of the microwave 

power was found to be attenuated by the absorption mechanism in these composites. These results 

indicate that magnetic and conductive particles, when used together, have the potential to 

significantly augment the shielding performance in polymer composites.      

As mentioned earlier, the addition of dielectric particles to conducting polymer composites has 

also resulted in good improvement in their SET values. To understand the influence of dielectric 

fillers on the SET values, epoxy composite filled with CuNW and/or barium strontium titanate 

(BST) and their hybrid, i.e., BST@CuNW, were prepared and tested. The chapter 5 of this thesis 

comprises of the results from the above effort. The BST@CuNW hybrid composite exhibited 

superior EMI shielding performance when compared to samples containing equivalent loading of 
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only CuNW and/or BST. The 1-mm thick composite sample containing 10:15 (wt%/wt%) CuNW: 

BST hybrid attenuated 99.2 % of incident wave power and exhibited a SET value of 21.2 dB in the 

X-band. As a continuation to the above work, microwave absorbing characteristics of epoxy 

composites containing both BST and Fe3O4 nanoparticles deposited on copper nanowires (i.e., 

Fe3O4@BST@ CuNW hybrids), CuNW, BST, and Fe3O4 over the X-band frequency range of 8–

12.4 GHz was also investigated and the results are presented in chapter 6 of this thesis. The SET 

values obtained on epoxy composites containing Fe3O4@BST@CuNW hybrid were significantly 

more than those containing equivalent loading of CuNW, BST, or Fe3O4. A one-millimeter thick 

sample containing 4:8:10 (wt%:wt%:wt%) Fe3O4: BST: CuNW hybrid composite attenuated 99.91 

% of incident power with absorption power of 80.2% in the X-band frequency range of 8–12.4 

GHz. Overall, the results suggest that EMI shielding of CuNw-epoxy composites can be 

significantly improved with the addition of CuNW-based hybrid nanostructures and an absorption-

dominated attenuation mechanism exists in these composites.     

 

Keywords: Copper nanowires, Hybrid structures, Microwave absorbing materials, Epoxy 

composites, EMI shielding materials, Ferrites, Fe3O4, Dielectrics, Barium strontium titanate, 

Polymer nanocomposites, X-band frequency range. 
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1 Introduction 

1.1  Electromagnetic interference 

The rapid growth of instrumentation and electronics in various sectors, such as information 

technology, military, defense safety systems, healthcare, business electronics, commercial 

appliances, etc., have led to electromagnetic interference (EMI) as an undesirable by-

product [1,2]. Furthermore, concepts such as the internet of things (IoT) and smart villages are 

rapidly gaining momentum, wherein the products involve some wireless data transfer that can 

potentially further enhance the already widespread problem of signal interference [3]. The EMI in 

electronic devices and industrial instruments can cause a deterioration in normal functioning or a 

total malfunction of the instrument. If these problems are unattended, they can cause major harm 

to electrical and communication systems as well as the safe operation of numerous electronic 

products. Consequently, EMI can be regarded as a new type of pollution that can be mitigated 

using EMI shielding materials [4]. This EMI not only attempts to disrupt the regular operation of 

electronic equipment but can also have a negative impact on human health, such as nervousness, 

insomnia, languidness, and headache, as reported in the recent literature [5,6]. To prevent this 

issue, the signal interferences generated from electrical instruments and communication gadgets 

must be suppressed or bypassed [7], which necessitates the invention of EMI shielding materials. 

1.2  Importance of EMI shielding 

EMI shielding is described as the reflection and/or absorption of electromagnetic (EM) waves by 

a specific material that serves as a barrier against interfering EM waves [8]. Hence, the shielding 

materials prevent the interference of EM waves with the operation and longevity of electrical 

instruments. Each year, the need for EMI shielding materials in industries such as aircraft, 

electrical and communication, and the military has increased [9].  EMI shielding materials have 

been practically employed as anti-radiation devices and stealth surface coatings on airplanes, 
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battleships, and automobiles, to safeguard electronic devices and human health from EMI [10]. 

Signal interference can be observed not only in industrial equipment or electronic communication 

systems but also in our everyday life. A few examples of EMI that hinder everyday life could be 

cited as visual flickering or distortion of noise in television sets, jamming and distortions of signals 

in mobile phones, and signal interference among wireless microphones with mobile or electronic 

gadgets signals in the vicinity [11]. Such signal interferences can be reduced or mitigated by 

employing suitable EMI shielding material.  

Modern electrical gadgets make use of several frequency bands for various applications. The S-

band (2–4 GHz) is widely employed for a variety of uses, including wireless networking, radio, 

and television. Next, the C-band (4 –8.2 GHz) is often used for long-distance radio, 

telecommunications, and wifi devices. Further, the X-band (8.2 –12.4 GHz) is used for 

applications such as air traffic control, weather monitoring, satellite communication, defense 

tracking, vehicle speed detection for law enforcement, radar, and wireless computer networks. The 

large utilization of the X-band frequency can be developed signal interference between electronic 

gadgets. As a result, it is crucial to create EMI shielding materials operating in the X-band 

frequency region, where most signal interference occurs. 

1.3 EMI Shielding Effectiveness 

EMI shielding effectiveness (SET) is a standard metric to measure the performance of any shielding 

materials [12]. It may be defined as  

                        SET =20log10
𝐻𝐼

𝐻𝑇
 = 20log10

𝐸𝐼

𝐸𝑇
= 10log10

𝑃𝐼

𝑃𝑇
 ………. (1.1) 

Where HI and HT are magnetic fields, EI and ET are electric fields, and PI and PT are the power of 

the incident and transmitted EM waves. Based on electromagnetic theory, EMI shielding results 

from absorption, reflection, and multiple internal reflection losses. According to EMI shielding 
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principles, the SET of shielding material is the sum of the shielding effectiveness by reflection 

(SER), multiple reflections (SEM), and absorption (SEA) of EM waves. It can be defined as 

SET (dB) = SER + SEM + SEA     ………. (1.2) 

The SEM value may be zero, negative, or positive, which is negligible when SEA ≥10dB [12]. 

1.4 Mechanism of EMI shielding 

The EMI shielding was realized by three mechanisms, i.e., reflection (R), absorption (A), and 

multiple internal reflections (M) of the EM waves [8]. When an EM wave impinges on the 

shielding material, the EM wave energy is attenuated by reflection and absorption. The remaining 

EM wave energy travels across the material through multiple internal reflections (M) and is 

transmitted out of the EMI shielding material, as shown in Figure 1.1 [13–17].  

    

 

Fig.1.1. Interaction of electromagnetic waves with shield material [12] 
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1.4.1 Absorption loss 

The EM wave absorption and/or reflection capability influences the overall performance of an 

EMI shielding material. The absorption of EM waves in a material mainly depends on the 

material's ability to cause dielectric, magnetic, or conductive losses when the wave traverses 

through them. [18–23]. The dielectric losses arose due to the polarization effects, where the 

periodic rotation of dipoles inside the material cannot keep up with the frequency of the EM field 

[5,24–27]. On the other hand, the conduction losses arose in materials that contain a large number 

of free electronic carriers that could induce a conduction current in the presence of an EM wave to 

attenuate the EM energy and generate heat [12,28]. In contrast to electrical losses (i.e., conductive 

and dielectric losses), the magnetic loss mechanism was observed in magnetic materials due to the 

occurrence of various phenomena that include hysteresis loss, eddy current, domain-wall 

resonance, natural resonance, etc. [29].  

The absorption loss is defined as the amplitude of EM waves exponentially decaying as the EM 

waves pass through the material. The field intensity entering the shielding material is E(H)i, and 

the field intensity of the EM wave after it travels a distance d is E(H)t 

E(H)i=E(H)t 𝑒
−𝑑

𝛿             ……………………… (1.3) 

The absorption loss is given as follows:  

A=20log (
E(H)𝑖

E(H)𝑡
) =20log𝑒

−𝑑

𝛿     …………………………(1.4) 

A=8.69 (
𝑑

𝛿
) dB           ………………………… (1.5) 

Skin depth () is defined as the distance taken by the field of the amplitude of EM waves to be 

attenuated to 37% of its initial value and given as: 

=√
2

𝜎𝜇𝑟𝜔
                    ………………………… (1.6) 
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On substituting the skin depth values in the above equation (5) reduces to 

      A=3.34d√𝑓𝜇𝑟𝜎 dB         ………………………… (1.7) 

where d is the thickness of the shielding material,  is the conductivity, and r is the relative 

permeability with respect to the copper. 

1.4.2 Reflection loss 

In addition to the absorption loss, the reflection and multiple internal reflection losses are also 

responsible for the performance of EMI shielding material. The reflection losses occur because of 

the impedance mismatch between the surface of the shielding material and free space [3]. This 

mismatch of impedance causes the wave to get deflected from the material's surface rather than 

entering its bulk.  The impedance (Zo) is described as the ratio of the electric field strength (E) to 

the magnetic field strength (H) and given as: 

      Zo=
𝐸

𝐻
   ……………………… (1.8) 

Whereas the impedance of the material (Zw) is defined as: 

Zw=√
𝑗𝜔𝜇

𝜎+𝑗𝜔
                   ………………………… (1.9) 

In case of insulating materials, the electrical conductivity () ≪ j and above equation converts 

to: 

     Zw=√
𝜇

𝜖
                    ………………………… (1.10) 

In the case of conducting materials, ≫j the equation (9) is reducing to:  

Zm=√
𝑗𝜔𝜇

𝜎
=√

𝑗𝜔𝜇

2𝜎
 (1 + 𝑗)           

          |𝑍𝑚|=|√
𝑗𝜔𝜇

2𝜎
 |                 ………………………… (1.11) 

The impedance of conducting material (Zm) is given as: 
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  |𝑍𝑚|=3.368×10−7 √
𝑓𝜇𝑟

𝜎
         ………………………… (1.12) 

where  is the conductivity, and r is the relative permeability with respect to the copper. 

The reflection coefficient () given as: 

= 
𝑍𝑚−𝑍𝑜

𝑍𝑚+𝑍𝑜
   ……………………… (1.13) 

The transmission coefficient (T) is given as follows: 

T =1− = 1− 
𝑍𝑚−𝑍𝑜

𝑍𝑚+𝑍𝑜
 = 

2𝑍𝑜

𝑍𝑚+𝑍𝑜
    ……………………… (1.14) 

The EM wave is incident with the electric field intensity of Ei on the EMI shielding material, as 

shown in Fig.1.1. The EM waves get reflected with the electric field intensity of Er. The rest of the 

EM wave energy is passed through the EMI shielding material with an electric field intensity of 

Et. 

Then, Et in the free space is given as: 

   Et= TEi= 
2𝑍𝑜

𝑍𝑚+𝑍𝑜
Ei             ………………………… (1.15) 

The transmission coefficient (Tm) in the shielding material is given as follows: 

           Tm=
2𝑍𝑚

𝑍𝑚+𝑍𝑜
              ………………………… (1.16) 

The electrical field intensity in the shielding material (Em) is given as follows: 

     Em= TEi= 
2𝑍𝑜

𝑍𝑚+𝑍𝑜
Ei            ………………………… (1.17) 

The transmitted electric field intensity (Et) from the shielding material is given as follows: 

     Et= TmEs= 
2𝑍𝑚

𝑍𝑚+𝑍𝑜
Es 

       Et= 
2𝑍𝑚

𝑍𝑚+𝑍𝑜

2𝑍𝑜

𝑍𝑚+𝑍𝑜
Ei 

          Et=
4𝑍𝑜𝑍𝑚

(𝑍𝑚+𝑍𝑜)2 Ei  ……………………… (1.18) 
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For a plane wave, the impedance of air is Zo=377 . In conductive materials, the impedance of 

material (Zm)≪(Zo), therefore: 

   Et= 
4𝑍𝑚

𝑍𝑜
 Ei  ……………………… (1.19) 

Thus, the reflection (R) is defined as: 

            R=20 log10(
𝐸𝑖

𝐸𝑡
)  =20log10(

377

4𝑍𝑚
)    ………………… (1.20) 

After substituting the Zm value in the above equation, the equation is reduced to 

                      R=168+log10(
σ

𝑟𝑓
)    dB       …………………… (1.21) 

1.4.3 Multiple internal reflection loss 

The contribution of multiple reflection losses to overall shielding efficiency was dominant at the 

kHz frequency range and only significant if the shielding material was thin. The SEM is negligible 

at higher frequencies for thick conductive shielding materials (skin depth < tn)  [12]. 

In the case of highly conductive materials such as metals, the EM waves get reflected from the 

surface of EMI shielding materials. Therefore, multiple reflections can be neglected. For other 

materials, the multiple internal reflection losses are given as 

    M= 20log10(1 − 𝑒
−2𝑡

𝛿 ) dB          ………………… (1.22)  

1.5 Factors influencing the performance of EMI shielding material 

Based on the above EMI shielding principles, it is reasonable to deduce that the performance of 

EMI shielding materials depends on several material properties, such as permittivity, permeability, 

electrical conductivity, thickness, size, distribution, and morphology of filler. 

1.5.1 Permittivity  

Permittivity is a material property that considers a critical factor for developing EMI shielding 

performance. When the EM waves incident on the material, the electric dipoles present in the 
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materials were polarized and aligned with an applied electric field. The degree of electric 

polarization of the material is expressed in terms of dielectric permittivity. The permittivity is in a 

complex form and has a real part and an imaginary part. It can be written as the following equation: 

𝜀 = 𝜀′ − 𝑖𝜀′′               ………………………… (1.23) 

The real part of permittivity (𝜀′) is called the dielectric constant, which corresponds to the ability 

of the material to store charge. Imaginary permittivity (𝜀′′), referred to as dielectric loss, 

corresponds to energy dissipation in the material. The dielectric polarization mechanism in the 

materials mainly relies on the frequency, size, and shape of the material [30]. In the materials, the 

contribution of dielectric permittivity was majorly dependent on interfacial, electronic, dipolar, 

and atomic polarization mechanisms. It should be noted here that ionic and electronic polarization 

mechanisms only act at extremely higher frequencies (over 103 GHz). Therefore, these effects may 

be ignored in the X-band. Furthermore, dipole polarization occurred owing to the existence of 

imperfections and residual groups present in the material, and this mostly depends on the 

production procedures, materials used, the sintering process, and so on [31,32]. The interfacial 

polarization and other relaxations occur in the composite due to entrapped space charges at the 

interface.  

The dielectric losses of material corresponding to the dissipation of energy in the material while 

an electric field is applied. The dielectric losses were a combination of conduction loss and 

polarization loss [33–35]. The conduction losses arose as a result of the conduction mechanism in 

the material, as the EM waves were dissipated by the mobility of charge carriers in the material. 

In addition to this loss, the energy of the EM wave also dissipated while nomadic charges 

interacted with other particles present in the material. It is reasonable to mention that all 

polarization mechanisms could contribute to dielectric loss at a lower frequency (i.e., MHz 
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frequency range), while only a few polarization mechanisms could contribute to dielectric loss at 

higher frequencies (i.e., GHz frequency range), so there is a decrease in the dielectric loss at higher 

frequencies. 

The dielectric permittivity of insulating polymers is very low compared to ferroelectric ceramic 

materials. Ceramic materials with a high dielectric constant were generally added to the polymeric 

materials to increase their dielectric constant. Polymer composites containing ferroelectric ceramic 

materials could increase not only the dielectric constant of pure polymers but also improve 

dielectric losses, which are essential for the absorption of propagating EM waves in the material.  

Yousefi et al. studied dielectric properties and EMI shielding performance of epoxy composite 

containing reduced graphene oxide (RGO). They reported that the epoxy composite containing 3 

wt% of RGO had demonstrated a very high dielectric constant of 14000 at 1 kHz. The same 

composite also presented a superior SET value of 38 dB in the 0.54-4 GHz frequency range [36]. 

Chiang et al. studied the addition of ferroelectric materials to polymers could improve the dielectric 

constant of the composite. Cherqaoui et al. reported the dielectric properties of polyvinylidene 

fluoride (PVDF) polymer matrix with the addition of ferroelectric material.  They reported that 

PVDF has a dielectric constant of 12 at 1kHZ frequency at room temperature. The dielectric 

constant of the polymer can be increased to 82 with the addition of high loadings of BaTiO3 [37]. 

1.5.2 Permeability 

Permeability is considered to be an important property in the development of an effective EMI 

shielding material. The magnetic permeability of the material is in a complex form and has a real 

part and an imaginary part. It can be written as the following equation: 

𝜇 = 𝜇′ − 𝑖 𝜇′′  ………………………… (1.24) 
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The real permeability (𝜇′) of the materials relates to the storage of magnetic energy, and the 

imaginary permeability (𝜇′′) of the materials relates to magnetic loss. In the EMI shielding 

materials, magnetic permeability can be induced with the addition of magnetic materials. Some 

magnetic materials such as Fe, FeNi, and FeCo exhibit good magnetic saturation (Ms) values and 

good permeability at the MHz frequency range [38,39]. However, bulk ferrites possess 

significantly lower Ms values, so cut-off frequency (fr) occurs at the GHz frequency range [40]. 

These circumstances limited the maximum use of bulk magnetic materials at higher GHz 

frequency bands. This phenomenon was explained by Snoek's limit. According to Snoek's limit, 

the magnetic permeability (µ) of magnetic materials is drastically decreased at the fr, which is 

expressed by the equation:  

fr(µ-1)αMs               ………………….. (1.25) 

In other words,  higher Ms in magnetic materials exhibit a smaller anisotropy field that improves 

the absorption bandwidth [40]. To address the aforementioned issue, researchers have concentrated 

on nanosized or micro-sized materials since their anisotropic morphology reduces eddy current 

loss [41].  

Polymers are generally non-magnetic in nature.  The addition of magnetic materials to the polymer 

composites, such as ferrites and hexaferrite, has increased their magnetic properties. The magnetic 

filler in the polymer composites can create magnetic dipoles in the materials that can absorb the 

energy of EM waves. So, once again, increasing the magnetic loss in the material can improve the 

absorption of EM waves. Furthermore, the magnetic loss is generated in magnetic materials due 

to domain-wall resonance, eddy current, natural resonance, hysteresis loss, etc. The conservation 

of magnetic loss must be required to produce efficient microwave absorbers and EMI shielding 

materials. 
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1.5.3 Electrical conductivity  

According to EM theory, the impedance match between both the shielding surface and the incident 

EM wave is necessary to reduce reflection losses [42]. To facilitate maximum interaction of EM 

waves, the shield material would possess satisfactory electrical conductivity. Therefore, the 

electrical conductivity of EMI shielding materials is considered one of the important factors in the 

preparation of EMI shielding materials. The metals are good electrical conductors. Due to their 

large conductivity, metal-based EMI shielding materials can increase the reflections of EM waves.  

However, the strong secondary reflections in the metal-based EMI shielding materials also 

enhance the reflection power in the materials.  

On the other hand, polymers are insulative in nature. The incorporation of conductive particles 

such as carbon-based and metal-based nanofillers can enhance the electrical conductivity of 

composites. These nanofillers can create mobile charge carriers in the polymer composite, which 

facilitates the attenuation of EM waves.  As the filler loading increases in the composite, the 

amount of motion of charge carriers increases, resulting increase in the electrical conductivity. 

This enhancement may improve the reflection-dominated shielding mechanism in the materials. 

Based on the EMI shielding mechanism, as discussed in section 1.4, the electrical conductivity (σ) 

influences both dielectric loss (ε′′) as well as reflections of EM waves. It is challenging to build 

EMI shielding materials by simply increasing electrical conductivity. It is hard to obtain the 

balance between ε′′ and reflection. Therefore, a reasonable electrical conductivity facilitates the 

impedance match, thereby, the balance between ε′′ and reflections of EM waves. 

1.5.4 Size, distribution, and morphology 

The nanoparticle's properties play a key factor in the preparation of EMI shielding materials and 

influence the performance of shielding materials. The addition of nano or micro fillers in the 
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polymer composites improves their electrical, thermal, and mechanical properties. It is reasonable 

to mention that nanosized fillers possess a larger surface area and better intrinsic properties when 

compared to micro and macro fillers. For example, two dimensional (D) nanofillers such as 

graphene, graphene oxide, and graphene nanoplatelet, two dimensions are greater than 100nm, and 

the other dimension is less than 100 nm. 1D nanofillers, such as nanotubes, nanofibers, nanowires, 

nanorods, and 0D nanofiller, such as nanoparticles. First, the 1D and 2D anisotropic conductive 

nanofillers provide suitable electrical conductivity at lower filler loadings in the polymer 

composites. The polymer composites containing fillers with large aspect ratios and the surface area 

form multiple interfaces in the polymer composite resulting in the accumulation of bound charges 

at the interface, causing interfacial polarization. As a result, multi-interfaces in polymer 

composites may be inferred to be significantly favorable for the attenuation of EM waves due to 

electric loss. In the porous composites, the porosity created in the polymer composites improves 

the multiple reflections of EM waves, thereby increasing EMI shielding performance.  This 

suggested that the morphology of nanoparticles has a good impact on the microwave absorption 

and shielding performance of EMI shielding materials. Apart from morphology, other parameters, 

such as the filler's dispersion and particle size, will affect the EMI shielding material's properties. 

Furthermore, Koops et al. studied that the filler's particle size influenced the shielding performance 

of a polymer composite and noticed that the shielding properties increased as the filler size 

decreased [43]. On the other hand, there is a strong influence on magnetic permeability with the 

dimensions of magnetic particles. The researchers discovered that when the particle size falls under 

a critical size, eddy current losses in magnetic particles begin to reduce as a reduction in generated 

eddy voltage.  
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1.5.5 Thickness of the material 

The thickness is also an important design parameter for preparing EMI shielding materials. The 

EMI shielding performance increases as the thickness of the shielding material increases. Chen et 

al. reported the influence of the thickness on the EMI characteristics of polydimethylsiloxane 

(PDMS) composite. The single-layer PDMS composite containing graphene exhibited a SET value 

of 24 dB, whereas the three-layer composite demonstrated a SET value of 33 dB [44]. In another 

study, the polyurethane (PU) composite containing carbon nanotube (CNT) exhibited a SET value 

from 12 dB to 35 dB with a varying thickness from 0.91 mm to 2 mm [45]. In addition to usual 

nanocomposites, special stack structures were also explored. For example, Pande et al. developed 

a stack of 7 layered structures of MWNT- polymethylmethacrylate (PMMA) with 0.3mm thick 

and a two-layered structure with 1.1mm thick and evaluated that a stack of 7 layered exhibited a 

SET value of 40 dB whereas two-layered stack exhibited a SET value of 30 dB [46]. It is reasonable 

to deduce that increasing the thickness of the material has improved the EMI shielding 

performance.  

1.6 Materials for EMI shielding  

1.6.1 Metals  

To reduce signal interference, the EMI shielding material must possess good electrical 

conductivity, magnetic loss, and dielectric loss. Metals such as aluminum, copper, and steel have 

been extensively applied as EMI Shielding applications for more than a decade due to their 

superior electrical properties and mechanical strength. The excellent electrical conductivity in 

metals results in the reflection of EM waves [47]. This suggested that the metals exhibited a 

reflection-dominated shielding mechanism, which may not always be a preferable choice. 

Furthermore,  certain properties of metals, including relatively large densities, complex molding 
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process, expensive material cost, inadequate physical flexibility, high cost of fabrication, and 

prone to oxidation, limit their widespread use in EMI shielding applications [48]. 

1.6.2 Polymer composites  

Polymer nanocomposites (PNC) represent a class of materials that possess a unique combination 

of electrical, thermal, dielectric, magnetic and/or mechanical properties. Compositionally, PNC 

comprises a continuous polymer matrix in which a nanosized filler is dispersed. Depending on the 

type of polymer and filler used, the properties of PNC can be tailored for the suppression of EM 

waves. Owing to such attractive qualities, PNC has been proposed as an attractive substitute for 

metals as EMI shielding materials.  

The polymer composites should possess certain advantages, including ease of manufacturing, 

flexibility, lightweight, and non-corrosive as well as this is effective in providing the EMI 

shielding performance [49]. Polymer composites may be developed depending on the requirements 

by selecting the shape, size, amount of fillers, and type incorporated in various polymer matrices. 

Hence, the polymer composites are prepared with either ferromagnetic materials, dielectric 

materials, conductive materials, or a combination of these materials for EMI shielding application. 

1.6.2.1 Ferrite-based polymer composites  

The EMI shielding materials often contain magnetic materials that have good permeability, such 

as metal oxide and magnetic alloys that exhibit magnetic loss-dominated shielding mechanisms 

[50–53]. Several researchers studied the EMI shielding characteristics of magnetic materials for 

EMI shielding and microwave absorption application. Iqbal et al. reported the EMI shielding 

characteristics of barium ferrites pellets sintered at two different temperatures of 700 oC and 850 

oC. The barium ferrites sintered at 700 oC exhibited a SET value of 11 dB, and sintered at 850 oC 

demonstrated a SET value of 7 dB in the X-band [50]. Madhuri et al. reported the EMI shielding 
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characteristics of NiMg ferrites. The Ni0.4Mg0.6Fe2O4 pellets have demonstrated a SET value of 17 

dB in the X-band [54]. Several researchers utilized ferrite-based composites in preparing the EMI 

shielding materials. Guo et al. reported EMI shielding properties of the paraffin wax containing 

Ba3Co2Fe24O41 hexaferrite composites. These composites demonstrated a reflection loss of 30 dB 

at 9.7 GHz frequency [55]. Gordani et al. reported the epoxy composite containing 

SrZn1.6Co0.2Ni0.2Fe16O27 ferrites demonstrated a reflection loss of 29.1 dB at 14.57 GHz [56]. Chen 

et al. studied the polystyrene composite containing Fe3O4 composite and demonstrated a SET value 

of 2.5 dB in the X-band [57]. Krithika et al. reported the epoxy composite containing Fe3O4 

exhibited a SET value of 2 dB in the X-band frequency range [3].  

1.6.2.2 Conductive polymer composites 

Over the last decade, conductive polymers and intrinsically conductive composites have been 

widely employed in the application of EMI shielding. Several researchers prepared EMI shielding 

materials utilizing different materials, including metal-based and carbon-based particles. The 

conductive fillers such as multi-walled carbon nanotube (MWNT), carbon fibers (CF), single-

walled carbon nanotube (SWNT), graphite flakes, carbon black,  graphene, and Cu, Ni, and Al in 

the form of nanoparticles, nanocubes, nanorods, and nanowires are extensively utilized as fillers 

in the polymer matrix to prepare the EMI shielding material [58–64]. Kim et al. explained that the 

EMI shielding effectiveness of nylon-6 composite containing poly(pyrrole) depends on properties 

such as the aspect ratio of filler, dielectric constant, and electrical conductivity [65]. Mishra et al. 

reported the influence of filler size and shape on the EMI shielding performance of PNC [66]. The 

15 wt% CF or 30 wt% CB particles filled composite exhibited inferior shielding performance than 

the composite containing the 10 wt% CNT. The EMI shielding performance in polymer 

composites containing SWNT was explained by Li et al. The composites filled with SWNT were 
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lightweight and had a SET value 20 dB in an X-band [67]. These composites exhibited a SET value 

of 49 dB at 10 MHz and 15-20 dB at the 1.5 GHz range. Huang et al. fabricated epoxy composites 

with 0.01–15 wt% SWNT loadings and evaluated the EMI shielding effectiveness in the X-band 

[68]. The researcher reported that the SET value of PNC is affected by SWNT structure and aspect 

ratio. The SWNT-filled epoxy composites exhibited a percolation threshold limit of 0.062 vol% 

and SET value of 20-30 dB in the X-band. Liang et al. developed a lightweight epoxy polymer 

composite with functionalized graphene [69]. These composites exhibited a percolation threshold 

limit of 0.52 vol% and a SET value of 21 dB in an X-band. Al-Saleh et al. prepared an acrylonitrile-

butadiene-styrene (ABS) polymer composite with MWNT, high-structure carbon black (HS-CB), 

and carbon nanofibers (CNF) [70]. ABS polymer composite containing 10 wt% filler loading of 

CNF, HS-CB, and MWNT exhibited the SET value of 15.3 dB, 26.1 dB, and 40.7 dB, respectively. 

Ameli et al. reported that  10 vol.% CF-filled solid polypropylene composite exhibited a SET value 

of 24.9 dB [71]. Liu et al. developed lightweight SWNT-filled polyurethane composites, which 

exhibited a SET value of 14 dB in the X-band [72]. Joseph et al. prepared polyvinylidene fluoride 

(PVDF) /carbonyl iron powder (CIP) composite [57]. The SET value was 20 dB at 50 vol% of CIP 

in PVDF in the 8-12.4 GHz. This research on conductive polymer composites is helpful in 

understanding the influence of electrical conductivity on EMI shielding effectiveness. However, 

developing a high electrical conductivity or permittivity will result on the contrary because the 

large difference in electrical conductivity among shielding materials and free space contributes to 

an impedance mismatch which will induce the majority of the EM waves can be reflected prior to 

actually impinging into the shielding materials. As a consequence, the researchers have focused 

on developing hybrid shielding materials to achieve high absorption capacity, wide absorbing 

bandwidth, and lightweight requirements. 
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1.6.2.3 Hybrid polymer composites containing ferrites  

According to recent research, hybrid polymer composites comprising magnetic particles as well 

as conductive particles can be used for the application of EMI shielding materials. The 

improvement of shielding performance with the incorporation of magnetic particles was studied 

by Saini et al. [73]. The Fe3O4-coated polyaniline (PANI) composite was prepared and exhibited 

a SET value of 19 dB. Subsequently, Che et al. demonstrated that CNT/Fe hybrid epoxy composite 

exhibits good EMI shielding performance at low filler loading, and a better SET value of 25 dB 

were ascribed to a large aspect ratio of the CNT filler used [74]. This suggests that EMI shielding 

effectiveness will be improved by adding magnetic filler (i.e., Fe) and conductive filler (i.e., CNT) 

in an epoxy matrix. In another study, Chen et al. demonstrated that polystyrene (PS) composites 

filled with thermally exfoliated reduced graphene oxide (TGO) and Fe3O4 exhibited better EMI 

shielding performance than PS composites containing reduced graphene oxide (RGO) and Fe3O4 

in X-band range [75]. The SET value of PS filled with Fe3O4 @TGO was 25 dB at 2.27 vol% 

graphene content. Subsequently, Wu et al. fabricated RGO-carbon fiber / Fe3O4 deposited rGO 

nanohybrids/epoxy composites, and a SET value of 30 dB was exhibited [76]. Additionally, Liu et 

al. added graphene to chitosan and iron pentacarbonyl porous films and improved the SET value 

to 38 dB in the 8.2-59.6 GHz frequency range [77]. It is reasonable to deduce that conductive 

fillers in association with magnetic fillers yield better EMI shielding effectiveness. 

1.6.2.4 Hybrid structured polymer composites containing dielectrics  

Similar to magnetic materials, the dielectric materials, including BaTiO3, ZnO, MnO2, TiO2, SiC, 

and SiO2, demonstrated a dielectric-loss-dominated shielding mechanism in the EMI shielding 

materials [78–81]. The presence of a dielectric loss in EMI shielding materials improves the 

performance of EMI shielding and microwave absorption properties. Cao et al. reported the 
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microwave absorption and EMI shielding properties of short carbon fiber (CF) and silica 

composites. These composites demonstrated a SET value of 11.7 dB with microwave absorption 

of 35% of incident EM power [82]. Hao et al. reported the dielectric, microwave absorption, and 

EMI Shielding properties of the phenolic composite containing silicon nitride (Si3N4), nickel (Ni), 

and pyrolytic carbon (PyC). These composites containing 4.1 vol% of PyC and 5 wt% of Si3N4, 

and 1 wt% Ni exhibited 15.1 dB in the X-band [83]. Jia et al. studied the EMI shielding and 

microwave absorption properties of aminopropyltrimethoxysilane (APS) composite containing 

carbonyl iron, TiO2, and SiO2. The composite containing TiO2 exhibited the SET value of 34 dB 

with 36% of absorption of incident EM power. Furthermore, the composite containing SiO2 

exhibited the SET value of 29 dB with 43.3% of absorption of incident EM power [84]. All these 

studies postulated that the addition of dielectric material along with conductive material could 

improve the dielectric loss of composite; thereby, the performance of EMI shielding and 

microwave absorption can be increased.  

1.6.2.5 Hybrid structured polymer composites  

Over the last two decades, continued attempts have been made to minimize EMI utilizing a variety 

of methods and materials, including metals, magnetic materials, conducting polymers, carbon-

based materials, and dielectric materials, as mentioned above. One of the strategies is to develop 

hybrid nanostructures with a combination of dielectric and/or magnetic materials. These 

nanostructures achieve outstanding absorbing characteristics of EM waves that surpass the same 

synthetic nanomaterials. The EMI shielding materials containing these special nanostructures can 

reduce the reflection of the radar cross-section and develop the impedance match, thereby reducing 

the reflection of EM waves [10]. Moreover, the hybrid nanostructures developed with conductive 

and magnetic/dielectric particles are primarily attributed to their unique synthetic structures. These 
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structural systems exhibit good electric and magnetic characteristics (i.e., good permittivity and 

permeability) [3]. The successive structure aids in obtaining outstanding absorbing characteristics 

of the EM waves that are significantly superior to what the substances can attain. In fact, hybrid 

structures can exhibit good microwave absorption properties. Currently, the hybrid structures can 

be reduced the EM waves reflection by reducing the impedance mismatch, thereby improving the 

shielding performance by magnetic and electric losses in the hybrid structures [85–90]. Especially, 

the studies on hybrid structures applied in EMI shielding materials have gained extensive interest. 

The recent studies performed on the microwave absorption characteristics of hybrid polymer 

composites containing various nanomaterial systems were listed in the literature review. 

1.7  Gaps Identified Based on Literature Review 

Based on the literature review, It can be observed that the metals such as Cu, Al, stainless steel, 

etc., have been employed as EMI shielding materials over the decade. These bulk metal 

applications as EMI shielding materials are limited due to material properties such as large 

densities, prone to oxidation, and exhibiting reflection-dominated shielding mechanism [47]. 

Addressing these issues, polymer composites have been used as an alternative to metals. 

Furthermore, polymer composites comprising carbon-based materials such as graphene, GNP, 

RGO, CB, and CNT have been widely employed as EMI shielding materials. However, large-scale 

production, high cost, and easy aggregation of carbon fillers limited their applications as an EMI 

shielding material [91]. On the other hand, copper nanowires (CuNW) are one-dimensional 

nanomaterials that are low in cost compared to carbon-based materials, have a large aspect ratio, 

and have better electrical and thermal conductivities. Owing to such attractive properties, the 

preparation of CuNW-filled nanocomposites has been proposed as a promising method for 

producing EMI shielding materials.  In spite of this merit, there has been very limited research 

reported on the preparation of EMI shielding materials using CuNW [92–94]. Moreover, these 
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studies mostly employ thermoplastic polymers as a matrix to produce EMI shields. In 

comparison to thermoplastic polymers, thermosets are more rigid, have greater working 

temperatures, and can be manufactured at a lower cost [95]. Employing a thermosetting polymer 

as a matrix for EMI shielding material could significantly enhance their usage in applications that 

require high strength and temperature. Epoxy resin is a versatile commercial thermosetting 

polymer that has been used in several industries due to its exceptional properties, such as insulating 

behavior, lightweight, corrosion resistance, low cost, and flexibility, and it is also compatible with 

an extensive range of nanofillers. However, the literature on the EMI shielding performance of 

CuNW dispersed in thermosetting polymers does not exist. 

One of the drawbacks associated with the use of conductive polymer composites for EMI shielding 

is that high filler loadings are often required to achieve significant improvement in the shielding 

effectiveness. Such high filler content increases the EM wave reflectivity of the shielding material 

due to the impedance mismatch [3]. Although the EMI shielding effectiveness values of such 

shields are good, a large portion of wave energy is deflected into the surroundings, which can 

create interference issues elsewhere. To counteract the reflection issue, conducting polymer 

composites are often filled with additional magnetic and/or dielectric fillers that could enhance the 

absorption of the EM wave. For example, it has already been demonstrated that the addition of 

magnetic fillers, along with conductive fillers in polymer composites-based EMI shielding 

materials increases the absorption of the EM waves [3,90,96,97]. However, the effects of magnetic 

nanoparticles on microwave absorption in CuNW-based composites are not explored, given the 

limited availability of literature on copper nanowires. 

It can further be observed from past studies that not only conduction and magnetic losses but 

dielectric losses also play a vital role in enhancing the EMI shielding and microwave absorption 
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characteristics in polymer composites. However, compared to magnetic fillers, relatively fewer 

efforts have been made to understand the influence of dielectric fillers on the EMI shielding 

characteristics of conducting polymer composites (CPC). Although limited, the studies clearly 

suggested that a mixture of conductive and dielectric nanoparticle-filled polymer composites 

exhibited superior EMI shielding and microwave absorption performance [98,99]. This aspect 

remains unexplored for the CuNW-filled conductive polymer composites, and efforts in this 

direction were needed to further enhance the fundamental understanding of microwave absorption 

in polymer composites.  

The direct incorporation of conductive particles along with magnetic particles in the polymer 

matrix could lead to phase segregation, which could deteriorate the microwave absorption in 

shielding materials [100]. Therefore, the use of hybrid nanostructures (i.e., mangetic@conductive, 

dielectric @conductive, or dielectric@magnetic@conductive) has been proposed to achieve 

superior dispersion and microwave absorption in polymer composites. It is believed that such 

hybrid nanoparticles impart larger interfacial polarization by limiting the phase segregation of the 

fillers. Accordingly, few studies have investigated the microwave absorption properties of hybrid 

magnetic@conductive and dielectric@conductive nanoparticles [3],[97–109]. Furthermore, the 

majority of efforts put towards the development of hybrid structures employ mostly carbon-based 

conductive materials or conducting polymers as the conductive particles over which different types 

of magnetic and/or dielectric particles are anchored [3,90,99,114–116]. However, such attempts 

to study the influence of hybrid nanostructures with CuNW as conductive particles have not been 

reported. To summarize, a thorough investigation of microwave absorption and EMI shielding 

behavior of thermoset composites containing either the pristine CuNW or their hybrids have not 

been explored in the past. This work precisely focused on the above-mentioned gaps in the existing 
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literature and aimed to further the understanding of EMI shielding characteristics of polymer 

nanocomposites. 

1.8   Motivation  

The metals have been traditionally utilized as EMI shielding materials over the decade. However, 

metals have a high cost, large weight, and anomalous reflections of EM waves, limiting their 

application [117]. Therefore, to resolve this problem, PNC was developed as a replacement for 

traditional metals because of their lightweight, low-cost processing, corrosion resistance, and good 

mechanical properties [14]. Furthermore, PNC offered a decrease in surface reflections as 

compared to metals, which is desirable in military and stealth technology applications. In the PNC, 

the conductive fillers, including conductive polymers, carbon materials, metallic powders, and 

their hybrids, were incorporated into the insulating polymers to create the conductive network.  

Carbon fillers, such as CNT, GNP, CF, graphene, and others, have become popular due to their 

low density and strong conductivity [118] and could also be utilized as a filler in the preparation 

of EMI shielding materials. However, practical applicability is still limited because of expensive 

costs, high agglomeration, and instability [119]. On the other hand, metal-based nanofillers such 

as Ni, Cu, Ag, MXene, and others might endow good conductivity in polymer composites with 

effective EMI shielding materials. It is mainly believed that low concentrations of metallic 

nanofillers in the form of nanorods, nanotubes, or nanowires in an insulator matrix can yield 

reasonably excellent electrical conductivity. Furthermore, the low filler loading in the polymer has 

no significant impact on the density, hence the advantage of polymeric materials' low density is 

maintained. 

Moreover, copper nanoparticles are low-cost, excellent electrical and thermal conductors that may 

be produced in a variety of structures, such as spherical particles, nanocubes, nanorods, and 

nanowires [120]. In these particles, copper nanowires (CuNW) were particularly intriguing 
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because of their special structure with high aspect ratio, low cost, optical, and good electrical 

conductivity characteristics. Furthermore, CuNW's electrical conductivity was equivalent to that 

of silver. These attractive properties of CuNW made them suitable fillers in the preparation of EMI 

shielding material. As aforementioned, an effective EMI shielding material should have 

satisfactory electrical conductivity to penetrate microwaves through the material. Thus, the 

preparation of CuNW-based nanocomposites has been mentioned as a potential method for 

producing EMI shielding materials. Furthermore, no research including CuNW in a regularly used 

commercial thermosetting polymer, such as an epoxy resin, has been published, which was the 

motivation for the current work. Despite such merits of CuNW, relatively few studies were 

conducted to investigate the EMI shielding properties of CuNW-filled polymer composites in the 

X-band. It might be due to the poor performance of polymer composites containing CuNW when 

compared to carbon-based composites. As a result of this, there is a need to boost the EMI shielding 

performance of CuNW-based polymer composites in order to guarantee their widespread use, 

which is what drives the motivation for current work. 

The present state of the art is to employ polymer-based composites that provide a tailorable 

combination of dielectric and magnetic properties. In order to prepare such hybrid polymer 

composites, the dielectric or magnetic particles were incorporated along with conductive particles 

(i.e., CuNW) in the polymer composite. This strategy helps to enhance their microwave absorption 

capability due to the addition of magnetic loss or dielectric loss along with conduction loss in these 

hybrid composites. For example, the addition of conductive fillers such as nickel, graphene, and 

graphene oxide, along with dielectric or magnetic fillers in the polymer matrix, demonstrated an 

increase in the microwave absorption capability in the composites [74,79,80,111–122]. However, 

it is important to note that no research on the preparation of EMI shielding materials with magnetic 
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materials (i.e., Fe3O4) or dielectric materials (i.e., BST) along with CuNW has been reported. 

Driven by this motivation, epoxy composites containing magnetic materials (i.e., Fe3O4) along 

with CuNW were prepared for EMI shielding applications. To validate these results, a hybrid 

system of GNP-BaM was developed, and similar studies were performed. These hybrid systems 

also exhibited an increase in EMI shielding effectiveness when GNP was added in combination 

with BaM magnetic filler. This is clearly evident that a universal improvement was observed in 

hybrid systems containing conductive fillers modified with magnetic fillers.  

It is important to mention that the majority of the research that has been done in the literature 

demonstrates that it is feasible to achieve excellent EMI shielding performance by combining 

magnetic filler with conducting filler [3,125–137]. It has been hypothesized that the EMI shielding 

characteristics are significantly impacted not only by conduction and magnetic loss but also by 

dielectric loss in polymer composites [3,133]. Despite this potential, very little amount of study 

has been published on the microwave absorption and EMI shielding characteristics of BST 

[98,134,135]. Additionally, the EMI shielding performance of polymer composites comprising 

BST and conductive nanoparticles has not been investigated at large [98,99]. Interestingly, no 

published study has reported microwave absorption and EMI shielding properties of an epoxy 

composite incorporating CuNW and BST particles over the X-band frequency range, which drives 

the motivation for current work. However, the direct incorporation of conductive particles along 

with dielectric or magnetic particles in the polymer matrix could lead to phase separation, which 

could deteriorate the microwave absorption capability of shielding materials [100]. This limited 

the wide-band utilization of hybrid composites as EMI shielding materials.  

One such strategy to reduce the phase separation of nanoparticles is to employ a hybrid 

nanostructure comprising magnetic and/or dielectric nanoparticles deposited to an electrically 
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conductive nanoparticle (i.e., magnetic@conductive, dielectric@conductive, magnetic@ 

dielectric@conductive ). The hybrid nanostructure is one of the structural systems that display 

favorable dielectric and magnetic characteristics, primarily attributed to their unique synthetic 

structures. The successive formation of these structures facilitates attractive microwave absorbing 

capabilities that are significantly superior to what the substances can attain; in fact, certain lossless 

substances can exhibit large absorption of microwaves. The increase in absorption capability in 

composites containing hybrid nanostructures may be attributed to the combined effects of multiple 

interfacial polarization along with the magnetic, dielectric, and conduction losses [3],[136]. A few 

studies on polymer composites comprising hybrid nanostructures in the preparation of EMI 

shielding materials have been published [3,101,102,133,136]. However, it is important to note that 

no research on the preparation of hybrid structures of the magnetic materials (i.e., Fe3O4) or 

dielectric materials (i.e., BST) deposited on the CuNW (i.e., Fe3O4@CuNW or BST@CuNW) 

particulate system has been reported. This drives the motivation for developing hybrid particles 

and their epoxy composites for EMI shielding applications. Consequently, very few researchers 

have studied the EMI shielding characteristics of composites that incorporate a combination of 

dielectric and magnetic materials along with conductive materials [98,99]. It is still essential to do 

exhaustive research on the impact of microwave absorption of CuNW-epoxy composites when 

dielectric and magnetic components are present. It is worth mentioning that none of them reported 

microwave-absorbing characteristics of epoxy-containing Fe3O4@BST@CuNW. The outcome of 

this research was to contribute to a better understanding of the EMI shielding mechanism. The 

research could be valuable for applications such as radar absorption materials and stealth 

technologies. 
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1.9.  Research Objectives  

The main focus of this research is to study the influence of different nano-sized fillers on the EMI 

shielding properties of epoxy nanocomposites. The following objectives outline the emphasis of 

the proposed study. 

1. To determine the effect of copper nanowires (CuNW) on the EMI shielding effectiveness 

of epoxy nanocomposite. 

2. To understand the influence of the addition of magnetic Fe3O4 nanoparticles to CuNW-

filled epoxy nanocomposites on EMI shielding and microwave absorption characteristics.  

3. To probe the effect of dielectric barium strontium titanate nanoparticles on the EMI 

shielding and microwave absorption characteristics of CuNW-filled epoxy 

nanocomposites.     

The outcome of this study could help in gaining a further understanding of the aspects of the 

EMI shielding mechanism in polymer nanocomposites. 
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2 Literature Review 

2.1 Hybrid polymer composites for EMI shielding application 

Over the years, hybrid polymer composites have been employed as EMI shielding materials. It is 

postulated in some studies that the combination of two or more fillers addition in the polymer 

composite can result in a synergistic effect between them and improve the performance of hybrid 

composites [133]. Additionally, combining magnetic and/or dielectric and conductive fillers 

facilitates good magnetic and dielectric losses in hybrid composites [3]. The significant rise of 

these losses in the hybrid composites can increase the performance of EMI shielding materials 

[85,137,138]. Moreover, the concepts like the structural refinement and hybrid structures of 

nanofillers, such as magnetic@conductive, dielectric@conductive, conductive@magnetic, 

conductive@dielectric,  magnetic@dielectric@conductive demonstrated better properties than 

synthetic nanomaterials [3,86,96,131,139,140]. Thus, introducing this additional benefit for 

preparing EMI shielding material helps achieve better microwave absorption capability and EMI 

shielding performance [3,133,141]. Previously, several researchers published numerous studies on 

structure-based strategies for the fabrication of EMI shielding materials, as seen in Table 2.1. The 

increased EMI shielding effectiveness in composites containing structure-based nanoparticles can 

be attributed to the combined effects of dielectric losses coupled with the magnetic losses arising 

due to the presence of structure-based nanoparticles [85,137,138].  

2.1.1 Conductive hybrid polymer composites for EMI shielding application 

The first approach was to create a hierarchical structure containing materials with similar or 

distinct impedance properties that can attenuate incident EM waves. These structures include 

combinations of two or more conductive materials in the polymer composite. These hybrid 

structures were synthesized by physical mixing, synthesis of one filler in the presence of another, 

or co-synthesis of two or more fillers, which leads to the growth of a decorated structure of one or 
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more fillers on the surface [34,142]. The increased EMI shielding in composites containing 

structure-based nanoparticles can be attributed to the effects of dielectric losses arising due to the 

presence of structure-based nanoparticles. Previously, several researchers published numerous 

studies on hybrid structures and used them to fabricate the EMI shielding materials, as seen in 

Table 2.1. 

Table 2.1. EMI shielding values of conductive hybrid structures composites 

Materials Filler content 
Conductivity 

(s/m) 

SET 

(dB) 

Frequency 

(GHz) 
Ref 

rGO-CF 0.75 wt% 7.13 37.8 8.2 -12.4 [142] 

GNP-MWNT 10 wt% 9.5 47 20-40 [143] 

CNT/CF 0.35 wt% 0.8×10-3 42 8.2 -12.4 [34] 

MNP@MWNT 4 wt% 1070 30-60 0.5-12.0 [144] 

SSF-CNT 3.5vol% 100 47.5 8.2 -12.4 [145] 

Polyamide-6/CNT 0.3 wt% 100 25 8.2 -12.4 [146] 

PANI/CNT 25 wt% 1907 27.5-39.2 12.4-18 [147] 

PCL-MWNCT 0.25vol% 4.8 60-80 0.04- 40 [148] 

CuNW-

TAGA/epoxy 

7.2 wt% 120.8 47 8.2-12.4 [149] 

PDMS/rGO/AgNW 0.43, 0.33 wt%,  1210 34.1 8.2-12.4 [150] 
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2.1.2 Magnetic and conductive materials hybrid structures 

The second approach is to employ a hybrid structure with a combination of magnetic material and 

a conductive filler in the polymer composite for the enhancement of EMI shielding effectiveness. 

Subsequently, the addition of conductive material along with magnetic materials generates the dual 

benefit of magnetic loss and dielectric loss and produces additional effects such as high multiple-

interface polarization, all of which are useful in increasing shielding effectiveness. These losses 

help to enhance the microwave absorption capability in the shielding materials. Generally, these 

losses are generated in the material due to dipole polarization, electronic polarization, natural 

resonance, magnetic dipoles, magnetic losses, eddy, and hysteresis losses [3,133]. Therefore, many 

researchers have focused specifically on the complex hybrid structure of nanofillers to fabricate 

an efficient EMI shielding material, which is listed in Table 2.2. 

Table 2.2. EMI shielding values of conductive and magnetic hybrid structures composites 

Materials Synthesis 

Method 

Thick 

(mm) 

Polymer 

matrix 

SET 

(dB) 

Freq. 

(GHz) 

Ref 

PANI/15 wt% BaFe12O19 

(BF) 

Co-precipitation 2 PANI 19.7 2-18 [151] 

PANI/28 wt% 

Mn0.5Zn0.5Fe2O4 

 2 PANI 6-20 0.03-1 [152] 

3% Graphene decorated with 

Nickel NPs  

Co-precipitation 1 Polybenzo

xazine 

>20 8.2 -12.4 [153] 

10 wt% CNT/12 wt% 

Ni@CNT 

Magnetic field-

supported 

solvothermal  

0.5 PVDF 51.4 12.4-18 [154] 
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rGO-FeCo- diamine 

monomer 4,4′-diamino 

diphenyl methane, MWCNT 

Insitu reduction 

using a 

solvothermal  

 PVDF 41 12.4-18 [155] 

10 wt% Fe3C-carbon Carbonization of 

melamine and 

iron salt 

 PVDF 35 14-18 [156] 

90:10 ratio of Fe3O4 and 

carbon black (CB) 

  Natural 

rubber 

14.7 

-

23.1 

1-12 [157] 

0.25vol% of Fe3O4-

MWCNT 

 5 PC/PVDF 38 18 [158] 

0.25vol% of Fe3O4-

MWCNT 

 5 PC/PVDF 30-

36 

8-18 [159] 

0.15 vol% NiFe2O4-

MWCNT 

 5 PC/PVDF 19.7 2-18 [159] 

0.28 vol% CoFe2O4-

MWCNT 

 5 PC/PVDF 6-20 0.03-1 [159] 

Modified Gr nanoplatelets 

and MWCNT-Fe3O4 

  PU 27.5 8 -12.4 [88] 

Fe3O4-CNT  1.1  PVDF 32.7 18-26 [160] 

Fe3O4-GNP  1.1 PVDF 35.6 18-26 [160] 

rGO@Fe3O4- MWCNT  5  PC/PS > 30 8-18 [161] 

0.5 wt% rGO deposited with  7  Epoxy > 30 8.2-26.5 [76] 
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carbon fiber-Fe3O4 -9 wt% 

modified rGO 

rGO-Fe3O4   PC  28 8-18 [162] 

rGO-Fe3O4   PC 33 8-18 [162] 

4 wt% CNT-5 wt% rGO-

Fe3O4 

  PC 43.5 8 -12.4 [22] 

45 wt% NiFe2O4-5 wt% rGO  2 PP 28.5 5.8-8.2 [163] 

NiCoFe2O4 (NCF)- CB  1.5  PVA 27 8-18 [164] 

2.1.3  Magnetic-Dielectric-Conductive hybrid structures 

The third approach is to create a hybrid structure in the polymer composite containing a 

combination of magnetic and dielectric materials along with a conductive filler. In these hybrid 

structures, decorating magnetic nanoparticles on dielectric materials or vice versa facilitated a 

protective encapsulation of decorated nanoparticles on the surface of other nanoparticles to prevent 

agglomeration of the nanoparticles [165–169].  

Recent studies have investigated that dielectric materials, including, SnO2, TiO2, ZrO2, ZnO, 

Al2O3, carbon materials, and polymers, are used as a dielectric source to impart dielectric losses 

and are used alone or in combination with magnetic and conductive materials  [170]. For example, 

S. Biswas et al. synthesized graphene oxide sheets decorated with BaTiO3 and Fe3O4 nanoparticles. 

These nanoparticles are combined with modified MWNT and embedded in the PC/PVDF matrix. 

The nanocomposite reported SET values of 32.5-35 dB over the frequency range of 12-18 GHz. It 

can be observed that the composites demonstrated an increase in SET values due to the synergistic 

effect of hybrid lossy materials and selective localization of GO in PC and MWNT in PVDF, 

which retains the electrical conductivity of composites [170]. The authors also fabricated 
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composites through multilayer assembly, in which outer layers with modified BaTiO3 /Fe3O4 co-

doped GO/modified MWCNT/PC/PVDF composite and inner layers with modified 

MWCNT/PVDF in the composite [170]. The authors also reported that the SET values of 

composites fabricated through multilayer assembly further increased to 46 dB over the frequency 

range of 12-18 GHz. 

L. Jin et al. synthesized a hybrid structure made of graphene along with Fe3O4 decorated on BaTiO3 

(GFBT) in two steps hydrothermal process. The BaTiO3 particles of 20 nm are primarily coated 

on the Fe3O4 nanospheres forming the hybrid structure of Fe3O4 and BaTiO3. The hybrid structure 

contained BaTiO3/Fe3O4 nanoparticles of about 200 nm diameter anchored on the surface of 

graphene and was used along with MWNT in methyl vinyl silicone rubber. The composite 

containing 16 wt% with the ratio of 1:5 of MWNT: GFBT filler loading exhibited SET values of 

26.7 dB in the frequency range of 1-20 GHz for a sample thickness of 2.6 mm [171]. P.Sambyal 

et al. reported an encapsulated polypyrrole composite with the combination of rGO, Fe3O4, and 

barium strontium titanate (BST) nanoparticles. The BST/rGO/Fe3O4 (BRF) hybrid was 

synthesized by co-precipitation. In this process, the precursors rGO and BST nanoparticles were 

added to the precursor solution of Fe3O4, thus forming the hybrid structure of nanoparticles. The 

hybrid composite showed an EMI SE of around 48 dB for a thickness of 2.5 mm in the X-Band 

frequency range [99].  

2.2 Synthesis of Copper nanowires 

Copper nanowires (CuNW) are a unique class of materials in the copper family with high electrical 

and thermal conductivities. Since their cost advantage over other conductive fillers, their use as a 

filler improves the properties of the composite.  In the literature, several studies reported various 

processing methods to synthesize the CuNW. For example, a novel method was developed by Li 

et al. for synthesizing CuNW with cupric chloride dihydrate (CuCl2·2H2O), glucose, oleyl amine 
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(OM), oleic acid (OA), and ethanol to prepare CuNW in an electric pressure cooker [172]. 2.1 g 

of CuNW was prepared in a batch with a cost of INR 298/g. Chang et al. developed a process for 

high-quality ultra-long CuNW with an aspect ratio >350-450 using Cu(NO3)2, NaOH, 

ethylenediamine (EDA), and hydrazine, as shown in reaction (1) [173]. 

                               2Cu+2 + N2H4 + 4OH-                 2Cu + N2 + 4H2O    ………… (1) 

Subsequently, Rathmell et al. scaled up Chang’s method from 0.006 to 1.2 g of CuNW by heating 

reagents for 1 hour at 80 °C [174]. Additionally, Mohl et al. synthesized ultralong CuNW using 

hexadecyl amine (HDA) instead of ethylenediamine and hydrazine [175]. Subsequently, Ye et al. 

developed another seed method to synthesize the CuNW. In this method, Cu(SO4)2 solution was 

treated with N2H4 in the presence of NaOH and EDA [176]. The formed final product was washed 

and stored under hexane. The CuNW synthesized using a hydrothermal process was studied by 

Kumar et al. using CuCl2.2H2O and glucose [177]. This method produced CuNW with a large 

aspect ratio when the solution was processed in an autoclave for elevated temperatures and 

pressure. Yet another work, Liu et al. formed the CuNW by the reduction of a Cu(II)-glycerol 

complex with NaOH, glycerol aqueous solution [178]. Sodium dodecyl benzenesulfonate (SDBS) 

was used as a surfactant in this process. The final product contained 85 nm CuNW. Shi et al. 

formed the CuNWs of 48 nm diameter using copper chloride (CuCl2) and octadecyl amine (ODA) 

in an aqueous solution maintained at 120-180 °C for 48 h [179]. CuNW formed with 48nm 

diameter. Mohl et al. used HDA or tetradecyl amine (TDA) instead of ODA and demonstrated that 

the reaction time could be reduced to 10 h for synthesizing CuNW of diameter 40-60 nm [180]. In 

the synthesis of CuNW, the role of alkyl amines was studied by Kumar et al. [181]. The studies 

suggested that the CuNW cannot be synthesized with stabilized penta twinned seeds like cetyl 

trimethyl ammonium bromide (CTAB) and polyvinylpyrrolidone (PVP). However, alkylamines 
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like EDA and OM make perfect CuNW by forming a metal-amine complex for seed generation. 

The reduction of this complex generates twinned seeds, which will grow into CuNW.     

2.3 Synthesis of magnetite nanoparticles 

Magnetite nanoparticles can be synthesized in a variety of ways that include: co-precipitation, 

hydrothermal, and sol-gel methods, etc. synthesis of Fe3O4 nanoparticles (FNP) by the co-

precipitation method was demonstrated by Park et al. using ferrous (II) chloride tetrahydrate and 

ferric (III) chloride hexahydrate in the presence of ammonia solution [182]. The reagents were 

stirred for two hours, resulting in a black precipitate of Fe3O4. Size-controlled synthesis of 

magnetite nanoparticles was demonstrated by Sun et al. using ferrous (III) acetyl acetate as a 

precursor to yield as low as 4 nm Fe3O4 particles [183]. A mixture of OA and OM was employed 

by them. Furthermore, Xu et al. presented a method where size-controlled Fe3O4 particles could 

be synthesized using oleyl amine as a reducing agent and stabilizer [184]. Subsequently, Ge et al. 

synthesized Fe3O4 nanoparticles with an average diameter value of 15-31nm by using a one-step 

hydrothermal synthesis [185]. In this method, FeCl2.4H2O and NH4OH solution was autoclaved 

for three hours at 134 °C and produced black color magnetite. Subsequently, Lu et al. synthesized 

Fe3O4 nanoparticles using the sol-gel technique, which had a size ranging from 5-15 nm [186]. 

EMG 340- Ferrofluid, 2-propanol, and NH4OH were used as reagents. Additionally, Wu et al. 

studied the effect of surfactants to stabilize the magnetic nanoparticles by forming a strong bond 

between the amorphous iron oxide and the carboxylic group of OA [187]. The use of surfactant 

reduced the formation of agglomerates and yielded 10 nm diameter Fe3O4 nanoparticles. Mahdavi 

et al. explained the effect of pH, temperature, and stirring rate on the particle size of Fe3O4 

nanoparticles [188]. Jain et al. synthesized Fe3O4 nanoparticles of size 14-50 nm using the 

conventional co-precipitation method with OM and benzyl ether as a stabilizer [189].  
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Zhou et al. prepared Fe3O4 nanoparticles using iron oleate, 1-octadecene (ODE) or tri-n-

octylamine (TOA), oleic acid, and sodium oleate [190]. Fe3O4 shape and size were controlled with 

different molar ratios of sodium oleate from 0.1 mmol to 0.6 mmol, respectively. However, Singh 

et al. synthesized Fe3O4 nanoparticles using piperidine and FeCl2 [191].  Additionally, Shen et al. 

synthesized shape-controlled Fe3O4 nanoparticles by co-precipitation method using ferrous sulfate 

(FeSO4.7H2O) and ferric sulfate (Fe2(SO4)3) in the presence of sodium dodecyl sulfate (SDS) 

[192]. Subsequently, He et al. synthesized Fe3O4 nanoparticles by a hydrothermal approach using 

FeSO4·7H2O and sodium thiosulfate (Na2S2O3·5H2O) in the presence of an aqueous solution of 

polyethylene glycol (PEG), and NaOH in an autoclave maintained at 150 °C for 24 h [193]. 

Additionally, Sun et al. synthesized 63 to 140 nm magnetite particles through a solvothermal route 

using iron pentacarbonyl (Fe(CO)5), OA, and HDA in the presence of oleic acid and n-octanol in 

an autoclave maintained at 200 °C for 6 h [194]. 

2.4 Synthesis of BST Nanoparticles 

The BST nanoparticles were formed using various techniques, including Co-precipitation, 

hydrothermal, molten-salt, and sol-gel methods. The BST nanoparticles synthesized by Simoes et 

al. using the precipitation method by reducing barium acetate (Ba(CH3COO)2), strontium chloride 

(SrCl2·6H2O) with an aqueous solution of tetrachloride titanate(TiCl4) in the presence of NaOH 

[195]. Subsequently, Pazik et al. hydrothermally synthesized BST Nanoparticles using Barium 

acetate (Ba(CH3COO)2, titanium butoxide (Ti(OC4H9)4, and strontium nitrate (Sr(NO3)2) in the 

presence of NaOH [196]. Although Ba1−xSrxTiO3 powders (at x= 0, 0.3, 0.5, 0.8, and 1) prepared 

with two different salts were demonstrated by Fuentes et al. using sol-gel followed by the 

hydrothermal process with an aqueous solution of strontium salts (SrCl2 or Sr(OH)2) and barium 

salts (BaCl2 or Ba(OH)2) in the presence of TiCl4 and HCl [197]. Furthermore, a cube shape BST 

nanoparticles were prepared by Liu et al. using the molten salt method [198]. To form cube shape 
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BST particles, strontium hydroxide (Sr(OH)2) and barium hydroxide (Ba(OH)2) were treated with 

titanium dioxide (TiO2) in the presence of  NaOH and KOH.  

2.5 The preparation methods for polymer nanocomposite 

Traditional polymer composites can be prepared using a variety of processes that can be broadly 

classified into four primary routes: exfoliation adsorption, melt intercalation, in situ 

polymerization intercalation, and template synthesis [199–202].  

2.5.1 Melt intercalation 

Melt intercalation technique is the most common method for the preparation of nanocomposites 

with a thermoplastic. The process requires higher melting temperatures, then adding the suitable 

filler and kneading the nanocomposite to obtain a homogeneous dispersion. It offers the benefit of 

being environmentally friendly and solvent free. Furthermore, this process is an industrial-friendly 

process, such as extrusion and injection molding, which makes this process more convenient and 

economical. However, the high-temperature processing conditions may damage the filler's surface 

modification. Abedi et al. reported that modified organoclay decomposes at a higher temperature 

of 140 ºC. However, the melt intercalation process temperature range is maintained at 190-220 ºC 

[203]. This suggested that optimization of processing conditions is very important to achieve good 

distribution of fillers in the polymer. Mittal et al. reported that thermally stable surface-modified 

nanofillers or lower processing temperatures help to reduce surface degradation [204]. Because of 

the weaker electrostatic interactions between the fillers and their compatibility, the polymer can 

tunnel into the interlayers, thereby producing exfoliated or intercalated composites [205]. 

2.5.2 Exfoliation adsorption 

Exfoliation adsorption is the process used for the development of polymer nanocomposite. In this 

technique, the prepolymer or polymer is dispersed in the solvent. For example, the silicate layers 

dispersed in the solvent before being in the polymer solution. The polymeric chains subsequently 
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intercalate and remove the solvent from the silicate layers, causing the silicate layers to reassemble 

and entrap in the polymeric chains, resulting in the development of a multilayer nanocomposite 

structure [201,202,206]. This technique is mainly suitable for water-soluble polymers with low 

polarities, such as PVA, PEO, and PVP, to produce a nanocomposite [201,205]. In contrast, to 

melt intercalation, this approach is not eco-friendly due to the large volumes of solvents used. 

2.5.3 Emulsion polymerization 

Emulsion polymerization is another technique used in the production of polymer nanocomposites. 

In this method, an emulsifier was added along with polymer and nanofillers. For example, an 

emulsifier used to distribute the methyl methacrylate and styrene is in water and added silicates to 

the polymer matrix [202]. The monomers are crosslinked with a portion of silicates contained 

within the polymer matrix and another portion adsorbed on the particle surface, resulting in the 

formation of a nanocomposite. In the preparation of polystyrene containing CB through emulsion 

polymerization, a surfactant and Azobisisobutyronitrile (AIBN) initiator were added to form 

emulsified monomer [207]. Hu et al. and Hassan et al. studied the preparation of graphene-filled 

polystyrene nanocomposite using sodium lauryl sulfate (SLS) as a surfactant [208,209]. This 

process facilitates good dispersion and exfoliation of nanofillers in the polymer composite.  

2.5.4 In situ polymerization 

In situ polymerization is another important method used for the preparation of polymer 

composites. In this process, the monomer with low molecular weight seeps into the internal layers, 

causing swelling of the filler. This technique uses either initiator diffusion, radiation, or heat to 

start cross-linkage, developing the growth of exfoliated or intercalated nanocomposites. The 

benefit of this process is that it achieves well intercalated than all other techniques, including melt 

intercalated, emulsion polymerization, and exfoliation adsorption methods. Ray et al. reported the 
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preparation of nylon-6 composite containing clay through in situ polymerization. The studies 

reported that the clay is well distributed in the monomer and forms a nanocomposite [200]. 

2.5.5 Template synthesis 

Template-based polymerization process technique is one of the important methods for the 

preparation of polymer nanocomposites. This technique is different than all other previous 

techniques. In this technique, the nanofillers are prepared in the form of a gel or an aqueous 

solution comprising the polymeric and the nanofillers as the building components [201,205]. Thus, 

a polymer used in the technique act as a nucleating agent, which facilitates the growth of the 

nanoparticles. Subsequently, the nanofillers are distributed in the polymer to form the 

nanocomposite. This technique is limited because high processing temperatures during the 

preparation of polymer nanocomposites can result in the agglomeration of nanofillers. It is 

primarily employed in the fabrication of a double-layer hydroxide-based composite [201,205]. 

2.6 Research methodology  

2.6.1 Literature review 

The literature review helped to get a deeper understanding of the current research scenario and the 

limitations of the research. The methodology for carrying out this research is illustrated in Fig.2.1 
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Fig.2. 1. Schematic depicting the methodology to be adopted in the proposed research. 

As part of the research studies, the conductive nanoparticles, i.e., CuNW, will be synthesized using 

the hydrothermal method. This CuNW preparation method is a modified protocol developed by Li 

et al. [172].  The detailed description of this one-pot hydrothermal synthesis method was discussed 

in Chapter-3, Thesis. The synthesized CuNW were characterized using X-ray powder diffraction 
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(XRD) and scanning electron microscopy (SEM) and subsequently used for making 

nanocomposite. The epoxy composites were prepared through the resin blending technique. Then, 

the epoxy composites containing CuNW were characterized for electrical, morphological, and EMI 

shielding properties.  

As a continuation of this work, the magnetic particles, i.e., Fe3O4 and BaM, were synthesized 

through the co-precipitation method. These particles were using XRD and SEM. Subsequently, 

these particles were added along with conductive particles, i.e., CuNW or GNP, in the epoxy 

matrix through the resin blending technique. The GNP- epoxy composites containing BaM 

particles were tested for electrical, morphological, dielectric, magnetic, and EMI shielding 

properties. Similarly, CuNW-based epoxy composites containing Fe3O4 particles (non-hybrid) 

were prepared through a resin blending technique. In addition to this, the hybrid nanostructures 

(i.e., Fe3O4@CuNW and Fe3O4@GNP) will be synthesized through a water-based coprecipitation 

method. The preparation of hybrid particles was clearly described in Chapter 4 of the thesis. The 

prepared hybrid particles were subsequently used in the preparation of an epoxy composite (hybrid 

composite). Both the composites are specially tested for microwave absorption properties along 

with other properties such as electrical, morphological, dielectric, magnetic, and EMI shielding 

properties, and results are compared.  

In contrast to the above studies, the influence of dielectric nanoparticles on the EMI shielding and 

microwave absorption characteristics were studied. As a part of these studies, the dielectric 

particles, i.e., barium strontium titanate (BST) particles, were prepared through the co-

precipitation technique. The BST particles are added along with CuNW in the epoxy matrix (non-

hybrid composite) through the resin blending technique. In addition to this, the hybrid 

nanostructures, i.e., BST@CuNW through the co-precipitation technique, and used in the 
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preparation of the composites (hybrid composite). These composites were tested for electrical, 

EMI shielding, dielectric, and microwave absorption properties. Furthermore, to study the 

influence of both magnetic and dielectric particles, the hybrid nanostructures, i.e., 

Fe3O4@BST@CuNW were synthesized through the co-precipitation technique. The epoxy 

composites containing different weight ratios of Fe3O4@BST@CuNW particles were prepared 

through the resin blending technique. These composites were tested for electrical, dielectric, EMI 

shielding, and microwave absorption properties.  

2.6.2 Preparation of epoxy nanocomposites 

The nanocomposites were produced by mixing the required quantity of fillers, comprising 

nanofillers, in the epoxy resin for 12 minutes with an ARE-250 Mixer (Thinky, USA). 

Subsequently, the epoxy mixture was processed in an ultrasonic processor (Sonics, USA) operated 

at 500 W for 5 minutes in order to facilitate uniform dispersion of the fillers in the epoxy matrix. 

Afterward, the requisite quantity of curing agent was added, and the epoxy mixture was even 

further mixed in the ARE-250 Mixer for 3 minutes to ensure proper mixing of the curing agent. 

The epoxy mixture was then degassed in the degassing chamber before being cast in a glass mold 

and cured at room temperature for 12 hours. The thickness of the nanocomposite was measured to 

be 1 mm and was also set by the mold’s dimensions. Tables 3.1, 4.1, and 5.1 shows the 

composition of the composites used in this study. The fabricated composites will be characterized 

for micro-structural, electrical, EMI shielding, microwave absorption, dielectric, and magnetic 

properties.  

2.6.3 Characterization 

The X-ray diffractometer (Miniflex, Rigaku, Japan) using the Cu-Kα source with wavelength (λ) 

= 1.54 Å was used to collect XRD patterns of nanoparticles. The patterns were obtained at a scan 
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rate of 2 °/min across the 2θ angle range of 20° to 90°. The scanning electron microscope (FEI-

APREO, Thermo Fisher, USA) was used to observe the microstructure of nanoparticles and the 

epoxy composite's freeze-fractured cross-section images. The XPS data were recorded by K-Alpha 

X-ray photoelectron spectrometer system (Thermo Fisher Scientific, India) using Al Kα (hν = 

1486.3 eV) X-ray source with a step size of 0.05 eV at an average of ten scans. It was observed 

that the analyzer chamber had a residual pressure of 1.3 x 10-8 Pa. A nonlinear curve- fitting 

method was used so that the core level changes and relative intensities of these components could 

be determined.  

The impedance analyzer (E4990A, Keysight Technologies, India) was used to determine electrical 

conductivity in a 25 Hz to 25 MHz frequency range using test specimens of dimensions 1 cm×1 

cm×1 mm. The microwave absorption in the epoxy composite was determined using scattering 

parameters (S11, S21, S12, and S22) data across the X-band on a sample of dimensions 22.86 

mm×10.16 mm×1 mm from a 2-port MS2038C vector network analyzer (Anritsu, India). First, 

full 2-port calibration was performed before the measurement in the vector network analyzer. Then 

the S-parameters were recorded. After that, the sample was loaded in the setup, and S11, S21, S12, 

and S22 were recorded. A total of 3 samples were tested for each composite composition. 
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Fig.2.2. Schematic illustrating the vector network analyzer setup. 

The power coefficients, absorption coefficient (A), reflection coefficient (R), and transmission 

coefficient (T) were calculated by the equations, 

R=|S11
|2      (2.1) 

T=|S21
|2          (2.2) 

A=1-R-T       (2.3) 

The S-parameters were used to determine the EMI shielding effectiveness of the composite. 

          SET=SER+SEA +SEM =10log10(
1

S21
2 )                                          (2.4) 

                                                         SER= 10log10(
1

1−S11
2 )                                                       (2.5) 

                                                         SEA= 10log10(
1−S11

2

S21
2 )                                              (2.6) 

2.6.4 Nicholson–Ross–Weir (NRW) method:  

The complex permeability (µ* = µ′ − iµ′′) and complex permittivity (ε* = ε′ − iε′′) were calculated 

from S-parameters by using the standard Nicholson–Ross–Weir (NRW) method [70,317–319], as 

shown Fig.2.2. 
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Fig.2.3. The process for the NRW method 

The S-parameters: S11, S12, S21, and S22 are directly obtained from the vector network analyzer. 

The procedure proposed by the NRW method is deduced from the following equations. 

The reflection coefficient can be deduced as follows:  

=𝑋 ± √𝑋2 − 1                   …………………….(2.7) 
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where |ᴦ| < 1 is required to finding 

Where 𝑋 =
𝑆11

2 −𝑆21
2 +1

2𝑆11
                …………………….(2.8)    

The transmission coefficient can be written as: 

T=
𝑆11+𝑆21−

1−(𝑆11+𝑆21)
                …………………….(2.9)    

The permeability is given as follows: 

=
1+

Ʌ(1−)√
1

𝜆0
2−

1

𝜆𝑐
2 

               …………………….(2.10)                  

Where λ0 is the free space wavelength, λc is the cut-off wavelength and 

      
1

Ʌ
2 =

𝜀𝑟∗𝜇𝑟

𝜆0
2 −

1

𝜆𝑐
2 = −{

1

2𝜋𝐿
ln (

1

𝑇
)}2        …………………….(2.11) 

The permittivity can be defined as: 

=
𝜆0

2


{

1

𝜆𝑐
2 −

1

Ʌ
 2}             …..…………………..(2.12) 

2.6.5 Analysis of Results  

All the experimental results will be well documented and studied. The outcomes of the experiments 

are compared with the results presented in the existing literature. 
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3 Influence of CuNW on the EMI shielding effectiveness of epoxy 

nanocomposite 

3.1 Introduction  

The rapid growth of instrumentation and electronics in various sectors, such as information 

technology, military, defense safety systems, healthcare, business electronics, commercial 

appliances, etc., have led to EMI as an undesirable by-product [1,2]. Furthermore, concepts such 

as the IoT and smart villages are rapidly gaining momentum, wherein the products involve some 

wireless data transfer and can potentially further enhance the already widespread problem of signal 

interference [3]. The EMI in electronic devices and industrial instruments can cause a decrease in 

normal functioning or a total malfunction of the instrument. EMI can be regarded as a new type of 

pollution that can be mitigated using EMI shielding materials [4].  

As a result, continued efforts have been made over the past two decades to reduce EMI by using 

several strategies and a variety of materials that include metals, carbon-based materials, 

dielectric/magnetic materials, and conducting polymers [3,8,49]. Metals are excellent conductors 

of electricity and can absorb, reflect and transmit electromagnetic waves [12]. Owing to this, 

metals have been widely employed for EMI Shielding applications. However, the shielding 

mechanism in metals is dominated by the reflection of the incident electromagnetic wave, which 

is not always a desirable option. In addition to this, a relatively large density and high cost of 

fabrication limit its widespread use in EMI shielding applications [210],[211]. 

Polymer nanocomposites represent a class of materials that possess a unique combination of 

electrical, thermal, dielectric, magnetic and/or mechanical properties [40,212–215]. 

Compositionally, nanocomposite comprises a continuous polymer matrix in which a nanofiller is 

dispersed. Depending on the type of polymer and filler used, the properties of nanocomposite can 

be tailored for the suppression of EM waves. Owing to such potential, a lot of interest is shown in 
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employing conductive polymers or conductive polymer composites (CPC) for EMI shielding 

applications [4,9,12,216]. 

Several polymers have been used to fabricate nanocomposites, such as poly(styrene), poly(imide), 

poly(methyl methacrylate), phenolic resin, etc. Among these polymers, epoxy resin is the most 

widely available thermoset polymer with good chemical, mechanical and thermal properties. In 

addition to this, it is also a lightweight, corrosion-resistant, flexible, low-cost thermoset polymer, 

thus used in various applications such as aerospace, die-attach, printed circuit boards, light-

emitting devices, etc. [217]. Furthermore, epoxy resin is also an excellent compatible material for 

a wide range of substrates and additives (nanofillers). Although it exhibits very low electrical and 

thermal conductivity, limiting its potential applications in instrumentation and electronics. 

However, these limitations can be overcome by the addition of various reinforced carbon 

nanofillers such as carbon black, graphene, reduced graphene oxide, carbon nanotubes, and 

metallic nanoparticles such as gold, silver, copper, etc., [3,8,49],[115,129,212,216,218–221].  

It is well known that high aspect ratio conductive nanofillers in the form of nanotubes, nanowires, 

or nanorods have the advantage of achieving reasonably high electrical conductivity at extremely 

low filler concentrations in an insulator matrix. This is attributed to the ability of high aspect ratio 

nanofillers to achieve electrical percolation at extremely low filler loadings [222–225]. Moreover, 

from a polymer composites' point of view, the low filler loading in the polymer does not influence 

their density significantly, thereby retaining the low-density advantage of polymeric material 

[226]. 

Copper nanoparticles are a good conductor of electricity and can be synthesized in a variety of 

shapes that include spherical particles, nanorods, nanocubes, and nanowires [177,227,228]. 

Among these, CuNW are interesting due to their unique structure, high aspect ratio, low cost, 



48 | P a g e  
 

excellent electrical and thermal conductivity, and optical properties. It is worth mentioning here 

that CuNW exhibits electrical conductivity comparable to that of silver [172]. Such unique 

properties of CuNW have attracted attention from industrial as well as scientific societies [229–

233],[177]. It should be noted here that a good EMI shielding material should possess reasonable 

electrical conductivity to mitigate EM wave propagation through the material. Thus, the 

development of nanocomposites with CuNW has been offered as a promising approach to making 

EMI shielding materials.  However, relatively few studies have been reported on utilizing CuNW 

for producing EMI shielding materials [23]–[25]. Furthermore, to the best of the author's 

knowledge, no studies are reported wherein CuNW in a widely used engineering thermosetting 

polymer such as epoxy drives the motivation for the current work.  

In this work, the performance of epoxy nanocomposites containing CuNW as an EMI shielding 

material is presented. The CuNW were produced using a facile one-pot hydrothermal synthesis 

method, and the EMI shielding effectiveness of the composites in the X-band frequency range (i.e., 

8-12.4 GHz) is investigated. The crystallographic and morphological characteristics of the as-

synthesized CuNW determined using XRD and SEM, respectively, are presented. Furthermore, 

microstructure, electrical conductivity, and EMI shielding effectiveness epoxy composites 

containing varying amounts of CuNW fabricated using solvent-free melt blending method are also 

included.   
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3.2 Experimental work 

3.2.1 Materials  

Copper chloride di hydrated (AR), dextrose extra pure (AR), oleic acid (AR), and oleyl amine 

(AR) were purchased from Merck (Mumbai, Maharashtra). Liquid epoxy resin araldite® CY230 

and hardener aradur® HY-951 were purchased from Huntsman (Mumbai, Maharashtra). 

3.2.2 One-pot synthesis of Copper Nanowires 

 A hydrothermal synthesis method for CuNW was prepared by modifying the protocol developed 

by Li et al.[172]. First, 40 mmol of copper precursor aqueous solution was prepared by dissolving 

a stoichiometric amount of copper chloride dihydrate in the double-distilled water and stored in a 

conical flask. The capping agent solution contained oleyl amine (20 mL), oleic acid (0.2 mL) in 

ethanol (35 mL) was added to the copper salt solution and mixed thoroughly using a magnetic 

stirrer for 15 minutes. Additionally, 40 mmol of dextrose solution was prepared, which was used 

as a reducing agent for the synthesis of CuNW. Subsequently, the dextrose solution was added 

drop by drop at specific flow rates of 1mL/ min into a copper salt solution under vigorous stirring 

to form a uniform viscous solution. Then the solution was diluted by adding millipore water and 

continuously stirred for 12 hours at a temperature of 60°C. At this point, the color of the solution 

changed from dark blue to caesious. Subsequently, the solution was kept in an autoclave and 

processed at 120oC for 7 hours, after which the color of the solution turned reddish-brown, 

indicating the formation of copper nanowires. [172] After the autoclave was cooled down to room 

temperature, the supernatant was decanted. Subsequently, the final product was washed several 

times with hexane and was subjected to ultrasonication for 5 minutes at 250 watts and 20 kHz 

using a tip sonicator (Johnson Plastosonic, India). The CuNW suspended in the solution was 

separated using a centrifuge (CPR 24, REMI Compufuge, India) operated at 10000 RPM for 15 

minutes. The sediment of CuNW was stored in hexane prior to using it for composite preparation. 
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3.2.3 Preparation of CuNW- epoxy nanocomposites 

The CuNW-epoxy composites were made by dispersing the required quantity of CuNW powder 

in the epoxy resin using a planetary resin mixer (ARE-250, Thinky Corporation, Japan) for 10 

minutes. Afterward, the resin mixture was subjected to ultra-sonication in an ultrasonic liquid 

processor (Johnson Plastosonic, Pune) operated at 20 kHz and 250 W for 10 minutes to facilitate 

good dispersion of the CuNW in the epoxy matrix. Subsequently, the required quantity of hardener 

was added, and the mixture was further mixed in a planetary resin mixer (ARE-250, Thinky 

Corporation, Japan)) for 10 minutes to enable good mixing of the hardener. The resin mixture was 

then degassed and subsequently cast in a glass mold and cured at room temperature for 24 h. The 

thickness of the composites was measured to be 1 mm and was controlled by the mold dimensions. 

Table 1 shows the composition of the composites used in this study. 

Table 3. 1: The composition of CuNW/epoxy nanocomposite was used in this study. 

S No. CuNW (wt%) Epoxy (wt%) 

1 0 100 

2 2 98 

3 4 96 

4 6 94 

5 8 92 

6 10 90 

7 12 88 
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Fig.3. 1. Schematic illustrating the microwave absorptive nature of CuNW epoxy 

nanocomposites. 

3.2.4 Characterization 

The XRD diffractograms of CuNW were obtained using a Miniflex X-ray diffractometer (Rigaku, 

Japan). The data was collected using the Cu- Kα radiation source of wavelength (λ) = 1.5406 Å 

over 2θ range from 20 o to 100 o at a scan rate of 2 °/min. The microstructure of CuNW and the 

freeze-fractured cross-section of CuNW-epoxy nanocomposite were recorded using a scanning 

electron microscope FEI-APREO (Thermo Fisher, USA). All the samples were sputtered with gold 

prior to recording their SEM images. The electrical conductivity of the composites was measured 

using the E4990A impedance analyzer (Keysight Technologies, India) over the frequency range 

of 25 Hz to 25 MHz. The conductivity was calculated from the obtained resistance value. The 

samples of dimensions 1 cm x 1 cm x 1 mm were used for the measurement. The EMI shielding 

effectiveness of the composites was determined using a 2-port N5230A PNA-L vector network 

analyzer (Keysight Technologies, India). The measurement setup comprises a coaxial waveguide 

adapter attached to an X-band waveguide (WR-90). The nanocomposites of rectangular sections 

of dimensions 22.86 mm×10.16 mm fit in a cavity of the sample holder. Then the sample holder 
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was then sandwiched between X-band waveguides, and the scattering parameters (S11 and S12) was 

recorded over an X-band frequency of 8–12.4 GHz. A total of 5 samples were tested for each 

composite composition, and a full 2-port calibration was performed before the measurement. The 

obtained s parameters from the VNA were used to calculate the total EMI shielding effectiveness 

(SET), shielding effectiveness due to reflection (SER), and shielding effectiveness due to absorption 

(SEA) using equations (3.1)-(3.3).  

                                                    SET=SER+SEA =10log10(
1

S21
2 )                                             (3.1) 

                                                            SER= 10log10(
1

1−S11
2 )                                                   (3.2) 

                                                         SEA= 10log10(
1−S11

2

S21
2 )                                            (3.3) 

3.3 Results and discussion 

3.3.1 CuNW Characterization 

In an effort to confirm the presence of CuNW in the synthesized product, XRD and SEM were 

performed, and the results are shown in Fig.3.2 and 3.3, respectively. It can be seen from Fig.3.2 

that the sample exhibited XRD peaks at 2θ values of 43.59o, 50.81o,74.43o, 91o, and 95o, which 

corresponds well with the characteristic peaks of copper as per JCPDS #040836. These results 

confirm the presence of copper in the synthesized product. It should also be noted here that the 

synthesized product contained pure copper without any impurities, as no additional peaks in the 

XRD spectra were recorded. Moreover, it can also be noticed from Fig.3.2 that the XRD peaks of 

the CuNW sample were relatively broad, which can be attributed to the nano-sized morphology. 

It can be seen that the most prominent peak was observed at 2θ of 43.6 o, which indicates that the 

preferred growth direction of nanowires was along the (111) plane. Similar XRD results were 

obtained for CuNW by other researchers as well [234,235].  
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Fig.3. 2. XRD spectra of CuNW along with corresponding JCPDS of copper 

The SEM images obtained on the synthesized product are shown in Fig.3.3. It can be observed 

from the image that the sample contains wire-like particles, which again confirms the successful 

formation of CuNW. Furthermore, it can be observed that the wires formed are straight without 

any bends, which distinguishes them from typical SEM observed for other 1-D nanoparticles, such 

as carbon nanotubes [175,228,236]. The length and diameter of CuNW were determined using 

Image-J software for 100 different CuNW in the SEM image, and the results are shown in Fig.3.3 

((b) and (c)). The average length and average diameter of CuNW were determined to be 44.9 m, 

and 24.3 nm, respectively. The average aspect ratio of CuNW was determined to be 1848, which 

again suggests that formed particles are nanowires rather than nanorods [120,175,231,237,238]. 
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Based on the results obtained from XRD and SEM, it is reasonable to suggest that CuNW was 

successfully formed. 

 

Fig.3.3. SEM images of CuNW sample at a magnification of 2500x (a), length (b), and diameter 

(c) of the sample obtained using Image J software. 

3.3.2 SEM of CuNW-Epoxy Nanocomposite 

To investigate the microstructure and dispersion of CuNW in epoxy composites, SEM was 

performed on the freeze-fractured cross-section of epoxy nanocomposite containing 12 wt% 

CuNW. The SEM image suggests that CuNW is well dispersed in the epoxy matrix, as is evident 

by the absence of large agglomerates, as shown in Fig. 3.4(a). This suggests that the composite 

preparation protocol successfully disentangles and disperses the nanowires in the epoxy matrix. 

To further characterize the chemical composition of the composite, energy dispersive spectroscopy 

(EDS) was performed, and the results are shown in Fig. 3.4(b). The presence of copper in the 

composites was confirmed as an EDS peak corresponding to copper was obtained. This further 

suggests the presence of CuNW in the composite. 
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Fig.3.4. SEM images of freeze fractured cross-section of the epoxy composite containing 12 wt% 

CuNW (a) and the energy-dispersive spectra obtained from the sample (b). 

3.3.3 Electrical Conductivity of CuNW-epoxy nanocomposite 

The electrical conductivity of a shielding material ultimately influences its EMI shielding 

effectiveness [3]. Therefore, it is interesting to characterize the composite's electrical properties. 

With this motivation, the electrical properties of the composites were measured, and the results are 

shown in Fig.3.5. It can be seen from Fig.3.5(a) that all composites containing CuNW content less 

than or equal to 10 wt% exhibited frequency-dependent electrical conductivities in the 25 Hz -300 

MHz frequency range suggesting a dielectric nature of the samples. However, the sample 

containing 12 wt.% CuNW showed frequency-independent electrical conductivity in the 25-200 

Hz region. Such frequency-independent electrical conductivity is demonstrated by percolated 

composites wherein a 3-dimensional conductive network is established [3],[239]. Based on these 

results, it is reasonable to deduce that the 12 wt.% CuNW-containing composites had a percolated 

network of CuNW. Furthermore, Fig.3.5(b) shows the electrical conductivity at 25 Hz frequency 

as a function of CuNW content in the composites. The sample containing 12 wt.% CuNW 

demonstrated the highest conductivity of 1.76× 10-6 s/m at 25 Hz, which is about three orders of 

magnitude higher than that of neat epoxy.  
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In an effort to determine the percolation threshold (𝜙c) for CuNW-epoxy composites, the 

conductivity was fitted to the percolation law shown in equation (3.4). The results of the fitting are 

shown in Fig.3.5(c) 

                                                          σ =σ0(𝜙 - 𝜙c)
t                                              (3.4) 

Where 𝜙 is the filler content, 𝜙c is the percolation threshold, t is the conductivity exponent, and σ 

is the conductivity of the composite [239]. The following describes the fitting procedure. The 

electrical conductivity of nanocomposites was plotted as a function of (𝜙 - 𝜙c), and a linear fitting 

was performed by assuming the 𝜙c value, which would yield the highest R2 value. The 𝜙c value of 

10.8 wt.% gave an R2 and t values of 0.998 and 1.47, respectively. These results suggest that the 

CuNW-epoxy composites exhibit a percolation threshold of 10.8 wt.%. However, few studies with 

other polymeric systems have reported a lower percolation threshold for CuNW [92,93,240]. This 

may be attributed to increased oxidation of CuNW in the epoxy matrix, which results in 

degradation in their conductivity. Similar observations were made in other studies as well [241]. 

 

Fig.3. 5. (a) the plot of electrical conductivity of CuNW-epoxy composites as a function of 

frequency (b) electrical conductivity values at 25 Hz of composites as a function of CuNW filler 

loading(s) (c) Percolation power-law fitting of electrical conductivity data. 
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3.3.4 EMI Shielding Effectiveness of CuNW-Epoxy Nanocomposites 

The EMI shielding effectiveness was measured for neat epoxy and CuNW-epoxy nanocomposites 

of 1 mm thickness in the X-band frequency range of 8–12.4 GHz. The SET values of CuNW-epoxy 

nanocomposites and neat epoxy over the X-band frequency range are shown in Fig.3.6 (a). The 

neat epoxy exhibited a SET value of 1 dB, which indicates the transparent nature of the epoxy 

matrix to the EM waves over the X-band. Similar results were obtained for the epoxy matrix in 

earlier studies.[242] However, the composites containing CuNW exhibited SET values that were 

dependent on the filler loading and increased with increasing the CuNW content. The composite 

containing 12 wt% CuNW exhibited the highest total shielding effectiveness value of 6.5 dB over 

the X-band frequency range. This increase in SET with increased CuNW content can be attributed 

to multiple interfacial polarization losses arising due to the presence of multiple dielectric-to-

conductor interfaces.[3,111,243–245]  

The EMI shielding effectiveness values of CuNW epoxy composites were comparatively lower 

than reported values in the literature for other composite systems.[92,93,240] This may be 

attributed to more oxidation of CuNW's in the presence of epoxy polymer, which degrades the 

electrical conductivity of the CuNW, thereby reducing the interfacial losses. It is reported that 

prepared CuNW containing epoxy exhibits inferior electrical conductivity as compared to those 

containing surface pacified CuNW. [241] Nevertheless, it should be noted here that only 1 mm 

thick epoxy composite with 12 wt.% CuNW demonstrated a capability to attenuate 77.1% of 

incident wave power in the X-band. This further suggests that CuNW has the potential to enhance 

the SET of a widely useful engineering thermoset, i.e., epoxy.     

To further understand the shielding mechanism, the SER and SEA values of the composites and 

neat epoxy were determined, and the results are shown in Fig.3.6 (b) and 3.6(c), respectively. It 
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can be seen from the results that both SER and SEA values increase with increasing the CuNW 

content in the epoxy. The increase in SER with increasing the CuNW content may be attributed to 

an increase in the composite conductivity. With an increase in composite conductivity, the 

impedance mismatch at the epoxy-air interface increases, thereby increasing the reflective power. 

Similar observations were made for other conductive polymer composites as well [3,96,246]. 

Furthermore, the SEA may be attributed to increasing interfacial area with increasing CuNW 

loading, thereby increasing the interfacial polarization losses. It should be noted here that 

absorption losses were more when compared to reflection losses for all concentrations of CuNW-

containing epoxy composite, which suggests an absorption-dominated shielding mechanism in 

these materials. Similar observations were made for other conductive filler systems [130,247–

249]. 
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Fig.3.6. (a) SET (b) SER (c) SEA of CuNW epoxy nanocomposites with a variation of CuNW 

filler loading content(s) 

3.4 Conclusion 

Copper nanowires (CuNW) are an important class of materials with excellent electrical and 

thermal conductivities. Owing to their cost advantage over other conductive fillers, their use as a 

filler for enhancing the properties of polymers is aptly justifiable. In this work, the performance of 

epoxy nanocomposites containing CuNW as an EMI shielding material is presented. The CuNW 

were produced using a facile one-pot hydrothermal synthesis method, and the EMI shielding 

effectiveness of the composites in the X-band frequency range (i.e., 8-12.4 GHz) is investigated. 
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The presence of CuNW in the synthesized product was confirmed by XRD and SEM, respectively. 

The presence of copper was confirmed by the XRD studies, and the SEM revealed an average 

diameter of 24.3 nm and a length of 44.9 μm of the CuNW. The CuNW-epoxy nanocomposites 

were fabricated via an industrially relevant solvent-free melt blending process. A series of CuNW-

epoxy nanocomposites containing various filler contents were fabricated and compared for their 

electrical conductivity and EMI shielding effectiveness. The SEM performed on the freeze-

fractured cross-section of the composite reveals uniform dispersion of CuNW in the epoxy matrix. 

The electrical conductivity of epoxy composites was measured, and the composites containing 12 

wt% CuNW demonstrated percolated behavior and exhibited a frequency-independent 

conductivity value of 1.76×10−6 S/m in 25-200 Hz range. The 12 wt% CuNW sample demonstrated 

an EMI shielding effectiveness value of 6.5 dB, which corresponds to 77.1 % attenuation of 

incident EM wave.  
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Chapter-4 

4 Influence of the addition of Fe3O4 particles on the EMI shielding 

properties of CuNW-filled epoxy composite 

4.1 Introduction 

Electromagnetic (EM) waves have been widely used in many applications, such as personal digital 

assistants, local area networks, wireless communication tools, etc.,[21]. Furthermore, concepts 

such as smart villages and the IoT are now quickly gathering momentum, which will further 

expand device footprint and wireless networking [3]. Nevertheless, this rapid development in 

modern electronics has brought about a new undesired effect known as electromagnetic 

interference (EMI). The EMI has arisen as an exceedingly severe problem that affects the proper 

functioning of electronic devices, and some studies also report its adverse effects on human health 

[250]. Therefore, EMI prevention is necessary to protect electronic systems such as control 

systems, power systems, communication systems, aerospace, aircraft, automobiles, flexible 

electronics, and wearable devices [251–253]. However, the current situation needs an effective 

EMI shielding material that can aid this by attenuating microwaves, thus reducing signal 

interference problems. Owing to such implications, continued efforts have been made to find an 

absorption-dominated EMI shielding material that can attenuate microwaves over broadband.   

There are two major mechanisms by which EMI shielding materials attenuate the impinging of 

EM waves, i.e., reflection and absorption, as seen in Fig.4.1. The absorption-driven shielding 

properties in a material are a consequence of either magnetic or dielectric losses inside the material, 

whereas the reflection losses arise primarily due to impedance mismatch [12]. Additionally, a good 

EMI shielding material must have several desirable characteristics for practical applications, like 

small size, lightweight, flexibility, cost-effectivity, and easy processability [18]. As a result, 

continued efforts have been made over the past two decades to reduce EMI by using several 
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strategies and a variety of materials that include metals, carbon-based materials, 

dielectric/magnetic materials, and conducting polymers [3,8,49]. Metals are excellent conductors 

of electricity and can be used to shield from electromagnetic waves [12]. Owing to this, metals 

have been widely employed for EMI shielding applications. However, the shielding mechanism in 

metals is dominated by the reflection of the incident electromagnetic wave, which is not always a 

desirable option. In addition to this, a relatively large density and high cost of fabrication limit its 

widespread use in EMI shielding applications [210,211]. 

Polymer composites represent a special class of materials with tailorable properties that could be 

tuned by the addition of suitable filler particles. By incorporating suitable filler(s), the electrical, 

magnetic, and dielectric properties of polymeric materials could be significantly enhanced, which 

makes them a good alternative to metals for EMI shielding applications [64,212,213,216]. 

Moreover, by employing nanosized fillers, the low-density advantage of polymeric materials could 

further be retained as relatively low loadings of nanosized fillers are required to realize significant 

property enhancement.  

Electrically conductive polymer composites (CPC), often containing carbon-based nanoparticles, 

are used as EMI shielding materials. The major mechanisms of microwave absorption in CPC are 

the dielectric and conduction losses. In addition to these losses, the conductive composites also 

generate eddy current losses in the presence of the magnetic field [52]. Even though CPC offers 

wide bandwidth microwave absorption, relatively high filler loadings are usually required to 

achieve reasonable absorption. Such high conductive filler content in these composites increases 

the impedance mismatch, thereby increasing the undesirable reflection of microwaves [3,72,312]. 

Moreover, high filler loadings in CPC may further induce mechanical properties deterioration, cost 

enhancement, and processing difficulties [313]. Thus, it is of practical interest to develop efficient 
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CPC-based EMI shielding materials that offer large bandwidth absorption with the minimum 

reflection of microwaves [49,64,254,255].  

Magnetic materials such as ferrites and their composites are suitable materials for EMI shielding 

materials because of their good magnetic and dielectric properties. Consequently, spinel and 

hexaferrite have been widely used for microwave absorption applications [35], [256,257]. In 

ferrites-polymer composites, the primary mechanism responsible for the absorption of EM waves 

is the magnetic loss which comprises natural resonance, domain wall resonance, and/or hysteresis 

loss. However, low absorption bandwidth, large density, and difficult processing limit their 

widespread utilization as EMI shielding material of choice [257]. The incorporation of magnetic 

particles in conductive polymer composite (CPC) further enhances their microwave absorption 

due to the addition of magnetic loss capability in these hybrid composites, along with dielectric 

and conduction losses. For example, adding conductive fillers such as graphene, graphene oxide, 

and nickel, along with magnetic fillers (i.e., Fe3O4) in the polymer matrix, has been shown to 

increase the microwave absorption in the composites [80,85,128–132,86,121–127]. The properties 

of Fe3O4 particles make it as a potential candidate over other magnetic materials, such as chemical 

stability, inexpensiveness, ease of processing, large magnetic anisotropy, magnetic susceptibility, 

magnetic permeability, and saturation magnetization [90]. Furthermore, the addition of Fe3O4 

particles in the polymer composites facilitates the attenuation of microwaves through hysteresis 

losses, eddy current, and natural resonance [258].  

Furthermore, the hexaferrites are classified into different types based on the complexity of the 

hexaferrite's unit cell, such as M, Y, W, Z, X, and U types [259]. Among these, M-type barium 

hexaferrite nanoparticles (BaM) have gathered significant interest for a variety of applications due 

to their exceptional properties such as wideband magnetic resonance frequency, large coercivity, 
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high electric resistivity, high Curie temperature, excellent chemical stability, strong saturation 

magnetization, uniaxial anisotropy, and magneto-crystalline anisotropy [35,260,261]. Owing to 

such desirable properties,  the use of BaM for high-frequency EMI shielding applications is of 

great significance [262].  

Accordingly, M-type barium hexaferrite has been used in the design of EMI shielding materials, 

but their widespread applicability is limited by their high density and lower dielectric losses [263]. 

To overcome these limitations, conductive fillers such as graphene, carbon nanotubes, flexible 

graphite, expanded graphite, GO, RGO, and GNP are added [3,125,267,285–292]. It is postulated 

that the addition of a conductive filler to a polymer matrix increases the dielectric losses above the 

percolation threshold owing to the generation of leakage currents in the composite [121–124]. 

Furthermore, The increased dielectric losses in percolated polymer composites are also attributed 

to interfacial polarization effects (at high frequencies) and direct current conductance losses (at 

low frequencies) [125]. Hence, the addition of conductive fillers along with hexaferrite could 

further increase the dielectric losses and can enhance the EMI shielding properties of composites 

containing these nanoparticles.  

Despite such potential, very few studies have been reported on the EM wave absorption properties 

of hexaferrite with divalent and trivalent ion substitution [262,273]. Furthermore, the EMI 

shielding performance of polymer composites containing barium ferrite and electrically 

conductive nanoparticles is also not explored at large [274–276]. It would be worth mentioning 

here that there has been no published study where the EMI shielding performance of a 

nanocomposite containing GNP and BaM nanoparticles over the X-band frequency range is 

reported, which drives the motivation for current work. Graphene is one of the most promising 

two-dimensional materials with unique electrical properties that have been widely used as an EMI 
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shielding material. In addition, graphenes and their derivatives, such as GO and RGO, are widely 

explored for EMI shielding applications alone or in combination with certain other conductive and 

magnetic materials [21,64,129,277]. Despite such merits, the lack of production-friendly strategies 

for developing high-quality single-layer graphene limits its utilization. Furthermore, exfoliated 

graphene layers of GO contain defects that reduce their electrical conductivity [278]. On the other 

hand, GNP, which can be considered an intermediate between graphene and graphite, is a 

commercially viable product that can be manufactured on a large scale. As a result, the use of GNP 

as a conductive filler in EMI shielding polymer composites is of commercial significance. 

In an epoxy composite containing GNP and BaM nanoparticles, the polymer matrix will act as a 

low-loss electrical barrier. Due to the presence of conductive GNP, space charges build up at the 

interfaces in nanocomposites which leads to interfacial polarization losses. Thus, nanocomposites 

combining the magnetic characteristics of BaM along with the dielectric properties of GNP in an 

epoxy matrix may yield a high overall loss (i.e., dielectric and magnetic losses) in the epoxy matrix, 

making them ideal for realistic EMI applications. Driven by the above motivation, we report the 

EMI shielding performance of epoxy nanocomposites containing GNP and BaM nanoparticles. 

Firstly, a facile method for the synthesis of barium hexaferrite is reported.  

 However, the direct addition of conductive and magnetic particles in the polymer matrix can lead 

to phase separation, which can deteriorate the microwave absorption performance of EMI 

shielding materials [100]. One strategy to overcome the phase separation in hybrid polymer 

nanocomposites is to employ a hybrid nanostructure comprising magnetic and/or dielectric 

nanoparticles anchored to an electrically conductive nanoparticle. Accordingly, many studies have 

been reported where the use of hybrid nanostructures such as magnetic@conductive and 

dielectric@conductive has resulted in an enhancement of the microwave absorption capability of 
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polymer composites [3,101–113]. The increase in microwave absorption in hybrid composites may 

be ascribed to the multiple interfacial polarization along with the conduction, magnetic, and 

dielectric losses [3],[136]. 

 

Fig.4. 1. Schematic representation of microwave attenuation in the epoxy composite 

Copper nanowires (CuNW) are fascinating nanomaterials owing to their good electrical and 

thermal conductivities, high aspect ratio, and relatively lower cost compared to carbon-based 

nanomaterials. The electrical conductivity of CuNW is comparable to that of silver and thus is of 

interest to be used as a conductive filler in polymers to produce EMI shielding materials [26]. In 

spite of such merit, very few attempts have been made where CuNW-filled polymer composites 

were analyzed for their microwave absorption characteristics in the X-band [92,93,232,279]. This 

may be due to the inferior performance of CuNW-filled polymer composites compared to nano-

carbon-filled composites. For example, a 12 wt% CuNW-filled epoxy exhibited an attenuation of 

77.1 % incidence microwave power which is significantly lower than the values achievable with 

other carbon-based nanofillers [280]. Thus, there is a need to improve the microwave absorbing 
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power of CuNW-based CPC to ensure their widespread utilization, which drives the motivation 

for the current study.    

For the first time, this study reports on the microwave-absorbing properties of CuNW-based hybrid 

epoxy nanocomposites over the X-band. A simple water-based synthesis protocol was employed 

for producing CuNW, Fe3O4, and Fe3O4@CuNW hybrid nanoparticles used in this work. Next, a 

facile method for the synthesis of barium hexagonal ferrites is reported. The microstructural 

properties and crystallographic phases of nanoparticles were analyzed using scanning electron 

microscopy (SEM) and X-ray diffraction (XRD), respectively. A series of hybrid composites 

containing different ratios of GNP and BaM nanoparticles and CuNW and/or Fe3O4 nanoparticles, 

and Fe3O4@CuNW hybrids were prepared and characterized for their microstructure and electrical 

conductivity. The microwave absorption capability of the composites was determined over the X-

band frequency range of 8-12.4 GHz. Furthermore, the magnetic permeability and dielectric 

permittivity of the composites as a function of filler loadings over the X-band were also included.  
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4.2 Influence of the addition of Fe3O4 particles on the EMI shielding properties 

of CuNW/epoxy nanocomposite 

4.2.1 Materials and methods 

4.2.1.1 Materials 

Ammonia Solution extra pure (AR), ferric chloride anhydrous pure (AR), and ferrous chloride 

tetrahydrate extra pure (AR) were procured from Sisco research laboratories (Mumbai, 

Maharashtra). Liquid Epoxy Resin Araldite® CY230 and hardener Aradur® HY-951 were 

purchased from Huntsman (Mumbai, Maharashtra). 

4.2.1.2 Synthesis of Fe3O4 @CuNW hybrid, Fe3O4nanoparticles and CuNW 

First, the Fe3O4 nanoparticles were prepared through the facile coprecipitation method. An 

aqueous iron salt solution was prepared by mixing FeCl3 and FeCl2.4H2O at the stoichiometric 

ratio in the round bottom flask. The molar ratio of Fe2+:Fe3+ of 1:1.5 was maintained as per the 

literature [281,282]. The solution was stirred for 15 minutes to obtain a homogeneous mixture of 

iron salts. Subsequently, the solution was stirred for 45 minutes with a magnetic stirrer at room 

temperature. Afterward, the ammonia solution (30 wt.%) was added to the solution at a 1 mL/min 

rate. Next, the final solution was stirred for 30 minutes to complete the precipitation process at 

room temperature. The solution was centrifuged at 10000 rpm then the precipitate was separated 

from the solution. The residue was washed and dried at 60 ºC. The obtained Fe3O4 nanoparticles 

were used for the preparation of nanocomposites. 

4.2.1.3 Preparation of Fe3O4 nanoparticles and CuNW epoxy nanocomposites 

A previously published study reports a detailed description of the composite preparation through 

the resin blending process [9]. The CuNW-epoxy composites containing Fe3O4 were made by 

adding the required quantity of Fe3O4 and CuNW hybrid content(s) in the epoxy resin using ARE-

250 Thinky Mixer (Thinky, USA) for 12 minutes. Afterward, the resin mixture was treated in an 
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ultrasonic liquid processor (Sonics & Materials, USA) operated at 20 kHz and 500 W for 8 minutes 

to facilitate good dispersion of the hybrid(s) in the epoxy matrix. Subsequently, the required 

quantity of hardener was added, and the mixture was further mixed in ARE-250 Thinky Mixer for 

4 minutes to enable good mixing of the hardener. The resin mixture was then degassed using the 

degassing chamber, cast in a glass mold, and cured at room temperature for 24 hours. The thickness 

of the composites was measured to be 1 mm and was controlled by the mold dimensions. Similarly, 

the CuNW and/or Fe3O4 composites were prepared by a similar procedure. Table 4.1.  shows the 

composition of the composites used in this study. 

Table 4.1. The composition of the composites used in this study. 

Filler Sample Code CuNW (wt%) Fe3O4(wt%) 

Pristine epoxy NE 0 0 

Fe3O4 

CuNW 

F8 

Cu12 

0 

12 

8 

0 

Fe3O4-CuNW (Non-hybrid) Cu12F2D 12 2 

 Cu12F4D 12 4 

 C12F8D 12 8 

4.2.2 Results and Discussion 

4.2.2.1 XRD characterization of Fe3O4 particles and CuNW 

To identify the crystallographic phases, X-ray powder diffraction (XRD) was performed on 

CuNW, and Fe3O4 particles, as shown in Fig.4.2. It can be observed that the XRD patterns of the 

Fe3O4 particles were well-matched with the standard peaks of JCPDS #75−0033. It confirms the 

presence of Fe3O4 particles in the synthesized powder sample. Furthermore, the XRD patterns 

were relatively broad, which indicates the formation of fine nanoparticles. Similar results were 
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also reported in the literature [281–284]. In the XRD patterns of CuNW, the prominent peak 

corresponding to 2 value of 43.3 o, matched with standard peaks of copper as per JCPDS #03–

1018. It was in good agreement with previously reported literature for CuNW 

[234,235,280,285,286]. 

 

Fig.4.2. XRD spectra of (a) Fe3O4 (b)CuNW along with corresponding JCPDS of CuNW and 

Fe3O4. 

4.2.2.2 SEM characterization of CuNW and Fe3O4 particles 

To investigate the microstructure of particles, SEM was performed on the Fe3O4 particles, and 

images are shown in Fig.4.3. It can be observed from Fig.4.3(a) that the synthesized Fe3O4 particles 

formed spherical-shaped particles with an average particle diameter of 28 nm. Similar results were 
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also reported in the literature [39],[40]. Furthermore, EDX analysis of Fe3O4 particles confirmed 

the presence of Fe and O elements in the powder, as shown in Fig.4.3(b). The microstructure of 

CuNW was clearly described in Chapter-3. It can be recalled here that CuNW exhibited smooth 

surfaces with wire-like morphology [280], and the EDX analysis of CuNW confirms the presence 

of the copper element. Furthermore, the SEM was performed on the freeze-fractured CuNW-epoxy 

composite containing Fe3O4 particles (non-hybrid) and was shown in Fig.4.3(d). It can be observed 

that both CuNW and Fe3O4 particles were distributed in the epoxy composite. The EDX analysis 

on the same composite as shown in Fig 4.3(c), confirms the presence of Cu, Fe, and O elements in 

non-hybrid.  

 

Fig.4.3. SEM images of (a) Fe3O4 nanoparticles (b) EDX of Fe3O4 (c) EDX of freeze fractured 

cross-section of Cu12F8D sample (d) freeze fractured cross-section of Cu12F8D sample. 
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4.2.2.3 XPS characterization of CuNW-epoxy composites containing Fe3O4 particles 

The wide scan XPS spectrum of hybrid and non-hybrid composites is shown in Fig. 4.4. The XPS 

data of composites confirms the presence of C1s, Cu2P, Fe2P, and O1s bands in the composites, 

as shown in Fig 4.4 (a). It can be observed from Fig. 4.4 (e) that O1s peak was observed at 531.5 

eV in Fig. 4.4 (e), which was attributed to oxygen anion (O-2) in Fe3O4. Similar observations were 

reported for the O1s band [287]. The C1s spectrum of composites has shown in Fig. 4.4 (b). The 

composites exhibited a C1s peak at 284.4 eV. Similar results were reported in the literature [288]. 

The deconvolution peaks of C1s were observed at 284.4 eV, 286.4 eV, and 287.8 eV containing 

main components of the epoxy matrix, corresponding to aromatic rings (C=C/C–C), epoxy and 

alkoxy (C–O), and C=O groups. Similar observations were reported [289]. The Cu2P spectrum of 

composites is shown in Fig. 4.4 (c). The non-hybrid composites exhibited the Cu2p peaks at 932.5 

and 952.5 eV, corresponding to Cu 2p3/2 and Cu 2p1/2, respectively. Similar observations were 

reported for Cu2p bands [290]. In contrast, in Fig. 4.4 (d), the Fe2p peaks in non-hybrid composites 

located at 714.8 eV and 723.8 eV correspond to Fe 2p3/2 and Fe 2p1/2, respectively. There are no 

extra satellites observed in both Fe2p band, which confirms that the composite contains only Fe3O4 

nanoparticles [289]. 
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Fig.4. 4. The XPS spectra of (a) non-hybrid composites (b) C1s (c) Cu2P (d) Fe2P (e) O1s of 

non-hybrid composites 
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4.2.2.4 Electrical conductivity of epoxy composites 

In an effort to study the influence of the adding CuNW and /or Fe3O4 nanoparticles on the electrical 

conductivity of the epoxy nanocomposites, the measurements were carried out on samples in the 

frequency range of 20 Hz to 25 MHz, as shown in Fig.4.5. The Cu12 nanocomposites demonstrated 

frequency independent electrical conductivity curves. This suggests that the nanocomposite 

formed a percolated network at 12 wt% loading of CuNW and significantly increased electrical 

conductivity.  The Cu12 sample exhibited electrical conductivity values of 5.3×10−7 S/m at 25 Hz.  

The electrical conductivity of the nanocomposites at a frequency of 100 Hz was used in the 

analysis. It can be observed from Fig.4.5(b) that the electrical conductivity was increased with the 

addition of Fe3O4 filler loadings in the composite. It can be observed that composites containing 

non-hybrid structures (i.e., Fe3O4 and CuNW) demonstrated a percolated behavior. This can be 

attributed to the presence of Fe3O4 nanoparticles in epoxy composites containing CuNW was 

enhanced its conductivity. This is suggested that the presence of Fe3O4 improves the formation of 

the percolated network structure of CuNW in the composite [40]. Similar observations were 

reported in the literature [128], [291].  
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Fig.4. 5 (a) electrical conductivity of CuNW- Fe3O4- epoxy composites as a function of 

frequency (b) electrical conductivity at 100 Hz of CuNW- Fe3O4- epoxy composites as a function 

filler loading  

4.2.2.5 EMI shielding effectiveness of epoxy composites. 

The EMI shielding effectiveness of the epoxy composites containing CuNW and/or Fe3O4 over 

the X-band in the frequency range of 8-12.4 GHz was determined, and the results are shown in 

Fig. 4.6. It can be observed from Fig. 4.6(a) that the pristine epoxy sample was exhibited a very 

low total shielding effectiveness (SET) value of 1.7 dB. This is attributed to the epoxy matrix's 

electrically insulating and non-magnetic nature, which renders it transparent to microwaves [3]. 

The addition of 8 wt% of Fe3O4 nanoparticles to epoxy marginally increased its SET value to 2.5 

dB in the X-band frequency range. In contrast, the addition of 12 wt% CuNW to the epoxy matrix 

increases the SET value 3 times more than a pristine epoxy sample. These results suggest that 

CuNW is more effective in improving the EMI shielding performance as compared to Fe3O4. The 

composites Cu12F2D and Cu12F4D exhibited a SET value of 11.8 dB and 13.2 dB, respectively, 

which is higher than that of a Cu12 sample. This further suggests that the direct addition of Fe3O4 

nanoparticles in the presence of CuNW in epoxy composites enhances the EMI shielding 

performance of the composites. It can also be seen from Fig. 4.6(a) that the epoxy composites 

containing both the particles, i.e., CuNW and Fe3O4, exhibited higher EMI shielding effectiveness 

values when compared to the sum of SET values of composites containing equivalent filler loadings 

of only CuNW or Fe3O4. This suggested that the increase SET value of the non-hybrid sample is 

due to the synergistic effect between the particles.   

The increased EMI shielding in composites containing hybrid nanoparticles can be attributed to 

the coexistence of magnetic and dielectric loss, and the interfacial polarization loss makes the 

better attenuation of microwaves. In the Fe3O4 nanoparticles are added along with the CuNW, 

which enhances the dielectric losses due to interfacial polarization effects between the Fe3O4 and 
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CuNW. In addition, the CuNW acts as a center for a dielectric polarization, thereby improving 

dielectric loss and a good impedance match. Similarly, the Fe3O4 serves as a center for magnetic 

dipole, resulting in increasing the magnetic loss. This further suggests that Fe3O4 content in the 

hybrid influences its EMI shielding capability in the composites. In contrast, the non-hybrid 

samples have exhibited marginally higher SER values than epoxy composites containing 12 wt% 

CuNW. Furthermore, the composites were demonstrated higher SEA values than those SER values. 

The non-hybrid samples demonstrated higher SEA values compared to epoxy composites 

containing 12 wt% CuNW. This suggested that a significant increase in absorption capability was 

observed over a physically mixed composite containing Fe3O4 and CuNW. Similar observations 

were reported in the literature [292]. The results suggested that the composites exhibited an 

absorption-dominant shielding mechanism.  
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Fig.4.6.(a) (a) SET (b) SEA, (c) SER values of CuNW-epoxy composites containing Fe3O4 

particles as a function of frequency.  

4.2.2.6 Complex permeability and permittivity of epoxy composites 

To further investigate the dielectric and magnetic losses of epoxy composites, complex 

permittivity, and permeability were calculated using the NRW method in the X-band frequency 

range of 8-12.4 GHz. The complex permittivity values (i.e., ɛ′ and ε″) of non-hybrid composites 

were shown in Fig.4.7. It can be observed from Fig. 4.7(a) that ɛ′ values of the composites were 

increased with the addition of the Fe3O4 filler loadings. It can be observed that non-hybrid samples 

demonstrated a higher ɛ′ value than epoxy composite containing 12 wt% of CuNW. The pristine 
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epoxy composite has demonstrated the ɛ′ value of 3.5. This is attributed to the insulative nature of 

the epoxy matrix. The C12F8D non-hybrid sample has demonstrated 52% higher than the epoxy 

composite. In addition, ε″ values of the composites were increased with the addition of the Fe3O4 

filler loadings and demonstrated a similar trend with the frequency. The ε″ value of the pristine 

epoxy has demonstrated the lowest value of 0.1. The non-hybrid composites exhibited higher ε″ 

values as compared to an epoxy composite containing 12wt% CuNW. These ε″ values of the 

composites are attributed to the formation of interface polarization among CuNW and Fe3O4, and 

epoxy, thereby increasing the dielectric losses of the composite. Thus, strong attenuation of the 

EM wave in the composite can be achievable.  

 

Fig.4.7. The plot of (a) ɛ′ and (b) ε″ of CuNW- Fe3O4- epoxy composites as a function of 

frequency  

Furthermore, the permeability (i.e., μ′ and μ″) of epoxy composites in the X-band frequency range 

of 8-12.4 GHz, as shown in Fig.4.8. It can be observed that the μ′ values of the epoxy composites 

were increased with the addition of the Fe3O4 filler loadings and demonstrated a similar trend with 

the frequency. The µ′ and μ″ values of the pristine epoxy sample exhibited are 0.52 and 0.5, 

respectively, which are the lowest values compared to all other composites. This suggested that 
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the epoxy exhibited low magnetic loss to the incident EM wave. It can be observed from Fig.4.8 

that for the composites containing Fe3O4, the μ′ value of 1 and the μ″ value of 0.6, which indicates 

that Fe3O4 has a reasonable magnetic loss. Furthermore, the non-hybrid composites demonstrated 

better values of μ′ as compared to an epoxy composite containing only Fe3O4 or CuNW. The results 

suggested that the addition of Fe3O4 to CuNW-epoxy composites helped in the enhancement of µ′ 

values for the composites. The Cu12F8D sample exhibited higher μ′ values compared to all other 

epoxy composites. Furthermore, μ″ values of the non-hybrid samples exhibited higher than epoxy 

composites containing 8wt% of Fe3O4.  This suggested that non-hybrid composites formed a 

higher magnetic loss than epoxy composites containing 8wt% of Fe3O4. It can imply that the 

addition of Fe3O4 particles enhances magnetic loss, which plays an essential role in absorbing EM 

waves. It can be observed from the results that the dielectric loss values of the nanocomposites are 

more than their magnetic loss values. Therefore, the main contributor to the shielding performance 

of the composites is a dielectric loss rather than a magnetic loss. 

 

Fig.4.8. The plot of (a) ɛ′ and (b) ε″ of CuNW- Fe3O4- epoxy composites as a function of 

frequency  
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4.3 Influence of Barium Hexaferrite nanoparticles for enhancing the EMI 

shielding performance of GNP/epoxy nanocomposites 

4.3.1 Materials and methods 

4.3.1.1 Materials 

Graphene nanoplatelets (GNP) were purchased from Sigma Aldrich (Bengaluru, Karnataka). 

Barium nitrate (purity of 98%) and Iron (III) nitrate nonahydrate (98%) were purchased from 

Molychem (Mumbai, Maharashtra). Sodium hydroxide was procured from Glaxo Laboratories 

(Mumbai, Maharashtra). Liquid epoxy resin Araldite® CY230 and hardener Aradur® HY-951 were 

procured from Huntsman (Mumbai, Maharashtra). 

4.3.1.2 Synthesis of Barium hexaferrite nanoparticles 

The procedure for the synthesis of barium ferrite nanoparticles (BaM) is shown in Fig.4.9. BaM 

(BaFe12O19) nanoparticles were prepared by the co-precipitation method.  Firstly, the salt solution 

was prepared by dissolving stoichiometric amounts of Iron(III) nitrate nonahydrate, and barium 

nitrate in millipore water and stored in a conical flask. The solution was kept under continuous 

mixing using a magnetic stirrer for 3 hours at 80 °C. The stoichiometric ratio of Ba2+:Fe3+ in the 

solution was maintained as 1:12 based on the reported literature [293]. The sodium hydroxide 

solution was added to the reaction mixture drop-wise at a specific flow rate of 0.5 mL/ min under 

vigorous stirring for 1 hour at 80 °C to form a viscous solution. Subsequently, a highly viscous 

product was obtained, and the suspended BaM particles in the solution were separated using a CPR 

24 centrifuge (REMI Compufuge, India) operated at 10000 RPM for 10 minutes. The sediment 

was washed several times with millipore water and dried at 60 °C for 1 hour. Then, the sediment 

was calcined in a muffle furnace for 3 h at 900 °C to obtain the final product of BaM particles.  

The calcined BaM particles were stored in air-tight containers before using them for composite 

preparation.  
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4.3.1.3 Preparation of Epoxy Nanocomposite 

The nanocomposites were prepared by incorporating the necessary quantity of GNP and/or BaM 

fillers in the epoxy using an ARE-250 planetary resin mixer (Thinky Corporation, Japan) for 12 

minutes. Then, the epoxy mixture was sonicated in an ultrasonic liquid processor (Johnson 

Plastosonic, Pune) operated for 10 minutes at 20 kHz and 250 W to enable good dispersion of the 

GNP and/or BaM fillers in the epoxy matrix [280]. Afterward, the necessary quantity of hardener 

was added, and the resin mixture was well mixed in an ARE-250 planetary resin mixer (Thinky 

Corporation, Japan)) for 8 minutes to facilitate well mixing of the hardener and then degassed in a 

vacuum degassing chamber. After degassing, the mixture was cast in a glass mold and cured at 

room temperature for 12 hours. The nanocomposite's thickness of 1 mm was measured and 

controlled by the dimensions of the mold. The composition of the composites utilized in this work 

is listed in Table 4.2. 

Table 4.2. The composition of composites used in this study 

Sample code GNP (wt%) BaM (wt%) Epoxy (wt%) 

Pristine epoxy 0 0 100 

G4B8 4 8 88 

G6B8 6 8 86 

G8B8 8 8 84 

G10B8 10 8 82 
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Fig.4.9. Schematic diagram of the synthesis of barium hexaferrites and preparation of epoxy 

composites containing GNP and BaM. 

4.3.2 Results and discussion 

4.3.2.1 XRD characterization of BaM and GNP 

To investigate the crystallographic phases, present in the synthesized barium hexaferrite 

nanoparticles, X-ray powder diffraction was performed, and the results are shown in Fig.4.10. It 

can be observed from Fig.4.10 that all XRD peaks obtained from the nanoparticle powder matched 

well with the standard peaks of BaM as per JCPDS #84–0757, which confirms the successful 
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formation of BaM nanoparticles. The prominent peaks were observed at 2θ values of 32.32° and 

34.17°, which corresponds to (107) and (114) planes suggesting that BaM particles were oriented 

towards the c-axis [267].  It can also be seen that all the prominent peaks in Fig.4.10 are broad. 

The average crystallite size of 37.2 nm was calculated using the Scherrer equation employing the 

peak corresponding to the (114) plane, which suggests that synthesized BaM particles have a 

nanocrystalline microstructure. Furthermore, no additional peaks were recorded in the XRD 

patterns, which suggested that the synthesized product contains pure BaM without any impurities. 

Moreover, in the XRD spectra of GNP, the peak corresponding to the 2θ value of 26.52° matched 

the characteristic peak of graphene as per JCPDS #75–1621. Additionally, the average crystallite 

size of GNP was calculated using Scherrer's equation by taking the value of K as 0.89 [267]. The 

peak corresponding to the (002) plane was chosen for the analysis, and the crystallite size was 

calculated as 29.5 nm [267]. These results suggest that the BaM and GNP particles exhibit a 

nanocrystalline microstructure. 
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Fig.4.10 XRD patterns of (a) Barium hexaferrite (b) JCPDS of barium hexaferrite. (c) graphene 

nanoplatelets (d) JCPDS of graphene nanoplatelets 

4.3.2.2 SEM-EDS characterization of BaM and GNP 

To further investigate the microstructure of the synthesized BaM nanoparticles and the GNP, SEM 

was performed, and the results are shown in Fig.4.11. It can be seen from Fig.4.11(a) that the 

synthesized BaM particles had a platelet-like morphology, and the particle size varies between 

50.9–72.40 nm (Thickness), 112.3-153.3 nm (Width), 224-254 nm (Length). The plate-like 

morphology observed in SEM images for BaM nanoparticles suggests that preferential growth 

occurred in 2-directions, while minimal growth was observed in the perpendicular direction. 

Similar results were obtained for BaM nanoparticles, where it was demonstrated that the growth 

preferably occurs along with the a and b planes with minimum growth along the c-

axis.[267,270] To confirm the chemical composition of the BaM particles, EDS was performed, 
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and the results are shown in Fig.4.11(b). The observed Fe, Ba, and O peaks in the EDS spectra 

confirm the presence of these elements in the BaM nanoparticles. This further suggests that the 

synthesized nanoparticles do not contain any other impurities. Furthermore, the SEM micrograph 

of GNP nanoparticles is shown in Fig.4.11(c).  It can be observed that GNP nanoparticles exhibit 

platelet-like morphology with smooth surfaces. To investigate the nanoparticle microstructure in 

the composites, SEM was performed on the freeze fractured cross-section of an epoxy composite 

containing BaM and GNP nanoparticles, and the result is shown in Fig.4.11(d). It can be observed 

that both GNP and BaM particles are well mixed and uniformly distributed in the composite, which 

suggests that good dispersion of the filler particles was achieved.  
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Fig.4.11. SEM micrographs of (a)Barium hexaferrite at a magnification of 100000 (b) EDS 

spectra of barium hexaferrite (c) Graphene nanoplatelets at a magnification of 30000 (d) epoxy 

composite containing BaM and GNP at a magnification of 10000 

4.3.2.3 Electrical conductivity of epoxy composites 

A good EMI shield should possess moderate electrical conductivity to allow good wave 

interaction. To probe the electrical properties of the nanocomposites, electrical conductivity 

measurements were carried out on samples in the frequency range of 20 Hz to 25 MHz, and the 

results are shown in Fig.4.12. It can be observed from Fig.4.12(a) that the pristine epoxy, B8, and 

G4B8 composites demonstrated a frequency-dependent electrical conductivity in the entire 

frequency range investigated, suggesting the dielectric nature of these materials [3,239]. However, 

the composites containing 10 wt% GNP alone or 8 wt% BaM along with GNP content greater than 

4 wt% demonstrated frequency-independent electrical conductivity values in the low-frequency 

range. Such frequency-independent behavior in the low-frequency region is attributed to the 

formation of 3-D percolated networks in the composites [3,239]. Based on this reasoning, it is apt 

to deduce that percolated network of GNP was formed in these composites. It can be observed 

from Fig.4.12(b) that the electrical conductivity values of the composites at a frequency of 100 Hz 

were increased with the addition of GNP. The G10B8 composite demonstrated the highest 

conductivity of 5.13×10−4 S/m at 100 Hz among all the samples measured. Furthermore, the 

conductivity of the G10 composite at 100 Hz frequency was measured to be 2.42x10-6 S/m, which 

is two orders in magnitude less than that of the G10B8 sample. It should be noted here that both 

G10 and G10B8 samples contain equal loading of conductive fillers, i.e., GNP. The increase in the 

electrical conductivity with BaM addition could be attributed to synergistic effects due to which 
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efficient network formation of GNP occurs in the composite. Similar synergistic effects were 

exhibited in epoxy composites containing conductive and dielectric filler particles [271].  

The percolation threshold (ϕc) for GNP epoxy composites was calculated using the classical 

percolation power law shown in Eq. (18) below.  

σ = σo (ϕ-ϕc)
 t ………………………………….. (4.6) 

Where σ refers to conductivity, ϕ refers to filler loading in volume percent, and t refers to the 

conductivity exponent [3,239]. The conductivity of the composites at a frequency of 100 Hz was 

used in the analysis. The value of the conductivity exponent t was determined to be 0.872 and was 

obtained by linear fitting of log-log plots of σ vs. (ϕ-ϕc), as shown in Fig.4.12(c). The percolation 

threshold for the epoxy composite containing 8 wt% BaM was found to be 4.21 wt% of GNP, 

which is significantly lower than that of epoxy composites containing only GNP (~8 wt%) [3,239]. 

Such lowering of the percolation threshold is attributed to better network formation in GNP in the 

presence of BaM.  

 

Fig.4.12 (a) The plot of electrical conductivity of epoxy composites containing GNP and BaM as 

a function of frequency (b) electrical conductivity values at 100 Hz of epoxy composites 
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containing GNP and BaM as a function filler loading(s) (c) Percolation power-law fitting of 

electrical conductivity data. 

4.3.2.4 EMI shielding effectiveness of epoxy composites 

The EMI shielding effectiveness of the composites in the frequency range of 8-12.4 GHz was 

measured, and the results are shown in Fig.4.13. It can be seen that the pristine epoxy sample is 

transparent to EM waves and exhibits a very low SET value of 2 dB, which is attributed to the 

epoxy's electrically insulating and non-magnetic nature [3],[8]. Furthermore, the addition of 8 wt% 

of BaM nanoparticles to epoxy only marginally increases the SET to 2.6 dB. However, with the 

addition of 10 wt% of GNP in epoxy, a significant enhancement in shielding effectiveness is 

observed, and the composite exhibits a SET value of 7.5 dB, which corresponds to 87.2 % 

attenuation of incident power. The addition of GNP increases the electrical conductivity of the 

epoxy, which increases the SET values. It is known that composites should possess desirable 

electrical conductivity to demonstrate good EMI shielding effectiveness. These results also suggest 

that GNP are more effective in increasing the total EMI shielding performance as compared to 

BaM nanoparticles in the X-Band frequency range. It can also be seen from Fig.4.13(a) that 

composites containing both the particles (i.e., GNP and BaM) demonstrated higher EMI shielding 

effectiveness compared to the composites containing only GNP or BaM nanoparticles. This 

suggests that the addition of BaM nanoparticles enhances the EMI shielding effectiveness of GNP-

epoxy composites. Furthermore, the EMI shielding effectiveness of composite having 10 wt% 

GNP was found to be 7.5 dB, and 8wt% BaM was found to be 2.6 dB. It is only reasonable to 

deduce from the rules of mixtures that a composite containing 10 wt% GNP and 8 wt% BaM 

should exhibit a shielding effectiveness value of 10.1 dB (i.e., 7.5 dB due to GNP and 2.6 dB due 

to BaM). However, the G10B8 composite sample, which contains a mixture of 10 wt%  and 8 wt% 
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of GNP and BaM, respectively, exhibited an EMI shielding effectiveness value of 17.2 dB in the 

X-band, which is significantly greater than the anticipated value. The enhancement of EMI 

shielding in the composites containing both GNP and BaM may be attributed to a synergy between 

the GNP and BaM nanoparticles that facilitates better dispersion and efficient network formation 

of GNPs in the epoxy matrix. It is anticipated that better dispersion of GNP in the presence of the 

BaM would significantly enhance the GNP-epoxy interfacial area, thereby increasing the 

interfacial polarization losses. Additionally, the presence of BaM nanoparticles might enhance the 

magnetic losses in the composites, which further increases the total EMI shielding in the 

composites [3,262,276,294].   

To further understand the EMI shielding mechanism, the shielding effectiveness by reflection 

(SER) and absorption (SEA) of the composites were calculated, and the results are depicted in Fig. 

4.13 (b and c). It can be observed that for all the composites, SEA values are found to be higher 

compared to the SER values, which suggests that the shielding mechanism in the composites is 

absorption-dominated. Similar observations were made for epoxy composites containing other 

fillers [3,8,49],[277]. Furthermore, it can be seen from Fig.4.13(d) that SER and SEA values in 

composites that contain both BaM and GNP nanoparticles depend on GNP content and increase 

with increasing the GNP content. For example, the composite G4B8 samples exhibited 2.5 dB and 

5 dB of SER and SEA values, respectively. Upon increasing the GNP content to 8 wt%, i.e., the 

G8B8 sample, the SER and SEA values increased to 4.8 dB and 9.7 dB, respectively. However, 

with a further increase in the GNP content, i.e., in the G10B8 sample, the only marginal increase 

in the SER but a significant increase in the SEA was observed. It can also be seen from Fig.4.13(d) 

that compared the SER, and SEA appears to be more sensitive to the GNP content in the composites 

as the latter exhibits a greater change in its value with the addition of GNP. These results further 
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suggest that increasing the GNP content in BaM epoxy composites increase the absorption-

dominated shielding mechanism in these materials.   

 

Fig.4.13 Plots of (a) SET, (b) average values of SER and SEA, (c) SER, and (d) SEA as a function 

of frequency for epoxy composites containing GNP and BaM. 

4.3.2.5 The permittivity and permeability of epoxy composites 

To investigate the magnetic and dielectric properties of the composites, the complex permeability 

(i.e., μ = µ′- jµ″) and complex permittivity (i.e., ε = ε′- jε″) using the NRW method in the X-band 

frequency range was calculated, and the results are shown in Fig.4.14. It can be seen from Fig.4.14 

(a and b) that the pristine epoxy demonstrated an ε' and ε" values of 3.6 and 0.5, respectively. The 
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B8 composite exhibited a marginally higher ε' and ε" values of 3.72 and 0.52, respectively. The 

G10 composite exhibited a significantly higher ε' (i.e., 4.3) and ε"(i.e., 0.7) compared to the pristine 

epoxy and B8 composite, suggesting its larger polarizability to the incident EM wave. 

Furthermore, it can also be observed that in composites containing both GNP and BaM,  ε′ and ε″ 

values increased with increasing GNP content. These composites demonstrated lower ε″ values as 

compared to the G10 composite. The results suggest that the addition of BaM to the epoxy 

composite containing GNP can reduce the interfacial area between GNP and epoxy, thereby 

marginally reducing the dielectric loss. However, the same composite demonstrated higher ε′ 

values as compared to the G10 composite suggesting an increased energy storage capacity in the 

epoxy composites containing both GNP and BaM.  

The µ′ and µ″ values of epoxy composites containing GNP and/or BaM over the 8–12 GHz 

frequency range are shown in Fig.4.14(c and d). It can be seen that the pristine epoxy sample 

exhibited a µ′ and µ″ value of 0.5 and 0.33, respectively, which is the lowest value compared to 

all other composites. Furthermore, the G10 composite also exhibited µ′ and µ″ values of only 0.7 

and 0.34, respectively, which suggests that the pristine epoxy and G10 composites have low 

magnetic loss capability. However, the B8 composite exhibited µ′ and µ″ values of 1.1 and 0.51, 

respectively. Furthermore, it can be observed that both the µ′ and µ″ values in the BaM/epoxy 

composites increased with the addition of GNP. For example, the G10B8 epoxy composite yielded 

the highest µ′ value of 2.5 and µ″ value of 0.7 compared to all other composites. These results 

suggest that the addition of BaM to epoxy composites containing GNP increases its magnetic loss 

capability. Based on the permittivity and permeability results, it would be reasonable to deduce 

that the enhanced EMI shielding effectiveness observed in composites containing GNP and BaM 

is a consequence of good dielectric and magnetic losses in these materials. It is known that a good 
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EMI shielding material should have good complex permeability or permittivity, but these results 

indicated that an optimum combination of these properties could also be of significant interest.  

 

Fig.4.14 Plots of (a) ε′ (b) ε″ (c) µ′ (d) µ″ as a function of frequency for epoxy composites 

containing GNP and BaM. 
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Table 4.3. The following table contains the EMI shielding performance of various polymeric 

systems containing barium hexaferrite and different conductive fillers. 

S.No Polymer 

used 

Filler used Frequency 

range 

(GHz) 

SET 

value 

(dB) 

Thick

ness 

(mm) 

Ref 

Conductive Magnetic 

1 Wax 42wt% of 

polyaniline 

8w% of barium 

hexaferrite 

8-18 28.6 5 [295] 

2 No 

polymer 

10 parts of 

reduced graphene 

oxide 

1 part of barium 

hexaferrite 

12-18 15.5 1 [275] 

3 Poly(ure

thane) 

2 wt% of 

thermally reduced 

graphene oxide 

20 wt% of 

barium 

hexaferrite 

0.1-20 40 4 [274] 

4 Wax 42% of 

polyaniline 

8wt% of barium 

hexaferrite 

8-18 15-17.5 4 [296] 

5 Poly(vin

ylchlorid

e) 

7.5wt% of 

polypyrrole 

10wt% of 

barium 

hexaferrite 

0.1-20 88.5 0.5 [297] 

6 Poly(thi

ophene) 

 50wt% of 

barium 

hexaferrite 

8-13 43.27 1 [298] 



94 | P a g e  
 

7 Poly(vin

yl 

alcohol) 

25wt% of carbon 

black 

35wt% of 

barium 

hexaferrite 

8-18 16.6-

23.6 

2 [299] 

8 Natural 

rubber 

20wt% of carbon 

black 

20wt% of 

barium 

hexaferrite 

0.1-12 43-70 1 [300] 

9 Epoxy 10 wt% GNP 8 wt% barium 

hexaferrite 

8-12.4 17.2 1 Present 

study 
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4.4 Influence of Fe3O4@Cunw Hybrid Nanoparticles on EMI Shielding 

Properties Of Epoxy Nanocomposites  

4.4.1  Materials and methods 

4.4.1.1 Materials 

Liquid araldite® CY230 epoxy resin and aradur® HY-951 hardener were purchased from 

Huntsman Corporation (Mumbai, India). Cupric chloride dihydrate extra pure (ACS), ferrous 

chloride tetrahydrate (AR),  ammonia solution extra pure (AR), dextrose extra pure (ACS), oleic 

acid extra pure (AR), ferric chloride anhydrous pure (AR), and oleyl amine pure (AR) were 

procured from Sisco research laboratories (Mumbai, India).  

4.4.1.2 Synthesis of Fe3O4 @CuNW hybrid, Fe3O4nanoparticles and CuNW 

The Fe3O4@CuNW hybrid nanoparticles synthesis procedure is depicted in Fig.4.15. The hybrid 

particles were prepared through a facile water-based co-precipitation method. Firstly, an aqueous 

solution of iron salts was prepared by blending FeCl3 and FeCl2.4H2O at the stoichiometric ratio 

in the round bottom flask. The molar ratio of Fe2+:Fe3+ of 1:1.5 was maintained as per the literature 

[281,282]. The solution was stirred for 15 minutes to obtain a homogeneous mixture of iron salts. 

Afterward, a measured quantity of CuNW was mixed with the salt solution. A previous study 

reports a detailed description of the CuNW synthesis process [280]. Subsequently, the solution 

was stirred for 45 minutes with a magnetic stirrer at room temperature (RT). Afterward, ammonia 

solution (30 wt.%) was added at a 1 mL/min rate to the salt solution. The final solution was agitated 

for 30 minutes to complete the precipitation process. The final solution was centrifuged at 10000 

rpm then the precipitate was separated. The residue was washed with ethanol and water. The 

obtained Fe3O4@CuNW hybrid was used for the preparation of nanocomposites.  
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Fig.4.15. Schematic of preparation of Fe3O4@CuNW hybrid particles 

4.4.1.3 Preparation of epoxy nanocomposites 

The epoxy composite were prepared through the resin blending process [3,133,280]. The epoxy 

composites containing Fe3O4@CuNW hybrid structures were prepared by adding the necessary 

quantity of Fe3O4@CuNW hybrid content(s) in an epoxy resin using Thinky Mixer ARE-250  

(Thinky, USA) for 14 minutes. Following that, the epoxy mixture was treated for 8 minutes in an 

ultrasonic liquid processor (Sonics & Materials, USA) set to 500 W and 20 kHz to ensure good 

distribution of the hybrid(s) in an epoxy. Afterward, the appropriate amount of hardener was mixed 

into the resin mixture and properly blended in Thinky Mixer for 4 minutes to ensure proper 

hardener mixing. The epoxy mixture was degassed in the degassing chamber, cast in a mould, and 

then cured at RT for a day. The composite's thickness was found to be one millimeter and regulated 

by the mould's dimensions. The epoxy composites used in this study are listed in Table 4.4. 

Table 4. 4. The composition of the composites used in this study. 
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Filler Composite Code CuNW (wt%) Fe3O4(wt%) 

Pristine epoxy PE 0 0 

Fe3O4 

CuNW 

F8 

Cu12 

0 

12 

8 

0 

Fe3O4@CuNW hybrid Cu12F2H 12 2 

 Cu12F4H 12 4 

 C12F8H 12 8 

4.4.2 Results and Discussion 

4.4.2.1 XRD characterization of Fe3O4 @CuNW hybrid, CuNW, and Fe3O4 particles 

To identify crystallographic phases present in particles, X-ray diffraction (XRD) was performed 

on Fe3O4 @CuNW hybrid, CuNW, and Fe3O4 particles and patterns depicted in Fig.4.16. The 

Fe3O4 particles' XRD patterns were well matched with the standard peaks of Fe3O4 as per JCPDS 

#75-0033, confirming the Fe3O4 particles present in the synthesized powder sample. Furthermore, 

XRD patterns were relatively broad, which indicates the formation of fine nanoparticles. Similar 

results were also reported in the literature [281–284]. In the CuNW XRD patterns, a prominent 

peak at 2 value of 43.3 o, is well-matched with standard peaks of copper according to JCPDS 

#03–1018. It is in good agreement with previously reported literature for CuNW 

[234,235,280,285,286]. Furthermore, the peaks corresponding to 2θ values of 43.3 ° and 50.5 ° in 

the XRD patterns of hybrid structures correspond with the standard peaks of copper, and the 

remaining peaks are well-matched with the standard peaks of Fe3O4 particles. The results 

suggested that both CuNW and Fe3O4 were present in hybrid structures. In addition, the average 

crystallite size of Fe3O4 nanoparticles present in the Fe3O4@CuNW hybrid structures 
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corresponding to the 2θ value of 36.56 ° was determined as 8.876 nm [301]. This indicates that 

Fe3O4 particles present in hybrid structures have a nanocrystalline microstructure. 

 

Fig.4.16. XRD spectra of (a) CuNW@Fe3O4 nanoparticles (b) Fe3O4 (c)CuNWalong with 

corresponding JCPDS of CuNW and Fe3O4. 

4.4.2.2 SEM characterization of Fe3O4 @CuNW hybrid, CuNW, and Fe3O4 particles 

To study the microstructure of synthesized particles, SEM analysis was performed on 

Fe3O4@CuNW hybrid, CuNW, and Fe3O4, as shown in Fig.4.17. The synthesized Fe3O4 particles 

have a spherical shape with an average diameter of 23 nm, as shown in Fig.4.17(a), which agrees 

well with the literature [3,284]. The CuNW exhibited smooth surfaces with wire-like morphology, 
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as depicted in Fig.4.17(b). However, as shown in Fig. 4.17(c), the surface of CuNW appears to 

contain many particles firmly anchored on its surface. It can be observed from Fig.4.17(d) that the 

EDS spectra obtained on the hybrid particles confirm the Fe and O elements present in the 

anchored particles. Based on the above observations, it is apt to deduce the Fe3O4 particles have 

been anchored at the CuNW surface in Fe3O4@CuNW hybrid nanoparticles. The cross-section 

SEM images of freeze fractured composite to investigate further the hybrid microstructure stability 

in the epoxy composite, as shown in Fig.4.17(e). It was clear from Fig.4.17(e) that the 

microstructure of hybrids was retained in the composites in spite of all the processing steps. This 

further suggests that the Fe3O4 nanoparticles are firmly deposited on the CuNW surfaces. 

 

Fig.4.17. SEM images of (a) Fe3O4 nanoparticles (b) CuNW (c) Fe3O4@CuNW hybrid (d) EDS 

of Fe3O4@CuNW hybrid (e) SEM image of freeze fractured cross-section of Cu12F8H sample. 
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4.4.2.3 XPS characterization of epoxy composites 

The wide scan XPS spectrum of hybrid and non-hybrid composites is shown in Fig. 4.18. The XPS 

data of composites confirms the presence of C1s, Cu2P, Fe2P, and O1s bands in the composites. 

It can be observed from Fig. 4.18 (e) and 4.4 (e) that O1s peak observed at 531.3 and 531.5 eV in 

Fig. 4.18 (e) and 4.4 (e), respectively, which were attributed to oxygen anion (O-2) in Fe3O4. 

Similar observations were reported for the O1s band [287]. The C1s spectrum of composites has 

shown in Fig. 4.18 (b) and 4.4 (b). Both C1s bands are almost similar in the composites. The 

composites exhibited a C1s peak at 284.4 eV. Similar results were reported in the literature [288]. 

The deconvolution peaks of C1s were observed at 284.4 eV, 286.4 eV, and 287.8 eV containing 

main components of the epoxy matrix, corresponding to aromatic rings (C=C/C–C), epoxy and 

alkoxy (C–O), and C=O groups. Similar observations were reported [289]. The Cu2P spectrum of 

composites is shown in Fig. 4.18 (c) and 4.4(c). In hybrid composite, the peaks are observed at 

933.6 and 953.5 eV, corresponding to Cu 2p3/2 and Cu 2p1/2, respectively. The non-hybrid 

composites exhibited the Cu2p peaks at 932.5 and 952.5 eV, corresponding to Cu 2p3/2 and Cu 

2p1/2, respectively. Similar observations were reported for Cu2p bands [290]. Similarly, the Fe2p 

bands in hybrid composites are located at 709.8 eV and 722.5 eV corresponding to Fe 2p3/2 and Fe 

2p1/2, respectively, in Fig. 4.18 (d). Similar results were reported for Fe3O4 hybrid structures [287]. 

In contrast, in Fig. 4.4 (d), the Fe2p peaks in non-hybrid composites located at 714.8 eV and 723.8 

eV correspond to Fe 2p3/2 and Fe 2p1/2, respectively. There are no extra satellites observed in both 

Fe2p band, which confirms that the composite contains only Fe3O4 nanoparticles. There is a slight 

shift in the binding energy in both composites due to the formation of hybrid structures of CuNW 

and Fe3O4 particles. Similar studies reported the peak shift of bands in the literature due to the 

formation of hybrid structures [289]. 



101 | P a g e  
 

 

 



102 | P a g e  
 

 

Fig.4.18. The XPS spectra of (a) hybrid and non-hybrid composites (b) C1s (c) Cu2P (d)Fe2P (e) 

O1s of hybrid composites 

4.4.2.4 Electrical conductivity of epoxy composites 

To further characterize the electrical characteristics of the epoxy composites, the AC electrical 

conductivity measurements over the 25 Hz to 25 MHz frequency range were performed on epoxy 

composites, as shown in Fig.4.19. Among all the composites, only samples Cu12 and Cu12F8NH 

demonstrated frequency-independent electrical conductivity in the 25 Hz – 1 kHz frequency range 

suggesting the formation of a percolated network of CuNW in these composites [3,133,239,280]. 

These samples contain a loading of 12 wt% of conductive filler (i.e., CuNW), which is above the 

percolation threshold limit reported for CuNW-polymer composites [280]. However, in stark 

contrast, the composites containing hybrid filler (i.e., Fe3O4@CuNW) across the frequency range 

exhibited a frequency-dependent conductivity, suggesting a non-percolated microstructure in these 

composites. This can be ascribed to the existence of Fe3O4 nanoparticles on the CuNW surface in 

the hybrid structures that degrade the electrical networking between the nanowires and hinders 

electron transport [128]. Similar observations were also reported in the literature for other 

particulate systems [302]. Based on the above observation, it is only reasonable to deduce that the 

hybrid microstructure of Fe3O4@CuNW nanoparticles is largely preserved in the epoxy 

composites. It can also be observed that the sample Cu12F8NH exhibited a significantly higher 

electrical conductivity value than Cu12 nanocomposite, although both samples contained 12 wt% 

CuNW content. This suggests that the presence of Fe3O4 nanoparticles in Cu12F8NH enables the 

formation of efficient CuNW networks in these composites. Similar observations were made where 
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the presence of dielectric particles significantly enhanced the electrical conductivity of CPC 

[3,133,302]. 

 

Fig.4.19. Electrical conductivity values of epoxy composites containing CuNW and/or Fe3O4 as a 

function of frequency. 

4.4.2.5 EMI shielding effectiveness of epoxy composites. 

The EMI shielding effectiveness of the epoxy composites containing CuNW and/or Fe3O4  and 

Fe3O4@CuNW hybrid structures over the X-band in the frequency range of 8-12.4 GHz was 

determined, and the results are shown in Fig. 4.20. It can be observed from Fig. 4.20(a) that the 

pristine epoxy sample exhibited a very low shielding effectiveness value of 1.7 dB. This is 

attributed to the electrically insulating and non-magnetic nature of the epoxy matrix, which renders 

it transparent to EM waves [3]. The addition of 8 wt% of Fe3O4 nanoparticles to epoxy marginally 

increased its total EMI shielding effectiveness (SET) to 2.5 dB in the X-band frequency range. In 
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contrast, the addition of 12 wt% CuNW to the epoxy matrix increases the total shielding 

effectiveness 3 times more than neat epoxy. These results suggest that CuNW is more effective in 

improving the EMI shielding performance as compared to Fe3O4.  

In contrast, composites containing Fe3O4@CuNW hybrid nanoparticles exhibit Fe3O4 filler 

content-dependent EMI shielding effectiveness. In particular, the sample Cu12F8H, which 

contained a hybrid nanoparticle having Fe3O4: CuNW in the weight ratio of 8:12, exhibited the 

highest SET value of 19.1 dB in the X band frequency range. It should be noted here that the total 

filler loading in the hybrid composite sample Cu12F8H was 20 wt%, which is equivalent to having 

12 wt% Cu and 8 wt% of Fe3O4 in the composite. However, it should be recalled here that the EMI 

shielding effectiveness of Cu12F8D composite was found to be 14.6 dB in the X-band frequency 

range, which is lower than the hybrid sample. This suggests that the hybrid nanoparticles 

containing equivalent loading of fillers were better than the direct mixing of fillers for enhancing 

EMI shielding effectiveness in composites. 

The increased EMI shielding in composites containing hybrid nanoparticles can be attributed to 

the combined effects of multiple interfacial polarization coupled with the magnetic losses arising 

due to the presence of Fe3O4 nanoparticles. It can be observed that Fe3O4 nanoparticles are firmly 

anchored to the CuNW surfaces. This anchoring of Fe3O4 on the CuNW surface enhances the 

dielectric losses due to interfacial polarization effects between the Fe3O4 and CuNW. It should be 

noted here that the hybrid samples Cu12F2H and Cu12F4H exhibited lower SET values as 

compared to Cu12F8H. This further suggests that Fe3O4 content in the hybrid influences its EMI 

shielding capability in the composites. This may be attributed to reduced interfacial polarization 

losses in Cu12F2H samples due to the low Fe3O4 content in the hybrids as compared to Cu12F8H. 

However, with the higher loadings of Fe3O4 contents in the hybrids, there may be an agglomeration 
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of nanoparticles, impacting proper filler dispersion and shielding performance. This further 

suggests an optimum loading of Fe3O4 on the CuNW, which is beneficial for increasing the EMI 

shielding performance. Furthermore, it can be observed from Fig.4.20 that the hybrid composites 

have exhibited lower SER values than epoxy composites containing 12 wt% CuNW.  

 

Fig.4. 20. (a) SET (b) SEA, (c) SER values of Fe3O4@CuNW hybrid epoxy composites as a 

function of frequency  

It can be recalled from chapter 4.1 that the non-hybrid samples have exhibited marginally higher 

SER values than epoxy composites containing 12 wt% CuNW. This further suggests the 

composites containing hybrid nanoparticle(s) demonstrated lower reflection loss than non-hybrid 
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samples. In contrast, the composites were demonstrated higher SEA values than those SER values. 

The non-hybrid samples demonstrated higher SEA values compared to epoxy composites 

containing 12 wt% CuNW. This suggested that a significant increase in absorption capability was 

observed over a physically mixed composite containing Fe3O4 and CuNW. Similar observations 

were reported in the literature [292]. Furthermore, the hybrid samples demonstrated higher SEA 

values than those of non-hybrid samples. This may be attributed to increasing EM wave absorption 

due to the unique hybrid structure. The results suggested that the composites exhibited an 

absorption-dominant shielding mechanism.  

4.4.2.6 Complex permeability and permittivity of epoxy composites 

To further study the magnetic and dielectric properties of epoxy composites, complex permeability 

and permittivity were determined using the NRW method in the X-band.  The complex permittivity 

values (i.e., ɛ′ and ε″) of hybrid and non-hybrid composites are depicted in Fig.4.21. It can be 

observed that the ɛ′ values of the epoxy depend on the filler incorporated and increased with the 

addition of the filler content, as shown in Fig. 4.21 (a). The pristine epoxy composite demonstrated 

an ɛ′ value of 3.5, which suggests an insulative nature of an epoxy matrix. The presence of 8 wt% 

Fe3O4 nanoparticles in epoxy marginally increased the ɛ′ values in the frequency range of 8-10 

GHz. However, the addition of 12 wt% CuNW (i.e., the Cu12 composite) significantly enhances 

the ɛ′ values of the epoxy over the entire X-band frequency range suggesting strong interfacial 

polarization effects in the composite. It can also be observed that both the hybrid and non-hybrid 

composites demonstrated a higher ɛ′ value compared to the Cu12 composite. Furthermore, the ɛ′ 

values for the hybrid composites were found to be marginally higher than the non-hybrid 

composites suggesting greater polarizability of the former in the X-band.  
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The ε″ values, also shown in Fig.4.21(a), followed a similar trend with the frequency as observed 

for the ɛ′ values of the epoxy composites. The pristine epoxy demonstrated the lowest value of 0.1 

for ε″, and the hybrid composite Cu12F8H exhibited the highest ε″ values among all the 

composites investigated in this study. The interfacial polarization between nanofiller-epoxy 

interfaces contributes to the dielectric losses in the composite, which results in increased ε″ values. 

Based on the above, it can be deduced that the Fe3O4@CuNW filled composites offer higher 

interfacial polarization capability compared to non-hybrid composites containing equivalent 

loading of both these nanofillers.  

The complex permeability (i.e., μ′ and μ″) of epoxy composites in the X-band is shown in 

Fig.4.21(b). The µ′ and μ″ values of the pristine epoxy sample were found to be 0.52 and 0.5, 

respectively, and are the lowest values as compared to other composites. The addition of Fe3O4 

increases the epoxy composites' μ′ and μ″ values. For example, the composites containing 8wt% 

Fe3O4 (i.e., F8 sample) demonstrated an μ″ and μ′ values of 0.6 and 1, respectively, which are more 

than that observed for pristine epoxy. Furthermore, both the non-hybrid and hybrid composites 

exhibited larger values of μ′ compared to pristine epoxy or its composite containing 8 wt% of 

Fe3O4. This suggests that the magnetic permeability of composites is enhanced, in the 8-10 GHz 

range, when both CuNW and Fe3O4 are present in the composite. This may be ascribed to the good 

distribution of Fe3O4 in the presence of CuNW, which can reduce the domain wall resistance 

[100,303–305]. The small increase in μ″ values observed for hybrid and non-hybrid composites 

over the F8 composite may be attributed to strong interactions between the CuNW and Fe3O4, 

which may hinder the domain alignment with the changing electromagnetic fields.       
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Fig.4.21. Plot of (a) ɛ′ and ε″ (b) μ′ and μ″ of CuNW- Fe3O4- epoxy composites as a function of 

frequency 

4.4.2.7 Reflection and Absorption losses of epoxy composites 

The reflection and absorption of microwaves are mainly responsible for their attenuation while 

passing through a medium [28,92,306]. In an effort to characterize the microwave interaction 

behavior of the epoxy composites, the absorption, transmission, and reflection power ratios of the 

epoxy composites were calculated and shown in Fig.4.22. The contributions arising from the 

multiple internal reflections were excluded in this analysis since they cannot be measured 

independently. The pristine epoxy samples reflected 2% and absorbed 18% of the incident 

microwave power across the X-band, as depicted in Fig.4.22. Incorporation of 12wt% CuNW (i.e., 

Cu12 sample) to epoxy increased both the reflected and absorbed power to 41% and 37%, 

respectively. The rise in the reflected power can be ascribed to an increased conductivity in the 

sample, while the increase in absorbed power may be a result of the interfacial polarization effects 

[116]. However, only 8 wt.% of Fe3O4 addition to epoxy did not significantly alter the microwave 

absorption or reflection behavior, which suggests a low magnetic loss in the composite. It can also 

be noted that the addition of Fe3O4 nanoparticles to an epoxy-containing 12wt% CuNW (i.e., the 
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non-hybrid composites) affects the reflection and absorption power. For example, the addition of 

4wt% and 8wt% of Fe3O4 along with 12 wt% CuNW in epoxy increased the reflection power by 

22% and 32%, respectively, when compared to the composite containing equivalent loading of 

CuNW alone. The increase in reflected power with the addition of Fe3O4 particles to epoxy 

containing 12wt% CuNW can be ascribed to a rise in the conductivity of these composites, as 

evidenced by the electrical conductivity measurements [271,280]. These results suggest that in the 

presence of Fe3O4, efficient CuNW networks are formed, which leads to increase electrical 

conduction pathways that ultimately enhance the electrical conductivity in the composites. Similar 

results were observed for other filler systems where the presence of electrically inert particles 

augmented the electrical conductivity of the conductive polymer composites [271]. 

However, no significant change was observed in the microwave absorption characteristics of these 

samples when compared to a composite containing only CuNW. This further suggests only a weak 

contribution from Fe3O4 nanoparticles for enhancing the microwave absorption in composites in 

the X-band. It is worth mentioning here that reduced transmission, as shown in Fig 4.22(c), from 

the non-hybrid composites compared to 12wt% CuNW composite is a consequence of increased 

reflection from these composites rather than absorption of microwave power. In sharp contrast to 

non-hybrid composites, the composites containing Fe3O4@CuNW hybrid fillers exhibited 

significantly lower reflected power, significantly higher absorbed power, and lower transmitted 

power in the X-band. For example, the hybrid composite Cu12F8H, which contained the same 

amount of Fe3O4 and CuNW nanoparticles as the non-hybrid composite Cu12F8NH, demonstrated 

60.8 % higher absorption and approximately 68% lower microwave power transmittance. These 

results indicate that hybrid nanostructures offer an advantage to physically mixed filler systems 

for enhancing the absorption of microwaves in the X-band region. However, there is currently no 
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evidence to demonstrate the effect of the Cu–O–Fe bond on microwave absorption characteristics. 

However, the addition of Fe3O4 nanoparticles considerably improved the microwave absorption 

capability of the epoxy composites. According to electromagnetic theory, the dielectric loss of the 

Fe3O4@CuNW composites can be attributed to electron polarization relaxation, dipolar relaxation, 

natural resonance, unique hybrid structures, etc. Firstly, the presence of Fe3O4 nanoparticles on 

CuNW can serve as polarized centers that promote the absorption of microwave energy [289]. 

Secondly, the wide aspect ratio, wire-like structure, and high conductivity of CuNW are further 

reasons why these composites have superior microwave absorption characteristics. Thirdly, Fe3O4 

has dipoles, particularly when their dimensions are nanoscale. As the size decreases, the number 

of surface atoms with unsaturated bonds automatically increases, resulting in an increase in 

dipoles. Consequently, dipole polarizations can contribute to dielectric loss. If we just directly mix 

CuNW and Fe3O4 in the epoxy composite, then Fe3O4 nanoparticles will conglomerate, then the 

dipole polarization will be decreased. Moreover, the interfaces between the CuNW and Fe3O4 

nanoparticles enhance the interfacial polarization and the accompanying relaxation, which 

contribute to the dielectric loss. This is another reason why Fe3O4@CuNW composites absorb 

microwaves more efficiently than Fe3O4 nanoparticles. Fourth, multiple reflections across the 

interfaces can significantly increase the microwave travel path in the composite, making them 

more susceptible to reabsorption by the Fe3O4@CuNW particles via magnetic and dielectric loss 

mechanisms [307]. Based on the above observations, it is reasonable to deduce that the enhanced 

microwave absorption in the hybrid composites may be a result of increased interfacial polarization 

effects coupled with the existence of multiple reflections and magnetic loss within the composite 

material [307]. 
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Fig.4.22. (a) Reflected (b) Absorbed and (c) Transmitted power of CuNW- Fe3O4- epoxy 

composites as a function of frequency 

4.5 Conclusion 

An epoxy-based microwave absorbing material comprising Fe3O4@CuNW hybrid nanoparticles 

is successfully developed through the resin blending process, which offers large bandwidth 

absorption with minimal microwave reflection in the X-band frequency range. Firstly, the 

synthesis of Fe3O4@CuNW hybrid nanoparticles through a simple water-based co-precipitation 

technique was clearly explained. The presence of CuNW and Fe3O4 particles in the hybrid powder 

sample was confirmed using the XRD analysis. Furthermore, the morphology of hybrid 
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nanostructures obtained using SEM analysis demonstrated the deposition of Fe3O4 nanoparticles 

on the surface of CuNW. Based on the XRD, XPS, and SEM results, it was deduced that Fe3O4 

nanoparticles are anchored to the CuNW in the hybrid nanostructure. A series of epoxy 

nanocomposites with different amounts of Fe3O4@CuNW, CuNW, and/or Fe3O4 nanoparticles 

were prepared and characterized for morphological, electrical, and EMI shielding properties. The 

freeze-fractured cross-section SEM images of hybrid composites revealed that hybrid particles 

were uniformly distributed and retained their morphology despite the processing conditions used 

in composite preparation. In addition, the electrical conductivity data confirms that non-hybrid 

composites and 12wt% CuNW demonstrated a percolated behavior, whereas hybrid composites 

did not exhibit a percolated behavior. The Cu12F8NH sample exhibited the highest electrical 

conductivity value of 9.8×10-5 s/m compared to all other composites analyzed. The ɛ′ and ε″ values 

for the hybrid composites were higher than the nonhybrid composites with equivalent loading of 

both these nanofillers. This is attributed to more interfacial polarization in hybrid composites 

owing to a better distribution of Fe3O4 nanoparticles. Furthermore, the complex magnetic 

permeability (i.e., μ′ and μ″) values were found to be larger for Fe3O4@CuNW composites than 

the epoxy composite containing only Fe3O4 further suggesting a good linkage between Fe3O4 and 

CuNW. The hybrid composites containing 12 wt % CuNW and 8 wt % Fe3O4 exhibited the highest 

dielectric loss of 0.9 and magnetic loss of 1.4 as compared to other composites. The absorption 

and reflection power of the composite revealed that Fe3O4@CuNW filled hybrid composites 

demonstrated substantially lower reflected power and higher absorbed power, and very low 

transmitted power in comparison to non-hybrid composites in the X-band. The hybrid composites 

containing 12 wt% CuNW and 2 wt% Fe3O4 exhibited the lowest reflection power of 26% and the 

highest absorption power of 64% of the incident microwave as compared to all other composites. 
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A one-millimeter thick 12:8 (wt%/wt%) CuNW: Fe3O4 hybrid epoxy composite attenuated 98% 

of the microwave power with 60% absorption in the X-band frequency range of 8–12.4 GHz. 

In order to understand the universal improvement of EMI shielding and microwave absorption 

performance of the addition of magnetic particles along with conductive particles, epoxy 

nanocomposites were fabricated using the solvent-free resin blending technique utilizing GNP and 

BaM nanoparticles. A one-millimeter-thick composite sample containing 10 wt% GNP and 8 wt% 

BaM exhibited an EMI shielding effectiveness value of 17.2 dB over the entire X-band frequency, 

which equates to 98.17 % attenuation of the incident wave power.  The results obtained in this 

study suggest that the addition of magnetic particles along with conductive particles exhibited a 

synergetic effect in epoxy that contributes to a better EMI shielding performance in the composites 

containing a combination of these particles. Furthermore, an absorption-dominated shielding 

mechanism was found responsible for the observed enhancement in the EMI shielding 

effectiveness values in these composites.   
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5 Influence of BST particles on EMI shielding properties of the 

CuNW/epoxy Nanocomposite 

5.1 Introduction 

The rapid development of electronic technology has resulted in a greater reliance on electronic 

devices. These products made our day-to-day life very convenient, but this development in 

consumer electronics caused EMI problems [308]. This signal interference not only impacts the 

regular performance of electronic gadgets but also has an adverse impact on human life [309]. 

Hence, shielding materials with good EMI shielding performances are necessary to ensure the 

reliability and stability of electronic devices. Over the decade, conventional metals and metallic 

alloys have been generally utilized for EMI shielding applications [3,8,133,280]. However, these 

materials have specific limitations such as large density, heavyweight, high cost, low flexibility, 

corrosion, etc. [133]. The quest continues for an effective material for the absorption of EM waves 

that have lightweight, flexible, cost-effective, and corrosion inhibition. As a result, designing and 

producing polymer composites with excellent EMI shielding properties has become a research 

hotspot. Therefore, our main goal is to design a high-performance EMI shielding material in an X- 

band frequency range of 8-12.4 GHz.  

Conductive polymer composites (CPC) containing carbon-based or metal-based fillers (i.e., copper 

nanowires (CuNW)) are often used as EMI shielding materials. The metal-filled composites may 

have inferior performance over the nano carbon-filled composites. Moreover, CuNW is appealing 

because of its unique structure, cost-effectiveness, high aspect ratio, outstanding thermal 

conductivity, and electrical conductivity equivalent to silver [141]. Thus, CuNW-filled composites 

have been addressed as a potential routine for producing EMI shielding materials. In spite of this 

potential, very few studies have been conducted to study the EMI shielding characteristics of 

polymers containing CuNW in the X-band. This might be related to the lower performance of 
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composites containing CuNW when compared to composites containing nano carbons [49,141]. 

Thus, there is a need to increase the EMI shielding performance of CuNW-filled composites to 

enable their broad use, which motivates the current work.  

However, the direct incorporation of dielectric and conductive particulates in the epoxy matrix 

might cause phase separation [100], which means the presence of individual particles at certain 

locations can generate interfacial polarization between CuNW and epoxy or BST to epoxy. This 

suggested there is a decrease in the interfacial polarization in the epoxy composite, thereby 

reducing EMI shielding performance of the composite. One approach for resolving phase 

separation in polymer composites is to use a hybrid nanostructure composed of dielectric 

nanoparticles tethered to conductive nanoparticles. Accordingly, a few studies have been reported 

on the utilization of hybrid nanostructures, such as dielectric@conductive and 

magnetic@dielectric@conductive, which have improved the microwave absorption performance 

of polymer composites [3,101,102]. In spite of immense potential, very few studies reported on 

dielectric-based hybrid nanostructures in microwave absorption and EMI shielding applications. 

This has piqued the interest of researchers in conducting research on hybrid structures applied in 

these applications. Driven by this motivation, the hybrid nanostructures were prepared, the first 

one with conductive particles (i.e., CuNW) and dielectric particles (i.e., BST) employed in the 

microwave absorption and EMI shielding application. The hybrid structure of BST@CuNW and 

the unique characteristics of these materials have drawn the attention of both industrial and 

scientific institutions.  

 In BST@CuNW hybrid structures, BST has a high dielectric constant; therefore, BST particles 

on CuNW act as tiny dipoles that get polarized in the presence of an electromagnetic field, which 

enhances the microwave absorption in the hybrid structures [310]. The unique BST@CuNW 
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hybrid structures enhance the multiple scattering, multiple internal reflections, and absorption of 

microwaves. In particular, the existence of imperfections at the interfaces of hybrid structures may 

be readily excited by an electromagnetic field, and these imperfections can operate as polarized 

centers that enhance the space charge polarizations by trapping space charges, hence enhancing 

microwave absorption capability. Furthermore, the hybrid structures allow the dielectric constant 

to be altered, which is advantageous for impedance matching and hence favorable to the 

attenuation of microwaves [10]. In the hybrid epoxy composites, the existence of combining 

interfaces between BST−CuNW, epoxy−BST particles, and CuNW−epoxy are responsible for 

combining interfacial polarization, which further can contribute to higher dielectric losses. It 

should be noted here that interfacial polarization develops because of the formation of large 

diploes, and an accumulation of charges develops at the interfaces of hybrid composites. Thus, it 

drives the motivation for the development of nanocomposites with BST@CuNW for microwave 

absorption and EMI shielding applications. This improvement in microwave absorption in 

composites comprising hybrid nanostructures may be attributed to the combined effects of 

dielectric, multiple interfacial polarization, and conduction losses [3,133,136].  

This work reported a facile synthesis of BST@CuNW hybrid particles through the co-precipitation 

method. The morphological properties of the CuNW, BST, and hybrid nanoparticles were obtained 

using scanning electron microscopy. XRD analysis revealed the crystallographic phases present in 

the synthesized BST@CuNW hybrid particles. A set of epoxy composites containing different 

ratios of BST@CuNW hybrids, CuNW, BST, and Fe3O4 nanoparticles were prepared, and their 

electrical conductivity and microstructure were discussed. The dielectric, magnetic, microwave 

absorption and EMI shielding characteristics of the nanocomposites are also reported over the X-

band frequency range of 8–12.4 GHz. 



117 | P a g e  
 

5.1.1 Materials and methods 

5.1.1.1 Materials 

Tetraisopropyl orthotitanate (AR) was purchased from Sigma Aldrich (Karnataka, India). Copper 

chloride dihydrate (AR), strontium nitrate (AR), dextrose extra pure (AR), oleic acid (AR), barium 

nitrate (AR), and oleyl amine (AR) were purchased from Merck (Maharashtra, India). Ammonia 

solution (AR) was procured from Glaxo Laboratories (Mumbai, Maharashtra). Liquid Epoxy Resin 

Araldite® CY230 and hardener Aradur® HY-951 were purchased from Huntsman (Maharashtra, 

India). 

5.1.1.2  Synthesis of BST @CuNW hybrid, CuNW, and BST nanoparticles 

The synthesis of BST particles followed a similar protocol to those previously reported in the 

literature [311]. Firstly, the BST @CuNW hybrid nanostructure particles were synthesized through 

the co-precipitation process. An appropriate stoichiometric ratio of copper salt, i.e., CuCl2 2H2O, 

was added to double distilled water to prepare the copper salt solution and stored in a conical flask. 

The oleyl amine, oleic acid, and ethanol are mixed thoroughly using a magnetic stirrer in the ratio 

of 10:0.1:17.5 for 15 minutes to obtain a homogenous mixture and added to the copper salt 

solution. Next, the measured quantity of BST nanoparticles was added to the copper salt solution. 

After that, the copper salt solution was stirred for 45 minutes at room temperature. Afterward, a 

reducing agent, i.e., dextrose solution, was prepared and added dropwise to copper- BST solution 

at a specific flow rate of 1mL/ min under vigorous stirring for 2 hours to form a homogenous 

viscous solution. Then the copper- BST solution was diluted by adding double distilled water and 

thoroughly stirred for 8 hours at a temperature of 50 °C. Subsequently, the solution's color changed 

from blue to caesious at this stage. Additionally, the solution was processed at 130 oC for 8 hours 

in an autoclave, then the solution's color turned reddish-brown, suggesting the formation of BST 
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@CuNW hybrid nanostructure particles. Subsequently, the final product was separated using a 

centrifuge (CPR 24, REMI Compufuge, India) operated at 10000 RPM for 10 minutes to obtain 

the sediment. Then the residue was washed several times with hexane and stored under the hexane 

prior to using it for composite preparation. The synthesis of CuNW followed a similar protocol, 

with the exception that BST was not applied to the solution. Recently published research provided 

a thorough overview of the synthesis process of CuNW. 

5.1.1.3 Preparation of epoxy nanocomposites 

The nanocomposites were produced by mixing the required quantity of fillers, comprising BST 

@CuNW hybrid nanostructure particle, CuNW and/or BST particles, in the epoxy resin for 12 

minutes with an ARE-250 Mixer (Thinky, USA). Subsequently, the epoxy mixture was processed 

in an ultrasonic processor (Sonics, USA) operated at 500 W for 5 minutes in order to facilitate 

uniform dispersion of the fillers in the epoxy matrix [133,141]. Afterward, the requisite quantity 

of curing agent was added, and the epoxy mixture was even further mixed in the ARE-250 Mixer 

for 3 minutes to ensure proper mixing of the curing agent. The epoxy mixture was then degassed 

in the degassing chamber before being cast in a glass mold and cured at room temperature for 12 

hours. The thickness of the nanocomposite was measured to be 1 mm and was also set by the 

mold's dimensions. Table 5.1 illustrates the composition of the composites utilized in this study.  

Table.5. 1. The composition of the composites used in this study. 

Filler Sample Code CuNW (wt%) BST (wt%) 

Pristine epoxy PE 0 0 

BST particles BST15 0 15 

CuNW Cu10 10 0 

BST@CuNW hybrid Cu10BST5H 10 5 
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 Cu10BST10H 10 10 

 Cu10BST15H 10 15 

BST-CuNW (Non-hybrid) Cu10BST5NH 10 5 

 Cu10BST10NH 10 10 

 Cu10BST15NH 10 15 

5.1.1.4 Characterization 

The XRD diffractograms of BST @CuNW hybrid nanostructures, CuNW, and BST particles were 

collected using a Miniflex X-ray diffractometer (Rigaku, USA). The diffractograms were recorded 

at a scan rate of 2 °/min over a 2θ range of 20 ° to 80 °, using the Cu- Kα radiation source of 

wavelength (λ) = 1.54 Å. The microstructure of BST @CuNW hybrid nanostructures, CuNW, and 

BST particles was observed using an FEI-APREO scanning electron microscope (Thermo Fisher, 

USA). The XPS data were recorded by K-Alpha X-ray photoelectron spectrometer system 

(Thermo Fisher Scientific, India) using Al Kα (hν = 1486.3 eV) X-ray source with a step size of 

0.05 eV at an average of ten scans. It was observed that the analyzer chamber had a residual 

pressure of 1.3 x 10 -8 Pa. A nonlinear curve-fitting method was used so that the core level changes 

and relative intensities of these components could be determined. The electrical conductivity was 

measured using an E4990A impedance analyzer (Keysight Technologies, India) in a frequency 

range of 25 Hz to 25 MHz. The composite samples used for measurement were in the size of 10 

mm× 10 mm× 1 mm. The electrical conductivity was calculated from the electrical resistivity of 

the composite. The EMI shielding effectiveness of the composites was measured using a 2-port 

N5230C PNA-L vector network analyzer (Keysight Technologies, India). A detailed description 

of the setup and measurement method is reported in the research methodology. A full 2-port 

calibration was performed before each measurement, and the scattering parameters (S11 or S22 and 
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S21 or S12) were measured over the X-band frequency range of 8 –12.4 GHz. The power 

coefficients, absorption coefficient (A), reflection coefficient (R), and transmission coefficient (T) 

were calculated by the equations of A=1-R-T where R=|S11
|2 and T=|S21

|2, respectively. The real 

and imaginary part of the complex permittivity (ε* = ε′ − iε′′) was determined from the obtained 

S-parameters by using the standard Nicholson–Ross–Weir (NRW) method. 

5.1.2 Results and Discussion 

5.1.2.1 XRD characterization of BST@CuNW hybrid, CuNW, and BST particles 

To identify the crystallographic phases existing in the BST@CuNW hybrid nanostructure, CuNW, 

and BST particles, X-ray powder diffraction (XRD) was performed, and data were shown in 

Fig.5.1. The XRD data of the BST sample are well-matched with standard peaks of BST as per 

JCPDS #34-0411 [312]. It indicates that BST particles are present in the powder sample. 

Furthermore, in the XRD data of BST particles, the most prominent peak observed at 2θ of the 

value of 32.17 ° corresponds projected phase of (101), indicating that BST has a simple cubic 

structure [311]. Importantly, no additional peaks are observed in the XRD data, indicating the 

absence of any impurities and the formation of pure BST. It was similar to previously published 

literature on BST [311–313]. In addition, the prominent peak corresponding to the 2θ value of 

43.59 o observed in the XRD data of CuNW made a good agreement with conventional peaks of 

copper as per JCPDS #03–1018. Additionally, no additional peaks are seen, confirming that the 

powder sample contains pure and single-phase CuNW free from impurities. Furthermore, the XRD 

peaks of CuNW were very broad, as demonstrated in Fig.5.1, which implies the formation of 

nanoparticles. It was in good agreement with previous studies on the CuNW.  

Nonetheless, the XRD data obtained for BST@CuNW hybrid particles demonstrates that the most 

prominent peak of hybrid particles corresponding to the 2θ value of 43.59 ° was well-matched with 
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the conventional peak of CuNW as per JCPDS #03–1018. It can be observed that the other peaks 

of XRD data were well matched with the conventional peaks of BST particles as per JCPDS #34–

0411 and CuNW as per JCPDS #03–1018. These results indicated that the hybrid powder sample 

contained both CuNW and BST particles. Furthermore, the average crystallite size of BST particles 

present in the hybrid particles was calculated using Scherrer's formula by considering the K value 

as 0.89. In the results, the peak corresponding to the 2θ value of 32.17 ° from the XRD data of the 

hybrid sample was chosen for the analysis, and the crystallite size of BST particles was calculated 

as 18.10 nm. This suggests that the BST particles present in the hybrid particles have a 

nanocrystalline morphology. 

 
Fig.5. 1. XRD spectra of (a) BST@CuNW hybrid nanoparticles (b)BST particles (c) CuNW 

along with corresponding JCPDS of CuNW and BST particles. 
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5.1.2.2 SEM characterization of BST@CuNW hybrid, CuNW, and BST particles 

To further investigate the morphology of the synthesized particles, SEM analysis was performed 

on BST@CuNW hybrids, BST particles, and CuNW and the results are shown in Fig.5.2. It can 

be observed from Fig.5.2(e) that the CuNW has extended its structure in 1D and formed wire-like 

morphology. Also, the CuNW possesses a uniform diameter and length. It was in good agreement 

with previous studies on the CuNW [280]. Furthermore, Fig.5.2(d) depicts the microstructure of 

the BST nanoparticles. It can be noticed that the synthesized BST particles formed sphere-like 

morphology with a rough surface. It can be observed that each BST particle is a conglomeration 

of several grains. The unique shape of BST is generated during the calcining process. The average 

particle size of BST particles was calculated, and the average particle diameter of 68.63 nm. The 

results suggest that the BST particles synthesized by the present method are believed to have good 

sintering activity owing to their sub-micron particle size and nano-powder surface area. Similar 

results were also reported in the literature [311]. Moreover, Fig. 5.2 (a and b) exhibit the 

microstructure of BST@CuNW hybrid nanoparticles. It can be observed from Fig.5.2 (a) that 

CuNW exhibited smooth surfaces with wire-like morphology [311]. In contrast, the hybrids 

exhibited that the surface of copper nanowires was covered with BST nanoparticles. In addition, 

the presence of Cu, Ba, Sr, Ti, and O elements in BST@CuNW hybrids was confirmed with the 

energy dispersion spectroscopy analysis, as shown in Fig. 5.2 (c). It is also suggested that the BST 

nanoparticles were anchored onto the surface of CuNW in the hybrid sample, as shown in Fig. 5.2 

(b).  
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Fig.5. 2. The SEM images of (a& b) BST@CuNW hybrids, (c) BST particles, (d) CuNW, (e) 

EDS of BST@CuNW hybrids, (f) EDS of BST 

5.1.2.3 XPS characterization of CuNW-epoxy composites containing BST particles 

The wide scan XPS spectrum of the hybrid epoxy composite was shown in Fig. 5.3 . It can be 

observed from the XPS spectrum that the presence of barium (Ba), copper (Cu), carbon (C), 

strontium (Sr), titanium (Ti) and oxygen (O) with chemical states of Ba 3d, C1s, Cu 2p, Sr 3d, Ti 
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2p and O 1s. Peak deconvolution can be accomplished after fitting the curves using the Gauss-

Lorentz function. The carbon (C) chemical state C 1s spectrum of composites was shown in  Fig. 

5.3(c). The epoxy composite exhibited a prominent C 1s peak at a binding energy of 284.6 eV. 

Similar results were reported in the literature [288]. The C 1s spectrum’s deconvoluted peaks were 

observed at a binding energy of 284.4 eV and 286.4 eV corresponding to aromatic rings (C=C/C–

C), epoxy, and alkoxy (C–O) groups, which contain main components of the epoxy matrix. Similar 

observations were reported [289]. The copper (Cu) chemical state Cu 2P spectrum of composites 

was shown in Fig. 5.3 (b). Furthermore, in the Cu 2P spectrum in epoxy composite, the Cu 2p3/2 

peak was observed at a binding energy of 932.5, and Cu 2p1/2 peak was observed at a binding 

energy of 952.5 eV. Similar observations were reported for Cu 2p peaks [290].  The oxygen (O) 

chemical state O1s spectrum and curve fitting were shown in Fig. 5.3 (e). It can be noticed that 

O1s deconvoluted peaks were observed at a binding energy of 529.3 eV and 531.7 eV. Similar 

observations were reported for the O1s band [287]. The peak at 529.3 eV attributed to the oxygen 

ions are coordinated in TiO6 octahedra, and the peak at 531.7 eV attributed to the presence of 

oxygen vacancies on the surface of the ceramic.  

It can be observed from Fig. 5.3 (d) that Ba 3d peaks consisted of a Ba 3d3/2 peak with a binding 

energy of 795.1 eV and a Ba 3d5/2 peak with a binding energy of 779.6 eV. These peaks confirm 

the presence of barium in the BST. The peak at a binding energy of 779.6 eV corresponds to the 

barium oxide (O−Ba−O) in the lattice. An actual spin-orbit distance of about 15.28 eV (793.34 

eV–778.06 eV) exists between the two peaks. Similar results were published for Ba 3d [314,315]. 

Fig. 5.3 (g) illustrated that the strontium chemical state Sr 3d is composed of deconvoluted peaks 

of Sr 3d3/2 and Sr 3d5/2 at a binding energy of 134.8 eV and 133.4 eV, respectively. These results 

suggest the presence of an O−Sr−O bonding structure of strontium and oxygen ligands in the 
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perovskite lattice. Similar observations were reported for sr 3d [315,316]. Both profiles Ti 2p, i.e., 

Ti 2p3/2 and Ti 2p1/2 demonstrated the binding energy of 457.94 eV and 463.74 eV, as shown in 

Fig. 5.3 (f). The gap in binding energy between Ti 2p3/2 and Ti 2p1/2, which was determined to be 

-5.8 eV, may be attributed to the Ti4+-O bonding. Similar results were reported for Ti 2P [317,318]. 

The broadening of the Ti 2p3/2 peak indicates the presence of  Ti3+ ions because of the presence of 

two or more chemical states. Hence, it follows that very little or no Ti3+ is formed on the particle's 

surface. These results confirmed that the BST has formed a perovskite structure [315,319].  
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Fig.5. 3. The XPS spectra of (a) hybrid composites (b) Cu2P (c) C1s (d) Ba 3d (e) O1s (f) Ti 2p 

(g) Sr 3d 
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5.1.2.4 Electrical conductivity of epoxy composites 

In an effort to study the influence of CuNW, and/or BST particles, and BST@CuNW hybrid 

structures addition on the electrical conductivities of the composites in the frequency range of 20 

Hz to 25 MHz, as shown the Fig.5.4. The 10 wt% of CuNW-filled epoxy (i.e., Cu10) composite 

has demonstrated frequency-dependent electrical conductivity across the frequency range of 20Hz 

to 25MHz. This Cu10 composite has exhibited an electrical conductivity value of 9.7×10-8 S/m at 

a frequency of 100 Hz. Similar results were reported in the literature [141]. In contrast, the non-

hybrid samples demonstrated frequency-independent electrical conductivity values in the 

frequency range of 25- 900 Hz, as seen in Fig.5.4(a). Furthermore, the Cu10BST15 sample 

exhibited the highest electrical conductivity value of 2.32×10-5 S/m at a frequency of 100 Hz as 

compared to all other composites. These suggested that adding 15wt% of BST particles to the 

epoxy composite containing 10wt% CuNW has increased their electrical conductivity values by 3 

orders of magnitude. 

 The Cu10BST10 and Cu10BST5 samples demonstrated electrical conductivity values of 3.52× 

10-6 S/m and 6.48 × 10-7 S/m at a frequency of 100 Hz, respectively. These results suggested that 

the addition of BST particles in the presence of CuNW has increased the electrical conductivity of 

the epoxy composite, as shown in Fig.5.4 (c). Similar observations were reported in the literature 

for other particulate systems [3,133,302]. However, it was observed from Fig. 5.4 (d) that the 

Cu10BST5 sample exhibited higher electrical conductivity than the Cu10 sample and an electrical 

conductivity value of 1.4×10-7 S/m. The remaining composites containing hybrid particles (i.e., 

BST@CuNW) exhibited frequency-dependent electrical conductivity values, as seen in Fig.5.4(b). 

These results suggested that the composites demonstrated non-percolated behavior. This can 

attribute to the presence of BST decorations on CuNW in the hybrids reducing the interactions 
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between CuNW, which breaks the percolated network of CuNW in the composite. The results can 

also further suggest that the hybrid microstructure of BST@CuNW nanoparticles is preserved in 

the epoxy composites. 

 

Fig.5. 4. The electrical conductivity values of (a) CuNW-BST-epoxy non-hybrid composite, (b) 

BST@CuNW hybrid composites as a function of frequency, and (c) CuNW-BST-epoxy non-

hybrid composite, (d) BST@CuNW hybrid composites as a function of filler loading 

5.1.2.5 EMI shielding effectiveness of epoxy composites. 

To further investigate the EMI shielding effectiveness of the epoxy composites containing CuNW 

and/or BST particles and BST@CuNW hybrid structures in the X-band frequency range of 8-12.4 

GHz was determined, and the results are shown in Fig.5.5. The epoxy matrix's electrical insulating 

and nonmagnetic properties make it transparent to EM waves, resulting in the pristine epoxy 
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sample demonstrating a very low SET value of 1.5 dB. On the other hand, the Cu10 sample 

containing only 10wt% CuNW increases the SET value 5 times compared to pristine epoxy. In 

contrast, the BST15 sample, which contains only 15wt% of BST particles, exhibits an albeit 

increase in SET value to 2 dB.  

It can be observed from the results that the addition of CuNW is more effective in increasing the 

shielding performance as compared to BST nanoparticles. The composites containing both these 

particles, i.e., CuNW and BST, higher SET values as compared to composites containing only 

CuNW or BST, were observed. Specifically, the Cu10BST4 and Cu10BST8 samples exhibited 

SET values of 10.1 dB and 12.3 dB, respectively, which is higher than the SET value of the Cu10 

sample containing only 10 wt% CuNW in the X-band frequency range. This further suggests that 

the direct addition of BST nanoparticles in the presence of CuNW in epoxy composites enhances 

the EMI shielding performance of the composites. However, it should be recalled here that SET 

value of Cu10BST15NH mixed directly was found to be 16.9 dB which is higher than the sum of 

SET values of Cu10 and BST 15 samples in the X band frequency range. 

On the other hand, composites containing BST@CuNW hybrid nanoparticles, the sample 

Cu10BST15H, which contained a hybrid nanoparticle BST: CuNW having the weight ratio of 3:2, 

exhibited the highest SET values, with a maximum of 21.2 dB in the X band frequency range. 

However, it should be recalled here that the EMI shielding effectiveness of composite having 10 

wt% CuNW and 15wt% BST mixed directly was found to be 16.9 dB in the X-band frequency 

range, which is lower than the hybrid sample. This suggests that the hybrid nanoparticles 

containing equivalent loading of fillers are better than the direct mixing of fillers for enhancing 

EMI shielding effectiveness in composites. The increased EMI shielding in composites containing 

hybrid nanoparticles can be attributed to the combined effects of multiple interfacial polarization 
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coupled with the conduction losses arising due to the presence of BST nanoparticles. It can be seen 

from Fig. 5.5 (c),(d) that BST nanoparticles are strongly anchored to the CuNW surfaces. This 

anchoring of BST on the CuNW surface enhances the dielectric losses due to interfacial 

polarization effects between the BST nanoparticles and CuNW.  

It could be observed that the Cu10BST5H and Cu10BST10H hybrid samples exhibited lower SET 

values as compared to Cu10BST15H. These results further suggest that the BST filler content 

influences its EMI shielding capability in the hybrid composites. This can be attributed to lower 

interfacial polarization losses in Cu10BST2H and Cu10BST5H samples due to the less BST filler 

content in the hybrid sample as compared to Cu10BST15H. However, with the higher BST filler 

contents in the hybrid sample, there may be an agglomeration of nanoparticles which could impact 

proper filler dispersion and shielding performance. This further suggests that there is an optimum 

loading of BST nanoparticles on the CuNW, which is beneficial for increasing the EMI shielding 

performance. Similar observations were made for other hybrid systems [90,96,320,321]. 

 

Fig.5. 5. SET values of (a) CuNW-BSTnon-hybrid epoxy composite and (b) BST@CuNW hybrid 

epoxy composites as a function of frequency 
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5.1.2.6 Complex permeability and permittivity of epoxy composites 

To investigate the energy storage capability and loss ability of the EMI shielding materials, the 

complex permittivity (i.e., ε = ε′- jε″) was calculated using the NRW method from scattering 

parameters (S11 and S21) recorded from VNA. The variation of complex permittivity (ε′ and ε″) 

with a frequency range over 8–12.4 GHz frequency range is depicted in Fig. 5.6. The ε' value of 

the pristine epoxy sample exhibited is 3.2, which is the lowest value compared to all other 

composites. This suggested that the epoxy exhibited a small dipole and low polarizability to the 

incident EM wave. The Cu10 and BST15 samples demonstrated a value of 4.1 and 8, respectively. 

This suggested that the BST exhibits dielectric loss, mainly depending on interfacial polarization 

to absorb the EM waves. Furthermore, it can observe that the ε' values were increased with the 

addition of BST fillers to the epoxy composite containing CuNW. The Cu10BST15 composite 

demonstrated the highest ε' value of 15.5 compared to all other composites. It can be seen that the 

ε' values for the Cu10BST15 composite are larger than other samples. It can be suggested that the 

composites exhibited a remarkable interface polarization. The difference in complex permittivity 

between BST, CuNW, and Epoxy could generate interface scattering, leading to increased 

shielding effectiveness of nanocomposites. Furthermore, The BST can form a dielectric network 

for dispersing charges and can improve the dielectric loss. The CuNW with a large high aspect 

ratio can form a complete conductive network for dispersing charges, improving the conduction 

loss. Furthermore, the existence of multiple reflections can enhance the microwave absorption 

ability of the composites. The addition of BST to epoxy composites containing CuNW could also 

be used as multiple polarization centers that enhance the electronic polarization of the 

nanocomposites. Thus, strong attenuation of the EM wave in the composite can be achievable. The 

10 wt% of CuNW in composites was enough to blend with BST, which suggests that more CuNW 
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in nanocomposites could result in an agglomeration of CuNW, which impacts the proper 

dispersion of filler content and shielding performance of nanocomposite. Similar behavior was 

observed for ε″ values over the X- band frequency range of 8-12.4 GHz. A good EMI shielding 

material should have a dielectric loss and should be as high as possible. It can imply that the 

addition of BST combined with CuNW enhances the dielectric loss, which plays an essential role 

in the absorption of EM waves. The effective complementarities between these two losses, i.e., 

conduction loss and dielectric loss, would encourage the incoming of incident EM waves into the 

shielding materials. The results further suggested that the synergetic effect between CuNW and 

BST could also enhance EM waves' attenuation. The synergetic effect between CuNW and BST 

could govern the complex permittivity, which is beneficial for the impedance match. This 

suggested that epoxy nanocomposite containing CuNW, and BST formed an electric dipole, which 

enhanced the dielectric polarization of the composite. It can benefit to enhance the absorption loss 

in composites, thus promoting the EMI shielding materials' performance. Furthermore, the 

polarization and their related relaxation processes at the heterogeneous junctions of BST and 

CuNW and epoxy matrix can enhance the EMI shielding material's performance. The causes for 

dielectric loss are mainly due to interfacial polarization occurring between BST and CuNW in the 

epoxy matrix. In addition, the presence of CuNW in the epoxy matrix can create an electric dipole, 

which further enhances the dielectric loss. This further suggests an optimum loading of BST on 

the CuNW sheets, which is beneficial for increasing the EMI shielding performance. This further 

suggests the relatively enhanced absorptive nature of the composite containing BST and CuNW. 

This may be attributed to increasing wave absorption due to the synergetic behavior between BST 

and CuNW nanoparticles. Similar observations were made for composites containing BST, where 
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a remarkable increase in attenuating capability was observed over a physically mixed composite 

containing these particles.  

 

Fig.5.6. The plot of (a) ɛ′ and (b) ε″ values of hybrid composites (c) ɛ′ and (d) ε″ values of non-

hybrid composites as a function of frequency 

5.1.2.7 Reflection and Absorption losses of epoxy composites 

The absorption, transmission, and reflection power ratios of the epoxy composites were 

determined in order to characterize the microwave interaction behavior of the epoxy composites, 

as shown in Fig.5.7. The contributions resulting from several internal reflections were eliminated 

from this study since they cannot be quantified separately. Firstly, the epoxy (PE) sample absorbed 
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4% and reflected 6% of the microwave power across the X-band, as shown in Fig.5.7. The Cu10 

sample has demonstrated 7.6 times rise in absorbed power and 6 times rise in reflected power with 

the addition of 10wt% CuNW to epoxy sample. The improvement in reflected power may be 

attributed to a rise in the sample's electrical conductivity, while the increase in absorbed power can 

be attributed to interfacial polarisation effects. In contrast, adding merely 15% BST to epoxy had 

increased absorption power by 5.3 and reflected power by 1.5 times as compared to an epoxy 

sample. This result indicated that the composite had a minimal dielectric loss and had no significant 

influence on microwave absorption or reflection. Furthermore, the incorporation of BST to Cu10 

(i.e., non-hybrid composites) alters both the reflected and absorbed power of the composites. The 

reflected power of the Cu10BST5NH and Cu10BST10NH samples was reduced with the addition 

of 5wt% and 10wt% BST together with 10 wt% CuNW in an epoxy, decreasing the reflection 

power by 11% and 7%, respectively, as compared to the composite having similar loading of 

CuNW alone. In contrast, the reflected and absorbed power of the Cu10BST15NH composite has 

increased by 3% and 52% greater than the Cu10 sample. However, non-hybrid composites 

demonstrated 53% rise in the microwave absorption characteristics of these samples when 

compared to a composite containing only CuNW. This also implies that BST particles can help 

improve microwave absorption in composites in the X-band. It is worth noting that the lower 

transmission from non-hybrid composites compared to the Cu10 sample is due to enhanced 

reflection rather than absorption of microwave power, as seen in Fig 5.7 (c). It is also worth noting 

that the reflection power of non-hybrid composites is greater than that of hybrid composites. The 

improvement in reflected power in the non-hybrid can be attributed to an increase in the composite 

electrical conductivity of the non-hybrid composites. These findings imply that in the presence of 

BST, efficient CuNW networks develop, resulting in increased electrical conduction networks and, 
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ultimately, increased electrical conductivity in the composites. Similar results were obtained for 

additional filler systems in which the incorporation of electrically inert particles increased the 

electrical conductivity of the conductive polymer composites. In comparison to non-hybrid 

composites, composites containing BST@CuNW hybrid fillers had considerably reduced reflected 

power, significantly greater absorbed power, and substantially lower transmitted power in the X-

band. The hybrid composite Cu10BST15H, which comprised the same quantity of BST and CuNW 

nanoparticles as the non-hybrid composite Cu10BST15NH, displayed 33% greater absorption and 

35% and 62.5% reduced microwave power reflection and transmittance, respectively. These 

findings suggest that hybrid structures provide benefits over physically mixed filler systems in 

terms of microwave absorption in the X-band. The enhanced microwave absorption in hybrid 

composites might be attributed to greater interfacial polarization effects and the existence of 

numerous reflections and dielectric loss inside the composite material. Furthermore, Multiple 

reflections across boundaries can greatly increase the microwave travel path in the composite, 

increasing its propensity to re-absorption by the BST@CuNW particles via conduction and 

dielectric loss mechanisms. 
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Fig.5.7. The plots of (a) reflected, (b) transmitted, and (c) absorbed power of epoxy composites 

containing CuNW and BST particles 

5.1.3 Conclusion  

Copper nanowires (CuNW) are a prominent class of materials with unique properties, such as one-

dimensional structure with a high aspect ratio and electrical and thermal conductivity with a cost 

advantage over other conductive fillers, making them attractive choices as fillers for a wider range 

of applications. In this work, the microwave absorption characteristics of epoxy composites 

containing CuNW and/or BST (non-hybrids) and BST@CuNW hybrid structures have been 

reported. This work clearly explains the advantage of hybrid structure composites containing a 
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unique combination of conductive filler along with dielectric filler over direct mix composites. 

Thus, the performance of epoxy composites containing CuNW and/or BST (non-hybrids) and 

BST@CuNW hybrid structures has been reported. Firstly, the hybrid nanoparticles were 

synthesized using a facile co-precipitation technique. The XRD data confirms the presence of BST 

and CuNW particles in the sample. The SEM data collected on the hybrid particles demonstrate 

good dispersion of BST particles on the CuNW. Based on the XRD, XPS, and SEM results, it was 

deduced that BST particles are anchored on the surface of CuNW. A series of epoxy composites 

containing CuNW and/or BST were prepared and characterized for electrical, EMI shielding, and 

microwave absorption properties. The non-hybrid composites demonstrated frequency-

independent electrical conductivity, which confirms the formation of percolated network structure 

in the composite. However, the hybrid nanoparticles filled epoxy composites did not exhibit a 

percolated electrical network even though the CuNW content in them was 10 wt% which was much 

higher than the percolation threshold for the CuNW-epoxy system. The hybrid composites 

exhibited superior absorption and lower transmission and reflection power of microwaves when 

compared to non-hybrid composites. The addition of BST to epoxy composites containing CuNW 

has improved the dielectric loss of the composites. The hybrid composites demonstrated higher 

dielectric loss as compared to non-hybrid composites. Overall, the nanocomposites containing 

BST@CuNW hybrids exhibited enhanced EMI shielding performance when compared to samples 

containing equivalent loading of only CuNW and/or BST. The 1 mm thick composite sample 

containing 10:15 (wt/wt) CuNW: BST hybrid attenuated 99.2 % of incident wave power and 

exhibited an EMI shielding effectiveness value of 21.2 dB in the X-band. Thus, these composites 

with high absorption properties will be promising materials for futuristic microwave shielding 

material.  
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6  Influence of Fe3O4@BST@Cunw Hybrid Nanoparticles on EMI 

Shielding Properties Of Epoxy Nanocomposites  

6.1 Introduction 

Electromagnetic interference (EMI) among business electronics and telecommunication devices is 

generated when the device is under signal interference from unwanted sources when these devices 

operate at higher frequency ranges which is a significant side-effect developed due to the rapid 

development in electronics and communication sectors [141]. EMI shielding at higher frequencies 

remains a critical concern to maintain the uninterrupted performance of electronic devices and 

avoid any negative impacts on human health [3,309]. To address this issue, lightweight EMI 

shielding materials are required to protect electronic devices from EM waves [7,322].  

The primary mechanisms observed in the EMI shielding materials are reflection and absorption 

[12]. The reflection mechanism is predominant in metal-based EMI shielding materials, while the 

absorption is dominated in polymer-based EMI shielding materials [3,8,114,133,141,190,216, 

285,340–345]. These polymer composites can absorb or convert the energy of EM waves into heat 

or other types of energy, limiting the reflection and transmission of EM waves. Polymer 

composites with absorption-dominated shielding mechanisms have an advantage over metal-based 

EMI shielding materials. Furthermore, Polymer composites are a type of material that may have 

their properties tailored by incorporating nanoparticles. In addition, polymer composites provide 

desirable properties, such as light-weight, ease of processing, and low manufacturing cost, which 

are mainly required in the application of EMI shielding materials [16,321,329,330]. Due to these 

advantages, polymer composites have been employed in the use of EMI shielding materials.  

The ferrites-filled composites utilize for EMI shielding applications, but low absorption 

bandwidth, high density, and processing difficulty limit their usage as EMI shielding material 

[256,257]. Furthermore, conductive polymer composites (CPC), which are generally filled with 
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carbon nanoparticles, offer wide bandwidth absorption and are an excellent replacement for ferrite-

filled systems as EMI shielding materials. However, while polymer composites offer benefits, they 

also have certain challenges, such as low dielectric permittivity or magnetic permeability at 

gigahertz frequencies, manufacturing difficulties, heavy-weight, and narrow-band absorption 

[34,131,271,331–337]. In addition, these materials primarily suffer from difficulties such as 

inferior electromechanical properties and irreproducibility due to agglomeration, phase separation, 

and poor dispersion effects associated with these fillers, which results in the deterioration of the 

shielding efficiency [257]. 

In order to overcome these challenges, hybrid nanostructures have been developed with a 

combination of dielectrics and magnetic and/or conductive nanomaterials. Furthermore, hybrids 

are a unique class of nano-structural systems that exhibit superior electric as well as magnetic 

characteristics (i.e., dielectric and magnetic losses), which play an important role in increasing the 

absorption capacity of EMI shielding materials [131,136,338–340].  This is primarily attributed to 

their unique synthetic nanostructures, which allow them to accomplish significant absorption of 

EM waves that can surpass the same synthetic nanomaterials [10]. The dielectric and magnetic 

losses in the EMI shielding materials can be controlled by creating a united array of hybrid 

structures.   Furthermore, dielectric, magnetic, and conductive losses in the EMI shielding 

materials can be generated in the polymer matrix by adding suitable particles with a high dielectric 

permittivity such as BaTiO3, ZnO, SiO2, MnO2, and TiO2, magnetic permeability such as ferrites 

and hexaferrite and/or electrical conductivity such as carbon-based materials or metal-based fillers 

and/or conductive polymers [88,99,295,341–345,105–107,112,171,260,264,274]. Furthermore, 

the addition of particles in the form of nanostructures, either combined or alone, exhibits the 

dielectric loss, magnetic loss, and/or conductive loss-dominated shielding mechanism, 
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respectively [40,79,99,216,325,338,346]. Furthermore, hybrid nanostructures can limit the 

reflection of incident EM waves by reducing the impedance mismatch, hence enhancing shielding 

performance [10]. In spite of immense potential, very few studies reported on hybrid 

nanostructures in EMI shielding applications. This has piqued the interest of researchers in 

conducting research on hybrid structures applied in EMI shielding applications. Driven by this 

motivation, the hybrid nanostructure was prepared with conductive particles (i.e., CuNW), 

magnetic particles (i.e., Fe3O4), and dielectric particles (i.e., BST) and employed in the EMI 

shielding application. Moreover, CuNW is appealing because of its unique structure, cost-

effectiveness, high aspect ratio, outstanding thermal conductivity, and electrical conductivity 

equivalent to silver [141]. Thus, CuNW-filled composites have been addressed as a potential 

routine for producing EMI shielding materials. In spite of this potential, very few studies have 

been conducted to study the EMI shielding characteristics of polymers containing CuNW in the 

X-band. This might be related to the lower performance of composites containing CuNW when 

compared to composites containing nano carbons [49,141]. Thus, there is a need to increase the 

EMI shielding performance of CuNW-filled composites to enable their broad use, which motivates 

the current work.  

Driven by this motivation, the CuNW-based hybrid nanostructure was developed along with 

magnetic and dielectric fillers such as Fe3O4 and BST to generate the magnetic losses and dielectric 

losses, respectively, in the epoxy matrix. The hybrid structure of Fe3O4@BST@CuNW unique 

characteristics of these materials have drawn the attention of both industrial and scientific 

institutions. It should be noted here that a good EMI shielding material should possess reasonable 

electrical conductivity, magnetic loss, and dielectric loss to mitigate the EM wave propagation 

through the material. Thus, the development of nanocomposites with Fe3O4@BST@CuNW has 
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been proposed as a promising approach to making EMI shielding materials. Firstly, this work 

reported a facile synthesis of Fe3O4@BST@CuNW hybrid particles through the coprecipitation 

method. The morphological properties of the CuNW, Fe3O4, and hybrid nanoparticles were 

obtained using scanning electron microscopy. X-ray diffraction analysis revealed the 

crystallographic phases present in the synthesized Fe3O4@BST@CuNW hybrid particles. A set of 

epoxy composites containing different ratios of Fe3O4@BST@CuNW hybrids, CuNW, BST, and 

Fe3O4 nanoparticles were prepared, and their electrical conductivity and microstructure were 

discussed. The EMI shielding effectiveness of the nanocomposites is also compared over the X-

band frequency range of 8–12.4 GHz.  

6.2 Materials and methods 

6.2.1 Materials 

Tetraisopropyl orthotitanate (AR) was purchased from Sigma Aldrich (Karnataka, India). Copper 

chloride dihydrate (AR), strontium nitrate (AR), dextrose extra pure (AR), oleic acid (AR), barium 

nitrate (AR), and oleyl amine (AR) were purchased from Merck (Maharashtra, India). Ammonia 

solution (AR) was procured from Glaxo Laboratories (Mumbai, Maharashtra). Liquid Epoxy Resin 

Araldite® CY230 and hardener Aradur® HY-951 were purchased from Huntsman (Maharashtra, 

India). 

6.2.2 Synthesis of Fe3O4 @BST @CuNW hybrid, CuNW, and BST nanoparticles 

Firstly, the last study reports a detailed description of the preparation of the BST@CuNW hybrid 

nanostructure particles through the facile coprecipitation process. An aqueous iron salt solution 

was prepared by mixing FeCl3 and FeCl2.4H2O in the stoichiometric ratio. The molar ratio of 

Fe2+:Fe3+ of 1:1.5 was maintained as per the literature [281,282]. The solution was stirred for 15 

minutes to obtain a homogeneous mixture of iron salts. After that measured quantity of 

BST@CuNW was added to the salt solution. The preparation of BST@CuNW followed a similar 
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protocol described in the previous chapter. Subsequently, the solution was stirred for 45 minutes 

with a magnetic stirrer at room temperature. Afterward, the ammonia solution (30 wt.%) was added 

at a 1 mL/min rate to the solution. Subsequently, the final solution was stirred for 30 minutes to 

complete the precipitation process at room temperature. The solution was centrifuged at 10000 

rpm then the precipitate was separated from the solution. The residue was washed several times 

with water and dried. The obtained Fe3O4@BST@CuNW hybrid was used for the preparation of 

nanocomposites. Subsequently, the final product was separated using a centrifuge (CPR 24, REMI 

Compufuge, India) operated at 10000 RPM for 10 minutes to obtain the sediment. Then the residue 

was washed several times with hexane and stored under the hexane prior to using it for composite 

preparation.  

6.2.3 Preparation of epoxy nanocomposites 

The nanocomposites were produced by mixing the required quantity of fillers, comprising 

Fe3O4@BST @CuNW hybrid nanostructure particle, CuNW and/or BST particles, in the epoxy 

resin for 12 minutes with an ARE-250 Mixer (Thinky, USA) [133,141]. Subsequently, the epoxy 

mixture was processed in an ultrasonic processor (Sonics, USA) operated at 500 W for 5 minutes 

in order to facilitate uniform dispersion of the fillers in the epoxy matrix. Afterward, the requisite 

quantity of curing agent was added, and the epoxy mixture was even further mixed in the ARE-

250 Mixer for 3 minutes to ensure proper mixing of the curing agent. The epoxy mixture was then 

degassed in the degassing chamber before being cast in a glass mold and cured at room temperature 

for 12 hours. The thickness of the nanocomposite was measured to be 1 mm and was also set by 

the mold’s dimensions. Table 6.1 illustrates the composition of the composites utilized in this 

study. 
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Table 6. 1. The composition of the composites used in this study. 

Filler Sample Code CuNW (wt%) Fe3O4 (wt%) BST (wt%) 

Pristine epoxy PE 0 0 0 

BST particles BST8 0 0 8 

CuNW Cu10 10 0 0 

Fe3O4@BST@CuNW 

hybrid 

Cu10F4BST2H 10 4 2 

 Cu10 F4BST4H 10 4 4 

 Cu10 F4BST8H 10 4 8 

 Cu10 BST2H 10 0 2 

6.2.4 Characterization 

The XRD patterns of Fe3O4@BST@CuNW hybrid nanostructure particles were collected using an 

X-ray diffractometer (Rigaku Miniflex, USA). The diffractograms were recorded using the Cu- 

Kα radiation source of wavelength (λ) = 1.54 Å at a scan rate of 2 °/min over a 2θ angle range of 

20° to 80°. The microstructure of Fe3O4@BST@CuNW hybrid nanostructure particle and cross-

section images of freeze fractured composite were observed using a scanning electron microscope 

FEI-APREO (Thermo Fisher, USA). The electrical resistivity was measured using a Keysight 

E4990A impedance analyzer in a frequency range of 25 Hz to 25 MHz. The test specimens used 

for resistivity measurements were of the size of 10 mm× 10 mm× 1 mm. The electrical conductivity 

was calculated from the resistivity value of the composite. The EMI shielding effectiveness of the 

nanocomposite was measured using a 2-port vector network analyzer N5230C PNA-L (Keysight 

Technologies, India). The vector network analyzer setup contains a coaxial to-waveguide adapter 

coupled to an X-band waveguide (i.e., WR-90), and a full 2-port calibration was performed before 

each measurement. The composite's dimension of 22.86 mm×10.16 mm was used to fit into the 

cavity of the sample holder, and 5 samples were measured for each composite. Then sample holder 
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was placed in between the two waveguides, and the scattering parameters (S11 or S22 and S21 or 

S12) were measured at various frequencies over the X-band frequency range of 8 –12.4 GHz. The 

power coefficients, absorption coefficient (A), reflection coefficient (R), and transmission 

coefficient (T) were calculated by the equations of A=1-R-T where R=|S11
|2 and T=|S21

|2, 

respectively. The real and imaginary part of the complex permittivity (ε* = ε′ − iε′′) was determined 

from the obtained S-parameters by using the Nicholson–Ross–Weir (NRW) method [70,347–349] 

6.3 Results and discussion 

6.3.1.1 XRD characterization of Fe3O4@BST@CuNW hybrid, CuNW, BST, and Fe3O4 

particles 

To identify the crystallographic phases present in the Fe3O4@BST@CuNW hybrid, X-ray powder 

diffraction (XRD) was performed on particles, and data were shown in Fig.6.1. It can be observed 

that the XRD diffractograms were indexing different phases of Fe3O4, BST, and CuNW powder 

with respect to 2θ angles. It can be observed from Fig.6.1 that the XRD patterns of the powder 

sample are well-matched with standard peaks of Fe3O4, BST, and CuNW as per JCPDS #75−0033, 

JCPDS #34-0411, and JCPDS #03–1018, respectively. Furthermore, the peaks corresponding to 

the 2θ value of 43.3 ° and 50.5 ° in the XRD patterns of hybrid structures were well matched with 

the standard peaks of CuNW, and the other peak corresponding to 2θ of the value of 32.17° 

matched with the standard peaks of BST and remaining peaks were matched with the standard 

peaks of Fe3O4 particles. The results suggested the presence of Fe3O4, BST, and CuNW particles 

in the synthesized powder sample [312]. Importantly, no additional peaks are observed in the XRD 

data, indicating the absence of any impurities and the formation of pure Fe3O4@BST@CuNW. 

Moreover, it can be observed that the XRD data of the powder sample were quite broad, which 

suggests the formation of fine particles. It was similar to previously published literature 

[234,235,280–286]. Additionally, the average crystallite size of Fe3O4 nanoparticles present in the 
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Fe3O4@BST@CuNW hybrid structures corresponding to the 2θ value of 36.56 ° was calculated 

as 8.876 nm [301]. This indicates that the Fe3O4 particles present in hybrid structures have a 

nanocrystalline microstructure. 

 

Fig.6. 1. XRD diffractograms of Fe3O4@BST@CuNW, CuNW, Fe3O4, and BST with their 

respective JCPDS curves 

6.3.1.2 SEM characterization of Fe3O4@BST@CuNW hybrid, CuNW, BST, and Fe3O4 

particles 

To investigate the microstructure of Fe3O4@BST@CuNW hybrid structures, BST and Fe3O4 

particles scanning electron microscopy (SEM) was performed, and the results are shown in Fig.6.2. 
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Furthermore, Fig.6.2 depicts the microstructure of the BST nanoparticles. It can be noticed that 

the synthesized BST nanoparticles formed sphere-like morphology with a rough surface. The 

average particle size of BST particles was calculated, and the average particle diameter of 68.63 

nm. The unique shape of BST is generated during the calcining process. The results suggest that 

the BST particles synthesized by the present method are believed to have good sintering activity 

owing to their sub-micron particle size and nano-powder surface area. Similar results were also 

reported in the literature [312,313]. It can be observed from Fig.6.2(a) that the synthesized Fe3O4 

particles formed spherical-shaped particles with an average particle diameter of 23 nm. Similar 

results were also reported in the literature [39],[40]. A previously published study reports a detailed 

description of the morphological properties of CuNW [280]. It can be observed that CuNW 

exhibited smooth surfaces with wire-like morphology [280]. 

Furthermore, Fig.6.2 depicts the microstructure of the Fe3O4@BST@CuNW hybrid structures. In 

contrast to smooth surface CuNW, the hybrids demonstrated that the surface of copper nanowires 

was covered with BST and Fe3O4 nanoparticles, and the results are shown in Fig.6.2(b). In 

addition, the presence of Cu, Fe, and O elements in Fe3O4@CuNW hybrid structures was 

confirmed with the energy dispersive X-ray analysis (EDX), as shown in Fig.6.2(d). It is also 

suggested that the BST and Fe3O4 nanoparticles were anchored onto the surface of CuNW in the 

hybrid sample, as shown in Fig.6.2(b). SEM was performed on the cross-section of freeze-

fractured composite to investigate further the stability of the hybrid microstructure in the 

composites, and the result was shown in Fig.6.2(d). It was evident from Fig.6.2(d) that the hybrid 

structure was retained even after processing in the composites. This is attributed to the BST and 

Fe3O4 nanoparticles being firmly anchored to CuNW surfaces. 
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Fig.6. 2. The SEM images of Fe3O4@BST@CuNW hybrid nanostructures at a magnification of 

(a)50000 and (b) 100000, (c) element mapping of Fe3O4@BST@CuNW hybrid nanostructures, 

and (d) EDX image of Fe3O4@BST@CuNW hybrid nanostructures 

6.3.1.3 Electrical conductivity of epoxy composites 

In an effort to study the influence of the addition of CuNW, Fe3O4 nanoparticles, BST particles, 

and Fe3O4@BST@CuNW hybrid structures on the electrical conductivity of the nanocomposites, 

the electrical conductivity measurements were carried out on samples in the frequency range of 20 

Hz to 25 MHz as shown in Fig.6.3(a). The Cu10BST2 composite demonstrated the highest 

electrical conductivity values of 4.9×10−7 S/m at 25 Hz. The Cu10 composite demonstrated an 

electrical conductivity value of 5.9×10−8 S/m at 25 Hz. This suggests that the nanocomposite 

formed a percolated network at 10 wt% loadings and demonstrated frequency-independent 

electrical conductivity values from 25 Hz to 100Hz. Furthermore, it was observed that no 
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composites containing hybrid filler (i.e., Fe3O4@BST@CuNW) exhibited percolated behavior. 

This can be attributed to the presence of BST and Fe3O4 particle decoration in the hybrid structures, 

reducing the interactions between CuNW, which breaks the formation of a percolated network of 

CuNW in the composite [128]. It can also be further suggested from the results that the hybrid 

microstructure of Fe3O4@BST@CuNW nanoparticles is preserved in the epoxy composites. 

Similar observations were reported in the literature [3,8,133,141]. The electrical conductivity of 

the nanocomposites at a frequency of 25 Hz was used in the analysis. It can be observed from 

Fig.6.3(b) that the electrical conductivity of hybrid particles was decreased with the addition of 

BST filler loadings in the composite. This can be attributed to the decoration of Fe3O4@BST 

nanoparticles on CuNW, reducing its electrical conductivity. 

 

Fig.6. 3. The electrical conductivity values (a) as a function of frequency and (b) as a function of 

filler loading 

6.3.1.4 EMI shielding effectiveness of epoxy composites. 

The EMI shielding effectiveness of the epoxy composites containing CuNW, BST, Fe3O4, and 

Fe3O4@BST@CuNW hybrid structures over the X-band in the frequency range of 8-12.4 GHz 

was determined, and the results are shown in Fig.6.4. It can be observed from Fig.6.4(a) that the 

pristine epoxy sample was exhibited a very low total shielding effectiveness value (SET) of 1.7 
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dB. This is attributed to the electrically insulating and non-magnetic nature of the epoxy matrix, 

which renders it transparent to EM waves [3]. The addition of 4 wt% of Fe3O4 nanoparticles to 

epoxy marginally increased its SET value to 2.2 dB in the X-band frequency range. The addition 

of 8 wt% of BST to epoxy increased its SET value to 2 dB. In contrast, the addition of 10 wt% 

CuNW to the epoxy matrix increases the SET value 5 times more than pristine epoxy. These results 

suggest that CuNW is more effective in improving the EMI shielding performance as compared to 

BST and Fe3O4 nanoparticles. It can also be seen from Fig.6.4(a) that the epoxy composites 

containing these particles, i.e., CuNW and BST, and Fe3O4, exhibited higher EMI shielding 

effectiveness values when compared to composites containing only CuNW or BST, or Fe3O4. In 

this work, we reported that the direct addition of BST particles and Fe3O4 nanoparticles in the 

presence of CuNW in epoxy composites enhance the EMI shielding performance of the 

composites. 

In contrast, composites containing Fe3O4@BST@CuNW hybrid nanoparticles exhibit BST filler 

content-dependent EMI shielding effectiveness. In particular, the sample Cu10F4BST8H, which 

contained a hybrid nanoparticle having BST: Fe3O4: CuNW in the weight ratio of 8:4:10, exhibited 

the highest SET value of 36.5 dB in the X band frequency range. It should be noted here that the 

total filler loading in the hybrid composite sample Cu10F4BST8H was 22 wt%, which is 

equivalent to having 10 wt% CuNW and 4 wt% of Fe3O4 and 8wt% of BST in the composite. This 

suggests that the hybrid nanoparticles containing equivalent loading of fillers were better than 

when compared to composites containing only CuNW, BST, or Fe3O4 for enhancing EMI shielding 

effectiveness in composites. 

The increased EMI shielding in composites containing hybrid nanoparticles can be attributed to 

the combined effects of multiple interfacial polarization coupled with the magnetic losses arising 
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from the presence of BST particles and Fe3O4 nanoparticles [90,99,306,350–352]. It can be 

observed from SEM images that BST particles are firmly decorated on the CuNW surfaces, which 

enhances the dielectric losses due to interfacial polarization effects between the BST and CuNW. 

It can also be observed that Fe3O4 nanoparticles are firmly anchored to the BST@CuNW surfaces. 

This anchoring of Fe3O4 on the BST@CuNW surface enhances the magnetic losses due to the 

presence of Fe3O4 on BST@CuNW. It should be noted here that the hybrid samples 

Cu10F4BST2H and Cu10F4BST4H exhibited lower SET values as compared to Cu10F4BST8H. 

This further suggests that BST content in the hybrid influences its EMI shielding capability in the 

composites. This may be attributed to reduced interfacial polarization losses in Cu10F4BST2H 

samples due to the low BST content in the hybrids as compared to Cu10F4BST8H. However, with 

the higher loadings of BST contents in the hybrids, there may be an agglomeration of 

nanoparticles, impacting proper filler dispersion and shielding performance. This further suggests 

an optimum loading of BST on the CuNW, which is beneficial for increasing the EMI shielding 

performance. Furthermore, it can be observed from Fig.6.4(b) that the hybrid composites have 

exhibited lower SER values than epoxy composites containing 10 wt% CuNW. This further 

suggests the composites containing hybrid nanoparticle(s) demonstrated lower reflection loss than 

epoxy composites containing 10 wt% CuNW. In contrast, the composites demonstrated higher SEA 

values than those SER values. Furthermore, the hybrid samples demonstrated higher SEA values 

than those 10 wt% CuNW. This may be attributed to increasing EM wave absorption due to the 

unique hybrid structure. The results suggested that the composites exhibited an absorption-

dominant shielding mechanism. 
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Fig.6. 4. Plots of (a) SET, (b) SER, and (c) SEA of epoxy composites as a function of frequency 

6.3.1.5 Complex permeability and permittivity of epoxy composites 

To further investigate the dielectric and magnetic losses of epoxy composites, complex 

permittivity, and permeability were calculated using the NRW method in the X-band frequency 

range of 8-12.4 GHz. The complex permittivity values (i.e., ɛ′ and ε″) of hybrid composites were 

shown in Fig.6.5. It can be observed from Fig.6.5 (a and b) that ɛ′ values of the composites were 

increased with the addition of the BST filler loadings. It can be observed that the hybrid samples 

demonstrated a higher ɛ′ value than the epoxy composite containing 10 wt% of CuNW. Similar 

behavior was reported in the literature [3]. The pristine epoxy composite has demonstrated the ɛ′ 

value of 3.5. This is attributed to the insulative nature of the epoxy matrix. The Cu10F4BST8H 
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hybrid sample has demonstrated 5 times higher than the epoxy composite. In addition, ε″ values 

of the composites were increased with the addition of the BST filler loadings and demonstrated a 

similar trend with the frequency.  

The ε″ value of the pristine epoxy has demonstrated the lowest value of 0.1. The hybrid composites 

exhibited higher ε″ values as compared to the Cu10 sample. These ε″ values of the composites are 

attributed to the formation of interface polarization among CuNW, BST, Fe3O4, and epoxy, thereby 

increasing the dielectric losses of the composite. The results suggested that the hybrid composites 

exhibited higher dielectric losses as compared to the Cu10 sample. The hybrid structure in the 

composite could also help to improve the multiple polarizations at the interface of hybrid structures 

that enhance the dielectric loss of the hybrid composites. Thus, strong attenuation of the EM wave 

in the composite can be achievable  

 

Fig.6. 5. The (a) ε′ values and (b) ε″ values of the epoxy composites as a function of frequency 

Furthermore, the permeability (i.e., μ′ and μ″) of epoxy composites in the X-band frequency range 

of 8-12.4 GHz, as shown in Fig.6.6. It can be observed that the μ′ values of the epoxy composites 

were increased with the addition of filler loadings and demonstrated a similar trend with the 

frequency. Similar behavior was reported in the literature [3,133]. The µ′ and μ″ values of the 
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pristine epoxy sample exhibited are 0.52 and 0.5, respectively, which are the lowest values 

compared to all other composites. This suggested that the epoxy exhibited low magnetic loss to 

the incident EM wave. It was reported that the composites containing Fe3O4, the μ′ value of 1 and 

the μ″ value of 0.6, which indicates that Fe3O4 has a reasonable magnetic loss. Furthermore, the 

hybrid and hybrid composites demonstrated better values of μ′ as compared to an epoxy composite 

containing only Fe3O4 or CuNW. The results suggested that the hybrid structures helped in the 

enhancement of µ′ values for the composites. The Cu10F4BST8H sample exhibited higher μ′ 

values compared to all other epoxy composites. Furthermore, μ″ values of the hybrid samples 

exhibited higher than epoxy composites containing 10wt% of CuNW.  This suggested that hybrid 

composites formed a higher magnetic loss than 10wt% of CuNW composites. The Cu10F4BST8H 

sample exhibited higher μ″ values compared to all other epoxy composites. The hybrid composites 

exhibited more magnetic loss than 10wt% of CuNW composites in the X-band frequency range. It 

can imply that the formation of hybrid structures enhances magnetic loss, which plays an essential 

role in the absorption of EM waves. It can be observed from the results that the dielectric loss 

values of the nanocomposites are more than their magnetic loss values. Therefore, the main 

contributor to the shielding performance of the composites is a dielectric loss rather than a 

magnetic loss. 
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Fig.6. 6. The (a) μ′ values and (b) μ″ values of the epoxy composites as a function of frequency 

6.3.1.6 Reflection and Absorption losses of epoxy composites 

To evaluate the electromagnetic interaction behavior of the hybrid composites, the absorption, 

reflection, and transmission power ratios of the Fe3O4@BST@CuNW hybrid composites were 

calculated and shown in Fig.6.7. The contributions arising from multiple internal reflections were 

excluded from this study since they could not be measured independently. It can be observed from 

Fig.6.7 that the pristine epoxy (PE) reflected 6% and absorbed 4% of the incident EM power in 

the X-band. Furthermore, the addition of 10wt% CuNW ( i.e., Cu10) has increased reflected power 

by 7 times and absorbed power by 8.5 times when compared to the PE sample. The results 

suggested that the boost in absorbed power may be ascribed to interfacial polarisation effects, 

while the gain in reflected power can be ascribed to an improvement in the electrical conductivity 

of the composite. On the other hand, incorporating 8wt% of BST (i.e., BST8) into an epoxy 

boosted reflected power by 1.84 times and absorbed power by 3.2 times more than the PE sample. 

It indicates that the BST8 composite exhibited a low dielectric loss and no noticeable impact on 

the reflection or absorption of microwaves. In similar, the addition of 4wt% Fe3O4 (i.e., F4) to the 
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epoxy has increased the reflected power by 1.5 times and absorbed power by 3 times more than 

the PE sample.  

The reflection and absorbed power of hybrid epoxy composites were calculated and shown in 

Fig.6.7. The results suggested that the addition of BST to the epoxy composite containing 10wt% 

CuNW and 4wt% Fe3O4 modifies both the absorption and reflection of incident microwave power 

of the composites. In comparison to Cu10 composite, hybrid composites exhibited significantly 

greater absorbed power, noticeably lower reflected power, and transmitted power in the X-band. 

The hybrid composite Cu104FBST2H, which contains the same quantity of CuNW, displayed 2.31 

times greater absorption and 2.74 times and 5.08 times lower reflected and transmitted EM power, 

respectively. These results suggest that the addition of BST and Fe3O4 along with CuNW provides 

benefits over only the addition of CuNW in terms of absorption of EM power in the X-band. 

Similarly, the Cu10F4BST4H and Cu10F4BST8H composites demonstrated higher absorption and 

lower reflection and transmitted power as compared to the Cu10F4BST2H composite. This 

suggested that the addition of BST, along with 4wt% Fe3O4 and 10wt% CuNW, has improved the 

absorption, thereby reducing the reflected and transmitted power. The Cu10F4BST8H composite 

demonstrated higher absorption power of 82.6% and lower transmittance and reflected power of 

3.2% and 13.7%, respectively. The improved microwave absorbance in hybrid composites might 

be due to higher interfacial polarisation effects, as well as the presence of multiple reflections and 

dielectric loss within the composite. Moreover, multiple internal reflections across interfaces can 

significantly lengthen the microwave travel route in the composite, increasing its susceptibility to 

re-absorption by the Fe3O4@BST@CuNW hybrid particles through both conduction and dielectric 

loss mechanisms. 
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Fig.6. 7. The absorbed, reflected, and transmitted power of epoxy composites as a function of 

BST filler loading 

6.4 Conclusion 

The hybrid composites containing Fe3O4@BST@CuNW were prepared through a resin blending 

process which is a fast, highly reproducible, and production-friendly approach to preparing an 

epoxy composite. First of all, the facile synthesis process of hybrid nanostructures formed with 

conductive, dielectric, and magnetic filler (i.e., Fe3O4@BST@CuNW) through coprecipitation 

was clearly explained. The XRD patterns of Fe3O4@BST@CuNW particles confirm the presence 

of CuNW, BST, and Fe3O4 nanoparticles synthesized powder. SEM images obtained on the hybrid 

nanostructures demonstrate the anchoring of BST and Fe3O4 nanoparticles on the surface of 
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CuNW. A series of epoxy nanocomposites with different amounts of Fe3O4@BST@CuNW, 

CuNW, BST, or Fe3O4 nanoparticles were prepared and characterized for electrical conductivity, 

magnetic, dielectric, microwave absorption, and EMI shielding properties. The electrical 

conductivity data collected on the epoxy composites reveals that the epoxy composites containing 

hybrid structures did not exhibit a percolated behavior. The Cu10BST2D sample exhibited a higher 

electrical conductivity value of 6.8×10-7 s/m compared to all other epoxy composites. The hybrid 

epoxy samples have demonstrated higher dielectric loss when compared to the Cu10 sample 

having the same amount of CuNW filler loading. Similarly, the hybrid composites have exhibited 

higher magnetic loss as compared to the F4 sample having the same filler loading of Fe3O4. The 

epoxy composite containing Fe3O4@BST@CuNW hybrids exhibited greater SET values. The 

hybrid composites demonstrated higher EMI shielding performance when compared to samples 

containing equivalent loading of only CuNW, BST, or Fe3O4. Furthermore, the epoxy composites 

containing CuNW and Fe3O4 exhibited an absorption-dominated mechanism which was found 

responsible for the improvement in the EMI shielding effectiveness in these composites. The 

hybrid composites demonstrated superior absorption power and lower reflected and transmitted 

power. The 1-mm thick composite sample containing 4:8:10 (wt/wt) Fe3O4:BST: CuNW hybrid 

attenuated 99.92 % in that majority portion 80.6% of the incident microwave power was absorbed 

in the X-band. 
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7 Conclusions and Future work 

7.1 Conclusions 

The main goal of good EMI shield is to keep sensitive electronics from being affected by 

electromagnetic interference (EMI) or radio frequency interference (RFI). The choice of an EMI 

shielding material depends on several factors, including the frequency of the electromagnetic 

radiation, the size and shape of the electronic device, and the required level of shielding 

effectiveness. Traditionally, metals were used for EMI shielding but they are prone to corrosion, 

are bulky, and can only reflect the electromagnetic energy, which at best only partially mitigates 

the EMI issue. Polymer composites offers an attractive alternative to metals for use as EMI 

shielding owing to their lightweight and tailorable properties. In this work, the EMI shielding and 

microwave absorption performance of CuNWs based epoxy nanocomposites in the X-band 

frequency range, i.e., 8-12.4 GHz, was investigated. The addition of Fe3O4 or BST nanoparticles 

to CuNW-epoxy composites resulted in enhanced of the EMI shielding effectiveness. Furthermore, 

CuNW based hybrid nanoparticles were found to significantly enhance the shielding performance 

in the epoxy composites when compared to those containing equivalent loading non-hybrid 

nanoparticles. The outcomes from the research work presented in this thesis can be summarized 

as the following:  

• CuNWs were prepared through a facile one pot hydrothermal method and XRD and SEM 

characterizations were performed to confirm their synthesis. 

• A series of CuNW-filled epoxy composites containing different loadings of CuNWs were 

prepared and were characterized for their microstructure, electrical conductivity and EMI 

shielding effectivenss.  

• The percolation threshold in these composites was determined to be 10.8 wt% CuNW through 

the electrical conductivity measurements and fitting the data to the power law model.  
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• The 12 wt% CuNW containing epoxy composites demonstrated the highest EMI shielding 

effectiveness (i.e., SET) of 6.5dB which translated to 77.1% attenuation of the incident EM 

wave power. The loss due to absorption mechanism was determined to be 37% of the incident 

wave power in the composite. 

• The addition of magnetic (i.e., Fe3O4) or dielectric (i.e., BaSrTiO3) materials added along with 

CuNW successfully increased the microwave absorption and EMI shielding performance of 

hybrid epoxy composites.  

• A series of composites containing 12 wt% CuNW and varying weight percentages of Fe3O4 

were prepared and tested. The composite sample containing 12 wt% CuNW and 8 wt% Fe3O4 

demonstrated the highest SET value of 14.6 dB in the X-band frequency range among all the 

composites tested. 

• The SET value for a composite containing both particles was found to be significantly more 

than the composites containing equivalent loading of only either of these particles, which 

suggested a synergistic effect between these particles that enhances the EMI shielding 

performance in the composites. 

• To explore further on the observed synergy between conductive and magnetic nanoparticles, 

an epoxy composite containing an altogether different filler system, i.e., graphene 

nanoplatelets (GNP) and Barium hexaferrite (BaM), was prepared and characterized. 

• A set of epoxy composites were made using varying weight ratios of GNP:BaM and when 

tested for their EMI shielding performance revealed similar synergistic enhancement in SET as 

observed for the CuNW/Fe3O4 epoxy composites. 
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• An one-millimeter-thick composite sample containing 8 wt% BaM and 10 wt% GNP exhibited 

a SET value of 17.2 dB in the X-band frequency range, which equates to attenuation of 98.17% 

of incident wave power. 

• The hybrid particles (i.e., Fe3O4@CuNW) containing varying weight ratio of Fe3O4:CuNW 

were hydrothermally synthesized and characterized using XRD, SEM, and XPS.  

• The epoxy composites containing Fe3O4@CuNW were made and tested for their EMI shielding 

performance.. 

• An one-millimeter thick 12:8 (wt%:wt%) CuNW: Fe3O4 hybrid containing epoxy composite 

exhibited a SET value of 19.3 dB in the X-band, which translates to attenuation of 98.8% of 

the microwave power. When compared to the non-hybrid composite containing equivalent 

loadings of Fe3O4 and CuNW nanoparticles, these composites exhibited 60.8% higher 

absorption and approximately 68% lower microwave power transmittance.   

•  To understand the influence of dielectric filler on the SET values, epoxy composite filled with 

CuNW and/or BaSrTiO3(BST) and their hybrid, i.e., BST@CuNW, were prepared and tested. 

• The BST@CuNW hybrid composite exhibited superior EMI shielding performance when 

compared to samples containing equivalent loading of only CuNW and/or BST. 

• An one millimeter thick 10:15 (wt%:wt%) CuNW:BST hybrid containing composite sample 

attenuated 99.2 % of incident wave power and exhibited a SET value of 21.2 dB in the X-band. 

The composite demonstrated 40 % higher absorption and approximately 80% lower microwave 

power reflection as compared to the non-hybrid composite, which contained the same amount 

of BST and CuNW nanoparticles. 
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• To study the simultaeneous addition of both BST and Fe3O4 in CuNW/epoxy composites,  

Fe3O4@BST@CuNW hybrid particles were synthesized by a facile co-precipitation method 

and characterized with XRD and SEM  

• The SET values obtained on epoxy composites containing Fe3O4@BST@CuNW hybrid were 

significantly more than those containing equivalent loading of CuNW, BST, or Fe3O4.  

• An one-millimeter thick composite containing  4:8:10 (wt%:wt%:wt%) Fe3O4: BST: CuNW 

hybrid filler attenuated 99.91 % of incident wave power with absorption power of 80.2% in 

the X-band. 

• Based on the results obtained in this research, it is demonstrated that EMI shielding of CuNW-

epoxy composites can be significantly improved with the addition of CuNW-based hybrid 

nanostructures and an absorption-dominated attenuation mechanism exists in these 

composites. 
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7.2 Future work 

The present studies were focussed on epoxy composites containing CuNWs and their hybrids to 

determine their EMI shielding and microwave absorption capabilities in the X-band frequency 

range. It is evident from the research results obtained in this study that conductive particles 

modified with magnetic or dielectric particles could significantly enhance the EMI shielding 

properties of polymer composites containing such particles. Moreover, an absorption dominant 

shielding mechanism is observed in these composites. However, only a limited number of 

polymer-filler systems could be analysed in this study and there exists a definite scope for further 

research to better understand the influence of dielectric and/or magnetic nanoparticles on EMI 

shielding capabilities of polymer composites. The following summarizes a few pointers for further 

research in this direction:  

• Various types of potential conductive particles, such as nickel, silver, and MXenes, have 

significant potential to be employed as conductive fillers in alternative to CuNW for the EMI 

shielding applications. 

• There is a wide range of scope available when it comes to the preparation of hybrid materials. 

Even yet, there is a majority of work that may be accomplished in this field.  

• The hybrid structures can be developed with various combinations of magnetic materials such 

as ferrites, AFe2O4 where (A = divalent metal ions like Cu, Co, Mn, Ni, Zn) and hexaferrite, 

X2Y2Fe12O22 (where X=Ba, Sr, Mg, Pb, and Y= Cu, Co, Zn) and dielectric materials such as 

MoO3, BaTiO3, TiO2, SrTiO3, ZnO, ZnS, SnO2.  

• The combination of these materials has the potential to develop novel hybrid materials, which 

have the capability of being used in the production of materials that can absorb microwaves.  
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• For example, the EMI shielding performance and microwave absorbing properties of epoxy 

composites containing BST/ GNP and Fe3O4 /BST/GNP particles and their hybrids will be 

investigated.  

• Yet another, the development of foaming structures and multilayer structures, is considered 

one of the important aspects in the preparation of EMI shielding materials. These aspects can 

effectively block EM waves.  

• It is hypothesized that these structures improve the multiple internal reflections inside the 

material, which boosts shielding effectiveness. Therefore, applying these aspects in the 

preparation of  EMI shielding materials will establish a new pathway for the development of 

effective shielding materials.  

• Throughout the course of our research study, our studies majorly focused on X-band frequency. 

However, the S-band frequency range is used by many electronic devices that we use in our 

day-to-day lives, such as mobile phones, Wi-Fi routers, and other devices.  

• In addition, Ku-band is being utilized by satellites as well as other military applications. As a 

result, it is essential to design shielding materials that can limit the amount of signal 

interference in the S-band and Ku-band frequency ranges. 

• It is worth mentioning that the majority of EMI shielding materials are limited to the laboratory 

level. It is important to commercialize these products for real-time applications. 
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