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Abstract: The main purpose of electromagnetic interference (EMI) shielding coatings is the insulation
of sensitive devices and protect people from electromagnetic field exposure due to its effects on
the human body. This paper investigates the dielectric properties, and electromagnetic shielding
performances of graphite and carbon black (CB) filled epoxy matrix composites produced by the
mechanical mixing method. The sample compositions were created at rates ranging from 1 to 7 wt%.
Samples were analyzed by Vector Network Analyzer (VNA) using the coaxial method in the range
of 1–14 GHz, including L band, S band, C band, X band and partially Ku band. After determining
the scattering parameters with VNA, AC conductivity, absorption, reflection and total shielding
efficiency values were calculated. At high frequencies, almost all the samples showed higher AC
conductivity. CB-filled samples show higher AC conductivity than graphite-filled samples. The total
shielding efficiency (SET) of the graphite-added samples (19–21 dB) is slightly higher than the carbon
black-added samples (8–17 dB). Distinct filling ratios in graphite-added samples result in closer
shielding behavior in contrast to carbon black-added samples. However, higher shielding efficiency
is observed as the CB filler ratio increases. The shielding efficiencies of the samples with both types
of filling materials vary little depending on the frequency. Reflection is the main mechanism of the
shielding efficiency, which constitutes the majority of total efficiency for all types of samples.

Keywords: coating; electromagnetic interference shielding; composites; carbon black; graphite

1. Introduction

Electromagnetic interference (EMI) shielding has become an increasingly important
area of research due to the increase of electronic device usage in our daily lives. With the
rising demand for electronic and telecommunication devices [1], as well as the increasing
concern over EMI on human health and safety, the need for effective shielding materials
has become paramount [2]. Recent studies have determined the effects of electromagnetic
waves on the human body [3–6]. These negative effects can be avoided by isolating places
where people use sensitive electronic devices are located. For example, International
Commission on Non-Ionizing Radiation Protection (ICNIRP) provides guidelines and
recommendations for limiting human exposure to electromagnetic fields in the frequency
range of 0 Hz to 300 GHz. Their guidelines cover both occupational and public exposure
and are based on scientific research and expert consensus. International Electrotechnical
Commission (IEC) publishes standards related to the safety and effectiveness of electrical
and electronic devices, including limits on human exposure to electromagnetic radiation.
Institute of Electrical and Electronics Engineers (IEEE) has developed standards, such as
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IEEE C95.1, which provides guidelines for safety levels with respect to human exposure to
electric, magnetic and electromagnetic fields.

The 1–14 GHz frequency range is commonly referred to as the microwave frequency
range. It includes a range of electromagnetic waves with relatively high frequencies and
shorter wavelengths compared to radio waves and lower-frequency signals. This range
includes L-band (1–2 GHz), S-band (2–4 GHz), C-band (4–8 GHz), X-band (8–12 GHz) and
partial Ku-band (12–18 GHz). These bands are used for telecommunications (communi-
cation systems, microwave links, satellite communication, radar systems etc.), wireless
networks (Wi-Fi, Bluetooth, microwave-based wireless local area networks etc.), aerospace
and defense (aircraft navigation, weather monitoring, target detection, surveillance etc.),
medical imaging, scientific research (spectroscopy, radio astronomy etc.), industrial ap-
plications (microwave heating, drying, sterilization etc.) and automotive radar (collision
avoidance systems, adaptive cruise control etc.) [7].

When an electromagnetic wave penetrates a material, the wave can be transmitted,
absorbed, or reflected, depending on the properties of the material and the characteristics of
the wave. Transmission occurs when the wave passes through the material without being
attenuated. This can occur if the material has a low impedance and is of the same order of
magnitude as the wave impedance [8]. Absorption occurs when the energy of the wave is
dissipated within the material. This is typically due to the resistive losses of the material,
which convert the electromagnetic energy into heat. The amount of absorption depends
on the conductivity of the material and the frequency of the wave [9,10]. Reflection occurs
when the wave is reflected into the medium from which it originated. This can occur if
the shielding material has a high impedance and is not of the same order of magnitude
as the wave impedance. The reflection coefficient, which is a measure of the amount of
energy reflected, depends on the difference in impedance between the material and the
medium [11].

EMI shielding can be provided by using metallic products, such as copper, silver,
iron, nickel, etc., that have reflectiveness due to high electrical conductivity [12,13]. When
metals are used for these applications, some characteristics such as high density, poor
corrosion resistance and forming difficulty must be dealt with [14]. Among the various
materials being investigated for electromagnetic shielding, carbon-based materials, such
as graphite, carbon black, carbon fiber, carbon nanotube and graphene, have shown great
promise due to their high electrical conductivity, low density, easy processing and low
cost [15,16]. These materials can effectively absorb and dissipate electromagnetic radi-
ation, making them ideal candidates for use in electromagnetic shielding applications.
Herewith, a composite material in a polymer matrix with high shielding efficiency can
be produced [17]. Several polymers are used for polymer matrices, such as polyaniline,
polyurethane, ethylene methyl acrylate, epoxy, and polypropylene. Apart from these
types of materials, different alternative materials like multilayer nanocomposites [18,19],
wood-based composites [20,21], metalized carbon fabric [22] and carbonyl iron powder
dispersed thermoplastic polyurethane composites with metal mesh layer [23] are also being
investigated by other researchers. Whether the electromagnetic shielding is good or bad
does not the only thing determining the type of material to be selected. For the structure,
vehicle, or device to be shielded, its mechanical properties, conditions of use and cost are
other factors to consider.

The dielectric properties of a polymer composite are affected by the permittivity, con-
ductivity, and weight percentage of the filler added to the composite material. The effective
electromagnetic shielding of polymer composites greatly depends on the distribution of
individual carbon-based fillers within the polymer matrix. The electron percolation be-
tween the separated particles affects the electrical conductivity of the composites. In order
to achieve effective electromagnetic shielding, high content and good dispersion of carbon-
based materials are usually necessary. The addition of a significant amount of conductive
carbon-based fillers can have negative effects on the mechanical properties and processibil-
ity of the composites. This is due to severe agglomeration and poor filler–matrix bonding,



Appl. Sci. 2023, 13, 8893 3 of 13

which can result in worse conductivity and bad surface morphology [24]. Therefore, the
production method plays an important role as much as the material in electromagnetic
shielding [25]. There are several production methods used for EMI shielding polymer
composites. The selection of a particular method depends on factors such as the desired
composite properties, the type of polymer matrix, the type and distribution of the filler
material, available manufacturing capabilities and the required production scale. Examples
of these methods are solution mixing, melt mixing, mechanical mixing, electrospinning,
and in-situ polymerization.

Graphite provides electromagnetic shielding due to its conductive properties. It is
a well-known allotrope of carbon, and its 2D structure is composed of layers of carbon
atoms arranged in a hexagonal lattice. Each carbon atom forms three covalent bonds
with adjacent carbon atoms, creating a flat, honeycomb-like structure. The 2D structure of
graphite allows it to conduct electricity along its layers, making it an effective conductor of
electric current. In the manufacturing of polymer composites, the addition of graphite acts
as a beneficial enhancement, enhancing both mechanical and electrical properties. Polymer
matrix graphite-filled composites exhibit high electromagnetic shielding efficiency at high
frequencies due to the conductive nature of graphite. The high conductivity of graphite
enables it to create numerous conductive pathways within the composite material, thereby
facilitating the absorption and reflection of electromagnetic radiation [26]. Additionally,
the presence of epoxy in the composite material enhances its mechanical and thermal
stability, which makes it a suitable candidate for a wide range of applications in various
industries [27,28].

Carbon black is a form of finely divided carbon that is primarily composed of elemen-
tal carbon. It is produced through the incomplete combustion or thermal decomposition
of hydrocarbons, such as natural gas or petroleum products. Carbon black particles are
typically small and have a high surface area, which gives them unique properties like
reinforcement, conductivity, and pigmentation. As the carbon black content increases in
a composite material, the electromagnetic shielding efficiency generally increases. This
is because carbon black is a conductive material that can absorb and dissipate electro-
magnetic radiation [29]. The increase in carbon black content provides more conductive
pathways for the electromagnetic waves to be absorbed and dissipated, thus increasing
the shielding efficiency [30]. However, the relationship between carbon black content and
electromagnetic shielding efficiency may not always be linear. At higher carbon black
loadings, the shielding efficiency may begin to level off or even decrease due to factors such
as agglomeration, loss of dispersibility, or changes in the material’s physical properties. The
optimal carbon black loading for achieving maximum electromagnetic shielding efficiency
depends on various factors, such as the type of carbon black, the composite matrix, and the
operating frequency range [31].

In this study, the dielectric properties of epoxy matrix composites containing graphite
and carbon black were investigated, and their EMI shielding performances were determined
at low filler ratios. Different graphite and carbon black additive ratios with epoxy matrix
combinations have been tried and compared with each other. This type of composite can be
molded and produced in plate form. It can be applied as a low-cost solution with a suitable
adhesive to the walls of a fixed structure where shielding is needed.

2. Materials and Methods
2.1. Materials

Table 1 presents the compositions of the epoxy matrix samples, indicating the weight
percentages of CB and graphite used in the study. The range of filler concentrations varied
from 1 to 7 wt%, allowing for the investigation of their effects on the electromagnetic
shielding performance of the composite materials. Both CB and graphite are in powder
form, while the epoxy resin is in liquid resin form. CB’s average particle size is 10 µm, and
graphite’s average particle size is 30 µm.
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Table 1. Graphite and carbon black-filled sample compositions.

Graphite
Filled

Carbon Black
Filled Matrix Fillet Ratio

in Weight %

G1 CB1 1
G3 CB3 Epoxy 3
G5 CB5 5
G7 CB7 7

Epoxy is typically composed of two main components: a resin and a hardener. The
resin is a viscous liquid, and the hardener is a curing agent. When these two components
are mixed, a chemical reaction occurs, resulting in the curing of the epoxy. The resin and
hardener react to form cross-linked polymer chains, creating a strong and durable solid
material. It typically exhibits low shrinkage during curing, ensuring dimensional stability.

Cycloaliphatic amine is used as a curing agent for the epoxy. The resin-to-curing agent
ratio is 2:1.

2.2. Sample Preparation

For sample preparation mechanical mixing method is used because it’s simple and
doesn’t require expensive equipment. The process of producing polymer composites
typically involves mixing polymer powder or resin with filler, using mechanical mixing
equipment like a kneader. However, if the filler powder has a fine particle size or a higher
density than the polymer matrix, the powder particles may segregate. This situation makes
it difficult to uniformly disperse filler particles in the polymer matrix and ultimately leading
to a difference in the final product’s performance [32]. Since carbon black has fine particle
size, sample integrity could not be achieved in compositions above 7 wt% in the mechanical
mixing production method.

Curing agent cycloaliphatic amine was added to the epoxy resin and stirred first. Then
powder components were added and mechanically mixed for 15 min. The mixture was
poured into the mold at 2 mm thickness and left to cure at room temperature to form
crosslinks in the matrix. So, 50 × 60 mm plate-shaped specimens were formed.

Since the samples were of regular shape, size measurements were made with a mi-
crometer. After weighting, sample densities were calculated according to mass/volume, as
shown in Table 2.

Table 2. Sample densities.

Graphite
Filled

Density
g/cm3

Carbon Black
Filled

Density
g/cm3

G1 1.310 CB1 1.306
G3 1.341 CB3 1.318
G5 1.348 CB5 1.330
G7 1.373 CB7 1.342

In order to perform the measurement procedure with the coaxial method at the
vector network analyzer, a doughnut shape plate possessing an outer diameter of 7 mm
is preferred. We cut out a piece having a 3 mm diameter from the center of the plate, as
shown in Figure 1. Sample surfaces were sanded with emery paper to be smooth. The
sample thickness remained at 2 mm so that the samples’ sizes and shapes were adapted to
the coaxial probe.

2.3. Vector Network Analyzer

A Vector Network Analyzer (VNA) is a precision electronic instrument used to mea-
sure the electrical properties of microwave devices, components, and systems. The primary
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function of a VNA is to analyze the transmission and reflection characteristics of electrical
networks. It measures and displays the complex-valued scattering parameters.
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The coaxial method was used to determine the shielding efficiency. One significant
benefit of this technique is its comparability across different laboratories, as the results
obtained can be easily compared. Moreover, using a coaxial transmission line allows for
the resolution of the data into its reflected, absorbed, and transmitted components. The
measurements can be performed at specific frequencies by utilizing a modulated signal
generator, crystal detector, and tuned amplifier.

The measurements are carried out by measuring the scattering parameters S11, S12,
S21, and S22 (Figure 2) between 1–14 GHz according to the coaxial method, then dielectric
parameters, including both real (ε′) and imaginary parts (ε′′) were derived using the
Keysight N1500 software. Measurements were taken every 65 MHz at room temperature.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 5 of 13 
 

 
Figure 1. Specimen dimensions for co-axial method. 

2.3. Vector Network Analyzer 
A Vector Network Analyzer (VNA) is a precision electronic instrument used to meas-

ure the electrical properties of microwave devices, components, and systems. The primary 
function of a VNA is to analyze the transmission and reflection characteristics of electrical 
networks. It measures and displays the complex-valued scattering parameters.  

The coaxial method was used to determine the shielding efficiency. One significant 
benefit of this technique is its comparability across different laboratories, as the results 
obtained can be easily compared. Moreover, using a coaxial transmission line allows for 
the resolution of the data into its reflected, absorbed, and transmitted components. The 
measurements can be performed at specific frequencies by utilizing a modulated signal 
generator, crystal detector, and tuned amplifier.  

The measurements are carried out by measuring the scattering parameters S11, S12, 
S21, and S22 (Figure 2) between 1–14 GHz according to the coaxial method, then dielectric 
parameters, including both real (ε′) and imaginary parts (ε″) were derived using the 
Keysight N1500 software. Measurements were taken every 65 MHz at room temperature.  

Nicolson–Ross–Weir method, which is widely used in the derivation of dielectric pa-
rameters, the polynomial model in the software is carried out since it produces suitable 
results for materials without magnetic components, which eliminates discontinuity points 
that occur due to sample thickness [33]. Its algorithm is a computer-based technique that 
is utilized to indirectly obtain the dielectric properties of a material [34]. It achieves this 
by analyzing the scattering parameters of the material.  

Scattering parameters, also known as S-parameters, are a set of complex numbers 
that describe the behavior of a linear electrical network or device in terms of signal trans-
mission and reflection. They quantify how an electrical signal is transmitted or reflected 
at various ports of a device. In a two-port network, the S-parameters are typically repre-
sented as S11, S12, S21, and S22. S11 represents the reflection coefficient at Port 1, S22 
represents the reflection coefficient at Port 2, S12 represents the forward transmission co-
efficient from Port 1 to Port 2, and S21 represents the reverse transmission coefficient from 
Port 2 to Port 1. 

 
Figure 2. Scattering parameters. Figure 2. Scattering parameters.

Nicolson–Ross–Weir method, which is widely used in the derivation of dielectric
parameters, the polynomial model in the software is carried out since it produces suitable
results for materials without magnetic components, which eliminates discontinuity points
that occur due to sample thickness [33]. Its algorithm is a computer-based technique that is
utilized to indirectly obtain the dielectric properties of a material [34]. It achieves this by
analyzing the scattering parameters of the material.

Scattering parameters, also known as S-parameters, are a set of complex numbers that
describe the behavior of a linear electrical network or device in terms of signal transmission
and reflection. They quantify how an electrical signal is transmitted or reflected at various
ports of a device. In a two-port network, the S-parameters are typically represented as
S11, S12, S21, and S22. S11 represents the reflection coefficient at Port 1, S22 represents the
reflection coefficient at Port 2, S12 represents the forward transmission coefficient from Port
1 to Port 2, and S21 represents the reverse transmission coefficient from Port 2 to Port 1.

Before the measurement process, the device is calibrated, and then the measurement
quality of the device is tested with air and Teflon. After the permittivity (real part) value of ~1
for air and ~2.1 for Teflon was observed, the measurements of the samples were carried out.
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3. Results and Discussion
3.1. Dielectric Properties

Dielectric properties of materials refer to their interaction with electric fields and their
electrical conductivity. These properties determine the electrical insulating abilities, energy
storage capacities, and other electromagnetic interactions of materials. When an electric
field is applied, the charges in the material move or displace, creating a dipole moment.
These dipole moments determine the permittivity of the material.

The real permittivity and imaginary permittivity values fully describe the dielectric
properties of a material. The real part of permittivity characterizes a material’s ability to
store energy when exposed to an electric field [11]. Materials with high real permittivity
show greater resistance to the electric field and may have higher energy storage capac-
ity [35]. The imaginary permittivity is a measure of the dissipated energy within materials
and is primarily related to conductivity [36]. Materials with high imaginary permittivity
can cause greater energy loss in the electric field.

The study discovered that the ε′ and ε′′ of the samples increased across the entire
frequency range used as the amount of carbon black in the composition increased. This
results in interfacial polarization due to charge accumulation at the interface, so it con-
tributes to the increase of ε′ and ε′′. For carbon black-filled samples, ε′ values from 2.5 to 10
and ε′′ values from 0.2 to 4. On the other hand, permittivity values of the graphite-filled
samples are very close to each other, as shown in Figure 3. ε′ values are in the range 2.5–3
in Figure 3a,b, while ε′′ values are 0.1–0.2 in Figure 3c,d. The dielectric parameters of the
samples, particularly those containing a relatively higher amount of carbon black, show
a frequency-dependent behavior. This is because the movement of electrons under the
electric field varies depending on the frequency [37]. The increment in permittivity with the
addition of carbon black can be attributed to the formation of more conductive pathways
within the sample, as evidenced by the frequency-dependent behavior of the imaginary
part of the permittivity.

For carbon black filled samples AC conductivity increases by the increasing amount
of filler material, as expected. Conductive filler addition usually enhances electrical con-
ductivity. These values are close to each other in graphite-filled samples, related to the
imaginary permittivity values. At high frequencies, almost all the samples showed higher
AC conductivity. It appears that the AC conductivity values increase almost linearly as
the frequency increases for a single sample composition. The conductivity of a material
is primarily controlled by the random diffusion of charge carriers through activated hop-
ping at low frequencies. This results in a conductivity that remains constant regardless of
the frequency. However, as the frequency increases, the AC conductivity demonstrates
dispersion. It follows a power law relationship, gradually approaching linearity at higher
frequencies [39]. The increased frequency can enhance the hopping ability of electrons,
leading to their improved capability to move. In the high-frequency region, electrons tend
to be highly stimulated and readily move or jump from one particle to another. These
particles are either in contact or located near each other [25].

Carbon black-filled samples let a higher AC conductivity than graphite-filled samples.
AC conductivity is directly proportional to frequency for all cases in the 1–14 GHz range.

3.2. Shielding Efficiency

For the calculation of the total shielding efficiency (SET) in Equation (2), real and
imaginary permittivity values are determined. The SET can be expressed as the logarithmic
ratio of transmitted and incident wave powers. SET also can be determined as the sum
of the contributions from the three primary shielding mechanisms, which are reflection
(SER) in Equation (3), absorption (SEA) in Equation (4), and multiple reflections (SEMR).
The significance of SEMR in relation to SET is relatively minor compared to SEA and
SER. If SET ≥ 10 dB, SEMR is generally considered insignificant. The reflection shielding
efficiency (SER) is contingent upon the impedance of the medium through which the
wave is propagating η0 denotes the impedance of the medium through which the wave
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is propagating. ηs represents the surface impedance. σ is the electrical conductivity.
µ′ and µ′′ are permeability values. t is the thickness in m. Since neither the fillers nor the
polymer materials used in the study exhibited any magnetic properties, permeability was
not taken into account [25,40]. For the calculation of absorption shielding, it was assumed
that the thickness is 2 mm, as stated in the sample preparation title. According to Equation
(3), thickness does not affect reflection shielding. Considering Equations (3) and (4), it is
expected that the total shielding efficiency will increase as the AC conductivity increases.
Additionally, as the frequency increases, the reflection tends to decrease, and the absorption
tends to increase.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 13 
 

Carbon black-filled samples let a higher AC conductivity than graphite-filled sam-
ples. AC conductivity is directly proportional to frequency for all cases in the 1–14 GHz 
range. 

 

 
Figure 3. Real (a,b) and imaginary (c,d) permittivity values depend on frequency and graphite/car-
bon black content. 

 
Figure 4. Dependence of AC conductivity values of graphite (a) and carbon black (b) filled samples 
on the frequency and compositional parameters. 

3.2. Shielding Efficiency 
For the calculation of the total shielding efficiency (SET) in Equation (2), real and im-

aginary permittivity values are determined. The SET can be expressed as the logarithmic 
ratio of transmitted and incident wave powers. SET also can be determined as the sum of 
the contributions from the three primary shielding mechanisms, which are reflection (SER) 
in Equation (3), absorption (SEA) in Equation (4), and multiple reflections (SEMR). The 

Figure 3. Real (a,b) and imaginary (c,d) permittivity values depend on frequency and
graphite/carbon black content.

The AC conductivity is calculated with Equation (1). ε0 is the permittivity of free
space (8.854 × 10−12 Fm−1) [38], and f is the frequency in Hertz. ε′′ is the imaginary
permittivity which is measured by VNA. Frequency-dependent AC conductivity of the
presented compositions is illustrated in Figure 4.

σAC = 2π f ε0ε′′ (1)

SET = 10log
Pin
Pout

= SEA + SER + SEMR (2)

SER(dB) = −20log
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All samples were assumed to have negligible multiple reflection contributions, and
this was not taken into account in the analysis. The decision to ignore multiple reflection
contributions was based on the assumption that any re-reflected waves would be absorbed
within the material, as the thickness of the material was greater than the critical thickness
value known as the skin depth [41].

By increasing the amount of filler, both SEA and SER values tend to increase signif-
icantly in the high-frequency region illustrated in Figures 5 and 6. This could be due to
the creation of multiple conduction pathways within the bulk structure of the samples.
SER values are quite high when compared to SEA for all cases. Both graphite and carbon
black filled samples show a lower absorption shielding effectiveness, for graphite filled in
the range 0–1.5 dB in Figure 5a and for carbon black filled in the range 0–5 dB in Figure 5b.
It is seen in Figure 6 reflection is the main mechanism of the shielding efficiency, which
constitutes the majority of total efficiency for all types of samples. Reflection shielding
efficiencies are in the range of 19–21 dB for graphite filled in Figure 6a and 8–17 dB for
carbon black filled in Figure 6b.
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Considering graphite samples, SER remains almost unchanged in spite of the increas-
ing frequency. On the contrary, SEA shows an upward movement directly proportional
to the frequency of the incident photon. Thus, SEA and SER contributions are impor-
tant and must be improved at both low and high-frequency regions to develop effective
electromagnetic shielding materials.
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The total shielding efficiency of the graphite-added samples is slightly higher than the
carbon black-added samples, as shown in Figure 7. SET values for graphite-added samples
are 20–21 dB for the L band and S band; 19–21 dB for the C band, X band and partially Ku
band. As the frequency increases, a small decrease can be mentioned from the L band to the
Ku band. For carbon black added samples, it can be said that the SET values change little in
different band ranges. SET for CB1 8 dB in L band, S band and C band; 9 dB in X band and
10 dB in partially Ku band. CB3 is 10 dB, CB5 is 14 dB, and CB7 is 17 dB, and these values
remain almost constant from the L band to the Ku band. Although the AC conductivity
values of the carbon black-filled samples are higher, the higher shielding efficiency of the
graphite-filled samples is due to the segregation of carbon black in the matrix. These values
are very close to each other in graphite-added samples, but differences can be observed in
carbon black-added samples according to the filling ratio. Graphite’s layered structure can
lead to higher contact resistance between filler particles, especially at low wt%, hindering
the formation of an effective conductive network [42]. This makes graphite composites
less sensitive to lower wt% filler content for achieving good EMI shielding performance.
When working with higher graphite filler ratios, it is predicted that these SET values will
not be close to each other. Shielding efficiency values change as the carbon black filler ratio
increases. Generally, it can be said that the results in this study show consistency when
compared to other studies shown in Table 3. It’s important to consider that the provided
Table 3 includes different filler amounts, concentration levels, production methods and
frequency ranges for various materials and composites. The specific performance may vary
based on factors such as the dispersion of the filler and the measurement setup.
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Table 3. EMI SE values of different polymer matrix composites were reported in earlier studies.

Matrix Filler Filler Amount wt. % EMI SE (dB) Frequency Range (GHz) Ref.

Polyurethane CB 6.51 13–14 8–18 [43]
Ethylene Methyl

Acrylate CB 10 10 8.2–12.4 [44]

Epoxy CB 30 44 1–10 [45]
Polypropylene CB 22.5 17–20 5.5–8 [46]
Polyurethane Graphite 20 20 8.2–12.3 [47]
Polyaniline Graphite 20 18–5 2.5–2.7 [48]

Polypropylene Graphite 20 10.3 8–12 [49]

Polypropylene Graphite
Carbon fiber 20 44.43 8–12 [50]

The shielding efficiencies of the samples with both types of filling materials vary little
depending on the frequency. This is important in terms of keeping the efficiency of the
shielding material constant in applications in the 1–14 GHz range.

4. Conclusions

The aim of this study is to examine the dielectric properties of epoxy composites filled
with graphite and carbon black for potential use as electromagnetic interference (EMI)
shielding material. Composite materials are produced by mechanical mixing. Samples
have different filling ratios between 1 and 7 wt%. The coaxial method is used to obtain
these properties in the frequency range of 1–14 GHz at the Vector Network Analyzer. The
results showed that the addition of fillers significantly affected the dielectric and shielding
properties of the composites. The real part of permittivity (ε′) increased with increasing
amounts of carbon black in the composition, while the permittivity values of graphite-
filled samples were very close to each other. On the other hand, the imaginary part of
permittivity (ε′′) increased across the entire frequency range used as the amount of carbon
black increased. This frequency-dependent behavior of ε′′ suggests the formation of more
conductive pathways within the sample.

Measurements show that although carbon black-filled samples have more AC con-
ductivity, graphite-filled samples’ shielding efficiencies are higher. The graphite-added
samples exhibited a slightly higher SET of 19–21 dB compared to the carbon black-added
samples, which had a SET of 8–17 dB. The epoxy composites with graphite filler tend to
exhibit higher shielding efficiency compared to the epoxy composites with carbon black
filler due to the segregation of carbon black. In the graphite-added samples, different filling
ratios resulted in a more consistent shielding behavior compared to the carbon black-added
coatings. However, increasing the carbon-black filler ratio resulted in higher shielding
efficiency. The shielding efficiencies of both types of filling materials showed little variation
with frequency. Overall, the results suggest that composite materials containing carbon
black and graphite fillers look promising and have a good potential for isolating static
structures. After the epoxy matrix composite shielding material is produced and cured in
plate-shaped molds, it can be used by sticking to the walls of the structure to be shielded
with a suitable adhesive.

Graphite-filled shielding materials have higher shielding efficiency at lower rates than
carbon black, and it can be advantageous for low-cost applications. Carbon black-added
shielding materials can be more effective if they are used with higher than 7 wt% filling
ratios. Since carbon black has fine particle size, sample integrity could not be achieved
in compositions above 7 wt% in the mechanical mixing method. For this, it may be
necessary to adopt a different production method, but this may be a factor that increases
the production cost.
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