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ABSTRACT

Purpose: The rapid advancement of technology brings numerous benefits, such as facilitating every-
day processes in households, laboratories, and production environments. However, many modern
electronic devices used in forensic laboratories and police units require electromagnetic compatibility
for efficient operation. To overcome this challenge, an effective solution is the design of protective
covers made from lightweight, high-efficiency composite materials.

Design/Methods/Approach: This study presents a method for modifying the surface of graphite
particles by silver deposition and their implementation in epoxy-based composite materials. Graph-
ite particles were treated with the prepared silver dispersion, while FESEM/EDS, XRE, and electrical
conductivity analyses were conducted to assess the properties of the modified particles. The poly-
mer characteristics were evaluated through viscosity determination and dynamic mechanical thermal
analysis. The study examined how the mechanical properties of composites relate to the mass fraction
of modified graphite particles and the effectiveness of electromagnetic interference shielding (EMI SE)
in the X-band.

Findings: Analysis of the modified graphite particles revealed a significant concentration of elemental
silver on graphite surfaces to improve electrical conductivity. Increasing the conductivity of particles
contributes to the formation of a Faraday cage, which can find application in increasing the electromag-
netic compatibility of electronic devices. The incorporation of the silver coating onto graphite particles’
surface improved the physical and mechanical properties of the particles and composites. The average
wave intensity attenuation increased by 21% with silver coating compared to samples without it.

Originality/Value: This paper presents a cost-effective method for modifying the surface of graphite
particles via silver deposition following dispersion evaporation. A key advantage of this method is that
it does not require expensive equipment or high energy consumption and also does not generate large
amounts of waste that would need special treatment. Moreover, the study explores the potential practi-
cal application of the composites for preventing electromagnetic interference in security technologies.

Keywords: electromagnetic interference shielding, graphite, silver deposition, functional materials,
surface conductivity.
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INTRODUCTION

The rapid development of electronic devices in all sectors of the modern life cycle has led to a signif-
icant increase in electromagnetic interference (EMI) between electronic devices. This problem poses
significant threats to the performance, reliability, and safety of sensitive electronic systems, potentially
causing operational disruptions, data corruption, and even unintentional signal interception (Yan &
Cao, 2021; Zheng et al., 2022). In critical areas such as security technologies, the negative effects of
EMI can have serious consequences, requiring robust and effective EMI SE solutions (Greety & Wess-
ley, 2024). In the field of security technologies, and especially for police services, the reliable operation
of electronic equipment is undeniable. Electromagnetic compatibility plays a key role in protecting
critical operational capabilities:




Stevan Stupar, Nemanja Vuckovi¢, Nikola Milasinovi¢, Mladen Timotijevi¢ 560

Ensuring communication integrity: Police operations rely heavily on secure and uninterrupted
communication systems (e.g., radios, tactical communications devices). EMI SE materials
usually focus on shielding sensitive transceivers and antennas from external noise, preventing
communication disruptions and ensuring clear, reliable command and control during critical
incidents (Hamamah et al., 2019).

Protecting surveillance and sensor systems: Electronic tools such as body-worn cameras, vehicle-
mounted surveillance systems, radar guns, and biometric scanners are fundamental to modern
policing. Electromagnetic interference shielding materials (SE) shield these devices from
interference, ensuring accurate data recording and reliable operation, which is vital for evidence
collection and tactical decision-making (Wisnios et al., 2025).

Maintaining the reliability of vehicle electronics: Modern police vehicles are sophisticated
platforms equipped with a multitude of electronic systems, from engine management to
vehicle computing and navigation. Shielding ensures that these critical systems operate
flawlessly, preventing electromagnetic “noise” from the vehicle or external sources from causing
malfunctions that could compromise officer safety or mission success (Hu et al., 2019).

Data and Information Security: In an era of increasing digital dependency, protecting sensitive
data stored and transmitted by police equipment is of paramount importance. EMI shielding
contributes to information security by reducing the risk of electronic eavesdropping or data
corruption caused by electromagnetic radiation, thereby maintaining the integrity of intelligence
and evidence (Yu-ichi Hayashi, 2016).

Traditional approaches to electromagnetic shielding, which often involve metal enclosures, often pres-
ent limitations in terms of weight, corrosion susceptibility, and adaptability to complex system designs
(Hong et al., 2024). This has prompted intensive research into advanced materials capable of offering
lightweight, flexible, and highly efficient electromagnetic shielding. The attenuation of electromagnetic
waves can be achieved through the development of advanced materials that integrate both absorptive
and reflective mechanisms across multiple layers (Gahlout & Choudhary, 2019). The shielding per-
formance of such materials is conventionally expressed as the cumulative contribution of absorption,
reflection, and a correction factor that accounts for multiple internal reflections within the shielding
medium (Serhan et al., 2019). For a material to be regarded as highly effective in electromagnetic wave
mitigation, it must possess appropriate dielectric properties, sufficient magnetic permeability, adequate
thickness, and stable performance across the relevant frequency ranges (Fu et al., 2022; Hwan et al,,
2019). On the basis of these criteria, shielding materials are generally classified into several groups,
including metallic systems (Stupar et al., 2023), carbon-based allotropes and derivatives (Cheng et al.,
2023; Stupar et al., 2022), electrically conductive polymers (Uma Varun et al., 2019), and ferromagnetic
compounds (Igbal et al., 2019). Furthermore, hybrid materials can be synthesized through the com-
bination of multiple constituents in order to integrate complementary properties required for efficient
EMI SE (Bhardwaj & Nirmala, 2020; Uma Varun et al., 2019). Depending on their composition and in-
tended application, these materials may be fabricated as metallic frameworks, polymer matrix compos-
ites, or functional coatings for textile substrates (Stupar et al., 2022; Y. Z. Zhang et al., 2020). A variety of
surface modification techniques have been reported in the literature, including in-situ polymerization
(Greety & Wessley, 2024), sputtering (Wang et al., 2020), layer-by-layer assembly (Wang et al., 2020),
ionotropic gelation and conjugation (Vuckovi¢ et al., 2021), and spin-coating (J. Zhang et al., 2022).

Among the most promising candidates are polymer matrix composites, especially those based on ep-
oxy resins reinforced with conductive fillers such as electric conductive materials like graphite (Stupar
et al., 2025). Carbon-based materials are widely utilized as reinforcement agents in aerospace, auto-
motive, and defence applications owing to their mechanical robustness, durability, and ease of pro-
cessing (Behera et al., 2024; J. Zhang et al., 2022). Their outstanding mechanical performance, coupled
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with high electrical and thermal conductivity, enhances composite functionality and contributes to
improved EMI SE (J. Zhang et al., 2022). This study provides a comprehensive perspective on epoxy/
graphite composites for EMI protection. Also, examine various fabrication techniques for integrat-
ing graphite into epoxy matrices, discuss the underlying mechanisms of EMI shielding, and evaluate
their performance characteristics. In addition, this study addresses the specific applications and ben-
efits of these advanced composites within security technologies, highlighting their essential role in
improving the operational resilience and security posture of police services against electromagnetic
threats. These epoxy/graphite composites offer a unique combination of mechanical strength, pro-
cessability, and tunable electromagnetic properties, making them ideal for next-generation shielding
applications. Although conventional techniques for depositing metal nanoparticles onto conductive
and non-conductive particle surfaces are effective, they often demand elevated temperatures and rely
on hazardous and costly reagents. In contrast, dispersion evaporation (Liu & Xu, 2020) has emerged
as a promising alternative for surface modification and nanocomposite fabrication. This technique of
particles’ modification employs inexpensive, non-toxic reagents and operates without the necessity
for high-temperature conditions or significant electrical input.

Therefore, the objective of this study is to develop and evaluate silver-modified graphite/epoxy com-
posites prepared via dispersion evaporation, with the aim of enhancing EMI SE of graphite particles
while maintaining cost efficiency, material processability, and characterization. This study represents
the first systematic study of general usage of graphite (unmodified and modified) particles for EMI SE,
along with our previous study (Stupar et al., 2025).

EXPERIMENTAL PART

Silver conductive dispersion synthesis — reagents and materials

The synthesis of the silver conductive solution was performed by the modified Tollens process, which
was described in detail by Stupar et al. (Stupar et al., 2023). First, 15 g of silver acetate (CH,COOAg,
99.0 %, Sigma-Aldrich (USA)) was dissolved in 37.5 ml of ammonium hydroxide solution (NH,OH,
30%, Zorka Pharma-Hemija (Serbia)) at room temperature. After 20 minutes, 1 ml of formic acid
(HCOOH, 98.0%, Sigma-Aldrich (USA)) was added to the solution. The mixture was then stirred for
24 hours and filtered using a 0.45 nm nylon syringe filter (Sartorius, Germany).

The Graphite Particles’ Surface Modification
by Dispersion Evaporation and Composite Preparation

Graphite powder (100 g, Acros Organics, USA) was functionalized by immersion in silver conductive
dispersion at three distinct volumes: 50, 100, and 150 ml. This variation yielded samples with dif-
ferent graphite-to-electrically conductive dispersion ratios, subsequently designated as 0.5, 1.0, and
1.5 Graphite@Ag particles, respectively, reflecting the ratio of solid to liquid phases. Each mixture
was subjected to thorough mixing in a dark environment at ambient temperature for a period of 24
hours. Initial drying was conducted by air exposure at room temperature to facilitate the evapora-
tion of ammonia from the dispersion. This process was evidenced by a notable color transition from
black to silver and the liberation of a distinct formic acid odor. Following ambient evaporation, the
powder samples underwent thermal treatment at 80° C for 60 minutes within a thermostatic chamber
(G209A, SDL Atlas, UK), accompanied by intermittent stirring with a glass rod. This heating step is
critical for the complete volatilization of formic acid from the silver conductive dispersion and the
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robust formation of an elemental silver film on the graphite particle surfaces. After heat treatment, the
samples were washed using methyl alcohol (CH,OH, 99.8%, Merck Group (Germany)) and dried at
room temperature.

The synthesized silver-coated graphite powders, along with a commercial graphite powder for compar-
ative analysis, were homogeneously dispersed in an epoxy resin matrix (Type W300, R&G Faserver-
bundwerkstoffe GmbH, Germany). The filler loading was systematically varied across a range of 10 to
40 weight percent (wt.%). The prepared composite mixtures were then cast into appropriate molds to
facilitate subsequent physical, mechanical, and EMI SE characterizations. Following mixing, the com-
posites were cured by drying in a vacuum chamber (VD 23, Binder, Germany) at 80° C for 24 hours.

Characterization and Measurement

The microstructure and morphology of unmodified and modified particles and semi-quantitative ele-
mental analyses were studied by field-emission scanning electron microscopy with Energy-Dispersive
X-ray Spectroscopy (JEOL JSM 7001F, Japan). The Graphite@Ag powder samples were evaluated by a
Vanta Max series portable handheld X-ray fluorescence (XRF) spectrometer (Olympus, Germany). The
XRF spectrometer had a rhodium source, an SSD detector, 4 W maximum power output, 50 kV, and
eight filters. Measurement conditions were 40 kV, 1 mA for 30 s under air. Particle size distributions
of the Graphite@Ag suspensions were determined by laser diffraction in wet mode using an Anton
Paar PSA 1190. Deionized water served as the dispersant, and Igepal CA-630 was added to enhance
particle wetting. The slurry was homogenized by stirring for 5 min. with ultrasonication at 50 W. Data
were evaluated with Mie theory assuming a refractive index of 2.0 and an absorption (imaginary) in-
dex of 1.0. Steady-shear viscosity was measured on an Anton Paar MCR 302 rheometer equipped with
a concentric-cylinder CC27 geometry, in accordance with ISO 3219, at 25.0 + 0.1°C. The shear rate
was stepped logarithmically from 0.1 to 1000 s™ (10 equidistant logarithmic points per decade), while
the dwell time per point decreased from 30 s to 1 s on a logarithmic schedule. Torsional DMTA was
performed on rectangular specimens using the same rheometer fitted with a CTD-620 temperature
chamber and SRF12 fixtures. Samples had approximate dimensions of 3 mm x 10 mm x 54 mm. Tem-
perature sweeps from 0 to 80 °C were conducted at 2°C-min™ with a constant frequency of 1 Hz and a
constant logarithmic strain amplitude of 0.1% (within each material’s linear viscoelastic range).

The dielectric parameters of a material are measured by the waveguide method, where the cross sec-

tion of a rectangular waveguide determines the frequency range to be evaluated. In this experiment,
according to the X-band waveguide dimensions, the material was processed into a size of 22.8 mm x
10.15 mm x 2.0 mm. The samples were sanded and polished, then cleaned and dried, and the dielec-
tric parameters were tested using a vector network analyzer (Agilent, model number PNA-N5244A).
The electrical resistivity of particles was determined by 4-wire measurements using RM3000+ (Jandel,
UK). Samples for testing electrical conductivity were made by pressing pellets with a thickness of 1
mm. The applied pressure per pressing tool is 200 bar, and the hydraulic press type HZVT 2.5 (Dunk-
es, Germany) was used.

RESULTS AND DISCUSSION
SEM/EDS Analysis

Structural, morphological, and semi-quantitative characterizations of Graphite@Ag particles and
their composites were conducted using scanning electron microscopy (SEM) coupled with ener-
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gy-dispersive X-ray spectroscopy (EDS). SEM photographs shows Graphite@Ag particles prepared
with varying amounts of silver conductive dispersion, as well as the corresponding Graphite@Ag/
epoxy composites, are displayed in Figure 1. Figure 2 presents both the SEM images and EDS spectra
for Graphite@Ag(1.0) particles and the epoxy resin containing 30 wt.% Graphite@Ag(1.0) particles.

A

e

Figure 1: The SEM micrographs of 0.5 a), 1.0 b), and 1.5 ¢) Graphite@Ag particles
and 30 wt.% Graphite@Ag particles (1.0)/epoxy composite d).

Figure 2: The SEM micrograph and EDS spectra of 30%Graphite@Ag(1.0)/epoxy a)
and silver particles agglomerate deposited onto graphite particle b).




Stevan Stupar, Nemanja Vuckovi¢, Nikola Milasinovi¢, Mladen Timotijevi¢ 564

Micrographs presented in Figure 1 indicate that the appearance of silver agglomerates is significantly
influenced by the amount of electroconductive dispersion used. In the case of the Graphite@Ag par-
ticles with 0.5 dispersion, agglomerates are minimal, whereas with the Graphite@Ag particles using
1.5 dispersion, a higher concentration of silver nanoparticle agglomerates is observed on the surface
of the graphite particles. This finding aligns with the research conducted by Stupar et al. (Stupar et al.,
2022), where scanning electron microscopy was utilized to examine carbon fabrics modified with sil-
ver particles. Their study confirmed that the number of agglomerates on the fabric’s surface increases
with repeated soaking in a silver complex dispersion.

Figure 2 highlights the excellent coverage of the epoxy matrix with Graphite@Ag particles. Addi-
tionally, the energy-dispersive spectroscopy (EDS) analysis of composite area 1 reveals the presence
of carbon, silver, and oxygen, comprising 54.34%, 34.62%, and 11.05% by weight, respectively. In the
second EDS spectrum (area 2), the corresponding values are 23.32%, 4.25%, and 72.43% by weight.
Figure 2b illustrates a pure agglomerate of silver particles.

XRF Analysis

According to the XRF analysis, the amount of silver in Graphite@Ag (0.5), (1.0), and (1.5) particles
and the Graphite@Ag (1.0)/epoxy resin composite was 9.93, 20.59, 26.51, and 33.85 wt.%, respectively.
The XRF analysis confirms the dependence of silver deposition on the amount of the silver conduc-
tive dispersion. The XRF spectra of pure graphite (a), Graphite@Ag(0.5) (b), Graphite@Ag(1.0) (c),
Graphite@Ag(1.5) (d), and 30%Graphite@Ag(1.0)/epoxy composite are shown in Figure 3. Peak char-
acteristics of elemental silver are marked on all XRF spectra shown in Figure 3.
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Figure 3: The XRF spectra of pure graphite (a), Graphite@Ag(0.5) (b),
Graphite@Ag(1.0) (c), Graphite@Ag(1.5) (d), and 30%Graphite@Ag(1.0)/epoxy composite (e).
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Rheological Properties

The systematic quantification of the relationship between composition and rheology provides a rigorous
foundation for defining processing windows and application conditions. Steady-shear measurements
were used to determine the apparent viscosity as a function of shear rate, n(y) (Figure 4a), and the cor-
responding flow curves, t(y) (Figure 4b), for uncured epoxy suspensions containing varying mass frac-
tions of Graphite@Ag(1.0). In addition, oscillatory tests provided application-relevant rates of different
wt.% of Graphite@Ag(1.0) particles in the suspension viscoelastic parameters: the storage modulus G’
(Figure 5a) and the loss modulus G” (Figure 5b). For completeness, the composition-dependence of G”
is summarized in Figure 6a, while the particle-size distribution is presented in Figure 6b.
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Figure 6: The loss modulus of epoxy composites with different mass fractions of
Graphite@Ag(1.0) particles (a), and size distribution of Graphite@Ag(1.0) particles (b)

According to Figure 4, it can be concluded that, with an increase in the concentration of modified graph-
ite particles, the viscosity of the suspension also increases. At 25°C the epoxy resin without Graphite@
Ag(1.0) behaves essentially Newtonian, with viscosity nearly constant (207 mPa-s) over 0.1-1000 s™*
(Figure 4. a). Incorporating Graphite@Ag(1.0) particles increases the low-shear viscosity by orders of
magnitude and induces pronounced shear-thinning. At 0.1 s™ viscosity rises from 207 mPa-s for the
pure epoxy resin to 20058 mPa-s for the 40 wt.% of Graphite@Ag(1.0), while at 1000 s™" it is 201 mPa-s
(0 wt.%) and 1341 mPa-s (40 wt.%). From Table 1 it can be concluded that the shear-thinning factor
(Mo./My000) iNCreases progressively with increasing graphite content. This indicates an increasingly pro-
nounced dependence of viscosity on shear rate. A higher particle loading offers greater resistance to
flow at low shear rates, but as the shear rate increases, the viscosity decreases substantially. The corre-
sponding flow curves (Figure 4. b) are well described by the Ostwald—de Waele law, with the flow index
n decreasing systematically with filler content (Table 1.). These trends reflect sub-linear growth of stress
with shear rate as the suspension becomes increasingly non-Newtonian. Therefore, no clear yield stress
is evident within the 0.1-1000 s™* shear rate.

Table 1: Influence of graphite@Ag content on low- and high-shear viscosity
and the flow index n (25 °C)

Gttty || 101 ooy [T [
0 207.2 201.3 1.0 1.00
10 890.0 423.3 2.1 0.96
20 2121.3 579.8 3.7 0.91
30 6008.3 883.9 6.8 0.84
40 20058.0 1340.8 15.0 0.75
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A higher particle mass fraction, together with the platelet-like graphite morphology, promotes the
formation of additional particle-particle and particle-polymer interactions (van der Waals and elec-
trostatic), thereby increasing the resistance to flow at low shear rates (Naz et al., 2016). Moreover,
higher particle loadings increase interfacial contact area, owing to the graphite’s non-spherical (plate-
let) morphology. With increasing shear, this weakly bonded network is progressively disrupted, and
the platelets tend to align with the flow, leading to the observed pseudoplasticity (shear-thinning) and
to the convergence of apparent viscosity values at high shear rates. In practice, formulations with >30
wt.% demand higher shear rates (or modest heating) for mixing and vacuum degassing.

Viscosity plays a critical role in the manufacturing of large-surface or complex-shaped epoxy-based
composite components for security applications. Excessively high viscosity hinders resin flow, com-
plicating uniform distribution and thorough impregnation of reinforcements. Consequently, precise
rheological control and optimization are crucial to ensure high-quality, reliable components.

Empirically, liquid, uncrosslinked epoxy composite systems with a zero-shear viscosity (n ) below
4.5-10° Pa-s are generally considered pourable and thus suitable for fabrication. Moreover, even modest
increases in shear rate during mixing lead to a sharp reduction in apparent viscosity. This behavior fa-
cilitates homogenization of the material and supports defect-free consolidation in complex geometries.

DMTA provides a robust framework for probing the viscoelastic response of polymer/composite sys-
tems. In this context, the storage modulus G’ quantifies the elastic energy stored and recovered during
deformation, whereas the loss modulus G’ reflects the viscous dissipation. Temperature-sweep exper-
iments (Figure 5) show that all specimens follow the same qualitative trend in G’, G, and tan §: G’
attains its highest values in the glassy state and decreases as temperature rises, while G’ increases over
the low-temperature interval (0-33°C) as segmental mobility grows, culminating in a tan § maximum
that marks the glass-transition region. The ranking of stiffness is governed by graphite content. The
40 wt.% composite exhibits the largest G, followed by 30, 20, and 10 wt.% formulations, with the neat
epoxy lowest. In the 0-44°C interval, the G’ decreases for all specimens, with a more pronounced drop
at higher graphite contents; the characteristic slopes are 13.1,12.4, 11.2, 9.1, and 7.0 MPa/°C for 40, 30,
20, 10 wt.% and the neat resin, respectively.

The glass transition (T ) shifts to higher temperature with increasing graphite loading: for the neat ma-
trix the transition is essentially traversed above 61°C, whereas for the 40 wt.% composite it occurs above
66°C. This shift reflects restricted cooperative motions of the polymer segments caused by graphite
platelets and their interfacial interactions with the matrix (including hydrogen bonding), which stabi-
lize the structure and delay relaxation to higher temperatures (De La Fuente et al., 2003). Consequently,
substantial compliance (rubbery response) is achieved only at elevated temperatures. Notably, the stiff-
ness ranking observed in the glassy state persists into the rubbery region as well (Figure 6).

DMTA temperature sweeps show a slight, monotonic upshift of the T with increasing Graphite@
Ag(1.0) content: 57.1, 57.5, 58.1, 59.0, and 59.9°C for 0, 10, 20, 30, and 40 wt.%, respectively. This
indicates modest restriction of cooperative segmental motions by the platelet filler and interfacial con-
straints. Consistently, the damping peak (tan § max) decreases with loading: 0.98, 0.93, 0.89, 0.82, and
0.76 for 0-40 wt.%. This reflects reduced viscous dissipation and a larger elastic contribution (lower G”/
G’). Outside the transition region, the moduli trends confirm rheological stability with low energy loss
across the examined range, supporting the suitability of all formulations for service under ambient con-
ditions. A brief comparison of the results of this study and some previous studies is shown in Table 2.
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Table 2: Comparison of DMTA results for epoxy-based composites with graphite
or carbon reinforcement
Epoxy resin | Reinforcement | T range | Max modulus
Siucy system / Filler g(°C) (MPa) Notes
Tro; Graphite
casting resin I\{‘;dfifj 57.1-59.9 | G'=26924 | PO
This study | (type W300) grap (from peak | MPaat0°C . . . %
. particles (0-40 viscosity limits
+ amine tand) (40 wt.%) .
e wt.%) casting above 30
wt.%
LAPOX-12 | 118.1-133.0 Significant
(Sudar- Carbon fabric B , increase in
epoxy + . (from E E’=28.18 GPa
shanRao, ) + graphite (0-6 modulus and
polyamine and tand at RT (6 wt.%) . .
2021) wt.%) damping with
K5 hardener peaks) : .
graphite loading
T, strongly
139.4-223.8 dependent on
(Stark et pce Unidirectional | (E” peak curing degree;
al., 2015) 6376r§3 ig OXY | carbon fibers extrapolated Not reported DMA used to
Prepres t0 0.01 Hz) monitor curing
progress

The DMTA results obtained in this study were compared with those reported in previous literature. As
shown in Table 1, although the absolute values of T and storage modulus vary depending on the ep-
oxy system and filler type, a consistent trend is observed—graphite or carbon reinforcement increases
both stiffness and T . In particular, the present work demonstrates that graphite contents above 30
wt.% lead to significant increases in viscosity, which may limit their application in casting processes
without using vacuum and vibrations. This aspect is not covered in the compared studies and high-
lights the importance of rheological characterization alongside mechanical performance evaluation.

The Electrical Resistivity and EMI Shielding Effectiveness

One of the most important physical properties that influence the behavior of materials in the EMI SE
process is electrical resistance. This parameter can significantly help in the selection of materials for
making composites intended to achieve electromagnetic compatibility. Measurements of electrical
resistance of particles of commercial graphite and graphite modified with silver deposits in the pre-
sented study show the following results: for the particles of untreated graphite, Graphite@Ag(0.5),
Graphite@Ag(1.0), and Graphite@Ag(1.5) the following values of resistivity were 0.91 m(2, 0.39 mQ,
0.11 mQ, and an impressive 0.07 m(), respectively. These resistance test results clearly show that as
the mass of silver deposition decreases, the electrical resistivity of particles that contribute to EMI SE
and signal beam attenuation increases. This substantial enhancement emphasizes the effectiveness of
silver modification in boosting conductivity, representing a significant advancement in material per-
formance, which confirms the enhanced EMI SE characteristics, especially wave reflection.

The study focused on the potential application of composite materials for EMI SE within the X-band
frequency range (8.2-12.4 GHz). Figure 7 displays the overall EMI SE of samples with different sil-
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ver-to-graphite ratios (Figure 7a) and varying mass fractions of Graphite@Ag(1.0) embedded in an
epoxy matrix (Figure 7b).
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Figure 7: Measured EMI effectiveness shielding of samples with varying silver-to-graphite
ratios (a), and different mass fractions of Graphite@Ag(1.0) within the epoxy matrix (b)
in X-band frequency range.

The data on the EMI shielding coeflicients reveal that increasing the silver content on the graphite sur-
face correlates with higher shielding performance. Analysis of the results in Figure 7a and the accompa-
nying supplementary material shows the total EMI SE for various epoxy resin composites: 30% Graph-
ite/epoxy, 30% Graphite@Ag(0.5)/epoxy, 30% Graphite@Ag(1.0)/epoxy, and 30% Graphite@Ag(1.5)/
epoxy, which yield average SE values of 6.02, 6.91, 7.06, and 7.21 dB, respectively. This trend indicates
that increasing silver loading on the graphite surface can boost shielding efficiency by approximately
21%. Similar findings were reported by Stupar et al. (Stupar et al., 2022), where depositing silver onto
carbon fabric enhanced both electrical conductivity and EMI shielding capabilities. Further analysis
of the reflection and absorption characteristics within the X-band shows that reflection increases from
4.49 dB for pure graphite to 6.01 dB for Graphite@Ag(1.5)/epoxy, while absorption decreases from 1.72
dB to 1.18 dB. This behavior is likely due to the high electrical conductivity of silver, which promotes
electromagnetic wave scattering within the composite, thereby contributing to SE. Examining the in-
fluence of particle content, the data on samples with 30% Graphite@Ag(1.0) indicate that increasing the
particle mass fraction from 10% to 40% enhances shielding performance, with wave attenuation values
of 3.68, 6.04, 7.06, and 8.01 dB, respectively. This is due to the higher particle concentrations leading
to more frequent interactions and scattering of electromagnetic waves, weakening the wave strength.
Similar observations were made by Wei et al. (Wei et al., 2021), pointing out that as the concentration of
active expanded graphite particles in the polymer matrix increased, the same effect was noted. Notably,
the sample containing 40% graphite@Ag(1.0) in epoxy resin exhibited a distinct EMI SE trend, which
is attributed to the formation of larger agglomerates during manufacturing. These agglomerates disturb
the uniform particle distribution, resulting in a more porous structure that enhances multiple scatter-
ing of electromagnetic waves and thus improves the overall shielding performance. By comparing the
results from the literature and the results of the test of the effectiveness of weakening the strength of
the wave beam, the lower efficiency of the tested can be explained by the thickness of the composite
material. By increasing the material or forming a honeycomb contour of the material, it is possible to
increase the efficiency of the material. Therefore, by modifying this composite, it is possible to improve
its EMI SE. Also, by further crushing the particles, it is possible to improve the packing of the particles
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in the composite, which would reduce the possibility of beam leakage in the space between the parti-
cles. Table 2 summarizes these findings alongside relevant data from other studies. Table 3 shows the
results presented in this paper and those of other studies.

Table 3: Electrical conductivity and average EMI SE for different composites.

. Sample
A Filler ; SET, | Frequency,
Composite content thickness, (dB) (GHz) Ref.
(mm)
(Ghosh &
Carbon black/EPDM 50% 5.5 ~8 8.2-12.4 Chakrabarti,
2000)
Aramid nanofiber assisted
preparation of 3D-oriented 32.68% 2 20.15| 8.2-12.4 |(Leietal., 2023)
graphite/silicone composite slices
- . (Vovchenko et
V) ~ -
Graphite nanoparticles/PE 10 % 1 22 | 26-375 al., 2018)
Carbon nanotubes/PE 4.5 1 42 26-37.5 (Sudazrggil;l Rao,
graphite/PVDF 10% / 225 | 82-12.4 (K“mza; i‘g)et al,
1 wt. % of AgNP-10 wt. % graphite/ (SudarshanRao,
T / / 49 | 82-124 2021)
e Ag-EG (10 wt.%) @pPDMS / 2 12 | 82-12.4 |(Lin etal., 2025)
. (Gumds et al.,
Graphite/epoxy 7 2 19-21| 8.2-12.4 2023)
(Gumis et al.,
Carbon black/epoxy 7 2 9 8.2-12.4 2023)
Graphite@Ag(1.5)/epoxy 30 % 1 721 | 8.2-124 this study
Graphite@Ag(1.0)/epoxy 40 % 1 8.01 | 8.2-124 this study
CONCLUSION

This study focuses on the modification of graphite particles using varying amounts of synthesized
silver conductive dispersion and their application in the production of composite materials with an
epoxy matrix. Additionally, it explores potential applications in EMI SE and material strengthening.
The results obtained from the study are as follows:

- The scanning electron microscopy analysis indicates that the appearance of silver agglomerates
is significantly influenced by the amount of electroconductive dispersion used. The increase of
dispersion amount increases the agglomeration of silver particles.

- The analysis of the elemental composition of the particles confirms that, as the volume of the
electroconductive complex used during the modification process increases, the amount of
elemental silver deposited on the surface of the graphite particles also increases.

- 'The rheological characterization shows that increasing the concentration of modified graphite
(Graphite@Ag(1.0)) raises the suspension viscosity while remaining within a practical processing
window. The storage modulus G’ attains its highest values in the glassy regime and decreases
with further temperature increase. In addition, higher Graphite@Ag(1.0) loadings shift the glass
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transition to higher temperatures; at 40 wt%, the T rises by nearly 3°C, indicating only a modest
effect on the breadth of the glass-transition region. Since all T values exceed 50°C - and silver
further elevates T3 the formulations operate below T, within the intended service window
(<50°C), which is beneficial for dimensional stability, homogenized stress transfer, and retention
of modulus in use. The deposition of silver particles onto the graphite surface significantly
increases the electrical conductivity, which highly contributes to EMI SE increasing.

- The measured values of coeflicients and the effectiveness of EMI SE in composites show that, as
the mass fraction of silver on the graphite surface increases, the EMI SE also rises. Total EMI
SE for various epoxy resin samples: 30%Graphite/epoxy, 30%Graphite@Ag(0.5)/epoxy, 30%
Graphite@Ag(1.0)/epoxy, 30% Graphite@Ag(1.5)/epoxy yield average values of 6.02, 6.91, 7.06,
and 7.21 dB, respectively, in the X-band. Also, the increase of the overall number of particles
subsequently increases EMI SE properties.

- In summary, this cost-effective modification method enhances the properties of graphite, which
are essential for applications in composite production and EMI shielding materials. Additionally,
incorporating modified graphite particles improves the overall properties of the composite.
Therefore, graphite particles modified with elemental silver can fulfill the stringent requirements
for producing composites that are subjected to mechanical stress while also minimizing EMI.
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