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ABSTRACT

Due to its exceptional electrical conductivity, high thermal stability, and mechani-
cal hardness, titanium diboride (TiB,) has emerged as a critical reinforcement
material for high performance electromagnetic interference (EMI) shielding.
Despite its potential, achieving a synergistic balance between filler dispersion and
high shielding efficiency within polymer matrices remains a significant challenge
in current research. This study investigates the performance of composite coatings
reinforced with TiB,, a conductive ceramic material, for EMI shielding applica-
tions in the 2—4 GHz frequency range. TiB, is incorporated into a commercially
available Ag polymer at various weight ratios (10-50 wt%), and the resulting
composites are evaluated using a Vector Network Analyzer. The reflection (S41)
and transmission (S,1) parameters are measured to calculate the total shielding
effectiveness, which reached a peak of approximately 45 dB at 2.2 GHz. These
findings highlight the promise of TiB,-filled composites as effective EMI shield-
ing materials for use in aerospace, defense, and healthcare applications. Future
research will aim to optimize the filler composition and assess material stability
under elevated temperatures.
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1 Introduction

In the era of 5G communication and Big Data, the rapid
proliferation of wireless electronic devices has signifi-
cantly improved quality of life but has concurrently
escalated electromagnetic (EM) radiation pollution,
necessitating advanced mitigation strategies [1]. Elec-
tromagnetic (EM) waves play a pivotal role in modern
communication technologies due to their capability to
propagate through free space, enabling efficient long-
distance information transfer [2]. With the advance-
ment of knowledge and increasing mechanization, the

utilization of various electrical and electronic devices
in sectors such as healthcare, military, commerce, and
scientific research has grown significantly, reportedly
by up to four times in recent decades. The increasing
number of electronic devices, along with associated
infrastructure such as power supply cables, overhead
transmission lines, satellites, vehicles, and broadcast
towers (TV/radio), emit EM radiation. Such unin-
tended emissions can interfere with the functioning
of nearby electronic systems, leading to EM interfer-
ence (EMI), which disrupts signal integrity and device
performance [3]. In the era of electronic information,
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EM radiation may interfere with the proper function-
ing of electronic devices in military, industrial, and
civilian environments, potentially leading to serious
risks for human health and the biosphere [4]. With
the rapid development of modern technologies, EM
radiation emitted by newly designed electronic sys-
tems particularly in the microwave range has become
a growing concern, leading to the need for effective
shielding solutions to prevent interference and device
malfunction [5]. EMI refers to the presence of unde-
sirable radiated signals that may lead to significant
performance degradation in electronic systems and
devices [6]. EMI shielding involves the application of
specific materials designed to block or attenuate EM
waves between protected regions and external envi-
ronments. The effectiveness of such shielding relies
primarily on the reflection, absorption, and redirection
of EM waves by the shielding medium. Despite their
excellent EM wave attenuation capabilities, metals are
generally unsuitable for lightweight electronic appli-
cations due to their high density, bulkiness, limited
corrosion resistance, low ductility, complex processing
requirements, and elevated cost [7]. To achieve opti-
mal performance, microwave absorbers are required
to possess four key characteristics: thin thickness, low
density, wide absorption bandwidth, and high absorp-
tion intensity [8]. Although conventional metallic
shielding materials exhibit high electrical conductiv-
ity, their applicability is limited by drawbacks such
as substantial weight, susceptibility to corrosion, and
the propensity to generate secondary electromagnetic
reflections [9].

Therefore, the development of lightweight, flexible,
and cost-effective shielding materials is essential to
mitigate EMI while maintaining the regular function-
ality of electronic devices [10].

EM waves not only cause malfunctions and inter-
ferences in nearby electronic equipment but are also
associated with adverse health effects such as head-
aches, insomnia, and fatigue, among others. A widely
accepted approach to mitigate the hazards of EM
waves is the use of EMI shielding materials that either
reflect or absorb the incident radiation. In response to
the growing need for lightweight and miniaturized
electronic devices, substantial research efforts have
focused on developing low-density, easily process-
able EMI shielding materials [11] . The proliferation of
wireless communication systems and high-frequency
electronic devices has significantly increased the risk
of EMI, which can degrade system performance,
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compromise signal integrity, and raise safety con-
cerns. To mitigate these effects, the development of
materials with effective EM shielding and absorption
capabilities has become a major research priority, par-
ticularly for applications requiring thermal stability
and mechanical robustness.

In dielectric materials, the real part (€’) of the com-
plex permittivity indicates the material’s ability to
store EM energy, whereas the imaginary part (€")
reflects the energy dissipation mechanisms, includ-
ing conduction and polarization losses [12]. The ratio
of the imaginary part to the real part of a material’s
complex permittivity is referred to as the dielectric loss
tangent (tan d¢), which characterizes the energy dis-
sipation capability of dielectric materials. Similarly,
the magnetic loss tangent (tan dy) is defined as the
ratio of the imaginary part to the real part of the com-
plex permeability, indicating magnetic energy losses
within the material. The loss tangent is a key figure of
merit for evaluating the performance of EM absorbing
materials, as it quantifies the extent of energy dissipa-
tion due to EM wave absorption. In general, materials
exhibiting higher dielectric and magnetic loss tangents
tend to demonstrate superior EM wave absorption
capabilities [13]. When examining EM loss mecha-
nisms, conduction loss, dielectric loss, and magnetic
loss are the most prominent contributors. When an
EM wave interacts with a material, it can be partially
absorbed due to multiple internal reflections result-
ing from the material’s structure and electrical con-
ductivity. To maximize EM attenuation, the material
should possess sufficient electrical conductivity and
high mobility of charge carriers. However, good elec-
trical conductivity alone is not sufficient criterion for
an effective attenuation mechanism [14].

EM shielding materials especially those based on
ceramic matrices, are increasingly recognized for
their ability to function under extreme conditions. In
contrast, ceramic materials such as TiB, offer excel-
lent thermal stability and environmental resistance,
making them ideal for use in extreme operating con-
ditions where metals fail. Among various ceramic fill-
ers, TiB, has emerged as a highly promising candidate
due to its combination of excellent electrical conduc-
tivity, high thermal stability, and chemical inertness.
TiB,-based ceramic matrix composites have attracted
considerable attention in recent years due to their
superior properties over monolithic TiB, ceramics,
including high hardness, excellent wear resistance,
and enhanced fracture toughness [15]. TiB, as a typical
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ultrahigh-temperature ceramic, exhibits a unique com-
bination of high melting point, excellent thermal and
chemical stability, and metallic-level electrical con-
ductivity, making it a promising candidate for EMI
shielding applications where reflection dominates
over absorption mechanisms [16].

Beyond traditional metallic and carbon-based
materials, advanced titanium-based compounds have
drawn attention due to their tunable electronic proper-
ties. For instance, recent research on Ti;C,T, MXene-
derived semiconductors has shown that inducing
structural defects and optimizing the band structure
can lead to superior reflection loss and radar cross-
section (RCS) reduction. Unlike pristine titanium
oxides which may suffer from low conductivity, mate-
rials that exhibit metallic-level electrical conductivity,
such as TiB, provide a more direct path to high EM
attenuation through both reflection and conduction
loss mechanisms [17].

In the present study, TiB, was incorporated into a
heat-resistant industrial paint to produce a ceramic-
based EM shielding material designed for operation
in the 2-4 GHz frequency range. Combining TiB, with
heat-resistant polymer matrices or paints not only
enhances processability and coating adaptability but
also maintains electrical conductivity essential for
EMI shielding through reflection. This study system-
atically investigates the EMI shielding effectiveness of
TiB,-based coatings with varying filler concentrations
(10%-50%), aiming to identify the optimal composi-
tion for high-performance, thermally stable shielding
materials. This study contributes to the development
of high-performance EM shielding samples suitable
for aerospace, defense, and high-power electronics
applications, where thermal durability and light-
weight shielding are critical.

2 Material and methods
2.1 Theory of shielding

EMI shielding refers to the reflection and/or absorp-
tion of EM waves by materials specifically designed
to act as protective barriers, preventing EM radiation
from penetrating electronic devices. Such shielding
typically involves the use of materials with con-
ductive and/or magnetic properties to effectively
block or attenuate unwanted EM signals. Ratio
of the incident power or electric field or magnetic
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field intensities to the transmitted power or electric
field or magnetic field intensities respectively when
expressed in decibel (dB) is called as shielding effec-
tiveness (SE). Mathematically, SE is represented as
given in Eq. (1).

P; E; H;
SE = 1Olog<P—l> = 2010g<E—1) = 1010g<#> (1)
0 0 0

where P;, E; and H; are the incident power, electric,
and magnetic field intensities on the shield respec-
tively, and Py, Ej and H, are the transmitted power,
electric, and magnetic field intensities through the
shield material, respectively. A high SE value indi-
cates that minimal EM energy is transmitted through
the shielding material. According to the literature, a
material with an SE of 20 dB is capable of attenuating
approximately 99% of the incident EM radiation [18].

According to the Schelkunoff theory, the total SE
for a shielding material is given by Eq. (2)

SE = SEgR + SEj; + SE4 ()

The attenuation of EMI from reflection of a mate-
rial can be calculated using Eq. (3)

SER(dB) = 10log(————
TS ©)

Similarly, for SE due to absorption (SEA), the same
principles apply where part of the incident wave is
absorbed as it propagates through the material, con-
tributing significantly to the overall attenuation of
EM radiation, as shown in Eq. (4).

1—|511)?

SE 4(dB) = 10log( 4

When an EM wave interacts with a material, three
fundamental mechanisms govern the wave-material
interaction: reflection, absorption, and transmis-
sion. These parameters collectively determine the
shielding performance of a material. As illustrated
in Fig. 1, these key EM phenomena represent how
the incident wave is partially reflected at the surface,
partially absorbed within the material, and partially
transmitted through it.

The SE of a material can be evaluated using vari-
ous techniques. Among these, the waveguide method
based on plane wave radiation measurements is one
of the most widely employed approaches for deter-
mining the SE of shielding materials [19].
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Fig. 1 Interactions of EMI with shielding material

The skin depth (0) defines the depth at which the
EM wave amplitude drops to 1/e of its original value at
the surface and is given by Eq. (5). A smaller o implies
higher absorption, which enhances the shielding effec-
tiveness by minimizing internal transmission.

2 [ 1
0= ua_w= zf uo ®)

In metals with high electrical conductivity, SE is pri-
marily governed by reflection. However, in composite
materials, absorption plays a more significant role. In
this study, experimental approaches were employed to
conduct EM analysis, utilizing the equations provided
above to evaluate the material’s shielding performance

(Fig. 2).

2.2 Experimental setup

The primary material used in this study was titanium
diboride (TiB,), a ceramic material known for its
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excellent electrical conductivity, high thermal stability,
and corrosion resistance. The TiB, powder (average
particle size: 25 pum) was obtained from Dogus Dokiim
Sanayi ve Ticaret A.S., Istanbul, Tiirkiye a commercial
supplier of TiB, powders (2025). The TiB, powder is
incorporated into TiB,-doped Ag polymer composite
specifically designed for GHz-frequency applications.
The TiB,-based composite samples are prepared by
mixing TiB, powder with the industrial heat-resistant
paint at a concentration of 10%, 20%, 30%, 40%, and
50%, respectively. After mixing with the specified per-
centages, the material was poured into polystyrene
molds according to the dimensions suitable for the
waveguide calibration kit (Fig. 3). After the samples
were prepared with the specified molar percentages,
they were left to dry in an oven at 40 °C for one day,
followed by a further 4 days of self-drying to achieve
optimal bonding and uniformity of the coating. The
samples were stacked and machined to the dimensions
of the calibration kit after being demolded. The EM
properties of the prepared samples are characterized
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Fig. 2 Experimental scheme

Fig. 3 Experimental con-
figuration for EMI SE meas-
urements. Inset: Detailed
view of the TiB, reinforced
Ag-Polymer composite

using a VNA (Fig. 3), which measured the reflection
coefficient and transmission coefficient (S;; and S,)
across a frequency range of 2-4 GHz. The measure-
ments are performed at room temperature. The experi-
mental setup and procedure are illustrated in Fig. 2
below.

—_Electromagnetic Wave
N —

Self — Drying for 4 days

Stacking

Coaxial
“Cablg,

3 Results

EMI shielding performance of TiB,-doped Ag poly-
mer composite was systematically investigated in the
2-4 GHz frequency range. Various EM parameters,
including (&', €"), (W, n"), (tan O, tan dm), (S11), (S1),
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and Total Shielding Effectiveness (SET), Shielding
Effectiveness due to Absorption (SEA), Shielding
Effectiveness due to Reflection (SER), were analyzed
to comprehensively evaluate the materials” absorption
and shielding mechanisms.

The X-ray diffraction (XRD) patterns of Ag poly-
mer composite containing varying amounts of TiB, are
presented in Fig. 4a. The pure Ag polymer composite
sample exhibits broad and low-intensity peaks, indi-
cating a predominantly amorphous structure. Upon
the incorporation of TiB,, well-defined crystalline
peaks become apparent, especially for samples with
30% TiB, and higher. Characteristic reflections of the
TiB, phase [(001), (100), (002), (110), (200)] are clearly
observed, confirming the enhanced crystallinity and
phase dominance with increasing TiB, content.

Additionally, the peaks corresponding to the Ag
phase [(111), (200), (220), (311), (222)] are more promi-
nent in the pure Ag polymer composite and low TiB,
content samples. This suggests that the presence of
TiB, may either reduce the relative intensity of the
Ag phase or induce structural transformations that
affect the visibility of Ag reflections. Overall, the XRD
results confirm that TiB, significantly alters the struc-
tural characteristics of the composite by enhancing
the crystalline phase contribution. Overall, the XRD
analysis confirms successful incorporation of TiB, into
Ag polymer composite matrix, with enhanced crys-
tallinity, clear phase identification, and no significant
structural incompatibility.

The average crystallite size of the samples was
determined using the Debye—Scherrer equation,
which relates the broadening of XRD peaks to the size
of coherent diffracting domains. According to this
method, smaller crystallites cause broader diffraction
peaks. The equation used is

KA
" Bcost ©6)

d(nm)

where d represents the average crystallite size, K is the
shape factor (commonly taken as 0.9), A is the wave-
length of the X-ray source, B is the full width at half
maximum (FWHM) of the selected diffraction peak
in radians, and O is the corresponding Bragg angle.
The calculated grain size values for the samples are
illustrated and compared in Fig. 4b.

The ¢' generally decreases with increasing fre-
quency due to polarization relaxation mechanisms,
as expected in typical dielectric materials. However,
¢' exhibits a strong dependence on TiB, content. As
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illustrated in Fig. 5a, composites containing 30%,
40%, and 50% TiB, + Ag polymer composite demon-
strate significantly higher &’ values compared to pure
Ag polymer composite or powder TiB,, especially at
lower frequencies. This enhancement is attributed to
interfacial polarization and the increased conductive
pathways introduced by TiB, particles, which facilitate
improved polarization response and charge transport
within the matrix.

The €" also shows a marked increase with higher
TiB, loading. Particularly, the 50% TiB, + Ag polymer
composite exhibits a high &” value over a broad fre-
quency band, indicating efficient attenuation of EM
waves via dielectric dissipation Fig. 5b. These trends
correlate directly with the dielectric loss tangent tan d
which maintains relatively high and stable values in
composites with > 30% TiB, content, highlighting their
capacity for broadband dielectric loss.

In terms of magnetic behavior, the p’ remains rela-
tively close to unity for all samples Fig. 5¢c, indicat-
ing that the materials are not strongly magnetically
active. However, u” is non-negligible in 30% and
40% TiB, + Ag polymer composites Fig. 5d, revealing
those minor magnetic losses, possibly from eddy cur-
rent effects and weak interfacial magnetic responses
may contribute to the overall attenuation. This is sup-
ported by localized peaks in tan d, especially between
2.5-3.5 GHz in the 30-40% TiB, samples, which may
assist in further improving impedance matching and
minimizing reflection.

These combined dielectric and magnetic properties,
especially the consistently high dielectric loss tangent
and the presence of moderate magnetic loss promote
better impedance matching with free space, enabling
effective EM wave absorption. The observed enhance-
ments beyond 30% TiB, content may also suggest a
transition across the percolation threshold, form-
ing continuous or semi-continuous conductive net-
works. This structural evolution enhances interfacial
polarization and dielectric dissipation. Consequently,
TiB, + Ag polymer composites emerge as promising
candidates for broadband, thermally stable radar
absorbing and shielding materials suitable for appli-
cations in aerospace and defense systems.

Figure 6a illustrates the variation of the tan d.
with frequency for Ag polymer, powder TiB,, and
the TiB, + Ag polymer composites. The dielectric loss
increases notably with the TiB, content, particularly
for the composites containing 30%, 40%, and 50%
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Fig. 4 a XRD patterns of
Ag polymer composites
with varying TiB, contents
(10-50%). Diffraction peaks
corresponding to TiB, (PDF
01-085-2084) and Ag (PDF
01-087-0719) are marked.
b Calculated average grain
size based on the Debye—
Scherrer equation
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TiB,. These samples exhibit significantly higher tan d,
values compared to pure Ag polymer or powder TiB,
across the 2-4 GHz range. The increased dielectric
loss is attributed to enhanced interfacial polarization
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and the formation of conductive pathways within the
composite matrix, which facilitate charge transport
and energy dissipation through polarization mecha-
nisms. Figure 6b displays the tan d, as a function
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of frequency. Pure Ag polymer and powder TiB,
exhibit negligible magnetic losses, whereas compos-
ites with 30% and 40% TiB, demonstrate prominent
tan 9, peaks, particularly between 2.5 and 3.5 GHz.
These peaks suggest the presence of moderate mag-
netic losses, likely resulting from eddy current effects
and weak interfacial magnetic responses. The 20%
TiB, + Ag polymer composite shows a decreasing
tan d, trend with increasing frequency, indicating
limited magnetic dissipation at higher frequencies. In
contrast, the 50% TiB, + Ag polymer composite exhib-
its a relatively low and flat magnetic loss response,
implying a possible saturation of magnetic effects at
high filler loading levels.

Figure 7a presents the Si; parameters of samples
as a function of frequency, serving as a key metric for
evaluating microwave absorption performance. Pure
Ag polymer and powder TiB, display poor absorp-
tion characteristics, with Sy1 values remaining above
—10 dB across the measured band. In contrast, TiB,-
filled composites exhibit markedly improved per-
formance. Notably, the 30%, 40%, and 50% TiB, + Ag
polymer samples achieve Sq; values below —-10 dB
over a broad frequency range, with minimum values
approaching —15 dB near 2.1 GHz. These values indi-
cate effective microwave attenuation, as an Sq; value of
-10 dB corresponds to 90% absorption of the incident
power. Figure 7b illustrates how the S,1 parameter of
the samples varies across the frequency range. A pro-
nounced reduction in S,; is observed with increasing
TiB, content, indicating stronger attenuation through

a) JePowder TiB, : i
0 '_::.‘:up:':g,o Ag Poly. 1
2
4i=tamean
—~ -6-
g 5
o -101
121
-14 1 A
-16- ]
18 . , .
2.0 o 3.0 3.5 4.0

Frequency (GHz)
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the material. Particularly, the 30% and 50% TiB, + Ag
polymer composites demonstrate S, values below
—20 dB between 2.5 and 3.5 GHz, implying minimal
signal transmission and suggesting that the EM energy
is predominantly dissipated within the composite.

These findings confirm that increased TiB, load-
ing not only enhances dielectric and magnetic losses
but also improves impedance matching. The reduced
reflection and transmission coefficients collectively
indicate efficient absorption behavior, validating the
potential of TiB, + Ag polymer composites as effective
broadband microwave absorbers.

To gain a deeper insight into the EMI shielding
mechanisms, the SET, SER, and SEA were calcu-
lated based on S-parameter measurements and are
illustrated in Fig. 8a—c. As shown in Fig. 8a, the SET
values demonstrate a significant enhancement with
increasing TiB, content. The composite containing
50 wt% TiB, achieves peak SET values up to 45 dB,
particularly within the 2.5-3.5 GHz frequency range.
Similarly, the 30% and 40% TiB, + Ag polymer com-
posites exhibit SET values exceeding 30 dB, which
meets the industry benchmark for practical EMI
shielding materials. These findings confirm that
the integration of TiB, into the Ag polymer matrix
significantly improves the overall shielding capabil-
ity. Figure 8b presents the SER, which corresponds
to the portion of EMI shielding resulting from sur-
face reflection. For all samples, SER values remain
relatively modest, generally below 10 dB. Although
there is a slight upward trend with increasing TiB,

b) 0 . . .
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Fig.7 a (Su) and b (S,1) of powder TiB,, Ag polymer, and TiB,+ Ag polymer composites with different filler ratios in the 24 GHz

frequency range
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Fig. 8 a SET, b SER and ¢ SEA of powder TiB,, Ag polymer, and TiB,+ Ag polymer composites in the 2-4 GHz frequency range

content, the reflection component is not the primary
contributor to the total shielding. This implies that
the surface impedance mismatch is minimal, promot-
ing good impedance matching between the material
and free space. In contrast, Fig. 8c reveals that the
SEA increases prominently with higher TiB, con-
centrations and serves as the dominant shielding
mechanism in nearly all samples. Notably, com-
posites with 30% and 50% TiB, exhibit SEA values
exceeding 30 dB over a broad frequency range. This
behavior aligns well with the trends observed in
the ¢” and tan d,, indicating that the improved EMI
shielding originates mainly from dielectric absorp-
tion processes.

Overall, the superior EMI shielding effective-
ness of TiB,-loaded composites is attributed to a
synergistic combination of enhanced dielectric loss,
interfacial polarization, and minor magnetic losses.
These effects collectively contribute to improved
impedance matching, reduced surface reflection,
and increased internal absorption of incident EM
radiation. Such performance confirms the poten-
tial of TiB, + Ag polymer composites for use in
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high-performance EMI shielding applications across
the GHz frequency band.

4 Conclusion

This study demonstrated the potential of titanium
diboride (TiB,)-reinforced heat-resistant composite
samples as effective EM shielding materials in the
2-4 GHz frequency range. By incorporating TiB, into
a paint formulation containing an Ag-based polymer
matrix at various weight fractions (10-50%), the result-
ing composites exhibited significant shielding effec-
tiveness, reaching up to 45 dB at 2.2 GHz. The high
attenuation observed, particularly in the reflection
and transmission characteristics, confirms that TiB,
enhances both the electrical conductivity and EM
attenuation of the composite samples (Table 1).
These results suggest that TiB,-based samples are
promising candidates for applications in aerospace,
defense, and high-power electronic systems, where
both thermal resistance and EM shielding are critical.
Further studies will focus on optimizing filler content,
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Table 1 Comparison of EMI shielding effectiveness (SE) with literature

Material/Composite Frequency SE (dB) Thickness  Technique/Description References
(GHz) (mm)

TiB,-reinforced Ag polymer sample 24 ~45 52 Ag-containing paint+ TiB, composite This study

MWNT-PVDF 1-18 ~45 0.3 Solution casting + hot pressing [20]

GNP-EVA/EOC 2-4 ~20-40 ~1 Melt mixing + compression molding [21]

WS, nano sheets on carbon fibers 2-18 ~25-40 - Template method + pyrolysis [22]

VO,/CNF 14 52.8 1.9 - [23]

FeSi 2-12 ~30 - Ball milling [24]

evaluating long-term thermal stability, and extending
performance across broader frequency ranges under
harsh environmental conditions. The high shielding
effectiveness achieved at 2.2 GHz is primarily attributed
to the establishment of a robust conductive network
and the reduction of skin depth within the TiB,-Ag
polymer hybrid system, showcasing its potential for
next-generation.
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