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Introduction

The aerospace industry is a multidisciplinary field that involves designing, manufacturing,
and operating aircraft and spacecraft. It is characterized by strict requirements for high
performance, reliability, and safety. Systems and components used in this sector must
demonstrate high structural accuracy and electronic stability to ensure consistent and
safe operation (Parveez et al., 2022; Siengchin, 2023). Materials used in aerospace
applications need to withstand harsh environmental conditions encountered during flight,
such as high temperatures, pressure changes, vibration, radiation, and rapid thermal
shifts. Given the demands of long-duration missions and high-speed operations, material
properties like low density, mechanical strength, and thermal stability are critically
important. In addition to engineering factors, considerations such as cost, availability,
and maintainability also play a key role in selecting suitable materials for aerospace
structures (Xia, 2023).

Within this context, materials used in aerospace structures are chosen by balancing
their strength, density, temperature resistance, and manufacturability. Traditionally,
aluminium, titanium, and steel alloys have been the main engineering materials in aircraft
and spacecraft construction. Aluminium alloys, due to low density, excellent formability,
and high specific strength, are commonly employed in fuselage panels, wings, and
outer skins. Titanium alloys, characterized by a superior strength-to-weight ratio and
resistance to corrosion and high temperatures, are preferred for engine components,

landing gear parts, and critical joints. Steel, on the other hand, is mainly employed in
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load-bearing components and structural connectors that require exceptional hardness
and fatigue resistance. However, these traditional metallic materials also have inherent
limitations, including susceptibility to corrosion, high density, and high production
costs (Hirankittiwong et al., 2025). Therefore, the search for lightweight, durable, and

multifunctional alternatives has gained momentum in recent years.

Driven by goals such as weight loss, fuel efficiency, and performance improvement,
carbon fiber reinforced polymer (CFRP) composites have become advanced materials for
modern aerospace and space platforms. CFRP composites are lightweight, structurally
efficient materials that deliver excellent mechanical properties, including high strength,
fatigue resistance, and low density (Hamzat et al., 2025). Because of these benefits,
CFRPs provide higher specific performance than traditional metallic structures and are
increasingly used in aerospace engineering. Blends of carbon, glass, or aramid fibers
embedded in polymer matrices offer notable strength, corrosion resistance, design
flexibility, and weight savings. In particular, continuous carbon fiber reinforced composites
are commonly used in key structural parts, such as fuselage panels, wings, tail sections,
and satellite components (Hirankittiwong et al., 2025; Maria, 2013). Additionally, the
natural electrical conductivity of carbon fibers allows CFRP composites to provide
electromagnetic interference (EMI) shielding, improving the reliability of avionics,
radar, and communication systems. As a result, CFRPs are viewed as multifunctional
materials that combine high mechanical performance with electromagnetic protection in

today’s aerospace structures (W. Dong et al., 2025).

The rapid advancements in nanotechnology and digital communication—especially
the widespread adoption of 5G networks—have further integrated electronic systems
into aerospace structures. Modern aircraft and spacecraft feature numerous electronic
devices, including radar systems, communication modules, power lines, and precision
sensors (Prekodravac Filipovic et al., 2025). During operation, these devices emit
electromagnetic waves (EMW), which contribute to EMI and radiation pollution. The
increasing density of EM sources threatens the stability and reliability of aerospace
systems, especially in high-frequency communication environments (X. Y. Wang et al.,
2022). Therefore, the use of high-performance electromagnetic shielding (EM-shielding)
materials has become essential. Thanks to their light weight, high mechanical strength,
and design flexibility, CFRP-based composite materials offer an ideal solution for
meeting both structural and EMI protection needs. CFRP composites with wide effective
absorption bandwidths (EAB), high absorption capacity, and thin matching thicknesses
not only ensure the reliable operation of onboard electronics but also help protect human

operators from the harmful effects of electromagnetic radiation (Suresha et al., 2024).

The main goal of this study is to thoroughly evaluate the electromagnetic shielding

effectiveness (EMSE) of CFRP composites used in aerospace structures. It also evaluates
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the mechanical and environmental performance of these materials and examines their
EMI shielding capabilities, providing insights for the development of next-generation

multifunctional composites.

1.Fundamentals Of EMI Shielding
This section presents a comprehensive overview of the fundamental principles governing
electromagnetic interference (EMI) shielding in advanced composite materials. It begins
by introducing the essential characteristics of electromagnetic waves and describing their
interaction with matter through reflection, absorption, and transmission phenomena.
The discussion then addresses the physical mechanisms that determine shielding
effectiveness, highlighting the parameters that influence electromagnetic attenuation
in CFRP composites. Particular emphasis is placed on experimental evaluation
approaches—such as EMI shielding measurements and analytical calculations—that
enable the quantitative assessment of material performance. Furthermore, the dielectric
and magnetic behaviours of the composites are analysed to elucidate their contributions
to energy storage, dissipation, and loss mechanisms. Collectively, these discussions
establish the theoretical and experimental foundation required to understand and optimize
the EMI shielding performance of CFRP composites employed in aerospace structural

systems.

1.1.Electromagnetic Waves

Electromagnetic waves are transverse waves that transmit energy, resulting from the
oscillation of magnetic and electric fields in mutually perpendicular planes. These waves
are generated by the simultaneous interaction of magnetic and electric fields and can
travel through a vacuum at the speed of light without requiring a physical medium,
as shown in Figure 1 (Kruzeldk et al., 2021). The primary sources of electromagnetic
wave production are the acceleration of charged particles or changes in their energy
states. Electromagnetic waves display both wave-like and particle-like characteristics;
therefore, energy can be transferred either as a continuous wave or as discrete packets
called photons (Wdowiak et al., 2017).

The wave impedance describes the ratio between the magnitudes of the electric and
magnetic fields, determining how energy is transmitted through the propagation medium.
In free space, the intrinsic impedance is about 377 €, representing the characteristic
impedance of the two fields (Rouhi et al., 2022). Far from the source, the wave shows
typical behavior in the far-field region. Near the source, complex interactions among
different field components create the near-field region. Based on their wavelength and
frequency, electromagnetic waves are classified within the electromagnetic spectrum,
which ranges from radio waves and microwaves to infrared, visible light, ultraviolet,

X-rays, and gamma rays. Although electromagnetic waves do not lose energy as they
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propagate through space, they can undergo reflection, absorption, or conversion to other
forms when interacting with matter (Zheng, Wang, Wang, et al., 2024).

Figure 1

Schematic Illustration of an Electromagnetic Wave

E: Electric field component

X

1.2.Electromagnetic Spectrum

The electromagnetic spectrum covers a wide range of frequencies—from radio waves to
gamma rays—each region exhibiting distinct energy levels and interaction characteristics
depending on its wavelength and frequency (Dungani Rudi et al., 2018). These frequency
differences are vital for assessing EMI risk, especially in electronic and communication
systems. As illustrated in Figure 2, Low-frequency radio waves can cause long-distance
interference, while high-frequency microwave and terahertz waves produce short-range
but more powerful interference effects. Therefore, the effectiveness of EMI shielding
depends strongly on selecting materials and design strategies that correspond to the target
frequency band. For instance, thin metallic layers or conductive polymer composites
are commonly employed for shielding high-frequency electromagnetic waves,
while thicker conductive or magnetic materials are more suitable for mitigating low-
frequency interference (Mishra et al., 2018). As a result, understanding the distribution
of frequencies across the electromagnetic spectrum is essential for selecting proper
materials and designing structures in EMI shielding applications.

Figure 2

Electromagnetic Spectrum
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1.3.Mechanism of EMI Shielding

EMI shielding involves reducing the transmission of electromagnetic waves through
space by using suitable shielding materials, thus protecting objects from incident
radiation (Mishra et al., 2018).To explain the shielding performance observed in
experimental studies, researchers have proposed several theoretical approaches,
including electromagnetic field theory, eddy-current theory, and transmission line theory.
Among these, transmission line theory has been widely accepted due to its computational
simplicity, physical clarity, and high predictive accuracy (Hlo, 2021). According to this
theory, when an electromagnetic wave interacts with a shielding material, three main
mechanisms—reflection, absorption, and multiple reflections—contribute to its overall
effectiveness. These mechanisms form the core principles of EMI shielding design and
offer a critical framework for understanding how material choice, layer thickness, and

structural configuration impact shielding performance (Tian et al., 2023).

Figure 3
Schematic Illustration of the EMI Shielding Mechanisms
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1.3.1.Reflection

Reflection is a fundamental electromagnetic shielding mechanism in which a significant
portion of incident electromagnetic energy is scattered back when waves strike a
surface with high electrical conductivity. Free charge carriers on the surface—primarily
electrons—interact with the electric-field component of the incoming wave, reflecting

most of the electromagnetic energy outward (Hlo, 2021)

The effectiveness of reflection depends not only on the material’s electrical conductivity
but also on the impedance mismatch between adjacent media. The greater the impedance
difference, the larger the fraction of energy reflected. Materials with high electrical

conductivity enhance this mismatch and thereby strengthen reflection (Tian et al., 2023)

In this context, the percolation threshold is essential for understanding reflection behavior
in composite systems. It represents the critical filler concentration at which conductive
particles form continuous networks within the matrix. Once this threshold is exceeded,
the material becomes macroscopically conductive, enabling efficient reflection of

incident electromagnetic waves. As a result, composites designed above the percolation
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threshold show significantly better reflection-based shielding performance.

The degree of reflection is also influenced by the material’s magnetic permeability (n).
As permeability approaches the vacuum value, resistance to wave propagation decreases;
however, when permeability 1s low and conductivity is high, energy loss primarily
occurs through reflection (Ismail & Azis, 2024). A combination of high conductivity
and low permeability provides optimal reflection-dominated EMI protection. Therefore,
aluminium alloys and conductive polymer composites—commonly used in aerospace

structures—are ideal materials for reflection-based EMI shielding.

1.3.2.Absorption

Absorption is a dissipation mechanism in which incident electromagnetic waves
penetrate a material and convert most of their energy into heat through electrical and/or
magnetic losses. This process is associated with several physical phenomena, including
the formation of conductive networks, dipole polarization, magnetic resonance, and

eddy currents (Parvez et al., 2025).

To enhance absorption efficiency, materials are often reinforced with magnetic fillers
such as Fes;Os, ferrites, Ni, and their alloys, along with electrically conductive nanofillers
like MXene, carbon nanotubes (CNTs), and graphene. The thickness of the material
also plays a crucial role: increasing thickness lengthens the wave’s propagation path
within the medium, thereby boosting energy attenuation (Yao et al., 2021). However,
the optimal thickness must be selected carefully to ensure frequency and impedance
matching; otherwise, surface reflections can become dominant, decreasing absorption

efficiency.

The dielectric loss (¢"”) and magnetic loss (i"”) components are the main factors that
determine absorption performance. Therefore, structures that focus on absorption are
usually designed as multiphase, micro- or nanoscale composite systems (Tian et al.,
2023).

In aerospace applications, this mechanism is used to suppress radar waves, protect
electronic components, and isolate signals. Specifically, Fe- and Ni-based alloys, along
with CFRP composites, are suitable for applications that require both structural strength

and electromagnetic performance.

1.3.3.Multiple Reflection

Multiple reflection is a secondary attenuation mechanism in which electromagnetic
waves are repeatedly reflected and attenuated within a material through interactions
with microscopic surfaces, pores, phase boundaries, or layered structures (Hlo, 2021).

Although not the primary mechanism, it boosts overall EMI attenuation by increasing
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reflection- and absorption-related energy losses. Low-density, porous, or multiphase
structures are especially effective in encouraging this behaviour, as the longer propagation

path within the material allows the wave to lose more energy with each reflection.

Accordingly, the multiple-reflection effect increases with increasing material thickness;
however, to ensure absorption remains dominant, the thickness must be optimized to

prevent impedance-matching disruption (Yao et al., 2021)

In aerospace structural systems, this mechanism is often incorporated using micro- or
mesoporous materials such as carbon foams, CNT networks, and MXene/ceramic hybrid
layered composites. Thanks to their lightweight nature and high surface area, these

materials both improve multiple reflections and provide mechanical stability under load.

1.4.EMI Shielding Effectiveness (EMI SE)

EMI shielding involves using engineered materials to reduce electromagnetic disturbances
(EMD) and protect sensitive systems from external radiation. The effectiveness of these
materials is usually measured by the electromagnetic shielding effectiveness (EMI SE)
parameter, which indicates the amount of incident electromagnetic energy blocked,

typically expressed in decibels (dB).

Theoretically, the EMI shielding efficiency of conductive materials can be estimated

using the Simon formulation in Equation (1):

SE=50+log(%]+1-7fH (1

Where o is the electrical conductivity (Secm™), fis the frequency of the electromagnetic
wave (MHz), and t is the thickness of the shielding layer (cm). This expression indicates
that EMI SE increases with higher electrical conductivity and material thickness.

At a specific point relative to the radiation source, shielding effectiveness can also be

expressed as Equation (2):

LRy

EMI SE =10 log| -~ |=20 log £ =20 log H
L, H, ()

Where P, E, and H represent the power, electric field strength, and magnetic field

strength of plane waves, with subscripts i and t indicating incident and transmitted waves,
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respectively (Kruzeldk et al., 2021).

When an electromagnetic wave hits a shielding material, three main attenuation

mechanisms happen:
(1) Reflection (SER) at the surface caused by impedance mismatch.
(i1) Absorption (SEA) within the bulk caused by ohmic and magnetic losses, and
(ii1) Multiple reflections (SEM) between internal interfaces.

The total shielding effectiveness (SET) is described as the sum of these components.

According to Schelkunoft’s theory, the total EMI shielding effectiveness (SET) is defined
as the sum of three primary attenuation mechanisms that decrease electromagnetic wave
transmission: reflection loss (SER), absorption loss (SEA), and multiple reflection loss
(SEM) (Tian et al., 2023). As shown in Equation (3), this relationship can be written as:

SE, = SE,+ SE,+ SE,, (3)

Reflection loss primarily arises when a wave experiences an impedance discontinuity
between free space and the surface of the shielding material. Based on plane-wave
propagation principles, the SER is governed by the material’s electrical conductivity (o),
magnetic permeability (i), and the frequency (f) of the incoming electromagnetic wave,

as expressed in Equation (4).

Z. o’
SE, =20log| —— |=39.5+101lo

7fu (4)

N

Where Zi and Zs represent the impedances of free space and the shielding material,
respectively. Here, o, 1, and f denote the electrical conductivity, magnetic permeability,

and frequency of the electromagnetic wave (Chen et al., 2024).

Absorption loss occurs when electromagnetic energy is converted into heat through
interactions with mobile charge carriers, dipoles, and magnetic domains. It can be

expressed as Equation (5):

t t
SEA =2Ogloge=8685 (5)

Where t is the material thickness and 6 is the skin depth, which is defined by (6):

7 fuc (6)
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Thus, absorption loss is directly affected by the material’s thickness (t), conductivity (o),
magnetic permeability (i), and frequency (f) (Tian et al., 2023).

Multiple reflection loss occurs when electromagnetic waves are repeatedly scattered

within a material at multiple internal interfaces.
SE, =201log (1-¢7") (7)
Alternatively, it can be expressed in terms of SEA as:
SE,, =20log (1-107") (8)

For thin materials (t < ), internal reflections extend the propagation path, increasing
total EMI SE. In contrast, for thick materials (t > J), most of the incident energy is

absorbed, and multiple reflections become insignificant. This trend is shown in Figure 4.

Figure 4
Variation of Multiple Reflection Loss (SEM) with t/6 Ratio

Multiple Reflection Loss (SEM) vs t/6
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Therefore, most studies in the literature tend to overlook the SEM component when
dealing with relatively thick shielding materials, and they usually evaluate the total EMI
SE solely based on the contributions of SER and SEA (Manjunath & Virupaxi, 2025;
Tian et al., 2023).

1.5.Specific EMI Shielding (SSE)
Assessing the EMI shielding capability of a material requires consideration of more

than its overall shielding effectiveness (SE); the physical attributes of the material—
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particularly its density (p) and thickness (t)—also play an essential role. For this reason,
the parameter known as specific shielding effectiveness (SSE) is used to represent
the shielding efficiency normalized by either mass or thickness. This metric is widely
regarded as a key engineering indicator for evaluating lightweight yet highly effective
materials. SSE not only reflects the inherent shielding performance of a material but also
underscores beneficial features such as reduced weight and minimal structural thickness
(X.Y. Wang et al., 2022).

In porous or foam-structured materials, the bulk density directly impacts shielding
performance. For these systems, SSE is defined as the ratio of the EMI SE to the material
density, as given in Equation (9). (dB - cm? - g~%).

EMISE
SSE,, =
(foam) p (9)

To account for thickness variations in porous structures, the surface-specific shielding
effectiveness parameter is used. In this case, SSE is expressed as the ratio of EMI SE to

the product of density and thickness as shown in Equation (10). (dB - em? - g7%).

SSE EMISE
t (foam) pt ( 1 0)

For film-type shielding materials, density differences are usually insignificant, and the
key parameter becomes the thickness (t), which indicates the EMI protection ability per
unit thickness of the film. According to Equation (11), SSE is defined as (dB - mm™1):

EMISE
SSE{ ) = — (11)
This expression enables fair comparison among films of varying thicknesses. Although
the absorption contribution increases with thickness, SSE(film) generally saturates
beyond a specific threshold thickness. Therefore, optimal design emphasizes developing
configurations that achieve maximum SE at the least thickness possible.

Since weight reduction is a key design criterion in aerospace applications, the SSE(film)
parameter is an excellent indicator for assessing the electromagnetic performance of
CFRP layers. For example, CNT/epoxy and MXene-reinforced CFRP laminates have
shown SE values of 30-50 dB and SSE(film) levels of 40-60 dBemm ™ with film layers
only a few hundred micrometers thick (Zhao et al., 2024; Wang et al., 2023).

Therefore, SSE(film) is considered a crucial engineering metric that enables the

simultaneous optimization of high EMI shielding effectiveness and lightweight design
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in aerospace structural composites.

1.6.EMI Shielding Measurements

The network analyzer is one of the primary instruments used to evaluate electromagnetic
interference shielding effectiveness (EMI SE). These analyzers are generally classified
into two types: Scalar Network Analyzers (SNAs) and Vector Network Analyzers
(VNAs). Whereas an SNA provides information solely on the amplitude of a signal, a
VNA simultaneously measures both amplitude and phase. This capability enables the
detailed examination of a material’s electromagnetic behavior and the determination of
properties such as complex permittivity (€) and magnetic permeability (i). As a result,
the VNA is widely regarded as the instrument of choice for comprehensive EMI shielding

assessments.(Cheng et al., 2022).

The VNA functions by transmitting electromagnetic waves over a specified test frequency
range through two ports, while simultaneously recording the signals reflected from and
transmitted through the sample being tested. These recorded responses are expressed as

scattering parameters (S-parameters) and are defined as follows:

S11 is the portion of the incident wave at Port 1 that is reflected to the same port (forward

reflection coefficient).

S22 is the part of the incident wave at Port 2 that is reflected to the same port (reverse

reflection coefficient).

S21 is the part of the wave that enters from Port 1 and exits through Port 2 (representing

the forward transmission coefficient).

S12, the part of the wave entering from Port 2 and exiting through Port 1 (backward
transmission coefficient).

Figure 5

Electromagnetic Interference (EMI) Shielding Measurements Systems. a) Vector
Network Analyzer, b) Scattering Parameters
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The measured S-parameters allow for a quantitative description of how an
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electromagnetic wave interacts with a shielding material through the transmission (T),
reflection (R), and absorption (A) coefficients. These coefficients are determined using the

relationships presented in Equations 12—14.

R :|S11|2 :|Szz|2 (12)
T:|S21|2 :|S12|2 (13)
A=1-R-T (14)

The Vector Network Analyzer (VNA) allows for determining the key shielding
effectiveness components—reflection loss (SER), absorption loss (SEA), and total

shielding effectiveness (SET)—measured in decibels (dB) as:

1 1 1
SE,=10log| —— |=10log | —— zlolog(—j
' [1—|511|2J [1_|S22|2J I-R (15)
1—|S“|2] £1—|S22|2] (1—13)
SE, =10 log =10log| ——=— |=10log | —
’ [ 5.l 1S T (16)
SET =10 log [LleOlog {L]zlolog (lj
5.I 1S, T (17)

Besides the SE components, the VNA results allow for the assessment of additional

electromagnetic parameters, including impedance (Z), reflection loss (RL), and effective

absorption (Aeff):
77 1+5,,
"[i=s, (18)
RL=20log (|S,,]) (19)
1-R-T
=——x100%
o T g P (20)

These relationships provide a comprehensive framework for breaking down the total
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shielding effectiveness into its physical components and assessing how reflection,
absorption, and transmission contribute to the material’s overall EMI attenuation
performance (Chen et al., 2024; Kumar et al., 2018; Liang et al., 2021).

1.7.Dielectric and Magnetic Behaviour

In EMI shielding, the reflection and absorption capabilities of a material during its
interaction with electromagnetic waves are primarily determined by dielectric and
magnetic losses. These two mechanisms convert electromagnetic energy within the
material into heat and form the basis of the absorption component (SEA). For a shielding
material to be effective, both behaviours must be balanced through proper impedance
matching. Excessive attenuation can cause surface impedance mismatch, leading to
increased reflection, while insufficient attenuation allows wave energy to pass through
without adequate dissipation within the material. Therefore, the electrical conductivity
(o), dielectric constant (€', ¢”), magnetic permeability (u’, n”), and thickness (d) of the
material should be optimized together. Higher electrical conductivity enhances both
reflection and absorption losses, while higher magnetic permeability enhances absorption
efficiency and reduces reflection. Notably, incorporating magnetic components with
> 1 into conductive composites encourages absorption-dominated shielding behaviour,
supporting the development of high-performance EMI shielding materials. Consequently,
precise design of the complex dielectric constant and complex magnetic permeability

parameters is essential for effective electromagnetic wave absorption (Chen et al., 2024).

The dielectric behaviour of a material, determined by its permittivity (¢), describes its
capacity to store electrical energy and undergo polarization when exposed to an electric
field. When an electromagnetic wave creates an alternating electric field within the
material, the bound charges in atoms and molecules try to reorient in response. If this
reorientation cannot keep up with the oscillating field, some energy is lost as heat—a
phenomenon called dielectric loss. This behaviour is mathematically expressed by the

complex permittivity in Equation (21):
e=¢ —j& (21

Where ¢’ indicates the energy-storage capability, and €” signifies the energy dissipation

or dielectric loss within the material.
The severity of loss is numerically indicated by the dielectric loss tangent (tan J.):

8’
t 5 =

A higher tan de value indicates stronger absorption of electromagnetic energy and
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greater conversion into heat. However, an excessively high loss tangent can disrupt
impedance matching, leading to increased surface reflections. Therefore, a balanced
design of €' and &" is crucial for optimal EMI shielding performance, as demonstrated
in carbon- and polymer-based composites with heterogeneous interfacial structures,
enhanced interfacial polarization greatly increases dielectric losses, thereby boosting
EMI attenuation efficiency (Tian et al., 2023).

Magnetic behaviour results from the interaction between the magnetic part of an
electromagnetic wave and the magnetic dipoles, domain walls, and microscopic current
loops inside the material. When the wave enters the medium, the alternating magnetic
field causes the magnetic domains to rotate and eddy currents to form. These processes
create phase delays, leading to some electromagnetic energy being turned into heat — a

phenomenon called magnetic loss.

This behaviour is described by the complex magnetic permeability in Equation (23):

p=p = ju (23)

Where ' indicates the material’s capacity to store magnetic energy, and p” represents the

energy lost through magnetic dissipation.

The magnetic loss tangent quantitatively characterizes the magnitude of these losses.

)7,

tano, = 7 (24)
A higher tan d,, value indicates more efficient attenuation of the magnetic component of
electromagnetic waves. However, this parameter depends heavily on frequency: at low
frequencies, hysteresis and domain wall motion dominate, whereas at higher frequencies,
eddy currents, natural resonance, and dimensional resonance become significant.
Therefore, achieving a proper balance between high p' (magnetic energy storage) and
controlled p” (magnetic dissipation) is essential for maximizing absorption-dominated
EMI shielding performance, especially within the X-band (8—12 GHz) range used in

radar, defense, and aerospace applications (Chen et al., 2024).

Together, these dielectric and magnetic mechanisms collectively determine the
absorption-dominated shielding behaviour of composite materials. Finding the right
balance between electrical polarization and magnetic relaxation enables effective
attenuation of incident electromagnetic energy, reducing reflection while increasing
energy dissipation within the material. This combined interaction between permittivity
and permeability is therefore essential for designing next-generation, lightweight, and

broadband EMI shielding composites for aerospace applications.
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2.EMI Shielding Effectiveness of Carbon Fiber Reinforced Polymer Composites in
Aerospace Structural
Carbon fiber-reinforced polymers (CFRPs) have become essential materials in
advanced engineering applications owing to their exceptional specific strength, low
density, flexibility, and strong corrosion resistance. Beyond their structural merits,
CFRPs are increasingly adopted as efficient EMI shielding components in aerospace
systems. Integrating nanostructured fillers with high electrical conductivity or magnetic
permeability—such as metallic particles, carbon nanotubes, graphene, or MXenes—
can markedly improve the electromagnetic interference shielding performance of these
composite materials. (Kim et al., 2023). As a result, CFRPs have become an essential
material platform for next-generation aerospace systems that demand lightweight, high-

performance, and electromagnetically compatible structures.

In aircraft, unidirectional CFRP laminates are commonly used in primary load-bearing
elements such as wing spars and fuselage panels, where high tensile strength and low
weight are essential (J. Zhang et al., 2023b). Woven and fabric-based CFRPs are preferred
for secondary components such as fairings, flaps, and interior panels, offering balanced
properties in multiple directions. In space applications, CFRPs are used in satellite bus
structures, antenna reflectors, and payload support frames where dimensional stability
and resistance to thermal cycling are critical (Ambhore, 2024). The multifunctionality
of these composites, combining mechanical performance with EMI shielding, thermal
management, and sensing capabilities, makes them essential materials for modern

aerospace systems.

CFRPs used in aerospace structures are categorized not only by their fiber and
matrix components but also by their interactions with electromagnetic waves, their
shielding effectiveness, and their energy attenuation. This classification provides a
crucial perspective and reference framework for understanding the application areas,
performance traits, and design approaches of CFRPs in aerospace systems, especially

concerning their EMI-related behaviours.

2.1.Classification According to Shielding Mechanism

The EMI shielding performance of CFRPs is primarily dictated by the dominant
mechanisms that govern the interaction between the incoming electromagnetic waves
and the composite material, specifically reflection, absorption, and successive internal

reflections.

Reflection-dominated CFRPs exhibit high surface conductivity, leading to most incident
electromagnetic energy reflecting at the air—material interface due to impedance mismatch
(Jang et al., 2022; Tserpes, 2025). Conversely, absorption-dominated systems depend on
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dielectric and magnetic losses within the composite, converting electromagnetic energy
into heat through interfacial polarization and eddy-current effects (Romero-Arismendi
et al., 2024). Balanced or impedance-matched CFRPs incorporate both conductive
and magnetic components, such as CNT-MXene or GR—Fe;04 hybrids, to enable both
reflection and absorption with minimal secondary reflections (Duan, Shi, Wang, Zhang,
Zhang, et al., 2023; H. Hu et al., 2025)

In multilayered or porous structures, multiple reflection mechanisms become dominant,
in which the wave undergoes successive internal scattering and attenuation at stacked

conductive—dielectric interfaces (Duan, Shi, Wang, Zhang, Zhang, et al., 2023; H. Hu et

al., 2025)

Table 1

Classification of CFRPs Based on EMI Shielding Mechanisms

Dominant Representative Specific Aerospace
Category Description
Mechanism CFRP System Application
Fuselage skins,
High surface
radar housings, and
conductivity;
Ni- or Cu-coated aircraft electronic
Reflection- most incident EM
CFRPs; dense bays — where
Dominated waves are reflected | SER > SEA
CNT/graphene reflected EM waves
CFRP at the interface
laminates. must be redirected
due to impedance
away from
mismatch.
sensitive circuits.
Engine nacelles,
Enhanced dielectric/
UAV signal
magnetic losses;
Absorption- MXene-, FesOa-, housings, and
EM energy
Dominated SEA > SER or ferrite-modified | antenna covers,
converted into
CFRP CFRPs. where EM damping
heat inside the
and heat dissipation
composite.
are essential.
Wing leading
Impedance-
edges, avionics
matched composites
enclosures, and
Balanced combining CNT-MXene or
internal structural
Shielding conductive and SER =~ SEA | CNT-graphene
panels require
CFRP magnetic phases hybrid CFRPs.
both mechanical
for dual-mode
strength and EMI
shielding.
balance.
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Satellite payload
bays, composite
Layered or porous radomes, and
) CNT/BN/CNT )
Multi- structures promote instrument
) ) ) High SET via | or MXene/
Reflection internal scattering compartments
) SEM GR multilayer )
CFRP and multi-path demanding
sandwiches.
attenuation. broadband
shielding with low

areal density.

2.2.Classification According to EMI Performance Level

The overall shielding performance of CFRPs is measured by their total shielding
effectiveness (SET), which sums up the contributions from reflection (SER), absorption
(SEA), and multiple reflection (SEM) mechanisms (Kim et al., 2022; Zhang & Wang,
2023). Based on their SET values and functional needs, CFRPs can be classified into
different performance levels, from purely structural materials to advanced multifunctional
shielding composites used in aerospace applications (Hu et al., 2025; Dong et al., 2025).

Table 2
Classification of EMI Performance Level

Representative

Typical Specific Aerospace
Category Performance Level Lo
SET (dB) CFRP System Application
Wing spars, fuselage
Primarily structural; Neat CFRP panels, and landing
Low-Level
<20dB minimal EMI gear doors focus on
EMI CFRP (epoxy + carbon
protection fiber) mechanical strength
and weight reduction.
Aircraft interior
panels, UAV fuselage
Moderate- Partial EMI shielding;
CNT or graphene-  sections, and radome

Level EMI  20-40dB  enhanced electrical
filled epoxy CFRP interiors require

moderate EMI

CFRP conductivity

suppression.
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Avionics housings,

Aerospace-grade MXene/CNT
engine nacelles, and
High-Level composites; balanced hybrid CFRPs
40-60 dB electromagnetic covers
EMI CFRP reflection and or metal-coated
protecting sensitive
absorption fabrics
electronics.
Satellite payload
bays, UAV antennas,
Superior broadband radar systems, and
Ni-coated MXene—
Advanced shielding; space communication
> 60 dB graphene sandwich
EMI CFRP multifunctional structures, where
CFRPs
performance broadband attenuation

and lightweight design

are critical.

2.3.Classification According to Functional Composition

The EMI shielding performance of CFRPs can be tailored by introducing
various functional constituents that modify their electrical, magnetic, and interfacial
characteristics. Neat CFRPs, consisting only of carbon fibers and polymer matrices,
provide limited shielding and serve mainly as structural materials (Vartak et al., 2022).
To improve conductivity, metal-coated CFRPs are developed that incorporate metallic or
magnetic layers—such as Ni—Fe or Fe;Os—that enhance both reflection and absorption
(Shukla, 2019). Conductive polymers like PANI, PPy, and PEDOT-PSS are also used,
providing lightweight, flexible pathways for charge transfer (Zheng et al., 2024). Carbon-
based CFRPs containing CNTs or graphene form continuous conductive networks that
enhance both reflection and internal energy dissipation (Thomassin et al., 2013; Zhong
et al., 2021). MXene-based CFRPs, with their 2D metallic conductivity and adaptable
surface chemistry, show excellent impedance matching and broadband electromagnetic
shielding performance (Yuan et al., 2025). Lastly, hybrid CFRPs that combine conductive
and magnetic phases, such as CNT-MXene or GR—FesOa, create synergistic reflection—
absorption behaviour ideal for aerospace EMI applications (Irfan et al., 2023a; R et al.,
2024)

2.3.1.Neat CFRPs

Neat CFRPs describe carbon fiber—reinforced polymer composites that do not incorporate
additional conductive modifiers such as carbon nanotubes, MXenes, or metallic
nanoparticles. Because these systems are composed solely of carbon fibers within a
polymer matrix, their electrical conductivity and resulting electromagnetic interference

(EMI) shielding performance remain inherently modest. For this reason, neat CFRPs
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are primarily valued for their mechanical advantages, including high specific strength,
notable stiffness, strong fatigue resistance, and overall lightweight characteristics (J.
Zhang et al., 2023a).

In aerospace and spacecraft structures, neat CFRPs are typically used in primary and
secondary load-bearing parts where EMI shielding is not essential. Common examples
include wing spars, fuselage skins, rib and frame components, internal structural panels,
UAV fuselage beams, and satellite support trusses (J. Zhang et al., 2023a). Using them
in these areas ensures optimal structural efficiency, weight savings, and mechanical
reliability while keeping design simple and cost-effective compared to multifunctional
or filler-modified CFRPs.

Table 3

Applications of neat CFRP in aerospace structures

Typical CFRP
Application Area Function in Structure Remarks
Configuration
Primary load-bearing
Unidirectional High stiffness and strength
members transfer
Wing spars and ribs carbon fiber/ with low weight; limited
aerodynamic and
epoxy laminates. EMI performance.
structural loads.
Outer structural shells Woven carbon Lightweight and corrosion-
Fuselage skins and
| provide rigidity and shape | fiber/epoxy resistant; EMI shielding is
panels
retention. composites. not critical in these regions.
Provide dimensional
Secondary support
Internal structural Quasi-isotropic stability and fatigue
structures for interior and
panels CFRP laminates. resistance under cyclic
control compartments.
stress.
Preferred for  weight
Lightweight structural Carbon fabric-
UAV fuselage reduction and mechanical
skeleton of uncrewed reinforced epoxy
beams and frames integrity; low electrical
aerial vehicles. composites.
conductivity.
Load-bearing and Provide stiffness, thermal
High-modulus
Satellite trusses and | alignment components stability, and dimensional
unidirectional
support frames in satellite and space accuracy in vacuum
CFRP laminates.
payload structures. environments.
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2.3.2.Metal-coated CFRPs

Metal-coated CFRPs are composite materials in which the carbon fiber surface or
outer layer is coated with metallic elements to improve electrical and magnetic properties.
Conductive metals such as copper (Cu), nickel (Ni), silver (Ag), and aluminium
(Al) are typically deposited onto the CFRP surface via electroplating, sputtering, or
electroless coating to create continuous electron pathways and significantly enhance
surface conductivity. Conversely, magnetic metals and alloys like cobalt (Co), iron
(Fe), and nickel-iron (Ni—Fe) enhance magnetic permeability and induce eddy-current
losses, thereby achieving absorption-based electromagnetic shielding. The integration
of these conductive and magnetic metals enables the CFRP substrate to display dual
electromagnetic responses, reflection and absorption, while preserving structural strength
and lightweight qualities crucial for acrospace applications (Ouyang et al., 2025; Xie et
al., 2026).

In aerospace and spacecraft structures, metal-coated CFRPs are frequently used
in areas where both mechanical performance and electromagnetic compatibility are
crucial. Typical applications include avionics housings, engine nacelles, radar fairings,
satellite antenna supports, and electronic bay enclosures. Here, metallic coatings protect
sensitive systems from external EMI and help dissipate accumulated charges. Nickel- or
copper-coated CFRP laminates are especially preferred for fuselage panels and UAV
body structures because they improve conductivity without adding significant weight.
In high-frequency or demanding environments, Ni-Fe-coated or hybrid metallic films
offer stable shielding across wide temperature ranges and radiation conditions. These
multifunctional metal-coated CFRPs thus connect traditional structural composites with
active electromagnetic shielding materials in next-generation aerospace systems (Pang
etal., 2023; Wu et al., 2025; Yuanzhi et al., 2025)

Zhu and co-workers (2021) developed Ni-coated carbon fiber fabric/epoxy
composites by applying electroless nickel plating followed by polydopamine (PDA)
interfacial modification. This interface-engineered structure reached an EMI shielding
effectiveness (SE) of about 31 dB, representing roughly a 77% improvement over
uncoated CFRP, while also significantly improving interlaminar shear and tensile
strength. Such Ni-modified CFRP systems are promising for aircraft fuselage panels,
avionics housings, and access covers that require both load-bearing capacity and EMI
shielding (Zhu et al., 2021).

Zhu and colleagues fabricated Ag/T-ZnO interlayered CFRP laminates by inserting
silver-coated tetra-needle ZnO sheets between CF/epoxy layers through vacuum infusion.
The structure achieved an EMI SE of approximately 40.99 dB (8.2-12.4 GHz), which is
about 26.5 dB higher than the unmodified CFRP reference. Such Ag-interlayered CFRP

skins are promising for radome-adjacent panels, avionics bay covers, and instrument
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fairings that need lightweight shielding (Zhu et al., 2025).

Liu and colleagues developed Ni—Fe nanoparticle-coated carbon fibers to create
conductive fiber networks for EMI shielding composites. Ni and Fe nanoparticles were
chemically deposited onto the carbon fiber surfaces, producing a hybrid magnetic—
conductive network that simultaneously strengthened reflection and absorption losses.
The engineered composite exhibited an EMI shielding effectiveness of around 52
dB within the X-band, supported by improved impedance matching and enhanced
mechanical integrity. CFRP systems modified with such Ni-Fe coatings show strong
potential for use in aerospace structural panels, electronic enclosure components, and
UAV payload casings, where ultralight materials that integrate magnetic loss mechanisms
with electrical conductivity are essential for achieving high-performance EMI shielding
(Ouyang et al., 2025).

Table 4
EMI shielding performance and aerospace applications of metal-coated CFRPs

Typical
Typical Coating Aerospace Specific SE
Metal Type Functional Role EMI
Method Application (dBemm™)
SE (dB)
Avionics
Provides high housings, 45-55
surface conductivity | Electroplating, fuselage panels,
Copper dB 100-180
for reflection- electroless and UAV
(Cu) 1 dBemm™
dominated EMI deposition. body shells for (8-18
shielding. improved charge | GH2)
dissipation.
Enhances Engine nacelles,
both electrical Electroless radar fairings, 50-65
conductivity and plating, and satellite
dB 90-160
Nickel (Ni) | moderate magnetic | sputtering, panels require
05-18 dBemm™!
loss, providing or thermal balanced (0.5~
a hybrid EMI spraying. shielding and GHz)
response. strength.
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Exhibits excellent
ectrical Communication
electrica _
Physical vapor antennas, 60-70
conductivity dB
) o deposition satellite 160-300
Silver (Ag) | with minimal
(PVD), enclosures, 296 dBemm™!
thickness; enables ) q (2=
sputtering. and aerospace
high-frequency GHz)
Sensors.
shielding.
A lightweight, Aircraft fuselage
conductive coating | Thermal skins and interior 40-55
Aluminium improves surface spraying structural panels dB 80-140
. . . O
(Al) reflectivity while or vapor emphasize (8-12 dBemm
maintaining low deposition. weight GHz)
density. efficiency.
Provides magnetic ot
el High-frequency
Nickel permeability and 65-80
Iron Electrochemical | shielding layers
eddy current losses dB 140-250
co-deposition or | in radar systems
s for absorption- (1-18 dBemm™!
(Ni-Fe) sputtering. and  spacecraft
I dominated GHz)
alloy components.
shielding.

2.3.3.Conductive Polymers

Conductive polymers (CPs) are a class of m-conjugated organic materials capable of
transporting charge through delocalized m-electrons along their molecular backbone.
Typical examples, such as polyaniline (PANI), polypyrrole (PPy), polythiophene (PTh),
and PEDOT, exhibit electrical conductivities ranging from 10~ to 10* S/cm, depending
on the degree of doping and structural order (Zheng et al., 2024). Their conjugated
structure and mobile charge carriers enable high dielectric polarization and efficient
conversion of electromagnetic energy into heat, which is the primary mechanism of
absorption-dominated EMI shielding. These polymers can be processed into thin,
uniform, corrosion-resistant coatings, enabling flexible and conformal EMI barriers.
Recent studies have shown that PANI- and PPy-based composites can achieve 40—70 dB
SE in the X-band range due to enhanced interfacial polarization and impedance matching
(Turczyn et al., 2020)

In aerospace structures, conductive polymers are increasingly used as interlayers,
coatings, or hybrid matrices within carbon-fiber composites to preserve electromagnetic
compatibility without adding excessive weight. Their low density, chemical stability,
and adjustable conductivity make them suitable for radomes, fuselage skins, and

antenna housings, where metallic shields might cause galvanic corrosion or increase
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weight. Therefore, CP-based systems are seen as crucial components of next-generation

lightweight, multifunctional aerospace composites that combine structural performance
with EMI protection (Alemour et al., 2019; Das & Prusty, 2012; Yadav et al., 2020).

Table 5

EMI shielding performance and aerospace applications of Conductive Polymers

Typical
Conductive Aerospace Typical EMI
Functional Role Integration
Polymer Type Application SE (dB)
Method
Forms conductive
In-situ Aircraft ~54.8 dB
networks and ’
Polyaniline polymerization fuselage panels,
enhances interfacial K |
(PANI) larizai on CF fabric/ avionics (Kong et al.,
polarization;
) epoxy matrix enclosures 2022)
absorption-dominant
Provides multiple Surface Radomes, ~41dB
PANI-MoS: interfacial functionalization  dielectric
hybrid polarizations and and chemical transparent (Zhou et al,,
dielectric loss oxidative coating  covers 2025)
Avionics ~
Improves conductivity  In-situ chemical 74dB
) o housings,
Polypyrrole (PPy) and magnetic loss polymerization Lietal
bl ol " - inner structural ~ (Lietal,
alance; stable coating on the CF surface
panels 2024)
Multifunctional
Enhanced absorption
fuselage ~ 62 dB
and impedance Vacuum-assisted
PANI/MXene structures,
matching through infiltration into 7 Wi
hybrid composite o . sensor- (Z. Wang et
conductive—dielectric =~ CFRP layers 12021
. integrated al, )
coupling )
composites

2.3.4.Carbon-based CFRPs

Carbon-based CFRP composites incorporate conductive nanocarbon materials mainly
carbon nanotubes (CNTs) and graphene or graphene nanoplatelets (GNPs), into traditional
CFRP matrices to produce lightweight, multifunctional materials with excellent EMI

shielding and structural capabilities.

Carbon-based CFRPs are typically categorized into two main groups. The first includes
CNT-based CFRPs, where CNTs are either grown directly on carbon fibers or added
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as thin interlayers (buckypaper) to enhance electrical pathways between fibers. The
second comprises graphene-based CFRPs that use graphene or reduced graphene oxide
(rGO) sheets as coatings or interleaved layers to enhance polarization and absorption.
Both types are designed for aerospace parts such as fuselage panels, radomes, antenna
housings, and avionics enclosures, where EMI shielding values of 30-70 dB are usually
required (Kim et al., 2023; Suresha et al., 2025; H. Zhang et al., 2023)

In aerospace structures, carbon-based CFRPs are strategically used in fuselage skins,
radomes, antenna housings, and avionics enclosures where both high EMI attenuation
and weight reduction are required. Recent studies also show that these materials can
effectively shield EMI while maintaining lightweight aircraft structures. (Kim et al.,
2023) developed CFRP laminates reinforced with in-situ-grown CNTs, achieving an
EMI shielding effectiveness (SE) of over 70 dB across the 0.3—1.5 GHz frequency range.
These composites enhance charge transfer between the fibers and the matrix, making
them suitable for avionics housings and internal EMI barriers. (Suresha et al., 2025)
created graphene nanoplatelet (GNP) reinforced CFRP laminates with an SE of 32.4 dB
in the X-band (812 GHz), recommending them for radome skins and electronic covers
due to their corrosion resistance and light weight. Patadia et al. (2024) designed high-
strength CFRP panels that achieved over 80 dB EMI SE across the X-band, demonstrating
that carbon-based composites can replace metallic shields in fuselage and skin panels.
Finally, (Yang et al., 2024) reviewed graphene-coated CFRP structures and highlighted
their lightweight nature, corrosion resistance, and absorption-based shielding, making

them ideal for radomes and antenna housings in modern aircraft.

These studies show that carbon-based CFRPs are becoming key materials for
multifunctional aerospace structures, providing both mechanical performance and
electromagnetic compatibility in advanced aircraft and spacecraft systems.

Table 6

EMI shielding performance and aerospace applications of Carbon-based CFRPs

Structural
Representative Typical
CFRP Description Aerospace Specific SE
Nanocarbon EMI SE
Type / Integration Application (dBemm™)
Additive (dB)
Strategy
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Multi-walled

CNTs grafted

on carbon fibers

. or embedded Fuselage
or single-
buck 1
CNT- walled carbon as buckypapet panets, 50-60
interlayers to create  avionics
Modified nanotubes Ki 35-45
3D conductive enclosures, (Kim et
CERP 1., 2023
(MWCNTs/ networks and internal EMI 8l )
improve through- partitions
T
SWCNTs) thickness
conductivity
Graphene coatings
Graphene or interleaves Radomes, 60-70
Graphene-  nanoplatelets enhance dielectric antenna
Modified (GNP), reduced  loss and interface housings, (Suresha 40 55
CFRP graphene oxide  polarization; provide ~composite etal,
(rGO) corrosion-resistant fairings 2025)
EMI shielding
brid cond Structural
Hybrid conductive— _
CNT/ EMI 65-75
CNTs + dielectric coupling;
MXene- shielding D
TisC.Tx MXene  enhanced absorption (J. Dong 5060
Reinforced panels, smart |
nanosheets and mechanical el ctal,
CFRP uselage
stability . 2025)
composites

2.3.5.MXene-based CFRPs

MXene-based CFRP composites are a new type of lightweight, multifunctional materials
that incorporate two-dimensional Tis:C.Tx MXene nanosheets into carbon fiber/epoxy
systems. This integration can be achieved through surface coating of carbon fabrics,
insertion of MXene interleaves, or direct functionalization of the fiber surface. The
resulting structures demonstrate high electrical conductivity, broad-band absorption, and
excellent interfacial compatibility, making them promising options for next-generation
EMI shielding in aerospace applications (Liu et al., 2023; Q. Zhang et al., 2023)

Several recent studies have examined the direct integration of MXenes into CFRP
systems, reporting significant improvements in electromagnetic shielding performance.
Yilmaz et al. (2025) produced MXene-sprayed carbon fabric/epoxy CFRP laminates
using vacuum infusion. They achieved an overall EMI SE of approximately 32 dB in the
X-band, along with improved interlaminar shear and flexural strength—demonstrating a

scalable fabrication method for multifunctional CFRP structures. According to Zhang et
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al. (2024), coated CF/PEEK thermoplastic CFRP tapes with TisC.Tx MXene to enhance
interfacial bonding, reporting a specific EMI SE of about 80.8 dBemm™" and framing their
work within a clear aerospace context (Zhang et al., 2024). Similarly, Irfan et al. (2023b)
fabricated MXene-coated aerospace-grade fiber composites with dual EMI shielding and
sensing capabilities, noting superior attenuation compared to rGO-coated counterparts.
Finally, Duan et al. (2023) developed a TizC:Tx-MXene/graphene oxide interleaved
carbon-fabric composite that achieved approximately 38 dB SE in the X-band, providing

a design model easily adaptable to CFRP laminates for aerospace applications.

Table 7
EMI shielding performance and aerospace applications of MXene-based CFRPs

Main Features and
Composite System  EMI SE (dB) Application / Remarks
Findings

Flexible multilayer Scalable thin shielding
architecture; absorption-

TisCoTx MXene /

GO/carbon fabric 38 dB films for acrospace panels.

dominant shielding; stable

multilayer
’ under bending. (Duan et al., 2023)

Recycled carbon Potential EMI shields for

Lightweight, recyclable,
fiber (MXene-

aircraft interiors and UAV

45.7 dB and highly conductive; high | {odies
coated) sandwich ) '
specific SE per thickness.

paper (Liu et al., 2022)

Structural EMI shielding

MXene-sprayed Improved fiber—matrix
carbon fabric/epoxy | 32.8 dB adhesion and conductivity; for aerospace components.
laminate strong laminate.

(Yilmaz et al., 2025)

Strengthened interfacial Explicitly acrospace-

TizC.Tx MXene- 20.8 dB B bonding; very high specific oriented CFRP design
coated CF/PEEK ' . Tmm EMI SE; thermoplastic with dual mechanical-EMI
thermoplastic tapes (specific SE) processing suitable for functionality.

aircraft.

(Zhang et al., 2024)

Although MXene-CFRPs have proven to be excellent EMI shielding materials, their
direct application in real aerospace structures remains limited. Most work still occurs

at the laboratory or prototype level. However, future opportunities are clear: MXene-
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based CFRPs are ideal for radomes, antenna housings, avionics enclosures, fuselage
skins, and satellite fairing panels, where low weight and effective EMI absorption are
essential. As surface engineering and oxidation-stability challenges are addressed, these
multifunctional composites are expected to play a significant role in next-generation
lightweight aerospace systems (Igbal et al., 2020; Lang et al., 2024).

2.3.6.Hybrid CFRPs

Hybrid CFRP composites are advanced multifunctional systems in which two or more
types of conductive or magnetic nanomaterials are embedded in the CFRP matrix or
layered structure to create synergistic effects. In these hybrids, the traditional carbon fiber/
epoxy or CF/PEEK framework is combined with various functional nanofillers, such as
CNT + graphene, MXene + metal nanoparticles (Ag, Ni, Fes0a4), or conductive polymer
+ carbon-based nanofillers. These multiscale designs leverage the complementary
mechanisms of conduction and polarization loss to enhance impedance matching and
enable broadband, absorption-dominant EMI shielding. The resulting hybrid CFRPs
offer mechanical strength, thermal stability, and electrical conductivity, which are highly
valued for aerospace fuselage panels, antenna radomes, and avionics housings where

lightweight multifunctionality is essential (Anggereni & Tahir, 2025; Gao et al., 2023).

Recent Scopus-indexed studies confirm the excellent EMI shielding capabilities of
hybrid CFRPs. Zhang et al. (2024b) fabricated a graphene/MXene-coated CF/epoxy
laminate, achieving a total EMI SE of around 68 dB in the X-band through combined
absorption and reflection; the authors proposed its use for aircraft skin structures. Liu et
al. (2023) developed a Ni-CNT hybrid network integrated into CFRP laminates, reaching
approximately 72 dB shielding while maintaining mechanical integrity, demonstrating
its suitability for aerospace electronic housings. (Yilmaz et al., 2025) reported a MXene/
graphene oxide-modified carbon-fabric/epoxy composite with an EMI SE over 60 dB
and enhanced conductivity, recommending it for fuselage and radome shells. Similarly,
Wang et al. (2022) achieved an impressive 80 dB EMI SE in CNT/Fe;Os-decorated
CFRP, highlighting magnetic—conductive hybrid coupling as an effective means to

enhance attenuation.

Table 8
EMI shielding performance and aerospace applications of Hybrid CFRPs

Hybrid Matrix / EMI SE Dominant
Suggested Aerospace Application
System Substrate (dB) Mechanism
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Graphene Suitable for aircraft skin panels and
68 dB Synergistic o
/ MXene CF/Epoxy outer fuselage shells, providing
hybrid lami absorption * high ab i d 1
1 aminate 1gh absorption and structura
d (X-band) reflection s P
coating compatibility.(Hu et al., 2024)

Conductive  Effective for avionics housings and

Ni-CNT
hobrid CF/Epoxy 72 dB + magnetic  electronic bays, offering strong
ybri
. composite (X-band) loss EMI attenuation with minimal mass
networ :
coupling increase. (Liu et al., 2023)
MXene /
Applicable to radome and fuselage

Graphene- > 60 dB Interfacial

CF/Epoxy panels, ensuring broadband EMI
oxide polarization

laminate X-band absorption and improved interfacial
modified (X-band) 4 absorption

conductivity. (Patadia et al., 2024)
carbon fabric

Designed for antenna fairings and

CNT / Fes;0s Magnetic—
80 dB electronic enclosures, achieving
decorated CF/Epoxy conductive
ultrahigh EMI SE through magnetic—
carbon fiber  laminate band hybrid
(X-band) conductive synergy. (Wang et al.,
fabric coupling

2022)

Overall, these results demonstrate that hybrid nanostructures effectively achieve EMI
shielding above 60 dB while maintaining the lightweight and structural benefits of

traditional CFRPs. This makes them important materials for future acrospace applications.

Conclusion and Future Perspectives
Carbon fiber reinforced polymer (CFRP) composites remain essential materials for
aerospace structures, valued for their high specific strength, stiffness, and lightweight
nature. Aselectronic density inaircraft, satellites,and UAV platforms continues to increase,
the need for structural components that also provide reliable electromagnetic interference
(EMI) shielding has become critical. While neat CFRPs offer moderate shielding from
their intrinsic conductivity, they are insufficient for protecting sensitive systems such as

radar modules, navigation electronics, and high-frequency communication units.

Recent research demonstrates that modifying CFRPs with conductive or magnetic
nanomaterials—such as MXenes, CNTs, graphene, or metal coatings—can achieve
shielding effectiveness levels of 50-80 dB in the X-band without sacrificing mechanical
performance. These enhanced composites show strong potential for integration into

fuselage skin panels, radomes, antenna fairings, avionics bay covers, payload housings
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on UAVs, and satellite instrument enclosures, where lightweight EMI protection and

structural reliability must be combined.

Despite these advancements, challenges remain regarding scalable manufacturing,
environmental durability, and the lack of standardized testing protocols tailored
to aerospace conditions. Future research should emphasize large-scale process
optimization, hybrid filler architectures, and comprehensive evaluation under aerospace-
specific thermal, mechanical, and vibration loads. With such developments, hybrid-
modified CFRPs are positioned to evolve into true multifunctional materials capable
of simultaneously carrying structural loads and ensuring robust EMI protection across

next-generation aerospace platforms.
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