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ABSTRACT

Electromagnetic wave (EMW) radiation pollution is getting more severe as result of the advancement of electronic technology.

Researching shielding materials with superior EMI (electromagnetic interference) shielding characteristics is therefore crucial.

Basalt fibers (BFs) have been an emerging candidate in the fiber-reinforced polymer (FRP) category due to their favorable me-

chanical and chemical properties, along with being favorites in sustainability and having low production costs. Therefore, due

to the rising need for cheaper and efficient alternatives in the EMI shielding industry, the EMI shielding is covered in terms of
BF composite materials and their properties in this review, starting with the EMI shielding mechanism and followed by how BF
composites affect the EMI properties. This review then covers the post-treatments of BF composites and, finally, the factors of
the composites that affect the EMI properties. Moreover, the EMI shielding applications in which BFRPs are used are compre-

hensively discussed as well. This review aspires to bridge an understanding between EMI shielding as a material property and

the BF composites that are developed to aid in the EMI shielding application.

1 | Introduction

EMI or electromagnetic interference is the effect of electromag-
netic waves (EMWs) on external objects, where the waves are
not restored to their initial position when they are propagated.
EMWs have the same direction and propagation of their mag-
netic and electric fields thereby making it more accessible to
transfer the energy in areas of magnetic and electric fields and
can propagate through any medium such as solid, liquid, gas or
even a vacuum. As EMWs have an electric field that is alternat-
ing due to an alternating magnetic field, they produce EMI [1].

Many applications today require the consideration of EMI when
they are being processed. Since the digitalization of technology
from the 20th century, many electronic devices have become
a household necessity. Thus, it has become crucial to consider

EMI that has become an issue on many fronts such as defense,
corporate, medical, and environmental sectors. In the defense
industry, EMI has become a tool for espionage, as well as dam-
aging conventional weapons [2]. EMI could be exploited by
hackers to gain valuable and confidential information as well
[3]. The medical industry suffers from the risk that EMI causes
the human body, such as the irreversible effect on the central
nervous system (CNS) if it is exposed long-term to EMW [4].
The environmental sector can be affected as well due to the EMI
effect on precision instruments used for the weather which can
cause major consequences when measuring important factors
such as temperature, humidity, wind speed, and so forth [5].

EMI shielding is the process of enclosing an electrical circuit,
also known as an EMI emitter or susceptor, partially or entirely
using a shield (a shaped conducting substance). As a result, it
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affects both how much EMI energy created by the circuit can
escape into the external environment and how much EMI radi-
ation from the external environment may enter the circuit [6].
Shielding has been accomplished using several materials with
various electrical conductivity, magnetic permeability, and ge-
ometries. In addition to lowering EMI emissions, shielding also
offers a separate ground reference, which significantly lowers
internal crosstalk, circuit path coupling, and total common
mode coupling. Shielding is also used to reduce electrostatic dis-
charge (ESD) and thus, electric potential, as well as to absorb mi-
crowave radiation. In shielding housings and enclosures made
of plastic or other nonconductive materials, many commercial
electronic equipment is packed [6, 7].

To provide shielding, these enclosures must be coated with a
conductive substance if the devices are required to rely on en-
closure shielding for electromagnetic compatibility (EMC) com-
pliance. Vacuum deposition, electroless plating, arc spray, and
conductive spray paint are some of the metalizing methods used
in this application. The latter method, a slurry of metal parti-
cles in a carrier that resembles paint, is most usually employed.
Conductive substances such as silver, nickel, copper, or carbon
are highly present in these conformal coatings as extremely
small particles, and shielding efficiency levels between 60 and
100dB [7-10].

Moreover, metallized fabrics can provide an amalgamation of
qualities that are proving to be very valuable in a wide range
of EMI shielding solutions, including effective shielding per-
formance, convenience in manufacturing, transparency to air,
partial transparency to visible light, and low specific weight, the
attributes of a fabric remain unchanged after metallic treatment;
they include drape, texture, tear strength, shrinkage, elongation,
and other features [7]. For example, to improve their EMI shield-
ing abilities, basalt fibers are frequently combined with other
substances like polyvinyl alcohol (PVA) or metal fibers [11-13].
They are also utilized in a variety of other products, such as con-
struction materials, composite materials, and parts for the auto-
motive and aerospace industries.

Leading materials that have been used in EMI shielding have
carbon fibers [14-17], copper fibers [18], nickel-coated [19, 20]
and silver-coated fibers [21], conductive polymers [22, 23],
and metallic foams [24, 25], due to their high electrical con-
ductivity and shielding effectiveness. Moreover, the recent
surge of composite materials in the EMI shielding sector to
provide optimal shielding properties while maintaining de-
sirable mechanical and physical characteristics have resulted
in a boom in the further development of hybrid composites
[26, 27], metal-matrix composites [28, 29], graphene, graphite,
and metal-coated glass fiber-reinforced composites [30-32].
Another recent group of materials used for EMI shielding
are the bio-based materials such as cellulose fibers [33, 34],
carbon-focused materials extracted from natural products
[35], and natural textiles [36].

Fiber-reinforced polymers (FRPs) have gained traction in recent
years due to their integration of different properties suitable for
the required application. For EMI shielding, the electromechan-
ical properties are a main factor during the material selection
process. Fiber composites have been reinforced with conductive

materials in order to have favorable electromechanical proper-
ties for use in EMI shielding. Basalt fiber-reinforced polymers
(BFRPs), a direct competitor to carbon fiber-reinforced poly-
mers (CFRPs) and glass fiber-reinforced polymers (GFRPs),
have gained traction in the EMI shielding industry due to their
sustainable manufacturing methods, and provided advanta-
geous benefits in terms of EMI shielding properties [37-39].
Regarding electrical properties, basalt fiber composites exhibit
relatively low electrical conductivity due to the insulating na-
ture of basalt fibers, making them suitable for electrical insu-
lation and electromagnetic shielding applications [40, 41]. In
terms of magnetic properties, basalt fiber composites generally
display non-magnetic behavior, as basalt fibers themselves are
non-magnetic and do not significantly alter the magnetic prop-
erties of the composites [42].

BFRPs also have been an economically and environmentally
viable for EMI shielding applications compared to their com-
petitors CFRPs and GFRPs. They are made from naturally oc-
curring basalt rock thereby leading to lower production costs
and less energy-intensive processing methods. This aligns with
sustainability goals due to less energy consumption and less
emissions. Moreover, basalt fiber can be recycled and display a
reduced carbon footprint throughout their lifecycle [43], thus ef-
fectively portraying advantages over other types of fibers as well.
These benefits make basalt fiber composites a promising choice
for EMI shielding applications, combining both economic and
sustainability considerations for improved performance.

This paper focuses on the EMI shielding aspect of basalt fibers
and their composites. While review papers have been focusing
on carbon fibers, metals, and nanofibers, with respect to their
application in EMI shielding, we will focus on the advantages
of basalt fiber composites and the materials that are associated
with them, along with the processes and techniques that are
used to infuse these materials on the fibers, and how it affects
EMI shielding. We will also discuss the EM properties and the
properties of the materials that affect EMI shielding.

1.1 | Basalt Fibers

Basalt fibers (BF), shown in Figure 1a, have been used since
the early twentieth century, being patented by Frenchman Paul
Dhé [44], for applications that surround the civil industry such
as public infrastructure and construction [45]. The major ad-
vantage, along with favorable elastic modulus, being light and
ductile, is the exclusion of the brittle behavior present in carbon
fiber (CF) composites that causes stress concentrations along
the material [46]. CF production is also more expensive, which
means that less load is used in the process [47]. BF compos-
ites eradicate the issue because of the hybridization which uses
ductile material layers instead of carbon layers [48].

Basalt is a rich natural compound that comprises around 90%
of all volcanic rock on Earth [49]. Basalt is very similar to glass,
sharing common properties such as lack of electrical conductiv-
ity, thermal resistance, and high strength. However, it has more
favorable properties such as poor chemical reactivity allowing
it to be more resistant to strong chemical bases as opposed to
glass which is resistant to strong chemical acids [50]. Basalt has
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FIGURE1 | (a)Basaltfiber and strands of BF, (b) Chemical composition of basalt. Source: Adapted with permission [46]. Copyright 2015,

Elsevier.

a chemical composition consisting of SiO,, Al,O,, MgO, CaO,
FeO, Fe,0,, N,0, K, 0, TiO,, P,0,, MnO, and Cr,O, with varying
levels of percentages of these compounds [46, 51, 52], as shown
in Figure 1b. Alkaline basalts contain around 42% SiO,, while
mildly acidic basalts have around 43%-46% SiO,, and acidic ba-
salts over 46% SiO, [53]. They vary in their physical appearance,
ranging from colors such as brown and gray to light green ac-
cording to the aforementioned chemical composition [54]. The
structure of basalt is similar to that of glass; therefore, the physi-
cal properties are shared, such as brittleness, chemical and ther-
mal resistance. Basalt fibers are manufactured by methods such
as the Junkers method (a melt blowing production technique),
which produces short-fiber basalt fibers and the spinneret
method which produces continuous-fiber basalt fibers [55, 56].

The Junkers process is a melt blowing manufacturing method.
The key element of the method is the transfer of the melt, that
goes up to 1580°C, from the gas-heated furnace to a fiberizing
device with a horizontal shaft and three centrifugal heads. The
lava that had been adhered to the heads falls off due to centrif-
ugal force, and because of the blasting, viscous liquid breaks
down into fibers 60-100 mm long and 6-10 um diameter [57].
The spinneret method of basalt fiber production involves
melting basalt rock at around 1450°C and then extruding the
molten basalt through a spinneret, a device with numerous
small holes. As the molten basalt passes through the holes, it
is stretched and solidified into continuous fibers. This process
offers precise control over fiber diameter and length, resulting
in uniform, high-quality fibers with enhanced performance
characteristics [58]. After extrusion, the continuous fibers are
wound onto spools for further processing and use. Like the
melt blowing method, the spinneret method requires signifi-
cant energy input for melting and extrusion but is less energy-
intensive than steel production. The carbon footprint of the

spinneret method is also relatively low due to the use of basalt
as a raw material [59]. Basalt fiber composites possess a range
of desirable properties for various applications. In terms of
mechanical properties, these composites exhibit high tensile
strength, surpassing that of traditional glass fiber composites,
owing to the high tensile modulus and ability to withstand
significant stress levels of basalt fibers [60-62]. They also
demonstrate excellent chemical resistance, making them suit-
able for use in harsh chemical environments due to their resis-
tance to alkalis, acids, and organic solvents [63]. Additionally,
basalt fiber composites display noteworthy thermal stability,
withstanding high temperatures without experiencing sub-
stantial degradation, which can be attributed to their higher
melting point compared to organic fibers [64]. Furthermore,
basalt fiber composites possess low water absorption, preserv-
ing their mechanical integrity and dimensional stability even
in moist environments [65, 66]. Their good fatigue resistance
allows them to withstand cyclic loading and repetitive stress
without significant performance degradation, making them
suitable for applications requiring resistance to repeated me-
chanical loading [67, 68].

1.2 | Cost and Sustainability

In assessing the viability of basalt fiber composite materials
for EMI shielding applications, it is imperative to consider not
only their performance characteristics but also their economic
feasibility and sustainability compared to conventional alter-
natives such as CFRPs and GFRPs. Economically, basalt fiber
composites present a promising alternative due to their rela-
tively lower production costs compared to carbon fiber com-
posites, which are often associated with high manufacturing
expenses. For example, the cost of basalt fibers is estimated to
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be around $2.26 per pound, whereas carbon fibers can range
from $13.6 per pound [47]. Basalt fibers can be produced at a
lower cost compared to carbon fibers, attributed to the avail-
ability and affordability of raw materials and less energy-
intensive processing methods [69]. Additionally, basalt fibers
are derived from naturally occurring basalt rock, offering
potential cost advantages over glass fibers, which require
energy-intensive processes for extraction and refining [70].

Moreover, sustainability considerations play a pivotal role in
evaluating the environmental impact of various fiber compos-
ites. Basalt fiber production typically involves lower energy
consumption and greenhouse gas emissions compared to car-
bon fiber manufacturing processes, aligning with sustainability
objectives. Furthermore, basalt fibers are inherently recyclable,
and exhibit reduced environmental footprint throughout their
lifecycle, offering potential advantages over carbon and glass
fiber counterparts. The energy consumption for the production
of basalt fibers is lower than the energy required for carbon
fibers and comparable to that of glass fibers. Additionally, the
process of creating basalt fibers generates minimal waste and no
toxic byproducts. Leftover materials can often be recycled back
into the production process, further minimizing environmental
impact. BFRPs also have a lower carbon footprint compared
to other materials, such as CFRPs, as they do not involve the
use of petroleum-based resins and are derived from a renew-
able source. The use of renewable energy sources, such as solar
or wind power, in basalt fiber production can further decrease
emissions and improve sustainability [71]. A sustainability com-
parison encompassing factors such as raw material availability,
energy consumption, and recyclability is crucial for assessing
the ecological credentials of basalt fiber composites vis-a-vis
other FRPs.

BFRPs are considered an environmentally friendly alterna-
tive due to being derived from natural volcanic rock, and pre-
senting similar mechanical properties to CFRPs and GFRPs
but with a lower environmental impact. Recently, a study ex-
amined the Life Cycle Assessment (LCA) of BFRPs and their
environmental impact. BFRPs were compared to CFRPs and
GFRPs in terms of their reduced Global Warming Potential
(GWP)—the total greenhouse gas emissions over the prod-
uct's life cycle—and Fossil Resource Scarcity (FRS) - the
depletion of fossil fuel resources. BFRPs were compared to
stainless steel, galvanized steel, and GFRP bars. It was found
the GWP of a BFRP bar was 88% lower than that of stainless

steel, 49% lower than galvanized steel, and 44% less than that
of a GFRP bar [71]. It was also found in earlier studies the per-
centage reduction in the environmental impact due to using
FRP bars in BFRPs was a 62% reduction in CO, emissions [72],
while GFRPs had a 43% reduction and CFRPs had 39% reduc-
tion [73]. This showcases the sustainable and environment-
friendly characteristics of basalt fiber when compared to its
competitors.

Moreover, it is important to note that the properties of basalt
fiber composites can be influenced by factors such as fiber con-
tent, orientation, composite fabrication techniques, and the
presence of other conductive or magnetic materials in the com-
posite matrix. Tailored composite designs may be necessary to
optimize these properties for specific applications.

1.3 | EMI

EMI has been an engineering consideration, especially when
processing materials. Therefore, the material selection process,
which depends on the application of the material, must account
for the property of EMI shielding. EMI, which is caused by the
propagation of EMWs, that consist of the EM spectrum: radio
waves, microwaves, infrared light, X-rays, and gamma-rays, in
order of increasing frequency and decreasing wavelength as
shown in Table 1. When an EMW strikes a material, there are
three phenomena that occur, called reflectance (R), absorption
(A), and transmittance (T) [ 74, 75]. These three occurrences take
place outside or inside the material interchangeably. For exam-
ple, when an EMW is incident on an object, there is a reflected
wave, and the part of the wave that is absorbed, is internally
reflected and transmitted, thereby causing multiple reflections
sometimes of the same, singular EMW. This occurs multiple
times for transmittance as well [76].

Since EMI is based off electromagnetic waves, it is important to
study certain properties that would affect EMI shielding. These
are shielding effectiveness (SE), electrical conductivity, and the
dielectric constant, which is the ability of an insulator to store
electrical energy [78]. Moreover, the mechanical properties are
tested to check whether they are affected by improving EMI
shielding properties.

The shielding efficiency (SE) of the material is used to identify
the shielding capacity (attenuation) of the material, usually

TABLE1 | The classification of EMWs with different frequency and wavelength [77].

Spectral region Frequency region (Hz) Wavelength (m)
Radio waves 1.0 x 10% — 1.0 x 10° 1.0-1.0x10°
Microwave 1.0x 10" - 1.0 x 10® 0-1.0x10!
Infrared light 1.2x 10" — 1.0 x 101! 2.5%107°-1.0x1073
Visible light 7.5 % 10* — 4.0 x 10% 40%x1077 -=7.5x 1077
Ultraviolet light 1.0 X 101 — 7.5 x 10™ 20x1077 —4.0x 1077
X-rays 1.0 x 10%° — 1.0 x 10 1.0x 1072 - 1.0x 1071
y-rays > 1.0 x 10%° <1.0x 10712
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found in decibels (dB). It is used in a comparative analysis
test to measure the electric field strength before the material
shielding is applied and afterward. Therefore, the total shield-
ing efficiency is shown with Equation (1) as the incident elec-
tromagnetic wave intensity over the outgoing electromagnetic
wave intensity [23, 79, 80]:

P.
SE; = 1010g<1710> o)

SE; = SE, + SEy + SEy, )

Moreover, according to Schelkunoff's theory, the shielding ef-
ficiency can be divided into subcomponents that are attenua-
tions of absorption, reflection and multiple internal reflections
[81-83] as seen in Equation (2). These components are mathe-
matically shown in the following equations (Equations (3), (4),
and (5)).

SE, = —8.68t

_Vf’;“T 3)

where t is the thickness of the shielding material, y, is the rela-
tive permeability of the material, o is the total conductivity and
f is the frequency of the electromagnetic waves. In Equation (4),
€ is the electric permittivity as shown below.

SE, = —1010g<166T > @)
EHy

It is known that when EMWs are incident on an object, they
undergo multiple internal reflections within the object itself al-
beit being the lowest EMW attenuation as compared to SE, and
SE, [84].

SE,, = 2010g(1 - 10%) )

However, it can be found from the equation above Equation (5)
that if the SE, is high (more than 15dB [80, 85-87]), the value
of SE,,; can become much smaller to the point that with thick
materials, it becomes negligible in the calculation of SE;, since
materials with large thicknesses often have higher absorption
values and thus high value of SE,,.

Moreover, the factors that affect SE are permeability, thick-
ness and conductivity as can be deduced from the above equa-
tions [88, 89]. The filler materials that are used to adjust for
conductivity are examined by these factors, and also portray
magnetic and electric dipoles that result from the magnetic
and electric phases that the material goes through. Materials
that have electric dipoles weaken the impedance of the ma-
terial and this increases the reflection of the EMWs within.
However, the presence of magnetic dipoles causes magnetic
loss, which is the sum of the eddy current loss, the magnetic

hysteresis loss and the residual loss, which improves the EMI
shielding [90].

The distance required for EMW attenuation to 37% or inverse of
the exponential of the shield is called skin depth () as shown in
Equation (6) [91]:

1

ffiio ©)

6:

The reflection of EMWs surface and inside the material are dis-
sipated into thermal energy [78, 92]. The absorption of EMWs
within the material also do not necessarily play a role in the
reduction of transmittance which can take place due to reflec-
tion within the material [93]. Therefore, in monolithic isotro-
pic materials, where the properties of a material are constantly
independent of the direction, the absorption is found in terms
of the reflection and measured transmittance as shown in
Equation (7) [94].

A=1-R-T )

Moreover, another important parameter to evaluate the absorp-
tion potential of a material is the reflection loss. The reflection
loss as shown in Equation (8) assesses the amount of power lost
when an EM wave reflects off a boundary that typically is be-
tween two materials with opposing electrical properties, usually
a metal surface and a non-metal one [95]. This is useful to ac-
count for investigating the EMI due to the potential mitigation of
the amount of energy that penetrates an enclosure or that which
propagates to crucial areas. It is given as:

Py
RL = 10log— = 20log
Py

Zin_zo‘
— 8
zin"'zO ()

where P; and Py are the incident and reflected powers of the
EMWs, respectively. Moreover, z;, and z;, are the impedance of
the absorber material and the characteristic impedance of free
space, respectively. In the context of electromagnetic wave ab-
sorbers, when reflection loss (RL) is represented as a negative
value, such as —10dB, it indicates that only 10% of the incident
electromagnetic power is reflected, highlighting that 90% of the
energy is absorbed by the material. This means that the higher
the negative number, the higher the degree of reflection.

Achieving nearly perfect impedance matching (z, /2o ~ 1)in an
ideal absorber EMI shield is crucial for minimizing reflection
and facilitating the efficient penetration of incident electromag-
netic waves (EMWs) into the shielding material. This strategy,
although challenging to achieve, involves designing structures
with similar relative complex permeability (4, = 4’ — u”") and
relative complex permittivity (e, = ¢’ — ¢") values, prioritizing
the reduction of reflected EMWs [96].

Assessing the performance of an electromagnetic absorber en-
tails not only evaluating its impedance matching capabilities but
also considering its effectiveness in attenuating the EMWs that
manage to penetrate the shielding. Real components of complex
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permittivity (¢') and permeability (') indicate energy storage,
while imaginary components (¢”and u”") represent losses such
as heat dissipation. The dielectric and magnetic loss capabilities
of shields are commonly quantified using tan 5, = ¢” /¢’ and
tan§, = u” /4’ in combination with the attenuation constant,
offering insights into their overall effectiveness in EMI mitiga-
tion [97].

In terms of energy dissipation through electric mechanisms, di-
electric loss is crucial in evaluating the absorption capability of
EMI shields. It involves the dissipation of EMW energy via the
movement of electric dipoles and charge carriers, including con-
duction loss from electron activity (Ohmic loss) and polarization
loss from dipole alignment. Influenced by the electromagnetic
field's frequency, the material's conductivity, and the mass of
polarized species, dielectric loss is measured using the dielectric
constant (g), where the real component (¢) indicates charge stor-
age and the imaginary component (¢”) signifies energy dissipa-
tion as shown in Equations (9) and (10) [98, 99].

E,— €
€ e b ©
1+ (2zf)"7?

2rfle, — €4
o 2 2)+ z (10)
14 Qaf)*r2  2xfe,

Here ¢, €, and €, refer to the dielectric constants in a vacuum,
static state, and at infinite frequency, respectively, while 7 is the
relaxation time the—time taken for a polarized species to return
to its normal state [100].

Furthermore, the losses in the shields also include the reflection
loss of the EMI shielding material, multiple reflection and ab-
sorption losses as shown in Figure 2. Basalt fibers are insulating
by default which does not support EMI shielding therefore they
would require a filler material that is conductive. This would
require different methods and techniques to form a conductive
layer on the fiber surface. In this paper we look at the different
methods to form them and the problems that arise with such
methods and techniques.

1.4 | EMI Shielding Methods

EMI shielding methods and techniques have varied based on
the level of precision needed, the components employed, and the

Incident wave

Reflected wave AlBSEFLARGE:

T

Reflection

Transmitance

Inté¢rnal reflection
2nd Reflection wave /\

2nd transmitted wave

FIGURE2 | Schematic diagram of the EMI shielding mechanism.

purposes for which they would be needed. For testing purposes
for EMI shielding, four approaches are typically used: open
field or free space method, shielded box method, shielded room
method, and coaxial transmission line method [101-104].

The open field or free space approach, conducted at a distance
of thirty meters, is employed for the real-world assessment of
electronic assemblies’ shielding efficacy, quantifying emitted ra-
diation and transmitted emissions through the power line [104].
In contrast, the shielded box method struggles with achieving
proper electrical contact and has a limited frequency range of
500MHz. Overcoming these challenges, the shielded room
method employs larger test specimens, often reaching sizes of
2.5m?, in anechoic chambers [101]. However, the coaxial trans-
mission line method offers consistent results across laboratories,
with a dynamic range of roughly 80dB, enabling the decompo-
sition of data into reflected, absorbed, and transmitted compo-
nents [103]. This method provides a comprehensive and efficient
evaluation of shielding effectiveness.

2 | Materials
2.1 | Carbon Nanotubes Basalt Fiber

An example of a nanomaterial with distinctive physical and
chemical characteristics is carbon nanotubes (CNTs), which
have high electrical and thermal conductivity, high mechanical
strength, and high chemical stability. For the creation of various
types of nanofiber materials with enhanced properties, the com-
bination of CNTs and electrospinning has received extensive
study. The creation of CNT-reinforced electrospinning nanofi-
ber mats is one example of how CNTs and electrospinning can
work together [105-107]. In comparison to pure electro spun
fiber mats, these materials have been shown to have improved
mechanical and electromagnetic properties, making them suit-
able for a range of applications including sensors, energy storage
devices, biomedical materials, and finally electromagnetic inter-
ference [108].

Furthermore, Chang et al. [109] report the option of the direct
growth of carbon nanotubes using chemical vapor deposition
(CVD) on the surface of basalt fibers for electromagnetic inter-
ference shielding, the result of study reflects a direct effect of the
nanocarbon tubes on the electromagnetic interference shielding
of the composite, due to the external reflection and internal ab-
sorption of electromagnetic waves which mainly depends on the
quantity and quality of the carbon nano tubes which in return
depends on the hydrogen flow rate during the preparation of the
nanocomposite, to explain the effect of the hydrogen flow rate,
the authors showed its effects of removing amorphous carbon
from the in situ generated mineral nanoparticles from the cata-
lyst surface to ensure the maintenance of the activity of the cat-
alyst, however increasing the flow rate of H, beyond the critical
concentration the carbon source gets diluted thus affecting the
final product's electromagnetic properties negatively, Figure 3
shows the effects of hydrogen flow rate on the sheet's resistance.

Moreover, in a recent follow-up paper to the aforementioned
ones, Chen et al. attempted to optimize the treatment meth-
ods and evaluate the effects of CNT-coated basalt-fiber fabric
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FIGURE3 | Effectof hydrogen flow rate on SE,, SE ,, and SE,
values of BFF-CNT77/PDMS sample at 8.2 GHz. Source: Reproduced
with permission [109]. Copyright 2020, Elsevier.

integrated with PDMS to enhance the EMI shielding efficiency
of the nanocomposites. This study, just like the previous one,
aimed to utilize the high electrical conductivity of the CNTs
and the mechanical advantages of the basalt fibers, to produce
enhanced shielding efficiency, across a broad range. CVD was
used as the treatment method for uniformly coating the basalt
fibers with CNTs to make sure an efficient conductive network
was formed within the composite, which was tied down with
the PDMS matrix, to ensure flexibility and structural integrity.
Experimental measurements revealed that the CNT-coated
basalt/PDMS composites achieved an EMI SE of up to 60dB
in the X-band frequency range (8.2-12.4 GHz), surpassing the
performance of uncoated basalt/PDMS composites and align-
ing well with the values reported in the existing literature for
similar CNT-based composites. Moreover, this study explored
the virtual optimization through COMSOL software to evaluate
the electric field intensity, power flow distribution, and electro-
magnetic wave loss density within the CNT-coated basalt fiber/
PDMS nanocomposites, revealing their ability to significantly
reduce electric field intensity and power flow, thereby confirm-
ing their effectiveness in attenuating electromagnetic energy.
The tribological properties were also evaluated such as material
thickness, fiber orientation, and CNT coating density which
were helpful in optimizing the EMI shielding performance by
producing reduction in electric field intensity within the CNT-
coated basalt fiber/PDMS nanocomposites by approximately
90% [110].

Mittal et al. [39] used the chemical vapor deposition (CVD)
post-treatment process, and just like the previous research in-
vestigated the behavior of CNT basalt fiber composites for their
electromagnetic shielding properties, but differently from the
previous research, the varying parameters were the growth tem-
perature and the synthesis time. To prepare the sample basalt
cloth was cleaned with acetone and ethanol, then dried for 2h at
120°C to prepare the samples. Following that, the fabric was put
in a quartz tube reactor to undergo a chemical vapor deposition
(CVD) procedure. The fabric was heated to a certain tempera-
ture (600°C or 700°C) and maintained at that temperature for
a specific amount of time (30 or 60min) during the CVD pro-
cess. By adding a mixture of methane and hydrogen gas into the
reactor, which then interacted on the surface of the fabric, the
CNTs were produced on the basalt fabric, transmission electron

microscopy (TEM) and scanning electron microscopy (SEM)
were used to examine the surface appearance and structure of
the samples. To ascertain the caliber and orientation of the CNTs
produced on the basalt fabric, the samples were additionally ex-
amined using Raman spectroscopy and X-ray diffraction (XRD).
The samples were analyzed after the CNT development proce-
dure to investigate their tribological and electrical properties.
The results showed that increasing the temperatures and ex-
tending the deposition time during synthesis improved not only
the mechanical properties of the composite material but also the
electromagnetic shielding interference effectiveness, The ranges
of the EMI shielding effectiveness values for BFECNT30/epoxy,
BF-CNT60/epoxy, and BF-CNT120/epoxy were 20.70 to 19.71,
23.19 to 24.04, and 30.38 to 28.81dB, respectively. The team
concludes that the increased effectiveness is due to the forma-
tion of a complex three-dimensional interconnected conductive
network through the insulating epoxy in the samples prepared
at higher temperature and for longer time, the results of which
the effects of grafting times and temperatures have on shielding
effectiveness.

Recent literature examined a composite paper composed of
basalt fibers, as shown in Figure 4, aramid nanofibers (ANF),
and carbon nanotubes (CNT), that exhibits exceptional proper-
ties across multiple domains. With a conductivity of 15.9Scm™!
at 70wt% CNT content, it demonstrates promising potential
for high-performance electromagnetic interference (EMI)
shielding. At this composition, the average EMI shielding ef-
fectiveness reaches 24.6dB, blocking 99.65% of incoming elec-
tromagnetic waves. Additionally, the paper shows rapid thermal
response and high-efficiency electrothermal conversion, with
its surface temperature increasing from 71°C to 258°C within
10s at applied voltages ranging from 6 to 14 V. Its remarkable
thermal stability is highlighted by a decomposition temperature
of 461°C and 75% mass retention at 800°C in a nitrogen atmo-
sphere. Furthermore, the composite paper maintains its tensile
strengths between 16.6 and 17.9 MPa under extreme conditions,
such as annealing at 300°C for 6h, storage for 6 months, immer-
sion in liquid nitrogen for 1h, and exposure to strong acid and
alkali solutions for 24 h [111].

Another recent study presented a novel approach for fabri-
cating sustainable, high-performance, multifunctional fiber-
reinforced thermosetting composites (FRTCs) using biobased
feedstocks, including basalt fiber (BF), polyvinyl alcohol-
grafted-3,4-dihydroxybenzoic acid (P(VA-g-DBA)), and car-
bon nanotubes/graphene nanoplatelets (CNT&GP). The
composite (CBF) exhibited a conductivity of 48.3+7.9Sm™,
with a loading of CNT&GP at 3.3+0.4wt%. Remarkably,
the EMI shielding performance of the CAN/5CBF compos-
ite achieved an EMI SE value of 30.4dB at the X band, cor-
responding to a shielding efficiency of 99.901%. Additionally,
the tensile strength of the CAN/3CBF composite reached
266.0MPa, while the lap-shear strength of the self-adhered
CAN/3CBF composite was 6.5MPa. Furthermore, the recy-
cled CBF demonstrated a conductivity of 34.8+10.4Sm™,
highlighting the feasibility of closed-loop recycling without
significant deterioration in performance [112].

Similarly, the incorporation of Fe,0,/CNTs hybrids onto BF
surfaces exhibited enhanced EMW absorption capabilities,
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attributed to the synergistic effects of interfacial polarization
and conduction loss. The BF-Fe,O0,/CNTs heterostructure, de-
veloped through a dip-coating adsorption process, utilizes the
synergistic effects of interfacial polarization, conduction loss,
magnetic resonance loss, and multiple reflection/scattering to
achieve enhanced electromagnetic wave (EMW) absorption.
With a 7% addition of CNTs, the composite reaches a minimum
reflection loss of —40.57dB at a thickness of 1.5mm, demon-
strating its superior EMW absorbing properties [113].

All in all, recent advancements in the integration of CNTs with
various fiber materials, including basalt and aramid nanofibers,
demonstrate the significant potential of these composites for en-
hanced electromagnetic interference (EMI) shielding and mul-
tifunctional applications. Through methods like chemical vapor
deposition (CVD) and hybridization with materials such as
graphene nanoplatelets and Fe,0,,, these studies reveal improve-
ments in mechanical properties, conductivity, and EMI shielding
effectiveness. For instance, CNT-coated basalt fiber composites
are now being considered for use in aerospace components
where both EMI shielding and lightweight structural integrity
are crucial. Ongoing research continues to optimize fabrication
techniques and explore sustainable, high-performance compos-
ites, reinforcing the importance of CNT-based materials in next-
generation technological applications.

2.1.1 | Graphene

Recently in terms of graphene, a study was conducted where
laser-induced graphene (LIG) was generated on polyimide (PI)
substrates via laser scribing, creating a porous structure benefi-
cial for composite integration. These LIG-modified PI substrates
were then combined with basalt fiber bundles and epoxy resin
to form LIG/BF/EP laminates. The porous morphology of LIG
facilitated better adhesion and interlocking with basalt fibers,
enhancing the composite’s mechanical properties. In terms of
electromagnetic interference (EMI) shielding, the LIG/BF/
EP laminates exhibited significantly improved effectiveness,
achieving ~25dB shielding in 1-layer configurations and ~50dB

in 3-layer configurations across X-band frequencies, highlight-
ing the material's potential for advanced applications in aero-
space, automotive, and defense sectors [114].

Current research efforts are focusing on optimizing LIG for-
mation techniques, improving control over its morphology, and
enhancing its multifunctional properties, including flexibility,
electrical conductivity, and durability. Moreover, recent stud-
ies have highlighted LIG's versatility in areas like biosensing,
energy storage, and environmental monitoring, where its high
conductivity and scalability make it an attractive option [115].
Research is also exploring the combination of LIG with differ-
ent polymer and fiber matrices to tailor specific properties for
advanced engineering applications [116]. This versatility and
adaptability keep LIG at the forefront of materials science.

2.2 | Metals
2.2.1 | Copper

Skopintsev et al. [117] studied the effects of metal plated carbon
and basalt fiber composites for electromagnetic shielding appli-
cations, comparing the effects of carbon, metal plated carbon
and metal plated basalt fibers, carbon fibers prepared by pyrol-
ysis of the formed textile structure from manmade or natural
fibers, basalt fibers are prepared directly from a melt of a basalt
raw material. For the metal plating of carbon fabrics, a stan-
dard solution for the electroplating of copper (CuSO,-5H,0 250,
H,SO, 75gL~1) and nickel (NiSO,7H,0 300, NaCl 30, H,BO,
30gL~1; pHS.5), as for basalt copper plating was performed
from a solution operating at room temperature and having the
following composition: CuSO-5H,0 40, potassium sodium tar-
trate 170, sodium diethyldithiocarbamate 0.01 gL~!; formalde-
hyde (33%) 20mLL~%; NaOH to pH12.5-13. Electroless nickel
plating was performed from a solution of the following compo-
sition, g L™": NiSO,-7H,O (or NiCl,-6H,0) 24, NaH,PO,-H,0
32, NH,CI 27, CH,COOH 20, and NH, (25%) at pHS8.6-8.9.
Furthermore, the resistivity of the carbon was found to be re-
duced from 10 to 0.15Q for the copper-plated carbons, thus
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FIGURE4 | Schematic of the fabrication and treatment method of the BF/ANF/CNT composite paper. Source: Adapted with permission [111].
Copyright 2023, ACS Publications.
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increasing the shielding effectiveness, noting that the material
will be even more expensive. As for the copper basalt fiber com-
posites, it was found that the wt% of copper and coating thick-
ness have the most effect on the effectiveness of the shielding,
and longer treatment time translates directly to better shielding
performance Figure 5 shows the shielding effectiveness of vary-
ing wt% of copper in both near field and plane wave regions of
both carbon fibers and basalt fiber. Comparing the two figures
in Figure 5, it can be concluded that the metal coated basalt fiber
can achieve similar results to metal plated carbon fibers while
being less expensive [117].

Yuanjun et al. [10] studied the effect of graphite and silver coated
copper powder as a functional filler on continuous basal fibers in
terms of electromagnetic shielding properties, wave absorption
and dielectric properties. It was found that changing the ratios of
graphite and silver coated copper powder has varying effects on
the dielectric properties of the composite, as for wave absorption
the biggest difference between the different samples with the
different composite ratios was found between 1.5 and 1.7 GHz
and the sample with the highest performance was the one with
the ratio of 2:8 (graphite to silver coated copper fibers), where
90% of the electromagnetic waves were lost, as for shielding
properties it was found that the highest performance recorded
was in the frequency range of 0.5 to 3 GHz, and the sample has a
ratio of 0:10 meaning a purely silver coated copper powder sam-
ple, the sample had a shielding efficiency larger than 20dB.

Utpal et al. [118] studied the electrical properties of multi-
walled carbon nanotubes reinforced ethylene methyl acrylate
(EMA) nanocomposites and found that the resistivity in the
EMA matrix is directly proportional to the content of MWCNTSs
(multi-wall carbon nanotubes), and that it also increases the con-
ductivity and dielectric constant of EMA, as well as decreasing

@)

(@)

its electrical resistance similarly to the research of Sayyed et al.
[119] on the electrical properties of MWCNT with polystyrene
nanocomposites and Nasouri et al. [120] who investigated PVA
MWCNTs, Utpal et al. [118] suggest that introducing MWCNT
to nanocomposites has promising shielding effects especially in
the X-band region.

Recent advancements in copper-plated basalt fiber applications
have focused on improving interfacial bonding, developing novel
manufacturing methods, exploring multifunctional properties,
and addressing environmental sustainability. Researchers have
made significant progress in enhancing the adhesion between
copper coatings and basalt fibers, leading to improved mechan-
ical properties and shielding performance. Additionally, new
manufacturing techniques such as 3D printing and electrospin-
ning have been explored to create complex and customizable
structures. Copper-plated basalt fibers are being investigated
for applications beyond electromagnetic shielding, including
thermal management in electronic devices, structural reinforce-
ment in aerospace, automotive, and construction industries, and
energy storage in batteries or supercapacitors. These advance-
ments have opened up new possibilities for the use of copper-
plated basalt fibers in various industries, such as electronics,
telecommunications, and aerospace. As research continues to
progress, we can expect to see even more innovative applica-
tions and improved performance of these versatile materials.

2.2.2 | Nickel

Nickel-coated basalt fiber fabric has emerged as a promising ma-
terial due to its combination of mechanical strength, thermal re-
sistance, and electrical conductivity. The incorporation of nickel
coatings enhances the electromagnetic shielding properties of

SE.dB (i)
0}t
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FIGURES5 | (a)Shielding SE in the (i) near field and (ii) plane wave regions with metal plated basalt fibers. Metal and its content (1) 50% copper
(2) 50% nickel (3) 40% nickel (4) 35% copper + 20% nickel (5) 35% copper + 20% nickel cobalt. (b) Shielding SE in the (i) near field and (ii) plane wave
regions with carbon fabrics. (1) Carbon fibers, (2) copper plated carbon fabric and (3) nickel plated carbon. Source: Adapted with permission [117].

Copyright 2015, Springer.
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basalt fiber fabric, making it suitable for applications in elec-
tronics, telecommunications, and aerospace.

Skopintsev et al. [117] found that using phosphorus nickel
coatings, with approximately 40wt% relative to the final prod-
uct, lowered the composite's resistivity to 4.5Q. Copper alone
showed better shielding efficiency, but a mixture of 35% cop-
per and 20% nickel provided the best results. Kang et al. [121]
studied nickel core-shell effects on basalt fiber composites and
found that nickel's orientation significantly affects electromag-
netic properties, unlike naked basalt fibers. Parallel orientation
resulted in high magnetic loss and low dielectric loss, while per-
pendicular orientation showed the opposite. This difference in
dielectric loss is due to nanosized confinement increasing polar-
ization relaxation time, with high magnetic loss mainly from the
BF/Ni core-shell heterostructures’ magnetic resonance.

Kangetal. [122] also reviewed the effect of varying thicknesses of
nickel core basalt fiber composites on its microwave absorption
properties; the researchers prepared four samples, those being
naked basalt fibers, 70nm thickness sample, 300nm thickness
sample, 700nm thickness sample. In terms of microwave ab-
sorption naked basalt fibers do not show any effects, In the 9.2-
12.4GHz band for sample A, RL (reflection loss) is greater than
10dB and rises to over 20dB. In the whole frequency range that
was examined, the RL of sample C is between 5.3 and 7.9dB. The
RL of sample B, however, exceeds 15dB over the whole X-band
and reaches 40dB at 8.9 GHz. Moreover, Kang et al. [123] ex-
plored the effects of pretreatment and processing on nickel core-
shell basalt fiber composites synthesized via low-temperature
electroless plating. Optimal conditions at 50°C and pH10.0 in-
creased the fibers' permittivity and electrical conductivity. The
core-shell structures exhibited greater dielectric loss tangent and
improved X-band microwave absorption capabilities due to en-
hanced nickel shell conductivity and increased permittivity.

Si et al. [124] synthesized flower-like Ni using a solvothermal
method. They dissolved NiCl,-6H,0 and NaOH in ethylene gly-
col (EG), stirred the mixture, and heated it in a hydrothermal
autoclave at 200°C for 10 h. The resulting black precipitates were
washed, then dried in a vacuum oven at 60°C. To prepare CB/Ni
hybrids, they used an electrostatic self-assembly strategy. They
prepared a CTAB solution, added flower-like Ni, and ultrason-
ically treated it, then combined it with CB solutions in varying
ratios (2:1, 4:1, 6:1, 8:1). The mixture was stirred, shaken, cen-
trifuged, and dried at 60°C. For the BF composite, the authors
started by cleaning and modifying raw basalt fibers (BF) with
polydopamine (PDA). These fibers were then immersed in sus-
pensions containing flower-like Ni, carbon black (CB), or their
mixtures, undergoing a dip-coating process repeated five times.
The resulting composites, named BF-CB/Ni,, BF-CB/Ni,, BF-
CB/Ni,, and BF-CB/Nig, varied based on the mass ratios of Ni
to CB in the suspensions. The microstructure and absorption
properties of the BF composites were controlled by adjusting the
mass ratio of Ni/CB in the impregnating solution. BF-CB/Nij
exhibited the best electromagnetic wave (EMW) absorption per-
formance, with a minimum reflection loss (RL,; ) of —35.29dB
and an effective absorption bandwidth (EAB) of 3.25GHz at
a thickness of only 1.5mm. BF-CB/Ni, achieved an EAB of
5.38 GHz with a thickness of 2.5mm. These enhancements in
EMW absorption were attributed to various factors, including

efficient reflection/scattering, dipole and interface polarization,
magnetic resonance, and eddy current losses.

Korotash et al. [125] investigated basalt fiber composites with
graphite and nickel fillers, analyzing their microwave absorp-
tion (MWA) properties in the 1.5-2.1 GHz frequency range. They
found that MWA depended on filler volume and particle size,
with optimal performance observed at approximately 30wt%
filler contents. Anisotropy in MWA was noted due to particle
orientation and magnetization directions, with MWA peaking at
30% nickel content for easy magnetization. BF/graphite compos-
ites showed higher MWA values compared to BF/nickel compos-
ites, although the latter outperformed at low filler concentrations,
exceeding BF/graphite by up to 7 times at 10 wt% nickel.

Recent research has focused on optimizing the nickel coating
process and exploring new applications for nickel-coated basalt
fiber fabric. The development of multifunctional nickel-coated
basalt fiber composites is gaining momentum. Efforts are being
made to scale up production and reduce costs. Real-world ap-
plications of nickel-coated basalt fiber fabric are being explored
in electronics, telecommunications, and aerospace industries.
Overall, nickel-coated basalt fiber fabric shows great potential
for a wide range of applications. As research and development
continue, we can expect to see even more innovative and practi-
cal uses for this versatile material.

2.3 | Cementous Fibers

Shilang et al. [126] discovered that adding PVA and basalt fi-
bers significantly increased the microwave absorption of cement
composites. To study these characteristics, they combined fly
ash, cement, and sand in a mixer at a low speed for 1 min while
drying. They then added superplasticizer, PVA fibers, basalt fi-
bers, and water, mixing first at a low speed for 60s, then at a
high speed for 2min. The mixture was poured into oiled steel
molds, compacted on a vibrating table for 30s, cured at 20°C
with 95% humidity for 28 days, and dried in an oven at 60°C
for 96h. The authors discovered that the PVA and basalt fibers
working together improved the cement composites’ microwave
absorption capabilities compared to either PVA or basalt fibers
working alone. The use of PVA and basalt fibers, according to
the authors'’ findings, can significantly enhance the microwave
absorption properties of cement composites containing fly ash
and may have potential uses in the fields of microwave absorp-
tion materials and electromagnetic wave shielding.

Whereas, another study examined the 3D-printable cementitious
composites that contain waste copper solids’ electromagnetic and
microwave absorbing qualities. Cement, sand, water, and scrap
copper solids were the composite materials used in the investiga-
tion. A particular weight percentage of waste copper solids was
combined with water to create a slurry, which was then used to
manufacture the composite. Once the slurry, cement, and sand
were combined, the mixture was homogenized. The appropriate
shape was then printed out using a 3D printer using the mixture.
The samples were subsequently put through a curing process to
enable the composite to harden. The printed samples must be
cured for 28days at room temperature in a humid atmosphere.
The samples were polished and trimmed to a precise size for
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testing after the curing process. By assessing the reflection loss
(RL) and electromagnetic interference (EMI) shielding efficiency
(SE) over a variety of frequencies, the samples’ microwave ab-
sorbing qualities were examined. To find out how copper solids
affected the composites’ ability to absorb microwaves, samples
were made with various weight percentages of waste copper sol-
ids ranging from 0% to 25%. The electromagnetic and microwave
absorbing qualities of the cementitious composites were found to
be significantly enhanced by the addition of waste copper solids.
Finally, they discovered that the composites’ microwave absorp-
tion was highly frequency dependent, with the best absorption
occurring at a few select frequencies [8].

Ongoing research is focused on exploring new fiber types, op-
timizing composite formulations, and investigating additional
functionalities. The potential applications of cementitious
fiber composites extend beyond electromagnetic shielding,
including structural reinforcement, thermal insulation, and
acoustic absorption. The use of waste materials, such as fly
ash and waste copper solids, aligns with sustainability goals
and can contribute to a circular economy. Advances in 3D
printing and other manufacturing techniques offer opportu-
nities for creating complex and customized cementitious fiber
composite structures.

2.4 | Other Materials

In the pursuit of advancing modern communication tech-
nologies, research efforts have considered the development
of construction materials with multifunctional properties,
particularly in the context of electromagnetic wave (EMW)
absorption. A spectrum of studies has emerged, each explor-
ing unique methodologies to optimize the electromagnetic
properties of various composite materials. Notably, investiga-
tions into basalt fiber (BF)-reinforced resin composites have
unveiled promising avenues for enhancing EMW absorption
performance across the X-band frequency range. By lever-
aging carbon black (CB) and nano-Fe,O, as absorbents for
the absorbing and matching layers respectively, researchers
achieved remarkable results, with tailored electromagnetic
parameters and layer thicknesses yielding a minimum re-
flection loss of —43.97dB and full X-band effective absorp-
tion [127]. Additionally, research into white Portland cement
(WPC) paste mixed with basalt fiber (BF) analyzed its electro-
magnetic properties, revealing a decrease in electromagnetic
wave reflection rate with increasing BF content, while ab-
sorption and transmission rates increased, with the optimum
BF volume content for maximum paste strength found to be
0.6%. This study adds to the search for construction materi-
als contributing to 5G signal transmission, crucial for modern
communication technologies [128]. These studies collectively
underscore the potential of heterostructure composites in ad-
vancing EMW absorption materials, offering pathways for im-
proved environmental stability and corrosion resistance.

3 | Post-Treatments

The treatment of basalt fibers to add conductive fillers fits
into n array of different methods such as chemical vapor

deposition, spray-drying and coating. It is known that the
conductive fillers vastly improve the EMI shielding proper-
ties compared to that of pure fibers. Therefore, few common
methods are considered and how they affect the EMI shielding
properties.

3.1 | Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a deposition method by a
vapor through chemical reactions between the compound to be
deposited and other gases on or towards the substrate to produce
a thin film. The matrix is placed in a vacuum inert chamber or
tube and heated under a constant rate in the presence of a gas-
eous mixture (hydrogen, an inert gas and the source gas). Finally,
the mixture is removed, and the furnace is brought down to room
temperature, with the thin resultant film containing the desired
material [129]. Moreover, the layers of deposited material can
contribute to improved interfacial polarization and improve the
polarization loss of the composites, which would in turn improve
EMI shielding capabilities as the dielectric constant would im-
prove due to increased permeability () as there is a charge accu-
mulation at the interface of the heterogeneous structure at lower
frequencies—this is called space-charge polarization [130].

Mittal et al. [39] investigated the EM properties of basalt fiber
reinforced polymers (BFRPs) with CNTs and epoxy by chemi-
cal vapor deposition, which also falls under grafting—a classi-
fication of methods that improve the surface area of the fiber
to refine the interfacial properties of the fiber. Grafting of the
nanofibers allows for a homogeneous distribution of the CNTs
along the fiber. Figure 6a explains the preparation of the solution
required to catalyze the reaction, followed by grafting through
CVD and the final preparation of the BF-CNT/epoxy compos-
ites. C.H,0, (Citric acid), Fe(NO,), (Ferric nitrate) and Ni(NO,),
(Nickel nitrate) was added to deionized water to form an aqueous
solution. NH,OH is then added to the solution to keep the pH
between 8 and 10, and the solution is heated to 60°C to form the
nickel ferrite solution. Afterwards, the fiber fabric was dipped in
the solution and kept to dry overnight in an oven at 60°C. After
the drying process, the sample was taken to the CVD chamber
where Ar and H2 gases were introduced at flow rates of 500
and 200sccm, respectively. The temperature was then increased
to the growth temperature which depended on the sample to
be produced—at 600°C, 650°C, or 700°C. CH4 was then intro-
duced into the chamber to produce the CNTs at a deposition time
which also depended on the sample that was produced—30, 60
or 120 min. After the deposition time, the heat was removed and
so were the Ar and CH4 gas supplies. Epoxy resin and hardeners
were then added, along with thermal curing and hot pressing at
80°C to finalize the composite. The BF-CNT samples were pre-
pared with respect to growth times and temperatures. Moreover,
the results as seen in Figure 6b show that longer deposition
times correlate with higher electromagnetic interference shield-
ing efficiency (EMI SE) due to improved dielectric constant and
increased permeability (u) from charge accumulation at hetero-
geneous structure interfaces, indicating significant potential for
advanced EMI shielding applications.

Mittal et al. [131] reported on their follow-up study using
chemical vapor deposition (CVD) to compare previously
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FIGURE 6 | (a)Schematic representation of the fabrication of the CNT-grafted basalt fabric reinforced epoxy composite. (b) Comparison of EMI
shielding effectiveness of (i) BF-CNT600/epoxy, BF-CNT650/epoxy, and BF-CNT700/epoxy and (ii) BF-CNT30/epoxy, BF-CNT60/epoxy, and BF-
CNT120/epoxy. Source: Adapted with permission [39]. Copyright 2018, Elsevier.

prepared grafted BF-CNT epoxy composites with CNT-
reinforced epoxy/basalt fiber composites. In this study, the
CNT-reinforced epoxy/basalt fiber composites were processed
by dissolving samples in acetone, followed by 15min of soni-
cation. The samples were then dipped in epoxy resin, and the
remaining acetone was evaporated by heating the solution to
60°C for 1.5h. A hardener was added in a 2:1 ratio to the resin,
and the samples were sandwiched with three plies of basalt
fiber (BF) and CNT-reinforced epoxy resin using the hand-
layup method. This assembly was then pressed at 80°C for
2h. The samples were categorized by their weight percentages
(Wt%): 0.1, 0.5, and 1.0wt%. These were compared to a pure
BF sample, a BF-CNT/epoxy sample, and a BF-CNT sample
grafted at 600°C for 30 min, excluding other samples from the
previous study by Mittal et al. [39] that focused on varying
deposition times and temperatures. The results, indicated that

the EMI shielding efficiency (EMI SE) values were slightly im-
proved for the BF-CNT/epoxy composite samples due to the
inherent conductivity of the reinforced CNTs. Additionally,
the BF-CNT epoxy samples exhibited a more uniform and
continuous conductive network, which negatively affected the
volume resistivity, as the conductivity of the shielding mate-
rial is a crucial factor in determining EMI SE [132].

3.2 | Spray Drying

In the process of spray drying, a liquid feed is atomized into tiny
droplets and combined with a heated gas stream, allowing the
liquid to evaporate, and leaving behind only the dried-up solids.
The solids are then removed from the gas stream and collected
for later use as seen in Figure 7 [133].
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Zhang et al. [134] investigated the effect of different treatment
methods on the microwave absorption performance of Fe,0,,
the initial material was synthesized via hydrothermal process
to J. Liu method [135], then collected, washed and finally
dried overnight, denoted as FE, a portion in addition to sac-
charose and suspension of CNTs was then treated with ultra-
sonic dispersion and then introduced to dry spraying, and for
simplicity this sample was called FC. It was found the electro-
magnetic parameters of FC were greater than FE those being
real parts of complex permittivity (¢') and imaginary parts of
complex permittivity (¢”), and as for the reflection loss, across
the frequency range from 2 to 16, the reflection loss went from
around 0dB for FE to around —10dB for FC at the frequencies
of 10 to 12 Hz. The dielectric and magnetic loss tangents have
also increased at increasing frequencies for the magnetic loss
tangent and the opposite for dielectric loss tangent, over all the
effect of spray drying has increased the microwave absorbance
performance.

3.3 | Coating

The coating Table 2 summarizes the filler materials, the post-
treatment methods used, along with EMI SE values at their
respective operating frequencies, from recent literature to
highlight the current research conducted for BFRPs in the con-
text of EMI shielding process is a category of different methods
that involve inserting the substrate in a solution of the desired
material to be formed. Dip-drying [136], spin coating [137],
impregnation [138] and spraying [139]. For basalt fiber com-
posites, the most common method is the dip-drying method,
which involves dipping the substrate in an aqueous solution
containing the desired material for a period of time, and then
drying the sample in an oven over a period of time. This coat-
ing process is favorable over others because of its simplicity,
lack of chemical reactions, adding no chemical solvents, and
the possibility of a higher number of fillers on the substrate
[140-143].

= Ei !
Process Heater
System Gas
Blower

Condenser

System Gas
Blower

Baghouse

E Collection

FIGURE 7 | Schematic representation of the spray drying process. Source: Reproduced with permission [133]. Copyright 2009, Springer.

As shown in Figure 8a, Kim et al. [136] fabricated the MWCNT-
coated basalt fiber composites by dilution of MWCNT/SDS
(Sodium dodecyl sulfate) dispersion with distilled water to pro-
duce an aqueous dispersion with 0.5wt% MWCNT. The BFs
were then dipped into the coating at ambient temperature for
1min and dried in an oven with 120°C for 15min. This process
was repeated at cycles of 1, 2, 3, 5, and 10 which were used to
denote the sample as BF-Cx, x being the number of cycles in
the process. The MWCNT-coated basalt fiber/epoxy composites
were then prepared by a hand lay-up method where 25phr of
DDM (4,4’-Diaminodiphenylmethane) was added to DGEBA
(Diglycidyl ether of bisphenol A) and stirred at 80°C to produce
a homogenous mixture. The MWCNT-coated basalt fibers were
then impregnated with epoxy resin after which 3 plies of the
fibers were stacked and hot-pressed at 150°C at a pressure of
150MPa for 1h. The final samples were denoted by BF-Cx/EP,
x being the number of cycles in the process, and can be denoted
for 0, 3, and 10cycles in Figure 8b.

4 | Factors Affecting EMI Shielding Properties of
the Filler Material

Basalt fibers have been a forerunner for EMI shielding materi-
als due to favorable mechanical and thermal properties, simple
processing techniques and environment-friendly manufactur-
ing methods. Further looking into the factors that determine
the above advantages, the conductive filler layer is examined by
the thickness (number of layers), percentage by weight (wt%),
conductivity, interfacial relationship, and the permeability.
Therefore, when identifying a material that can be used as a con-
ductive filler for BFs these factors have to be considered.

4.1 | Percentage by Weight

In BF composites, the percentage by weight, wt%, is one of the
main factors that influenced the EMI shielding property. The
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TABLE 2 | Summary of recent literature on BFRPs, their post-treatment methods and EMI SE values.
EMI shielding (dB) @
Filler materials Post-treatment method Operating frequency (GHz) References
Graphite and Ag-coated Cu powders Coated-finishing method >20 @ 0.01-3 [10]
Graphite, graphene Double layer coating 72.9 @ 0-0.04 [37]
Co-Ni alloy-coated Writing-grafting— 72.33 @ 8.2-12.4 (X band) [38]
activation-deposition
Carbon nanotubes Chemical vapor deposition 30.38 @ 0.1 [39]
Carbon nanotubes/ Chemical vapor deposition 40.1 @ 8.2 (X band) [109]
Polydimethylsiloxane (PDMS)
Carbon nanotubes/ Chemical vapor deposition 60 @ 8.2-12.4 (X band) [110]
Polydimethylsiloxane (PDMS)
Aramid nanofibers/multiwalled carbon Vacuume-assisted filtration 24.6 @ 8.2-12.4 (X band) [111]
nanotubes
Laser-induced graphene/epoxy resin Hot-press curing/ 50 @ 8.2-12.4 (X band) [114]
Vacuum bagging
Cu-plated Electroless plating 57 @ 0.03 [117]
Ni-plated 39 @ 0.03
Cu and Ni-plated 65@ 0.03
Copper and Nickel-Cobalt alloy-plated 50 @ 0.03
Multiwalled carbon nanotubes/ Solution casting/ 20 @ 8.2-12.4 (X band) [118]
Ethylene methyl acrylate compression molding
Multiwalled carbon nanotubes/ Electrospinning 3l.5@ 12 [120]
polyvinyl alchohol
Ti,C,T, Facile spray-drying 41.53 @ 8.2-12.4 (X band) [144]
Graphene/polyurethane Double-layer coating 60 @ 0.01 [149]
Eutectic-Bi-Sn-coated/Carbon Vacuum-assisted resin 30.4 @ 8.2-12.4 (X band) [150]
nanotubes/epoxy transfer method
Carbon nanotubes/ Chemical vapor deposition 37.37 @ 8.2-12.4 (X band) [110]
Polydimethylsiloxane
Vanillin, glycerol triglycidyl ether, Dip-coating 30.4 @ 8.2-12.4 (X band) [112]
1,10-diaminodecane, poly(vinyl
alcohol-g-3,4-dihydroxybenzyl acetal),
carbon nanotubes/graphene
Single-walled carbon nanotubes Sonication 81 @12 [151]

wt% indicates the content of the filler material used and is im-
portant to understand the behavior of the reflection, absorption
and transmittance of the EMWs, and to optimize the material
accordingly. Liu et al. [37] examined the electromagnetic prop-
erties of graphite and graphene-coated basalt fiber fabrics. The
graphite wt% was changed for each sample and the graphene
content was kept constant, and vice versa. The shielding effi-
ciency was the same for the samples with minor differences as
the graphite and graphene content increased. However, optimal
wt% ranges were identified, beyond which excessive filler con-
tent could lead to detrimental effects such as aggregation or clus-
tering, potentially compromising mechanical properties. This
highlights the importance of precise wt% optimization to strike

a balance between EMI shielding effectiveness and mechanical
integrity in BF composites.

4.2 | Number of Layers

Thickness or the number of layers affects the EMW behavior in
terms of dissipation because as the depth increases, the lesser
the energy of the EMW. Therefore, in the same study by Chang
et al. [109] mentioned before, the influence of thickness or the
number of layers on the electromagnetic interference (EMI)
properties of basalt fiber and carbon nanotubes (CNTs) nano-
composites was investigated. The study utilized BFF-CNT/PDMS
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(Polydimethylsilioxane) samples, where PDMS acted as a matrix
agent enhancing physical and chemical properties. It was observed
that in BFF-CNT/PDMS composites, the shielding efficiency in-
creased with the number of layers (thickness), as depicted in
Figure 9. Similarly, Liu et al. [37] examined the impact of thick-
ness on shielding efficiency in double-layer coated basalt fiber
fabric with variations in graphite and graphene coating thickness.
Results indicated that samples with thicker coatings exhibited
higher shielding efficiency. This correlation highlights the signif-
icance of thickness in influencing EMI properties and interfacial
behavior within composite materials, underscoring the impor-
tance of optimizing thickness for effective EMI shielding perfor-
mance while considering practical and economic constraints.

Moreover, as shown in Figure 10, the hydrogen (H,) flow rate
significantly affects CNT growth on basalt fiber fabric (BFF)
during the chemical vapor deposition (CVD) process. H, acts
as a reducing agent, aiding in catalyst activity and removing
excess carbon atoms. In Figure 10a, the untreated BFF has a
smooth surface, while Figure 10b—d show an increasing number
of CNTs as the H, flow rate rises. At 77sccm (Figure 10e), CNTs
fully cover the fiber, forming a dense network. However, when
the flow rate reaches 98 sccm (Figure 10f), CNT growth declines
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due to dilution of the C,H, carbon source and reduced carbon
absorption on the catalyst, highlighting the need for optimized
H, levels.

4.3 | Permeability

Another major factor being the permeability, the mechanisms
of which were looked into above, is also a major factor that
affects the EMI shielding properties of a material. Yu et al.
[144] investigated the natural rubber TNR (Ti,C,T,) layer
and pure natural rubber (NR) on BF fabrics and their effect
on electromagnetic properties where it was found that the
EMI SE value is 41.53dB which is ideal for shielding appli-
cations. The permeability (u = ' —ju’’) affects the dielectric
constant which in turn affects the electromagnetic loss and
induces a magnetic field due to the motion of charges [145].
Figure 11 shows that the u”” goes to negative as the frequency
reached 11.5GHz, which indicates that magnetic energy is re-
leased out of the BF/TNR sample as there is motion of charges.
The permeability affects the SEj attenuation of the total SE;
as the motion of charge carriers interferes with the incident
EMWs [146].
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FIGURE 8 | (a)Schematic illustration of the dip-dry coating method for preparing MWCNT-coated basalt fibers (BF-Cx). (b) Digital images of
MWCNT-coated basalt fibers with different dip-dry coating cycles. Source: Reproduced with permission [136]. Copyright 2019, Elsevier.
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FIGURE 10 | SEM characterization of the basalt fiber carbon nanotube (BFF-CNT) samples with respect to hydrogen (H,) flow rates (a) BFF;
(b) BFF-CNT14; (c) BFF-CNT35; (d) BFF-CNT56; (e) BFF-CNT77; (f) BFF-CNT98. Source: Reproduced with permission [109]. Copyright 2020,

Elsevier.
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Reproduced with permission [144]. Copyright 2021, Elsevier.

4.4 | Conductivity

BFs are insulators thereby enabling the need for a conductive
filler to be added and have a higher average SE value (25.89 dB)
than the industry standard—20dB [147]. This improves the
conductivity of the material and can potentially increase the
EMI SE of the entire material. The material has the advantage
of benefitting from higher conductivity because the EMW gets
reflected due to the larger presence of delocalized electrons,

which can lead to increase of absorption, and the permeabil-
ity, if high, can lead to a higher magnetization which in turn
results in an increased magnetic loss [121, 123]. Moreover, in
a study by Chen et al. [38], the conductivity of Co-Ni alloy-
coated basalt fiber (BF) fabrics, determined by the deposition
time of the coating, played a pivotal role in influencing their
electromagnetic interference (EMI) properties. As conductiv-
ity increased with longer deposition times, ranging from 2.56
to 38.04Scm™1, a corresponding enhancement in EMI shield-
ing effectiveness (SE) was observed, with SE values rising
from 36.12 to 72.33dB. Moreover, in the same study by Kim
et al. [136], it can be seen that the conductivity directly affects
the EMI SE of a material in Figure 12 which shows an increase
in the electrical conductivity and decrease in the resistivity
of the sample. The EMI results indicated that the treatment
method significantly enhanced the electrical conductivity and
reduced the resistivity of the MWCNT-coated basalt fiber/
epoxy composites, thereby improving their EMI shielding
efficiency (EMI SE) and other electromagnetic properties.
Therefore, this correlation between conductivity and EMI SE
underscores the significance of electrical conductivity in de-
termining the material's ability to attenuate electromagnetic
waves (EMWs). Higher conductivity facilitates better dissi-
pation and reflection of EMWs within the material, result-
ing in improved shielding efficiency. Therefore, optimizing
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fibers with different dip-dry coating cycles. Source: Reproduced with
permission [136]. Copyright 2019, Elsevier.

the conductivity of Co-Ni alloy-coated BF fabrics, achieved
through careful control of deposition parameters like time,
offers a promising avenue for enhancing their performance in
EMI shielding applications.

4.5 | Interfacial Interaction

As covered in multiple literature above, interfacial interactions
between the matrix and filler material affect the shielding effi-
ciency, especially the SE,, attenuation. Due to the filler material's
variable effects, the interfacial interaction between the fibers and
the filler can favorably cause dissipation of the EMWs due to the
dielectric loss. However, the EMW can potentially leave and this
should be accounted for by more coatings or number of layers of
the filler material, where the EMW is shielded by the reflection
and absorption of the subsequent layer [148]. Moreover, the BF
that are further inside, coupled with the network of the filler ma-
terial, can aid in multiple reflections which further increases the
attenuations SE, and SEjy, (Table 2).

5 | Applications and Future Perspectives

Given the recent years of advancement in all technological
areas, there is more exposure to electromagnetic interference
and waves to both humans and electronic equipment which
warrants the need to advance electromagnetic interference
shielding technologies furthermore. For example, real-time de-
tection machines and monitoring systems can suffer from inter-
ference, such as radars, air traffic control and weather control,
under the effect of damage monitoring tools are more exposed to
electromagnetic waves.

Electromagnetic shielding technology is crucial in military cam-
paigns as well to safeguard military equipment from jamming

attacks and interferences, Lin et al. [114] provided a facile ap-
proach to fabricate multi-functional basalt fiber reinforced
epoxy composites with high ballistic impact resistance and elec-
tromagnetic interference shielding properties, making it very
suitable for the defense industries. Zhao et al. [112], achieved
a biobased, recyclable, and multi-functional high performance
basalt fiber-based composite which is deemed appropriate for
both military and commercial use given it meets the required
shielding performances of 30 and 20dB, respectively for both
domains, the material boasts superior thermal and mechanical
properties, exhibiting self-adhesion behaviors making a perfect
candidate for such applications. Finally, as previously men-
tioned, Lin et al. [114] stresses its importance in the medical
sector as electromagnetic radiation is used in all MRI activities
which interferes with the normal operation of the equipment as
well as doctors and technicians and other staff members, as well
as ensure the functionality of life-sustaining devices like pace-
makers and cochlear implants by preventing interference from
external electronic devices.

Since EMI shielding is becoming an urgent industry applica-
tion, more research is being conducted to identify, improve
and optimize materials that can aid in the application. As men-
tioned above, basalt fiber composites have been chosen as an
eco-friendly, economic, and abundant alternative to carbon-
based fiber composites, metal composites and polymer-based
composites for EMI shielding. Moreover, the mechanical and
chemical properties make basalt fibers ideal for the applica-
tion of EMI shielding. However, since basalt fiber is an insu-
lator, a conductive filler needs to be used to accommodate for
the conductivity since EMI shielding depends on conductivity,
among other properties. Basalt fiber has a higher strength-to-
cost ratio, non-toxic and good chemical resistance compared
to carbon fibers. It has superior mechanical properties com-
pared to glass fibers. Basalt fibers have large surface area and
with nanofillers, the surface area can be improved which can
improve EMI SE due to more multiple reflections. The inter-
facial area is also something that can be improved with a con-
ductive filler, preferably a nanofiller as well. This can improve
the electrical properties and the magnetic properties of the BF
composite which can enhance the EMI SE. Moreover, the post
treatment of basalt fiber composites allows for different filler
materials to be used which can be used to improve the existing
properties of basalt fibers.

The conductive fillers added improved dielectric properties due
to dielectric loss and also the magnetic properties such as good
permeability of the material overall which aided in improving
the total EMI SE values of the composite. The post treatment
methods such as chemical vapor deposition, spray-drying and
coating were examined and the filler material showed improved
EMI SE of the overall composite. The factors that affected the
EMI SE such as the percentage by weight of the filler material,
the conductivity, thickness, permeability and the interfacial in-
teraction were investigated to show how these materials affected
the EMI SE values.

Basalt fiber composites offer promising potential for electromag-
netic interference (EMI) shielding applications. When consider-
ing EMI shielding effectiveness, several parameters play a crucial
role in the design and optimization of basalt fiber composites.
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First, the choice of matrix material is significant. While
basalt fibers possess intrinsic electrical insulating proper-
ties, incorporating a conductive matrix, such as a conduc-
tive polymer or metal-coated matrix, can enhance the EMI
shielding performance.

Second, the architecture and arrangement of basalt yarns
in the fabric structure are essential. The use of conductive
basalt yarns or the integration of conductive coatings on the
yarns can improve the electrical conductivity of the compos-
ite, thus enhancing EMI shielding.

Third, in multilayer composites, the layer architecture and
the incorporation of additional shielding layers can further
augment the shielding effectiveness. Finally, the orientation
and distribution of basalt fibers within the composite play a
crucial role. Optimizing fiber alignment and distribution to
ensure efficient electromagnetic wave absorption and reflec-
tion can significantly enhance EMI shielding.

Therefore, in terms of improvements, further research can focus

on

developing advanced conductive matrix materials specif-

ically tailored for basalt fiber composites, optimizing the ar-
rangement and density of conductive yarns, exploring further
interfacial interactions between matrix and reinforced material,
and investigating innovative fiber alignment techniques to max-
imize EMI shielding performance.

The use of electromagnetic shielding basalt fiber composites
can aid in the creation of radars. These composites can ef-
ficiently lessen electromagnetic interference, improving the
efficiency and precision of radar. Basalt fiber composites are
appropriate for radar system components due to their light-
weight and robustness, which enables the development of
effective and dependable radar systems.

Using advanced conductive matrix materials to improve
conductivity enhances electromagnetic shielding effi-
ciency. Carbon nanotubes (CNTs) and metal nanoparticles
have gained significant attention, but other conductive ma-
terials show promise too. Conductive polymers like poly-
aniline and poly(3,4-ethylenedioxythiophene) (PEDOT)
can serve as matrix materials, providing high electrical
conductivity while being lightweight and formable [152].
Metal coatings on basalt fibers, such as copper, silver, or
nickel, enhance electrical conductivity and contribute
to effective EMI shielding. Conductive nanocomposites
combine basalt fibers with conductive fillers like carbon
black, carbon fibers, or conductive ceramics, resulting in
improved EMI shielding. MXenes, 2D transition metal car-
bides, nitrides, or carbonitrides, are emerging options that
can be incorporated into the composite matrix or applied
as coatings on basalt fibers, significantly enhancing electri-
cal conductivity and EMI shielding effectiveness [153, 154].
These materials offer opportunities to tailor EMI shielding
properties in basalt fiber composites, with potential ap-
plications in diverse fields. Further research is needed to
optimize their dispersion, concentration, and integration
within the composite structure to maximize EMI shielding
effectiveness.

Studying the interfacial interactions in basalt fiber com-
posites is crucial for determining their electromagnetic

interference (EMI) shielding capabilities. The morphology,
adhesion, chemical interactions, and bonding at the fiber-
matrix interface directly affect the composite's electrical
conductivity and EMI shielding performance. Mechanical
testing methods offer quantitative data on interfacial
strength and adhesion, ensuring the integrity and stability
of conductive pathways, leading to enhanced EMI shield-
ing. Computational modeling and simulations complement
experimental investigations by providing a deeper under-
standing of the interfacial behavior at the atomic level. By
correlating interfacial interactions with EMI shielding ca-
pabilities, researchers can identify key factors for optimal
shielding performance, guiding the development of basalt
fiber composites with enhanced EMI shielding for various
industries.

Optimizing the arrangement and density of the conduc-
tive layer in basalt fiber composites is crucial for effective
electromagnetic interference (EMI) shielding. Achieving
continuous and uniform coverage throughout the compos-
ite minimizes gaps or voids that can compromise shielding
performance. Techniques such as electrostatic deposition
or chemical vapor deposition achieve a uniform arrange-
ment. The density of the conductive layer should balance
creating sufficient conductive pathways for efficient charge
transfer and avoiding excessive weight and reduced flex-
ibility. Multilayer composites with different materials or
thicknesses can enhance EMI shielding through imped-
ance mismatch, reflection, and absorption. Experimental
techniques like impedance measurements and shielding
effectiveness tests, along with numerical simulations, sup-
port optimization efforts. By optimizing the arrangement
and density of the conductive layer, basalt fiber composites
achieve efficient coverage, enhanced charge transfer, and
improved EMI shielding effectiveness while considering
other functional requirements such as weight and flexibil-
ity. Moreover, finite element analysis (FEA) software allows
for parameter optimization through simulations, reducing
experimental costs and time. Exploring new fiber alignment
techniques, such as oriented alignment, electrospinning/
electrostatic alignment, magnetic field alignment, and addi-
tive manufacturing, can strengthen basalt fibers in compos-
ites and maximize EMI shielding efficiency [155-157]. By
achieving better fiber alignment, these techniques enhance
the mechanical properties of the composite and improve its
EMI shielding performance.

In many disciplines, electrospinning technology has made
significant advancements. The specialized research on
electrospinning for use in EMI shielding is still in the early
stages of development, highlighting the necessity for addi-
tional work to attain practical applications. Despite ongoing
research, obstacles remain that must be overcome to realize
the commercialization of promising electrospun-based EMI
shielding composites.

Future advancements in electromagnetic interference (EMI)
shielding using basalt fiber-reinforced polymer (BFRP)
composites could benefit significantly from the integration
of metamaterials and Frequency Selective Surfaces (FSS).
Metamaterials, known for their capacity to manipulate elec-
tromagnetic wave propagation [158], offer a transformative
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approach to enhancing the shielding capabilities of BFRPs.
By incorporating metamaterials, it becomes possible to
tailor the behavior of electromagnetic waves within the
composite, optimizing shielding efficiency across various
frequency ranges. Concurrently, FSS, which are engineered
to selectively transmit or block specific frequencies [159],
could work synergistically with metamaterials to further
enhance the targeted shielding capabilities of BFRPs. Such
innovations are particularly relevant to applications in tele-
communications, aerospace, and military systems, where
precise frequency control is critical. Future research should
focus on the development of lightweight, scalable designs
that integrate the mechanical robustness of basalt fibers
with the advanced electromagnetic manipulation proper-
ties of metamaterials and FSS, thereby achieving superior
shielding performance.

An emerging research focus within EMI shielding materials
is the development of absorption-dominated materials that
minimize electromagnetic wave reflection while maximiz-
ing absorption. This approach not only enhances shielding
effectiveness by reducing interference but also aligns with
increasing sustainability goals in materials science. Basalt
fiber-reinforced polymers (BFRPs), when combined with
eco-friendly fillers and conductive coatings, represent a
promising avenue for the development of green EMI shield-
ing solutions. These composites can be engineered to exhibit
high absorption rates, thus contributing to effective shield-
ing while minimizing their environmental footprint [160,
161]. Moreover, the ability to tune the electromagnetic re-
sponse of these composites to specific frequency bands offers
considerable potential for their use in industries such as re-
newable energy, smart cities, and environmental monitoring
[162]. Future research directions could explore optimizing
the tunability of these materials to meet the specific perfor-
mance demands of various applications, further advancing
the role of BFRPs in sustainable technology development.

6 | Conclusion

Basalt fiber composites with electromagnetic shielding have a
lot of potential in the future. First off, it is anticipated that lim-
itations on commercialization would lessen as the technology
develops and receives regulatory approval. These composites
could meet industry requirements and broaden their market
reach with improvements in manufacturing procedures and
material optimization. Basalt fiber composites have great
promise for EMI shielding in challenging situations. Basalt
fibers are perfect for applications requiring resistance to ex-
treme temperatures and corrosion because of their inherent
qualities of high strength, corrosion resistance, and thermal
stability. These materials’ improved electromagnetic shielding
properties help protect delicate electronics and equipment in
sectors like aerospace, defense, and offshore energy. Continued
research and development activities are projected to lower the
overall costs related to manufacturing basalt fiber composites,
which will reduce their commercialization costs. Economies of
scale and improved production techniques will help to lower
costs as the need for electromagnetic shielding solutions rises,
making the technology more available and cheaper for a variety

of industries. Finally, with improvements in commercializa-
tion, EMI shielding in challenging conditions, cost reduction,
and radar development likely to contribute to their widespread
usage across different industries, the future prospects of elec-
tromagnetic shielding basalt fiber composites appear positive
overall.
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