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James Njuguna, Federico Venturi, Tanvir Hussain, Hamed Yazdani Nezhad,
Nirmal Kumar Katiyar, Saurav Goel, Hari Upadhyaya, Shrikant Joshi,
Firdaus Muhammad-Sukki, Radhakrishna Prabhu, Tapas Mallick, Will Whittow,
and Spyros Kamnis

1. Introduction

Complex values, such as magnetic
permeability (μ), electrical permittivity (ε),
electrical conductivity (σ), and dielectric
loss, constitute the electromagnetic (EM)
properties of a material. The interaction
of a dielectric material with EM waves
depends on the material properties such
as the electric permittivity (i.e., polarization
or formation of electric dipole), magnetic
permeability (i.e., magnetization or forma-
tion of magnetic dipole), electrical conduc-
tivity (i.e., ability to conduct an electric
current due to the presence of unbound
electrons moving), and dielectric loss.
This means that when EM waves (nonion-
izing: radio waves, microwaves, infrared,
visible light, ultraviolet rays) with a velocity
of 2.998� 108m s�1 (in vacuum) propagate
through or interact with materials, they can
be absorbed, reflected, transmitted, or may
excite surface EM waves (SEW).[1–3]

Figure 1 shows example applications of
dielectric materials that can interact with
EM waves, and how their manufacturing

using coating techniques (including thermal spray) can address
the technological requirements. As will be seen through this

This review aims to consolidate scattered literature on thermally sprayed coatings
with nonionizing electromagnetic (EM) wave absorption and shielding over
specific wavelengths potentially useful in diverse applications (e.g., microwave to
millimeter wave, solar selective, photocatalytic, interference shielding, thermal
barrier-heat/emissivity). Materials EM properties such as electric permittivity,
magnetic permeability, electrical conductivity, and dielectric loss are critical due
to which a material can respond to absorbed, reflected, transmitted, or may excite
surface electromagnetic waves at frequencies typical of electromagnetic radia-
tions. Thermal spraying is a standard industrial practice used for depositing
coatings where the sprayed layer is formed by successive impact of fully or
partially molten droplets/particles of a material exposed to high or moderate
temperatures and velocities. However, as an emerging novel application of an
existing thermal spray techniques, some special considerations are warranted for
targeted development involving relevant characterization. Key potential research
areas of development relating to material selection and coating fabrication
strategies and their impact on existing practices in the field are identified. The
study shows a research gap in the feedstock materials design and doping, and
their complex selection covered by thermally sprayed coatings that can be critical
to advancing applications exploiting their electromagnetic properties.
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review, EM (nonionizing) wave propagation characteristics and
performance of thermal spray coating materials have been inves-
tigated, which gains their properties from their microstructure as
well as composition.

Thermal spraying is a standard industrial practice used for
coating deposition, where the sprayed layer is formed by fully
or partially molten droplets/particles of the material impacting
a surface to form “splats” that are the “building blocks” for
coating formation. These splats overlap due to relative motion
between the thermal spray gun and the surface to cover large
areas, while stacking of the splats during successive passes of
the gun leads to desired coating thickness build-up. Several vari-
ant processes exist within the thermal spray family and yield a

range of gas temperatures and velocities that provide the driving
force for heat up/melting and acceleration of the droplets/par-
ticles (e.g., 3,000–15 000 �C at 50 to 1000m s�1 velocities: arc,
flame, plasma, high-velocity oxy-fuel [HVOF], detonation spray,
etc.). This can also be at cold temperature (e.g., up to 800 �C at
200m s and 1000 m s�1 velocities; cold gas dynamic spraying),
in which case kinetic energy plays a more dominant role in coat-
ing formation than thermal energy. Typically, in all the conven-
tional thermal spray techniques, molten and/or semimolten
droplets are propelled through a spraying gun on to the substrate
and these flatten upon impact to form “splats” which are
regarded as the building blocks for coating formation.[4] In case
of cold spray (CS), primarily meant to deposit coatings from

Figure 1. Example applications of dielectric material that can interact with EM waves and how their manufacturing using coating techniques can address
the technological requirements.
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ductile feedstock, the particles plastically deform on impact at
extremely high velocity. Recent trends have been to produce ther-
mally sprayed ceramic coatings with nanostructures or refined
microstructures and precision-engineered surface textures.[5,6]

Thermal spray grade powder particle shape, geometry, size,
orientation, and arrangement during thermal spraying of a
chosen material can affect the EM waves in an unconventional
manner, thereby creating material (surface) properties which are
not achievable using conventional processes.

Thermal spray coating method has been used as one of the
deposition technologies for the formation of semiconducting
coatings for devices, apart from other fabrication methods
(e.g., molecular beam epitaxy [MBE], hydrid vapor-phase epitaxy
[HVPE], liquid-phase epitaxy [LPE], metal–organic molecular
beam epitaxy [MOMBE], and atomic layer deposition [ALD]).
Contrarily to atomistic film deposition methods such as reactive
evaporation or reactive sputtering, thermal spraying does not
enable synthesis of new compounds during processing.[7]

During the thermal spray-coating process, a coating is built
up from powder particles (typically ranging from submicrometer
to few tens of micrometers in size) and not, from atoms or
molecules. Any particle used in thermal spraying remains
molten in a flame for a time of milliseconds and then solidifies
rapidly during a few microseconds.[4] However, some metastable
phases could form due to rapid solidification of particles on
impact with the substrate.

The field of coatings with EM wave absorption and shielding
characteristics is an interesting subject area in which the use of
thermal spraying has not advanced significantly, although there
are good examples. Such coatings may be appropriate when it is
desirable for the surface to behave as an EM absorber, reflector,
or transmitter for single or multiple frequencies. Knowledge of
the EM wave interaction behavior in thermal spray coatings
(including substrate) is important because such materials can
be tailored to possess microstructures and composition that will
suitably respond to EM waves. When such coatings are placed
into an EM field, the waves can be absorbed, emitted, transmit-
ted, or may excite SEWs at special frequencies as demanded by
the targeted functionality. In this review, the potential influence
of fabrication schemes, microstructure, and composition on the
EM wave performance of thermally sprayed coating materials is
assessed. The influence of the microstructure as well as multi-
component alloy design on EM properties is also analyzed from
the perspective of associated mechanisms.

2. Thermal Spray Coatings as a Manufacturing
Route for EM Material Applications

Components for EM applications require a combination of the
complex mix of properties (depending upon requirements),[8]

such as good impedance matching, high thermal and electrical
conductivity, high melting point, good thermal resistance, con-
ductors and nonconductors, low environmental degradation,
high strength, low density, high flexibility, lightweight, noncor-
rosiveness, no chemical reaction between material components,
and cost-effective commercial feasibility, including mechanical
strength such as hardness, fracture toughness, ductility, and
yield strength. A range of materials with desirable EM properties

(metals, metal oxides, hexaferrites, carbon forms, carbon-based
fillers, polymer composites, or polymer blends) do not possess
ideal properties to be candidate materials as structural (substrate)
elements. However, this can be overcome using a composite
material system where a layer or coating of EM material (i.e.,
a material with desirable EM wave/matter interaction properties)
can be added to the surface of a mechanically strong structural
material. The thermal spray coating approach provides the oppor-
tunity to deposit different layers of EM materials on a suitable
substrate. Overlay coatings such as those deposited by thermal
spraying and vapor deposition on structural materials such as
steel or aluminum alloys, etc., give the designer a choice to take
advantage of the mechanical strength of the substrate and the EM
properties of the overlay coating. Thermal spray coatings have the
advantage of providing thick (few micronmeters to millimeter
thicknesses) and cost-effective coatings of a range of complex
engineering materials. This has enabled them to become an
integral part of the aviation, transportation, power generation,
chemical, and biomedical industry, which is currently worth
7.6 billion USD.[9] As will be seen later, the substrates in such
thermally sprayed coatings varied from metals, alloys, glass,
and ceramics to graphite; however, there is little or no evidence
where lightweight polymeric substrates were considered for EM
wave propagation applications. Though not a focus of current
review, application of polymeric substrates (e.g., thermoplastics,
which are excellent electrical and thermal insulators) is quite
possible with some degree of limitations, as demonstrated by
Bobzin, Wietheger, and Knoch (2021),[10] as such materials
can well be combined with a high degree of design flexibility
and economical mass production.

Thermal spraying is a line-of-sight process in which the coat-
ing material in the form of a powder or wire, etc., is heated and
propelled to splat and form a lamella structure on the substrate or
underlying coating material. HVOF, plasma spraying (PS), warm
spray (WS), and CS are some of the most used processes in
industries. These processes differ in the way the coating material
is heated and propelled to form a coating. Figure 2 shows some of
the coating particle temperatures and velocity ranges achievable
by thermal spray processes.[11] The particle velocity which can be
achieved during the thermal spray process (Figure 2) ranges
from �20 to �1050m s�1, which influences the mechanical,
thermal, and EM properties due to the extent of the 1) designed
phase transformation, for example, ratio of amorphous-to-
crystalline phase for hydroxyapatite (Ca5(PO4)3(OH)) coatings for
biomedical applications[12,13] and controlled degree of eta phase
(i.e., carbon-deficient form of WC that results in a harder or
brittle cemented carbide) formation for sliding wear applications
of WC-Co coatings,[9] etc., and 2) control of porosity during depo-
sition.[14] Complex feedstock materials such as BaCoTiFe10O9,
SrFe12O9, and hydroxyapatite[12,15,16] can be thermally sprayed
using the correct powder chemistry, coating process, and coating
process parameters.

Figure 3 shows a typical microstructure of a ceramic (alumina,
Al2O3) coating deposited using the plasma spray process
(Figure 3a).[17] The microstructure shows the interlamellar
mechanical interlocks, pores, and other coating features. The
lamellar structure becomes much finer when nanocomposite
coatings of similar material are deposited using nanoparticles
in a suspension, that is, suspension spray coating (Figure 3b).
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This figure shows that the changes in powder characteristics,
coating process, and process parameters can be used to achieve
different engineering materials’ microstructures. A similar
approach is also applied to other engineering materials, that
is, metals, polymers, and their composites. The lamella structure
results in anisotropic mechanical properties, which are depen-
dent upon the structure–property relationships, with major
differences between the in-plane and out-of-plane directions.[9]

In the past couple of decades, the desire to use nano- or
submicrometer-sized powders in thermal spraying has grown
significantly, motivated by the ambition to realize coatings with
refined microstructures that can plausibly yield superior proper-
ties.[18] However, the challenges associated with deploying such
fine feedstocks for thermal spraying have been known for
long.[19] Foremost, these fine-sized powders are characterized
by poor flowability. Their relatively low momentum also
precludes controlled powder delivery because of the inability
of the fine particles to penetrate high-velocity gas streams that
are a hallmark of virtually all industrially exploited thermal spray
variants.[20] Although agglomeration of submicrometer or nano-
sized powders has been attempted to overcome the above feed-
ing-related problems, there have been reports of inhomogeneous
melting,[21,22] apart from the added cost that the agglomeration
step entails. Use of a suspension of fine particles in a suitable
liquid medium, or of a solution of precursor salts that can lead
to particle generation in situ, has been conceived primarily to
address the above limitations.[18–20,23] Two variants (i.e., suspen-
sion plasma spray or suspension plasma sprayed (SPS) and solu-
tion precursor plasma spray [SPPS]) are extensively researched
thermal spray techniques these days.[24] These approaches are

now much better understood and found to be extremely
versatile.[23–27] More recently, the possibility of utilizing a pow-
der-liquid “hybrid” feedstock has also been demonstrated and
found to be an effective pathway to create unique, function-
dependent coating architectures.[24,28]

The use of thermal spray coatings, which is capable of effi-
ciently and cost-effectively depositing continuous layers or pat-
terned designs of conductive and isolating materials, can yield
desirable dielectricity, conductance, resistance, magnetism,
superconductivity, or EM properties.[5,29] In EM applications,
two design factors are important, that is, 1) the choice of EM
material and 2) the structure of the EM material. The thermal
spray process, therefore, provides a cost-effective manufacturing
route to deposit complex material compositions not only as an
overlay coating but also free-standing coatings.[29,30] This offers
a large range of thermally sprayed materials suitable for EM
applications as a viable manufacturing route. However, this is
not the only manufacturing advantage of this method. This coat-
ing process also provides the ability to control the porosity and
thus the coating deposit structure. Conventionally, the coating
process and process parameters are designed to minimize the
porosity to improve the coating material’s mechanical strength.
However, as shown in Figure 3 and 4, changes in the coating
process and process parameters can result in varying degree
of porosity within the coating microstructure.

In some cases, it is desirable to have a controlled amount of
porosity within the coating material, for example, in hydroxyap-
atite coatings for biomedical implants to allow blood vessels to
grow within the coating microstructure and[13] in solid oxide fuel
cell materials to increase the apparent area of interaction with the

Figure 2. Spectrum of thermal spray and CS processes across particle velocity and flame temperature attainable during coating deposition. Reproduced
with permission.[11] Copyright 2014, Taylor and Francis.
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electrochemical fuel cell environment,[31] as shown in Figure 5,
where a 17% porosity was intentionally designed in the
Mo–Mo2C/ZrO2 coating microstructure. Numerical and mathe-
matical modeling can also be used to predict the evolution of
coating microstructure and structure–property relationship, for
example, residual stress and porosity.[32–34] This can be advanta-
geous in the application of EM materials where the coating
porosity and hence the coating architecture can be purposefully
built in during coating deposition. The investigation by Wang
and Zhao (2015)[35] has demonstrated this design aspect in
the EM evaluation of YSZ coatings, where a porosity of 15%
has been reported. In summary, thermal spray coating processes
combined with the choice of coating material(s) and spray
parameters provide a cost-effective design tool as a manufactur-
ing route of EM materials.

3. EM Waves and Their Interaction with Materials

This section presents an overview on EM waves, their interaction
with solid state and porous materials, as well as EM interference
(EMI) shielding.

3.1. EM Waves

EM waves (ionizing or nonionizing) are forms of waves consist-
ing of two components (i.e., an electric field, E, and a magnetic
field, H).[3] EM waves are generated when charged particles are
accelerated, which generates a changing electric field and
magnetic field, and their vector directions of the fields and
the direction of propagation are at 90� to each other. They can
be characterized by speed c, wavelength λ, and frequency ν.
Such waves may consist of a continuous range of wavelengths
(or frequencies), which refers to the waves of the EM fields, prop-
agating through space and carrying EM-radiant energy. The rela-
tionship among the previous quantities can be characterized as
c ¼ λν. The EM waves travelling in free space have speed

Figure 3. a) Cryogenic-fractured alumina coating to reveal coating
microstructure deposited by the plasma spray process. Reproduced with
permission.[17] Copyright 2011, Springer Nature. b) Cryogenic-fractured
nanostructured alumina coating to reveal coating of the scanning electron
microscopic structure deposited by the suspension spray process (back-
scattered electron/BSE (left) and secondary electron/SE (right) images,
authors image).

Figure 4. Hardness–porosity map of thermal spray tungsten carbide–-
cobalt coatings. Reproduced with permission.[14] Copyright 2013,
Springer Nature.

Figure 5. Scanning electron microscope (SEM) images of APS-coated
anode layer surfaces showing surface-connected porosities and unmolten
powder particles (Mo–Mo2C/ZrO2). Reproduced with permission.[31]

Copyright 2015, Springer Nature.
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equivalent to that of speed of light, c ¼ 1ffiffiffiffiffiffiffiμ0ε0
p ¼ 2.998� 108m s�1,

where μ0 represents free space permeability (� 4π� 10�7Hm�1)
and ε0 refers to free space permittivity
(� 8.85� 10�12Fm�1).[8,36]

As shown in Figure 6 and listed in Table 1, the EM spectrum
(ionizing or nonionizing) includes a broad range of frequencies
(i.e., radio waves, microwaves, infrared, visible light, ultraviolet
rays, X-rays, and gamma rays). EM waves can be transmitted in
vacuum, air, and other media, and during the wave travel, the
energy will be reflected, absorbed, transmitted, or may excite
SEWs.[37] EM wave radiation is emitted and absorbed discretely
by one quantum after another, each of which is called a photon
(not exactly a massless, indivisible, stable particle, with no
electric charge) and has an energy, En. A photon may be gener-
ated by the transition of charged particles through different
energy levels. When a charged particle transitions from a higher
energy level to a lower energy level, it sends out a photon, and the
energy of a photon is given by Planck–Einstein’s equation,
En ¼ hν ¼ hc

λ , where h ¼ 6.62606979ð30Þ � 10�34Js ¼
4.135667662ð25Þ � 10�15eVs is the Planck constant, and c is
the speed of light.[38,39]

3.2. Dielectric Properties

Permeability ðμÞ is the measure of the ability of a material to sup-
port the formation of a magnetic field within itself, measured in
Henries per meter (H/m). Permittivity ðεÞ describes the amount
of charge needed to generate one unit of electric flux in a
medium, measured in Farads per meter (F/m), and thus repre-
sents the polarity of material’s molecules in an electric field. The
formulae that relates electric permittivity (ε) and magnetic
permeability (μ) of an EM wave in a specific medium are ε ¼ ε0 �
jε

00 ¼ ε0εr and μ ¼ μ0μr, where ε0 is real part of permittivity or
dielectric constant (a measure of the amount of energy from
external electrical field stored in the material), ε 00

is imaginary

part of permittivity or dielectric loss or loss factor (is zero for loss-
less material, and it is a measure of the amount of energy loss in
the material due to an external field), and εr ¼ ε

ε0
and μr ¼ μ

μ0
are

relative electric permittivity and relative magnetic permeability of
the specific medium, respectively.[8,36] The complex permeability
(μ) which is applicable to magnetic materials only also consists of
a real part representing the amount of energy from an external
magnetic field stored in the material, whereas the imaginary part
represents the amount of energy dissipated due to the magnetic
field. As most of the materials are nonmagnetic, their permeabil-
ity is very near to the permeability of free space. Another
term associated with complex permittivity is “loss tangent” or
tanðδÞthat represents the ratio of the imaginary part to the real
part of complex permittivity.

Dielectric properties can be measured in time or frequency
domain with single or multiport (i.e., 2 or 4) systems of the
measuring instruments. The methods to measure the complex
permittivity and permeability can be transmission-line (or
reflection-line) method, an open-ended coaxial probe method,
free-space method, or resonant method. Typically, network ana-
lyzer instruments (current manufacturers such as AEA
Technology, Anritsu, AWA Global, Copper Mountain
Technologies, GSI, Keysight Technologies, Pico Technology,
MegiQ, Micran, National Instruments Corporation, Rhode &
Schwarz, SIGLENT, Tektronix Inc., Teledyne LeCroy, and
Transcom Instruments, etc.) are used to measure complex per-
mittivity and permeability, that is, quantifying EM properties of
dielectric and magnetic materials. Various instruments typically
provide measurement from the mid-MHz to the low-THz
range.[40] Standards (ASTM D150-18,[41] ASTM D2520-13[42])
provide the procedure to measure electrical permittivity (dielec-
tric constant), standards (ASTM D150-18,[41] ASTM D924-15[43])
provide the procedure to measure dissipation factor (or dielectric
loss), and standard (ASTMD149-20[44]) provides the procedure to
measure dielectric strength.[45] Experimentally, the measure-
ment procedure using network analyzer (mainly using vector

Figure 6. EM spectrum diagram for various radiation types and molecular-scale effects. Reproduced with permission.[39] Copyright 2009, Wiley.
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types which measure both amplitude and phase properties)
includes setting the frequency range and number of points in
the network analyzer, for the material under investigation, deter-
mining sample holder parameters (i.e., sample length, sample
thickness, sample-to-holder distance, cutoff frequencies of sam-
ple holder), air gap data of material under investigation, sample
holder dimension, calibration of the system, placing material
under investigation on fixture, and eventually extracting scatter-
ing (S)-parameters using functions in the network analyzer and
then performing the conversion of S-parameter to dielectric
properties using an appropriate method and finally obtaining
electric permittivity (ε) and magnetic permeability (μ).

3.3. Interaction with Solid-State Material

Photon energy is very important to study the movement of
electrons in an atomic shell of a material. As listed in Table 1,
an EM wave which has sufficient energy only for excitation pur-
pose (i.e., which leads to movement of an electron to a higher
energy state) is of a nonionizing radiation type. In solid-state
materials, a bandgap, also called an energy gap, is an energy
range in a solid where no electron states can exist. The bandgap
generally refers to the energy difference (in electron volts, eV)
required to promote a valence electron bound to an atom to
become a conduction electron (i.e., an electron which is free
to move within the “crystal lattice” and serve as a charge carrier
to conduct electric current). Semiconductor materials are nomi-
nally small-bandgap materials, and most common semiconduc-
tor materials are crystalline inorganic solids.[46,47]

As mentioned earlier, the band gap refers to the energy
difference between the top of the valence band and the bottom
of the conduction band. Electrons can jump from one band to
another, if a specific minimum amount of energy for the transi-
tion is provided. Energy required for electrons to jump from one
band to another changes from material to material.[47] Electrons
can gain enough energy to jump to the conduction band by
absorbing either a phonon (heat) or a photon (light). When a
wave with a single frequency strikes an object, several things
could happen to the wave, for example, absorption, reflection,
or transmission. As an example, for metal oxide semiconductors
(e.g., ZnO, bandgap of 3.1 eV), photons with energy equal or
slightly higher than 3.1 eV are absorbed, and this can cause elec-
trons to pass from the valence band to the conduction band.[7] As
the energy of 3.1 eV corresponds roughly to the wavelength of
λ ¼ 0.3 μm, ZnO is absorbed in the ultraviolet region of the spec-
trum. A perfect crystal is expected to be transparent, for example,
for the visible and near-infrared wavelength light, but the pres-
ence of lattice defects and grain boundaries introduces electron
states within the bandgap and causes such light to be diffused
and partially absorbed. If the wave is absorbed by the object,
its energy is converted to heat. When a wave with that same nat-
ural frequency impinges upon an atom, then the electrons of that
atom will be set into vibrational motion. If a wave of a given
frequency strikes a material with electrons having the same
vibrational frequencies, then those electrons will absorb the
energy of the wave and transform it into vibrational motion.
During its vibration, the electrons interact with neighboring
atoms in such a manner as to convert its vibrational energy into
thermal energy. Subsequently, the wave with that given

Table 1. EM wave radiation types and sources.[39,45,235]

Radiation typesa) Spectrum region Sources [natural, artificial] Wavelength Frequency Photon energy

Ionizing
(hard gamma to
X-Ray and far
ultraviolet)

Hard gamma Fission in nuclear reactors, nuclear explosion,
lightning, radioactive decay

1� 10�9 nm 3� 1026 Hz 1.2� 1012 eV

Gamma 1� 10�6 nm 3� 1023 Hz 1.2 GeV

Gamma/X-Ray 0.001 nm 3� 1019 Hz 12MeV

X-Ray Radon gas, radioactive elements in the Earth, and
cosmic rays that hit the Earth from outer space,

accelerating electrons through a potential difference
onto a target (e.g., tungsten)

1 nm 3� 1017 Hz 120 keV

X-Ray/Ultraviolet Sunlight, tanning beds 10 nm 3� 1016 Hz 12 keV

Nonionizing
(near ultraviolet to
radio waves)

Ultraviolet 100 nm 3� 1015 Hz 1.2 keV

Visible (blue) Sunlight, fire, light-emitting diodes, light bulbs, lasers 400 nm 7.5� 1014 Hz 3.1 eV

Visible (red) 700 nm 4.3� 1014 Hz 1.8 eV

Infrared Sunlight, thermal radiation, incandescent light bulbs,
lasers, remote controls

10 μm 3� 1013 Hz 0.12 eV

Microwave Mobile phones, microwave ovens, masers, cordless
phones, millimeter waves, airport millimeter scanners,

circuits, motion detectors, telecommunication
transmission towers, radar, wireless fidelity (Wi-Fi)

1 cm 30 GHz 1.2� 10�4 eV

Microwave/Radio Mobile phones, television, frequency modulation,
amplitude modulation, shortwave, cordless phones,
satellite, radar, lightning, astronomical phenomena

10 cm 3 GHz 1.2� 10�5 eV

Radio 100 m 3MHz 1.2� 10�8 eV

Radio 100 km 3 kHz 1.2� 10�11 eV

a)photon energies less than 10 eV are considered nonionizing.
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frequency is absorbed by the object and its energy transformed.
So, the selective absorption of wave by a material occurs because
the selected frequency of the wave matches the frequency at
which electrons in the atoms of that material vibrate. As different
atoms and molecules have different natural frequencies of vibra-
tion, they will selectively absorb waves of different frequencies.

Figure 7 shows simplified scheme of incident EM wave reflec-
tion, absorption, and transmission in a material. Reflection and
transmission of waves occur because the material impedance is
different. When waves of these frequencies strike an object, the
electrons in the atoms of the object begin vibrating. However,
instead of vibrating in resonance at a large amplitude, the elec-
trons vibrate for brief periods of time with small amplitudes of
vibration; then, the energy is re-emitted as a wave. If the object is
transparent, then the vibrations of the electrons are passed on to
neighboring atoms through the bulk of the material and re-
emitted on the opposite side of the object. Such frequencies
of waves are said to be transmitted. If the object is opaque, then
the vibrations of the electrons are not passed from atom to atom
through the bulk of the material. Rather the electrons of atoms
on the material’s surface vibrate for short periods of time and
then re-emit the energy as a reflected wave. Further details about
EM wave propagation, radiation, and scattering can be found in
other studies.[1,3]

3.4. Interaction with Porous Materials

Thermally sprayed coating structures can be complex systems
involving elastic structures, cavities, porosities, voids, cracks,
and varied specific surfaces. The absorbing properties of

materials can be improved with such porous structures.[48]

Considering heterogenous materials, the scattering and absorp-
tion of EM waves are impossible to find. However, the specimen
can be approximated or simplified as a combination of a single
layer (substrate), two-layer (coating substrate), or a number of
hollow spheres (porosity in coating), as shown in Figure 8.

In layered and hollow sphere systems, the incident wave
would be attenuated by the complex refraction and scattering
as well as the dielectric losses when it propagates in the speci-
men. Analytically, to prepare an excellent absorber, a suppressive
reflection loss, RL, is the prerequisite, which is bound up
with the input impedance Zin and expressed as[49]

RL ðdBÞ ¼ 20log10j Zin�Zo
ZinþZo

j, where Z0 ¼
ffiffiffiffi
μ0
ε0

q
and Zin ¼

Z0

ffiffiffi
μr
εr

q
tanh j 2πνdc

ffiffiffiffiffiffiffiffiμrεr
p� �

where d is the thickness of the EM wave

absorbing layer (coating in current context), ν is the frequency of
the incident EM wave, c is the velocity of light in free space, Zo is
the characteristic impedance of free space (¼ 120π), μ0 and ε0 are
permeability and permittivity of free space, and μr and εr are the
relative permeability and permittivity of the absorber, respec-
tively. For a perfect wave absorber, RL should be infinitesimal,
namely, the absorber should have ε equal to μ (to match the
impedance of free space) with both being as large as possible.
The scattering and absorption of the EM wave by heterogeneous
materials is complex and the exact solution is impossible to
find.[50,51] In thermally sprayed coatings, a number of conditions
can be assumed leading to varied EM wave interactions of
incident waves. Such coatings can attenuate EM waves merely
by the dielectric losses resulting from coating properties.
Considering thermal spray coatings, the reflection could

Figure 7. EM wave reflection, absorption, and transmission.
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potentially be reduced by fabricating or adding a dielectric
material layer over the absorbing coating or by tailoring theffiffi

μ
ε

q
ratio of the absorbing cover.

3.5. Electromagnetic Interference (EMI) Shielding Mechanism

EMI shielding is a phenomenon that involves the process of
reflection and/or absorption of EM waves by a material, that acts
as a shield (comprising either conductive or magnetic-based
materials) in preventing the penetration of the harmful EM radi-
ations into the electronic devices.[52] There are two shielding
mechanisms of EMI, that is, reflection and absorption.[53–55]

The reflection which accounts for a reduction of EMI incidence
is caused by impedance discontinuity of the air/shield (or shield/
air) boundary.[56,57] As an EM wave attempts to penetrate a shield
medium, two reflection processes can occur:[56] 1) incident
energy encounters the surface of the shield and 2) the reflection
process occurs at the opposite face of the shield, and some of the
energy is reflected into the shield, known as multiple reflections.
While in the absorption mechanism, EM energy turns into
thermal energy when an EM wave passes through a medium.

Most common EMI shielding materials are nevertheless based
on metal sheets, screens, or foams made of steel, copper, nickel,
or aluminum alloys (including some expensive materials such as
silver or gold), owing to their combination of high electrical con-
ductivity and dielectric constant.[52] However, as noted by Abbasi
et al. (2019),[58] metal-based protective systems display important
drawbacks that limit their applications: high density, poor resis-
tance to corrosion, cost processing, and an EMI-shielding

mechanism based on reflection, preventing their use in applica-
tions where for instance the EMI absorption is dominant, such as
in stealth technology, or affecting the functionality and even
causing damage to other electronic circuits or components. As
the metallic materials can be bulky, therefore, thermal, or CS
composite coatings on polymeric or graphite-like substrates with
high tribological properties of coatings (i.e., low wear, scratch
resistance, enhanced bonding) can be alternative structures for
EMI-shielding applications. Much details on metallic coatings
(using thermal or CS techniques) over polymeric substrates have
been discussed in the study by Gonzalez et al[59] However, such
thermal or CS composite coatings can bring in additional func-
tionalities; graphite substrates for such coating can be preferred
as it has exceptionally high electrical and thermal conductivities,
including a high specific surface area, with effectiveness for
shielding up to 130 dB at 1 GHz.[52]

The EMI shielding effectiveness or efficiency (EMI SE) of a
material is determined by the algebraic summation of reflection
(R), absorption (A), and multiple reflection (B), in units of
dB.[54,56] EMI SE is generally expressed in terms of S (or scatter-
ing) parameters, implying the way current/voltages travel in a
transmission line and encountering a discontinuity caused by
differing impedance between air and obstruction or in dielectric
media.[54,56,57] The S parameters calculations can be done using

the equation SijðdBÞ ¼ 20� logð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2 þ β2

p
Þ, where α and β are

the real and imaginary part of the complex S numbers.[60]

As the absorption loss is found to be directly proportionate to
the thickness of the shielding material, in the current context,
thermally sprayed coating thickness design estimate can be of
particular interest to enhance the absorption loss. The skin depth

Figure 8. Sketch of the propagation of EM wave: a) single layer (substrate), b) two layer (coating substrate), and c) single hollow sphere representing
porosity in coating (note: (c) figure adapted and reproduced with permission).[48] Copyright 2011, Elsevier.
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(δ) at which the EM field reduces to 1
e (or 37%) of its initial value,

represented as δ ¼ 1ffiffiffiffiffiffiffi
πνμσ

p (in meters), means that the skin depth

(δ) decreases with the increase in ν, μ, or σ.[36] Therefore, an esti-
mate of coating thickness design is possible while considering
skin depth (δ) at which the EM field reduces.

As summarized by Anderson et al. (2021)[61] and well known
in the sector, shielding effectiveness or efficiency classifications
are as follows: <20 dB is considered small, average if between 20
and 80 dB, exceptional if between 80 and 120 dB, and attainable if
>120 dB (with cost-effective methods and using potentially sen-
sitive equipment). Including analytical derivation of Maxwell’s
equations for EMI analysis, a range of numerical methods in
the modeling of EM waves ,[61] standard methods (ASTM
D4935-18[62]), further details, and strategies about EMI shielding
can be seen in the study by Shukla et al.[63]

4. Electromagnetic Wave Propagation
Characteristics of Thermal Spray Coatings

This section presents relevant literature and examples where
thermally sprayed coatings are developed to characterize various
EMwave (i.e., microwave, millimeter wave, solar selective, photo-
catalytic, EMI, and thermal barrier [heat, emissivity]) interactions
with materials. In all the studies, the context is largely about
enhancing the absorption of various EM waves

4.1. Microwave Absorption Performance

Microwave waves are typically defined to cover the 1–1000 GHz
frequency range (wavelengths approximately in the range from
30 cm to 300 μm). Within these spectra, the communication
systems’ applications include ground and airborne radar, elec-
tronic warfare including guided weapons, satellite communica-
tions, microwave radar (for police, small boats, intruder alarms,
and door openers), direct broadcast satellites (12 GHz), and
mobile (1–3 GHz band) as well as cellular (�1 GHz) communi-
cations.[64] Microwave-absorbing materials (MAMs) are types of

functional materials which dissipate EM waves by converting it
into thermal energy. Considering radar (or radio detection and
ranging) which is a detection system that uses radio waves to
detect distance, angle, or velocity of objects,[65] there are materials
which can absorb radar signals (called radar-absorbing materials
or structures or RAM/RAS) which make it harder to detect or
track objects (e.g., aircraft, ships, tanks, and other mobile objects,
as well as human exposure mitigations).[66,67] It is important to
note that RAMs neither absorb all received EM (radar) energy
and nor are efficient within the absorbed frequency bands but
are considered as supplementary means in reducing radar
cross section (RCS) when other techniques (e.g., shaping) cannot
be applied.[66]

The microwave absorption capacity is mainly determined by
the relative permittivity (εr), the relative permeability (μr), the
EM impedance match, and the microstructure of the
absorber.[66–69] When an EM beam irradiates the surface of an
absorber, a good matching condition of the EM impedance
can enable almost zero reflectivity of the incident microwave,
and then, the transmitted microwave can be dissipated by dielec-
tric loss and magnetic loss.[68,69] The desirable properties for
MAMs include light weight, low thickness, high chemical stabil-
ity, a wide absorption frequency range, as well as high absorption
performance.[69]

There are numerous examples where thermally sprayed coat-
ings were used to absorb radar for stealth and camouflage, that is,
reducing RCS. In a work by Bartuli, Cipri, and Valente (2008),[70]

a range of complex ceramic-based composite coatings with an
average thickness of about 3mm (Cr2O3þ BaTiO3 40 wt%,
Cr2O3þ SrTiO3 40 wt%, Cr2O3þNiO 40wt%, Cr2O3þATO
40wt%, Cr2O3þ La0.5Sr0.5MnO3 40wt%, Cr2O3þ
Ni0.5Zn0.5Fe2O3 40 wt%, Cr2O3þ Al 40wt%, Cr2O3þCu 5wt
%, Cr2O3þ Cu 20wt%þNi0.5Zn0.5Fe2O3 20wt%, Cr2O3þAl
20wt%þ La0.5Sr0.5MnO3 20wt%, Cr2O3þ Co3O4 40 wt%) were
fabricated by air plasma spraying to evaluate their tailored EM
properties (essentially as absorbers in the microwave range
[8–12 GHz]). As shown in Figure 9a for various coating thick-
nesses (Cr2O3þNiO 40wt%), the addition of metallic particle

Figure 9. a) Simulation of the RL versus frequency curve for various coating thicknesses for the sample (Cr2O3þNiO 40 wt%). Reproduced with per-
mission[70] Copyright 2008, Elsevier. b) Calculated reflections from a BaCoTiFe10O19-coated metal plate versus coating thickness Reproduced with per-
mission.[15] Copyright 2009, Elsevier.
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dispersions within the dielectric ceramic matrix introduced rip-
ples in the curves (shielding effectiveness parameter vs
frequency), and the coating thickness had a direct influence
on the absolute value of the measured loss parameter. The
coating showed different absorbance behaviors, presenting reso-
nance with absorbance for thickness of 1.7 mm as opposed to an
absence of absorbance for higher (1.8 mm) or lower (1.4 mm)
coating thickness. It is important to highlight here that plasma
spraying utilizing the previously mentioned powder–liquid
“hybrid” feedstock[28] could be ideally suited for depositing
ceramic-based composite coatings such as those mentioned
above by Bartuli, Cipri and Valente (2008).[70]

Bégard et al. (2009)[15] compared Ba–hexaferrite
(BaCoTiFe10O19) coatings deposited onto nonmagnetic glass–-
ceramic substrates by HVOF and air plasma spray (APS) techni-
ques, obtaining coating layers possessing the desired structural
and magnetic properties in the as-sprayed conditions, for micro-
wave absorption applications. While the substitution of Fe3þ ions
with Co2þ and Ti4þ reduced the ferromagnetic resonance fre-
quency (making it suitable for microwave absorbers), to retain
the crystalline hexaferrite phase, a controlled amount of
unmelted agglomerates was desirable to be embedded in the
coating. It was suggested that compared with HVOF spraying,
APS coatings can have better magnetic properties, close to those
of pure crystalline BaCoTiFe10O19. Bégard et al. (2009)[15] indi-
cated that to achieve high and broadband absorption with a thin
coating, the permeability and the magnetic losses must be high;
on the other hand, using a somewhat thicker coating, the advan-
tage of electrical losses can be exploited to increase the absorp-
tion. From calculations based on the electrical and magnetic

properties of the bulk material (i.e., reflection from a metal plate
coated with BaCoTiFe10O19 layers having various thicknesses), it
was predicted that a thickness of 1–4mm would therefore be
optimal for microwave absorption applications (Figure 9b).

As discussed by Lisjak et al. (2011),[16] composite coatings
from different volume ratios of hexaferrite (BaFe12O19 or
SrFe12O19) and polyethylene were prepared, with flame spraying
(Figure 10I, II). The hexaferrite phase (useful for high magnetic
losses) retained its crystal structure and microstructure during
the process, while polyethylene (useful for high dielectric losses)
melted and resolidified. The coatings showed magnetic hystere-
sis loops with high coercivities. BaFe12O19/PE coatings with a
thickness of around 1mm absorbed 80% of EM power at
45–55 GHz and show that the composite coatings would be
suitable for EM wave absorbers in the ultrawide bandwidth
microwave range.

Su et al. (2014)[71] developed multiwalled carbon nanotubes
(MWCNTs)/cordierite (MAS) nanocomposite coatings on to
graphite substrate to a thickness about 2.5mm via low-power
APS for microwave absorption applications at the frequency of
8.2–12.4 GHz. MWCNTs/cordierite (MAS) nanocomposite coat-
ings with different MWCNT contents (5, 7, 10, 15, 20, and 30%)
were investigated. With the increase in the MWCNT content to
7%, the coating showed the highest dielectric constant and opti-
mal microwave absorption property but further increase in
MWCNT content led to severe oxidation of MWCNTs during
plasma-spraying process, resulting in lower dielectric constants
and poor microwave absorption properties. The sample with
2.4mm thickness (sample thickness investigated: 1–3.5 mm)
showed the best microwave absorption behavior, with minimum

Figure 10. I) SEM images of the fracture surfaces of SrFe12O19 coatings. A) With low hexaferrite volume ratio, B) high hexaferrite volume ratio, C) images
of the cross section of the as-sintered hexaferrite feedstock powder (note: label 1¼ unmelted hexaferrite particles; label 2¼ PE matrix; and label 3¼
substrate). II) Reflection loss spectra of the A) BaFe12O19 and B) SrFe12O19 coatings, both with high hexaferrite volume ratio. Reproduced with permis-
sion.[16] Copyright 2011, Elsevier.
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RL of �15.61 dB and bandwidth of 2.35 GHz. In continuation
with their work, Su et al. (2015)[72] developed Ti3SiC2/cordierite
(MAS) composite coatings on to the graphite substrate to a
thickness about 2.5mm via plasma spraying for microwave
absorption applications at the frequency of 8.2–12.4 GHz. The
addition of Ti3SiC2 significantly improved the EM shielding
and complex permittivity of the coatings (due to enhanced polar-
ization effect and electrical conductivity). With the increase in
Ti3SiC2 content (to 30 wt%), the coating showed enhancedmicro-
wave absorption, which means that the absorption bandwidth
(≤�5 dB) can be obtained across the whole measured frequency
with a coating thickness of 1.8 mm (at 9.9 GHz peak frequency).
Again, in a similar work, Su et al. (2015)[73] developed carbon
black/cordierite composite coatings of 2.5 mm thickness on to
graphite substrate using plasma spray and investigated complex
permittivities of the coatings and powders with different carbon
black content percentages for microwave absorption applications
at the frequency of 8.2–12.4 GHz. The coating with 4.54% carbon
black content and 3.0mm thickness (analyzed thickness range:
1–3.5 mm) shows microwave absorption with a minimum RL of
�23.90 dB at 10.13 GHz and RL less than �9 dB over the
investigated frequency range.

To enhance the adhesion strength of MAMs, Wei et al.
(2015)[74] fabricated W-type hexagonal ferrite coating by plasma
spray. The feedstock of ferrite powders was synthesized by the
solid-state reaction and spray-dried process. RL of the hexagonal
ferrite coating is measured in the frequency of 2–18 GHz. The
result shows that coating is suitable for EM wave absorbers in
Ku band. It is well known that hexagonal ferrite exhibits excellent
microwave absorbing behavior due to strong magnetic loss. It
was observed that the simulated RL of the coating was below
�5 dB in the frequency range 14.2–18 GHz with a thickness
of 1.5mm. The minimum RL is �7.2 dB at a frequency of
18 GHz. For realizing efficient microwave absorption in the
wide-frequency bandwidth, the incident wave should enter the
absorber as much as possible and then be fully absorbed.

Yang et al. (2016)[75] developed LaSrMnO3/Al2O3 ceramic coat-
ings on graphite substrates with thickness of about 2mm using
APS for the application of high-temperature microwave absorb-
ing coating in X-band (8.2–12.4 GHz), which is an airborne inter-
ceptor and missile-seeker radar range. Al2O3 was chosen as
insulation matrix and lanthanum strontium manganite (LSM)
was chosen as a conductive filler. Microwave absorption showed
that RL values exceeding �10 dB can be obtained in the fre-
quency range of 10.5–12.4 GHz when the LSM content is
80 wt% and when the coating thickness is 1.5mm. In a continu-
ation to their work, Yang et al. (2016)[76,77] developed TiO2/Al2O3

and TiAlCo ceramic coatings, respectively, onto graphite sub-
strates with thickness of about 2mm using APS for the applica-
tion of high-temperature-microwave absorbing coating in the X-
band (8.2–12.4 GHz). For both coatings (TiO2/Al2O3 and
TiAlCo), microwave absorption showed that the RL values
exceeded �10 dB in the whole frequency range of X-band when
the coating thickness was 2.3mm[76] and when the coating thick-
ness was 1.8 mm.[77]

Zhou et al. (2017)[78] investigated Cr/Al2O3 coatings deposited
using low-power plasma spray with 3.5mm thickness onto the
graphite substrate for microwave absorption applications in
the X-band (8.2–12.4 GHz). The graphite substrates were used

for easy removal of coating flakes from the substrate. The coat-
ings exhibited fully molten splat-like lamellae and partially mol-
ten/unmolten Al2O3 particles, surrounded by a fully molten
Al2O3 matrix. It was observed that the content and size of Cr
in the coatings played a dominant role in the formation of metal-
lic clusters, and the coatings with higher Cr content and larger Cr
particle size exhibited higher dielectric properties due to the
enhanced interfacial polarization and conductance loss. In their
recent work, using the same low-power plasma spraying, Zhou
et al. (2019)[79] investigated the influence of NiCrAlY content on
dielectric and microwave absorption properties (in the X-band) of
NiCrAlY/Al2O3 composite coatings (3.0 mm thickness on graph-
ite substrate). The features within the coatings indicated string or
splat-like microstructures of metallic NiCrAlY. Due to interfacial
polarization, relaxation loss, and conductance loss, the real and
imaginary parts of complex permittivity were enhanced with the
increase in NiCrAlY content. Owing to high impedance match-
ing and the preferable attenuation coefficient, the coating with
20 wt% NiCrAlY and 2.0 mm thickness possessed an effective
bandwidth (< �10 dB) 1.3 GHz in the range 8.2–9.5 GHz and
minimum RL of �15.7 dB at 8.9 GHz, exhibiting enhanced
microwave absorption properties.

Chen et al. (2019)[80] developed Ti3SiC2/NASICON coatings
on a graphite substrate to a thickness about 2.5mm via APS
for high microwave absorption applications in a wide tempera-
ture range (25–500 �C) at the frequency range of 8.2–12.4 GHz
(X-band). It was observed that the ionic conductivity of
NASICON matrix and contact conductivity at Ti3SiC2/
NASICON interfaces contributed to high permittivity. The
permittivity increased with high temperature due to dielectric
relaxation, space–charge polarization, thermal ion relaxation
polarization, and conduction loss. The coating exhibited a good
microwave-absorption property with a wide bandwidth (below
5 dB) with a thickness less than 2mm when the temperature
ranged from 200 to 500 �C.

Due to high conductivity loss properties of WC, Shao et al.
(2020)[81] developed ceramic (WC and Al2O3 composite) coatings
using APS on the Ni alloy substrate for microwave absorption at
high temperatures in the X-band (8.2–12.4 GHz). The results
showed that the absorbing bandwidth for RL below �10 dB
can reach 1.5 and 2.2 GHz with the thickness of only 1.1 and
1.5mm, respectively. In continuation with their work, Shao
et al. (2020)[82] developed ceramic (20wt% Al2O3% and 80wt%
TiC; both non-magnetic materials) coatings using APS on the
Ni alloy substrate and then sprayed NiCrAlY alloy metamaterial
pattern (an artificial designed structure) for the application
of high-temperature metamaterial radar-absorbing coating
(MRAC) in X-band at 800 �C. The metamaterial pattern using
NiCrAlY alloy (replacing traditional metals) was developed to
enhance relevant absorption performance (achieved EM RL
below �5 dB covering the whole of X-band at 800 �C), and the
coating possessed better EM-absorbing ability with a thickness
of 0.96mm. Shao et al. (2020)[83] developed plasma-sprayed
coatings (combination of Al2O3 and TiC powder material, i.e.,
(1� x).wt Al2O3 – xwt TiC) on to a superalloy substrate at
800 �C with enhanced performance in X-band (8.2–12.4 GHz),
for high-temperature absorption properties. For 80 wt%
Al2O3–20 wt% TiC and thickness 1.6mm, the coating exhibited
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an enhanced absorption bandwidth of 3.45 GHz at 800 �C and a
RL lower than �8 dB over the whole X-band.

Zhao et al. (2021)[32] investigated ultrathin high-temperature
titanium diboride (TiB2) and alumina (Al2O3) coatings sprayed
on to a Ni-based alloy substrate using APS for high microwave
absorption performance in a wide temperature range
(25–800 �C). With a coating thickness of 1.4mm, the 30wt%
TiB2–70wt% Al2O3 composition exhibited RL of less than
�5 dB over a wide high temperature range (400 to 800 �C) in
the whole X-band (8.2–12.4 GHz).

As shown through a number of examples earlier, application
of thermal spray-coating methods is successful in developing
microwave-absorbing composite coatings. Typical coatings thick-
nesses used ranged from 1 to 3mm, which call for development
of coatings with similar absorption capabilities with smaller
thicknesses to ensure weight reduction, especially in some of
the critical applications such as defense and stealth.

4.2. Millimeter-Wave Absorption Performance

The millimeter waves’ (or mm-wave) EM radio waves typically
cover the 30–300 GHz frequency range. It corresponds to a wave-
length range of 10mm at 30 GHz decreasing to 1mm at
300 GHz,[84] and it meets the capacity requirements of the 5 G
network (at 26–60 GHz) which is beyond all current cellular
and Wi-Fi frequencies which are below 6 GHz. Millimeter-wave
absorbing materials are important to attenuate EM pollution
occurring due to rapid development of information technology
and defend against radar detection for military stealth technol-
ogy.[85] An ideal absorbing material should possess strong RL
and a broad bandwidth.

Barium hexaferrites, well-known ferrimagnetic materials, are
suitable materials for microwave and mm-wave absorber
coatings, and a basic compound has a chemical composition
of BaFe12O19 with a complex magneto–plumbite structure.[15]

BaFe12O19 exhibits ferromagnetic resonance at around
50 GHz, making it suitable for mm-wave applications.[15]

Typical commercial hexaferrite-based absorbers are ceramics
or polymer composites filled with the absorbing powders.
There are obvious limitations in the possibility to adjust them

to the various shapes of components requiring EM protection:
these limitations can be overcome by the application of thermal
spraying technologies. In a work by Bobzin et al. (2010),[86]

Ba–hexaferrite coatings for EM mm-wave absorption applica-
tions were deposited by APS. A suitable powder feedstock was
manufactured by blending a BaCO3þ Fe2O3 mixture, which
was then agglomerated by spray drying. The agglomerates were
processed by APS without any further treatment or were heat
treated and reactively sintered to stoichiometric Ba–hexaferrite
prior to spraying. However, the deposition of untreated agglom-
erates did not result in adequate amounts of crystalline
Ba–hexaferrite in the coatings, and the APS processing of
reactively sintered agglomerates led to a high content of
Ba–hexaferrite and similar magnetic properties to those of
Ba–hexaferrite bulk materials. In another study, Bobzin et al.
(2011)[87] used two different kind of feedstock powders:
1) spray-dried agglomerates of micrometric SrFe12O19 particles
or 2) spray-dried agglomerates of raw materials (SrCO3,
Fe2O3), reactively sintered at 1100 �C. The high magnetic loss
of crystalline SrFe12O19 plasma-sprayed coatings at about
50 GHz shows that such coatings are promising candidates
for EM wave absorption applications (in mm-wave range).

Application of ceramic coatings on thick ceramic substrates
can offer the benefit of preventing cryogenic delamination of
the coatings, in addition to being a good antireflection coating
for broadband millimeter-wave detection. Jeong et al. (2016)[88]

developed plasma-sprayed antireflection coating of about
100 μm thickness with various mixtures of Al2O3 and micro-
sphere powders (made of Al2O3 and SiO2) on to Al2O3 ceramic
substrate (6.35mm thick), as shown in Figure 11a, for experi-
ments with cryogenic optics, and achieved minimal dissipative
loss and broad bandwidth. By mixing hollow ceramic micro-
spheres with alumina powder as the base material and varying
the plasma energy of the spray, the dielectric constants of the
plasma-sprayed coatings (for controlled uniform thickness below
10 μm) were tuned between 2.7 and 7.9. By spraying low-loss
ceramic materials with a tunable dielectric constant, Jeong
et al. (2016)[88] were able to apply multiple layers of antireflection
coating for millimeter-wave detection. At 300 K (�27 �C), they
achieved 106% fractional bandwidth over 90% transmission
using a three-layer antireflection coating (see Figure 11b).

Figure 11. a) Plasma-sprayed spherical lens surfaces (or lenslet array) and b) transmission spectra of a three-layer antireflection-coated alumina disk
(solid blue) and an uncoated alumina disk (dotted gray) at 300 K. Reproduced with permission.[88] Copyright 2016, Springer Nature.
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The submillimeter (or terahertz) EM waves typically cover the
0.3–30 THz frequency range and occupy radiation between
microwaves and infrared light waves. Terahertz EMW are capa-
ble of penetrating certain nonmetals but are safer to use because
they cannot disrupt molecules.[89] Their frequency range corre-
sponds to a wavelength range of 1mm at 0.3 THz decreasing
to 10 μm at 30 THz. In the terahertz range, Watanabe et al.
(2011)[90] investigated the EM wave transmittance and dielectric
properties of atmospheric plasma-sprayed 146–1100 μm-thick
YSZ thermal barrier coatings deposited onto a carbon steel sub-
strate. The coated samples were produced with varied micro-
structures by varying spray parameters and irradiated by a
pulsed 0.1–6.3 THz wave. The measurements indicated a high
transmittance of 20–80% at frequencies below 0.5 THz and zero
transmittance above 1.5 THz. As shown in Figure 12, the
real part of the dielectric constant indicated strong relationship
with coating’s porosity, meaning, terahertz spectroscopy could
be useful to nondestructively evaluate the porosity of ceramic
coatings, as well as the detection of densification caused by
the sintering of the coatings upon their use in high-temperature
environments.

4.3. Solar-Selective Absorbing Property

The sun is a natural source of terahertz (THz) waves, and the
solar emission wavelength range is 300–3000 nm or
100–1000 THz.[91] Solar energy cells can directly transfer
incident light into electricity, and thermal spray has been an
alternative fabrication route of absorbent coatings as it can gen-
erate submicrometer/nanocrystalline microstructures. However,
as reviewed by Xu et al. (2020),[92] most of the research has
been concentrated on the application of thin-film deposition
techniques, namely, physical vapor deposition, ion plating,
sputtering, and evaporation technique, compared with thermal
spray-coating methods.

As known for thermally sprayed coatings, the existence of
microstructural defects, high surface roughness, and phase
contents leads to their poor optical (solar) properties, because
of which it is limited to prepare solar-selective absorbers.
However, with certain modification and fabrication techniques,
thermally sprayed coatings can be developed for solar-absorbing
properties. Vaßen et al. (2009)[93] deposited highly porous TiO2

coatings using suspension plasma spraying on ITO-coated glass
substrates for photovoltaic cells, with special emphasis on the
establishment of a high volume fraction of the desired anatase
phase, with the best coatings with about 90% of the anatase phase
(based on the photocurrent voltage characteristic curve). In a
work by Gao et al. (2015),[94] as shown in Figure 13, Ni–Mo-
and No–Mo–Co HVOF spray coatings were deposited on
307 L stainless steel substrates, and coatings were irradiated
by laser treatment with the aim of improving the solar-absorbing
property for concentrating solar power applications. Changing
the powder or coating morphology by laser treatment (leading
to changes in phase contents before and after laser treatment)
can achieve better selective EM properties of coatings (e.g., for
improving the optical properties of thermal sprayed coatings,
especially for concentrating solar power in the spectral range
0.3–2.5 μm). As shown in Figure 13 (for Ni–Mo coatings), the
as-sprayed coating is covered by the surface-connected micro-
pores, a useful coating feature for solar rays to penetrate the sub-
strate and weaken the intended spectrally selective effect of the
deposited coating. However, after laser treatment, as expected,
the coating is denser with significantly less micropores. The
reflectance curves (Figure 14) of laser-treated coatings compared
with as-sprayed coating show suppressed reflectance, indicating

Figure 12. Dielectric constant at 0.5 THz plotted as a function of porosity
of the coatings deposited with varying (200–70mm) plasma-spray
distances. Reproduced with permission.[90] Copyright 2011, Elsevier.

Figure 13. SEM images of the HVOF-sprayed surface: a) as-sprayed Ni–Mo coating and b) laser-treated Ni–Mo. (reproduced with permission).[94]

Copyright 2015, Elsevier.
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that an enhanced solar-absorbing property is possible (i.e., abso-
lute 10.7% increase in solar absorptance on the laser-treated
coatings).

Wang et al. (2017)[95] investigated solar absorptance or solar
photothermal conversion applications of HVOF-sprayed
45 μm-thick WC/Co coatings (powder comprising nanometer
and submicrometer WC particles) deposited on to 1mm-thick
AISI 304 L stainless steel substrates and compared optical prop-
erties of the sprayed multimodal and conventional coatings. The
multimodal WC/Co coating with coarse and fine WC particles
using agglomerated feedstock powders exhibited higher solar
absorptance (0.87), which was attributed to the formation of a
dense coating with no decarburized phases and distributed
WC particles, than what can be achieved by either coarse powders
(0.80) or fine powders (0.82) alone. Similarly, in a work by Ke
et al. (2018),[96] WC–Co coatings were deposited onto the
stainless steel substrate by HVOF spraying, including layers
of coatings (CuCoMnOx, CuCoMnOx–SiO2, and SiO2 sols)
synthesized by the sol–gel method deposited successively on
the coating. CuCoMnOx was used as the sealing layer to fill
the larger pores and grooves on the surface; then, the composi-
tion CuCoMnOx–SiO2 sol was deposited as the second sealing
layer to eliminate the remaining smaller pores as well as the tran-
sition layer to connect the sealing layer and the uppermost SiO2

antireflective layer. For the new multilayer structure coating, the
absorptance increased from 0.821 to 0.915 and the emittance
decreased from 0.434 to 0.290. After being annealed in the non-
vacuum environment, the absorption and emittance of the mul-
tilayered coatings’ stack changed to 0.901/0.320. Using similar
composite coating preparation method, Duan et al. (2017)[97]

investigated solar-selective absorbing properties of duplex
Co–WC–Al2O3 (absorbing layer using HVOF method) and
Al2O3 (antireflection layer using sol–gel method) ceramic metal–-
dielectric. The coating exhibited high solar absorptance/
emittance (0.908/0.145). However, after annealing the coating
at 600 �C for 7 days in air, the absorptance/emittance decreased
to 0.898/0.172, which indicated that the coating exhibited good
thermal stability.

Within solar-selective absorptance applications, thermal
absorptance represents the fraction of incident wavelength radi-
ation that is absorbed by the material, and for objects that do not
transmit energy, emissivity (¼ 1�reflectivity) of a surface is a
measure of its ability to radiate energy in comparison with a black
body. It is defined as a measure of infrared energy radiated from
an object, and the ratio varies from 0 to 1.[98] Therefore, for opti-
cal emissivity in the infrared region of metal oxides, Tului et al.
(2004)[7] sprayed ZnO and ZnO þ (3 and 22 wt%) Al2O3 using
plasma spray onto sand-blasted steel substrates. While measur-
ing reflectivity, it was observed that the infrared emissivity of
sprayed coatings depended on factors such as wavelength, pow-
der chemical composition, and spraying atmosphere. As shown
in Figure 15, coatings containing 22 wt% of Al2O3 showed lower
emissivity in the visible range than the corresponding 3 wt%
Al2O3-containing coatings. It is important to note that Al2O3

(a dielectric) is more stable and more difficult to reduce than
ZnO (a semiconductor). Therefore, the plasma spray method
was useful in modifying optical emissivity in infrared in the coat-
ings doped with Al sprayed using pure ZnO. In this context, it is
relevant to mention that coatings of ZnO[99] and ZnFe2O4

[100]

have also been successfully deposited by the SPPS route.
Similarly, due to high thermal and oxidation resistance of spinel

(oxides), Deng et al. (2020)[101] studied plasma-sprayed vanadium
tailings deposited onto the 1mm-thick stainless steel substrate with
the Ni/Al bond layer. Vanadium tailings are composed of oxides of
Fe, Cr, Mn, V, Ti, and other transition metals and are byproducts of
steel manufacturing. The spinel structured composite oxide coat-
ings exhibited high absorptance (93.79%) and low-energy bandgaps,
emissivity of 71% at 120 �C, and high thermal stability at 500 �C.

Therefore, in most cases, the high absorptivity, low emissivity,
and the textured surfaces offered by thermal spray coatings are
very well suited for selective solar absorption applications. The
advent of high operating temperature concentrator solar power
systems where the coating is subjected to very-high-temperature
cycles for long durations means that future work on these coat-
ings will have to be on the thermal stability of the coating systems
over a high number of thermal cycles.

Figure 14. Reflectance curves of the HVOF-sprayed coatings (as sprayed and laser treated): a) Ni–Mo coating and b) Ni–Mo–Co coating. Reproduced
with permission.[94] Copyright 2015, Elsevier.
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4.4. Photocatalytic (Absorption) Performance

Photocatalytic property refers to the acceleration of a
chemical reaction in the presence of substances called
photocatalysts, which can absorb light quanta of appropriate
wavelengths depending on the band structure. Usually,
semiconductors are selected as photocatalysts due to their
narrow band gap, unoccupied conduction band, and occupied
valence band.[102]

Light-absorbing ability of any material in the range of
UV–vis–NIR is a factor which is important for improved photo-
catalytic property. As an example, TiO2 (n-type semiconductor
most frequently used) coating’s photocatalytic property can be
triggered when exposed to UV light, and there are a number
of studies on such coating materials deposited using thermal-
spray techniques. In all such investigations, the research has
been more on enhancing the absorption capability of the mate-
rial, which enhances the decomposition capability (e.g., degrada-
tion and destruction of organic pollutants,[103] or inactivation of
pathogens,[104] or to mitigate the environmental impact of the

textile industry by degrading dyes into water and carbon dioxide
in wastewater.[105] It is also important to note that under atmo-
spheric pressure, TiO2 exists as amorphous, anatase, brookite,
and rutile forms; however, most of the research in solar-driven
applications focuses on anatase and rutile due to their stability
and photoactivity.[106] Though TiO2 material is well known
largely for its absorption capabilities in the UV range, the absorp-
tion drops off in the visual range where the wavelength is higher
than 387 nm. This is due to the bandgap being around
3.0–3.2 eV,[107] which means that this material cannot be used
in the visual range of the radiation. However, additives are
known to overcome this drawback. Ye and Ohmori (2002)[108]

tested the effect of addition of Fe2O3 in a plasma-sprayed
TiO2 coating in comparison with TiO2 coating without the
additive. The improved absorption performance of the coating
with the additive is attributed to the formation of the FeTiO3

phase, which was shown to promote the absorption capability
in the visual range. The presence of anatase phase in the pure
TiO2 coatings was also shown to improve the overall absorption
performance though not as prominent.

Figure 15. Emissivity of thermally sprayed coatings (ZnO, ZnOþ 3 wt% Al2O3 and ZnOþ 22 wt% Al2O3) using plasma spraying in air atmosphere and in
inert gas atmosphere. Reproduced with permission.[7] Copyright 2004, Elsevier.
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Dosta et al. (2016)[109] deposited TiO2 coatings on Inconel alloy
substrates to understand their effectiveness as photocatalytic sur-
faces. The feedstock powders were nanoagglomerated
rutile–TiO2, anatase–TiO2, and TiO2�x suboxides deposited
through APS. The radiation absorption of these coatings has
been attributed to the surface roughness and the deposition
thickness. The maximum penetration depth of the radiation into
the coating is directly proportional to the absorption coefficient
‘α’ of the coating material. ‘α’ is a function of the wavelength of
incident light and dictates the maximum light penetration depth.
The photocatalytic activity of the coatings is dictated by the crys-
talline phase content, which is a function of the feedstock char-
acteristics such as particle size and morphology. These
parameters also dictate the degree of melting in the coating
which in turn dictates the surface roughness of the coating,
which at higher values promotes better radiation absorption.

Reduced TiO2 is known to display improved absorption in the
UV–vis–NIR region in addition to improved emissivity. Wang
et al. (2015)[110] used the flame spray method to produce reduced
TiO2, where a combination of ethylene and oxygen is used to pro-
duce a flame expanding through a torch. This method was cho-
sen due to the high operational temperatures and the high
quenching rates. They used commercially available rutile–TiO2

as the feedstock. The powder was sprayed into water and later
characterized to identify the phases formed. Due to the O-poor
regime within the flame, the formation of oxygen (O) vacancies
and titanium (Ti) interstitials leading to the formation of Ti3þ

species was reported. This species was shown to have a lower-
energy bandgap (2.32 eV) which was lower compared with that
of the feedstock (3.14 eV), indicating the formation of an impure
energy level. This lower bandgap was reported to have increased
the absorption in the visible region. The NIR absorption was also
shown to have increased with the reduced TiO2 powder due to
the impurity energy-level absorption and the free carrier absorp-
tion. The presence of oxygen vacancies leading to the presence of
more holes and electrons was reported to have helped the latter.

As shown in Figure 16a, Mauer, Guignard, and Vaßen
(2013)[111] investigated SPS TiO2 coatings for photocatalytic
applications (dye-sensitized solar cells in the visible spectrum
of light), as anatase phase with specific rutile content is preferred
to achieve optimum photocatalytic activity. Mauer, Guignard,

and Vaßen (2013)[111] indicated that immediately after deposi-
tion, partial transformation to rutile can take place if the substrate
temperature is sufficient. As shown in Figure 16b, to improve
photoactivity of TiO2, nitrogen can be doped (by adding TiN
to the thermal spray feedstock) during coating fabrication; as
such, the anionic dopant can create states within the bandgap
which locally reduce the energy barrier of the photoexcited
electron.

Plasma spraying can be deployed to deposit thin TiO2 coating
on glass substrates for photocatalytic application along with high
sunlight transmittance. Zhang et al. (2013)[112] studied the effect
of porosity (8.9%, 11.2%, 17.5%) on the photocatalytic activity of
plasma-sprayed TiO2 coating on steel and FTO glass substrates.
While plasma spraying, the anatase phase in starting TiO2 pow-
der transformed into rutile phase. While developing the opti-
mized process parameters to obtain highest porosity, it was
observed that the photocatalytic activity of TiO2 coating (with
20-25 μm thickness) on FTO was 2.5 times better than TiO2 coat-
ing on the steel substrate. This improvement in photocatalytic
performance was due to formation of bimodal porosity
(micrometer and submicrometer-sized pores, see Figure 17)
and improved transmittance in TiO2 coating on FTO glass.
Zhang et al. (2013)[112] also observed that for TiO2 coating’s pho-
tocatalytic performance, porosity content has a dominating effect
than phase type.

Robinson et al. (2015)[106] used the SPS method for the depo-
sition of nanostructured TiO2 coatings (of 2–15 μm thicknesses)
on to AISI stainless steel substrate with predominantly anatase
crystal structure. The coating exhibited granular surface, high
specific surface area, along with densely packed agglomerates,
interspersed with some melted material. As shown in
Figure 18, the coatings produced demonstrated visible light
absorbance (due to the creation of Ti3þ within the coating
because of reduction by the hydrogen-containing plasma) with
a significant decrease in reflectance at wavelengths >500 nm.
Very recently, Khatibnezhad et al. (2021)[105] investigated the
effect of oxygen deficiencies on the optical and photocatalytic
activity of substoichiometric TiO2�x coatings (about
100–150 μm thicknesses) deposited on to the stainless steel sub-
strate by SPS. The coated samples were heat treated in air at four
different temperatures (in the range: 400–550 �C) to vary the level

Figure 16. a) SEM images of coating (samples coated using SPS TiO2 coatings) microstructures sprayed in hot conditions (500 A/80mm) and
b) absorption measurements by photothermal deflection spectroscopy of nitrogen-doped and undoped sprayed in hot conditions (400 A/65mm
and 500 A/80mm). Reproduced with permission.[111] Copyright 2013, Elsevier.
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of oxygen vacancies. The absorption spectra in the UV–vis range
indicated that there was no difference in the absorption of all
coatings (i.e., as-sprayed and those heat treated) in the UV range,
whereas as-sprayed coating showed the highest absorption
(and smallest indirect bandgap), and the absorption increased
with the decrease in oxygen content in the visible light range.
Considering the photocatalytic performance, analysis showed
that oxygen vacancy positively affected the photocatalytic activity
of TiO2�x by introducing some energy levels into the bandgap of
TiO2. Khatibnezhad et al. (2021)[105] suggested that such energy
levels can act as traps for photoexcited holes and electrons which
can reduce the recombination rate of charges, leading to
improvement in the photocatalytic activity under the visible
light range.

The suitability of thermal spray methods for depositing
TiO2 has been demonstrated through numerous research
publications. The retention of the anatase phase in TiO2 is highly
desirable due to its higher photocatalytic efficiency (as a large
number of the photogenerated electron–hole pairs exist which
can participate in surface reactions (Khatibnezhad et al.,
2021)[105] is of high interest in thermal spray photocatalytic coat-
ing research. The use of different doping materials toward this
end is likely to constitute further research in this area. Attempts

have also been made to deposit photocatalytically active TiO2

coatings by SPPS, using materials such as titanium isopropoxide
as the starting feedstock. It has been shown that significant
control over the resulting microstructures can be exercised by
suitably controlling the process conditions. For example, dense
TiO2 coatings have been fabricated using precursor solutions at
near-saturation concentrations.[113] In contrast, porous TiO2 coat-
ings have also been realized by the SPPS route.[114] The phase
constitution of the SPPS-deposited TiO2 coatings has also been
shown to be influenced by spray variables, most dominantly the
plasma power,[114] suggesting that the possibility of controlling
the anatase–rutile ratio that can influence the photoelectrical
and photocatalytic properties. SPPS also provides a facile one-
step process to synthesize efficient visible light-driven photoca-
talysts, such as cocatalyst-grafted Ti3þ self-doped rutile TiO2,
which has been found to exhibit excellent photocatalytic
activity.[115]

4.5. EMI Shielding Performance

There are numerous examples where application of thermal
spray coating-based fabrication of high-performing EMI shield-
ing structures has been demonstrated. This is interesting as ther-
mal spray methods can aid in developing coatings with varied
phase compositions, microstructures, EM properties, oxidation
resistance, chemical stability, and flexibility for large-scale pro-
duction. Jang et al. (2020)[116] studied the EMI shielding effective-
ness of Cu, Cu–Zn, and Cu–Ni coatings deposited on smooth
steel substrates using arc thermal spray process, as shown in
Figure 19. They studied the effect of the coating thickness, poros-
ity, and degree of particle melting within the microstructure on
the EMI shielding effectiveness over a frequency range from 0.1
to 1.0 GHz. For security applications, from EMI at 1.0 GHz, it
required minimum 80 dB shielding value by the shielding mate-
rials, as recommended by national defense and military facili-
ties.[117,118] Jang et al. (2020)[116] reported that the introduction
of Zn into the coating increased the EMI shielding due to
increase in the degree of melting, leading to an increase in
the conduction loss. At lower thicknesses of the coating, around
100 μm, EM wave leakage through the high porosity present was
reported to have reduced the EMI shielding. As the coating thick-
ness increased, the coating density increased due to lower

Figure 17. SEM images of micrometer-sized pores in TiO2 coating on FTO glass: a) lowmagnification and b) highmagnification, showing submicrometer
pores in the unmelted region are marked by the circle in (a). Reproduced with permission.[112] Copyright 2013, Springer Nature.

Figure 18. UV–vis reflectance spectra of TiO2 coatings produced in the
two plasma conditions. Reproduced with permission.[106] Copyright
Royal Society of Chemistry.
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porosity, leading to a higher conduction loss. While the EMI
shielding effectiveness values reveal that 100 μm-thick Cu–Zn
coating satisfies the minimum requirement for EMI shielding,
the Cu and Cu–Ni required higher thickness. In the context
of metallic coatings, such as those in the Cu, Cu–Zn, and
Cu–Ni category discussed earlier, the supersonic particle depo-
sition by the CS process is particularly ideal by virtue of its ability
to almost completely suppress in situ oxidation and yield dense
and well-adherent coatings. CS coatings for EMI shielding using
conductive or magnetic materials are considered one of the
promising CS applications.[119]

Using low-power plasma spraying, Wen et al. (2016)[120]

fabricated MoSi2/glass composite coatings on to the graphite
substrate (Figure 20a) with different MoSi2 filler contents
(20%, 22.5%, 25%, 30%) in the glass matrix, to investigate the
EMI shielding effectiveness. As shown in Figure 20b, the fabri-
cated coatings showed that MoSi2 flakes aligned in the plane
direction blocked the incident EM wave through the shielding

materials via reflection and absorption many times by multiple
layers of parallel-flake microcapacitors. They found that the
shielding effectiveness was related to the electrical conductivity
and dielectric properties, attributed to the high aspect ratio of
lamellar structure as well as the dispersion state of MoSi2.
The average value of shielding effectiveness was 24.2 dB
(99.6%) in X-band (8.2–12.4 GHz) for the MoSi2/glass composite
coating with 30 wt% MoSi2 with 1.5 mm thickness. Before this,
the same investigation team led by Qing et al. (2015)[121] fabri-
cated about 3mm-thick FeSiAl/Al2O3 composite coatings onto
graphite substrate with different FeSiAl contents (10%, 20%,
30%, 40%) in the Al2O3 matrix, to investigate the shielding effec-
tiveness. Analysis showed that the total shielding effectiveness of
40 wt% FeSiAl powder-filled Al2O3 ceramics exceeded 36 dB in
whole X-band with a thickness of 2.0mm, indicating high EM
attenuation properties. Similarly, Zhou et al. (2011)[122]

investigated Al2O3/Nb composite coatings sprayed on graphite
substrates by low-power atmospheric plasma spraying.

Figure 19. Shielding effectiveness value of Cu, Cu–Zn, and Cu–Ni coatings, each with thicknesses: a) 100 μm, b) 200 μm, and c) 500 μm, at different
frequencies. Reproduced with permission.[116] Copyright 2020, The Authors, published by MPDI.
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Analysis showed that for the microwave absorption as a
single-layer absorber, with 10 wt% Nb content coating when
the coating thickness is 1.5 mm, the RL values exceeding
�10 dB can be obtained in the frequency range from 10.0 to
11.8 GHz.

Due to high EM shielding characteristics of aluminum (Al)
and tantalum (Ta) materials, Hung (2019)[123] fabricated Ta–Al
coating (using sputtering technique) onto glass substrate to
review the shielding characteristics (at frequency range: from
50 to 3000MHz) but investigated the coating structure and inter-
face properties of plasma-sprayed Ta–Al coating (Al (100 μm), Ta
(200, 400, and 600 μm)) onto a 1mm-thick 304 stainless steel
substrate. It was observed that after the annealing heat treatment
process, the Ta–Al coatings’ (onto stainless steel substrate) struc-
tural characteristics were excellent and suitable for shielding
effects at different temperatures and humidity. Hung
(2019)[123] concluded that increasing the Ta thickness (as well
as with the increase in temperature) can improve the shielding
characteristics at low- and middle-frequency conditions, while
annealing also had a significant positive effect at the high-
frequency condition.

Qing et al. (2021)[124] investigated EMI properties in the
X-band (8.2–12.4 GHz) of 1.2 mm-thick plasma-sprayed ZrB2/
Al2O3 coatings (ZrB2 is a semiconductor and Al2O3 is insulator).
It was observed that the total EMI shielding efficiency (EMI SE)
of 30 wt% ZrB2-filled Al2O3 ceramics was greater than 31 dB at
25 �C and 44 dB at 600 �C, along with long-term life at high tem-
perature (600 �C for 300 h). Qing et al. (2021)[124] indicated that
the target value for the EMI SE needed for commercial applica-
tions is near 20 dB, meaning that ZrB2/Al2O3 coatings can be
regarded highly efficient EMI absorbing and shielding materials.
Very frequently, it has been advised[61,124–126] that for enhanced
EMI properties, the frequency dependence of the complex
permittivity and the EMI SE can be optimized by introducing
highly conductive carbon nanomaterials (carbon fibers, CNTs,
graphene) and MXenes.[127] MXenes are those materials which
contain novel transition metal carbides, nitrides, or carboni-
trides, represented as Mnþ1AXn (n¼ 1, 2 or 3), where M is tran-
sition metal (Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.), A is a group
12–16 element (Cd, Al, Ga, In, Tl, Si, Ge, Sn, Pb, P, As, etc), and
X is carbon and/or nitrogen, respectively, and it is possible to

thermally spray MXenes phase materials, as demonstrated in
one of the rare works by Zhang et al. (2018)[128] who used
kerosene-fueled HVOF spray of Ti2AlC MAX-phase powders.

From the above literature, in most of the thermally sprayed
coating systems, the existence of a conductive network of
splats/lamellae (large interface area, along with large surface area
due to porosity), along with reasonably high coating thicknesses
(as the absorption loss is found to be directly proportionate to the
thickness of the shielding material)[36] is crucial for the EMI
shielding performance. The existence of these networks results
in the formation of microcapacitors that lead to energy loss
within the coating. In most systems, the conductive component
exhibits a percolation (meaning to filter or trickle through)
threshold beyond which the coating conduction losses dominate
the energy loss mechanism and lead to high EMI shielding per-
formance. The formation of the microcapacitor networks leads to
an increase in the overall complex permittivity of the coating. The
increase in the wt% of the conductive component of the compos-
ite coatings leads to an increase in its interfacial area with the
matrix, leading also to an increase in the dielectric constant of
the coating. All these different phenomena lead to an increase
in the EMI shielding.[52]

4.6. Thermal Barrier (Heat, Emissivity) Performance

As per Kirchoff ’s law of thermal radiation, a body at a given tem-
perature radiates EM energy.[129] The law of such thermal radia-
tion suggests wavelength-specific radiative emission and
absorption by a material, in thermodynamic equilibrium, includ-
ing radiative exchange equilibrium. Thermal emitter materials
are other types of EM wave absorbers, and due to Kirchhoff ’s
law, a perfect emitter is equivalent to a perfect absorber.[2]

Thermal barrier coatings (TBCs) are common porous materi-
als coating the surface of devices operating under high temper-
atures and are essentially designed for heat insulation purposes.
There are a number of recent reviews summarizing the design
aspects of TBCs[130,131] but not much has been reported about
their EM wave propagation characteristics. Though some studies
present a comprehensive investigation on the microstructural
effect on the radiative scattering coefficient and asymmetry factor
of anisotropic TBCs,[35,132,133] TBCs usually consist of bond coat

Figure 20. a) SEM image of the as-sprayed composite coating with 30%MoSi2 filler content in glass matrix and b) schematic of EM wave interaction with
as-sprayed MoSi2/glass coating. Reproduced with permission.[120] Copyright 2016, Elsevier.
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(metal alloys) and topcoat (ceramics) containing 6–8 wt%
yttrium-stabilized zirconia (or YSZ), and APS and electron beam
physical vapor deposition (EB-PVD) are the two main approaches
to fabricate TBCs. However, APS is mostly used considering its
wide application, high production efficient, and low cost in fab-
rication. During the fabrication process, defects like pores and
cracks are formed in TBCs and play an important role in heat
transfer. YSZ TBCs are intrinsically semitransparent to the wave-
length ranging from 0.3 to 8 μmwhere over 80% of thermal radi-
ation is emitted by objects from 1700 K (1427 �C) to 2000 K
(1727 �C).

Considering EM wave propagation characteristics of TBCs,
Zhang, Wang, and Zhao (2014)[132] have shown that the
plasma-sprayed 8YSZ TBC is semitransparent (weakly absorbing
material) in the wavelength range between 0.4 and 6 μm, as
shown in Figure 21. It was noticed that in transmittance data
there is a peak at 3 μm. This was due to the reason that in
the APS process of making TBCs, the iron OH– is formed,
and it has a strong absorption at wavelength of 3 μm. In a work
by Wang and Zhao (2015)[35] on APS 8YSZ TBCs, the optical
measurements included reflectance, transmittance, and absorp-
tance of TBC slabs with different thicknesses. It was observed

that the material (8YSZ) is inapplicable in the semitransparent
spectral region of TBCs, especially between around 3.2 and
5.6 μm. According to Chen, Zhao, and Wang (2018),[133] among
the wavelength range from 1 to 6 μm, the microstructure does
have a significant influence on the anisotropic distribution of
radiation scattering in TBCs. Compared with spherical shape,
irregular anisotropic pore shape reduces the forward scattering
peak. For the first time, Chen, Zhao, and Wang (2018)[133] veri-
fied that the absorption coefficient of TBCs is mainly associated
with the refractive index, porosity, and the wavelength. Within
the range of wavelength from 0.3 to 8 μm, YSZ is semitranspar-
ent to radiation and has a quite small absorption coefficient,
which was associated with porosity that increased porosity lowers
absorption coefficient.

Thermal spray coatings usually exhibit microstructure-
dependent absorption of EM wave energy, and numerous inves-
tigations have shown that the orientation of porosity and cracks
affects the transmission of the EM wave across the coating thick-
ness.[35,132,133] Moreover, a random arrangement of these micro-
structural features is shown to have a positive effect on the
performance of the coating as a thermal barrier. The existence
of pores with dimensions comparable with the wavelength of

Figure 21. Plasma-sprayed YSZ coating: a) top surface view and b) cross section and (c) spectral dependence of optical constants of YSZ. Reproduced
with permission.[132] Copyright 2014, Elsevier.
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thermal radiation has been reported[35,132,133] as the source for
radiation scattering within the coating. Further on, the liquid
feedstock-based thermal spray processes involving the use of sus-
pensions and solution precursors (SPS, SPPS) are particularly
well suited for depositing a wide array of ceramic coatings,
including depositing YSZ coatings. The primary focus of SPS
research has been on TBCs and the technique has been shown
to be capable of depositing YSZ coatings with tailored micro-
structures such as porous columnar, dense vertically cracked,[134]

as well as alumina coatings with refined microstructures.[135]

Extensive effort has also been devoted to exploring new ceramic
TBC materials such as pyrochlores, perovskites, hexa-
aluminates, etc., as alternatives to YSZ.[136] Among these, the
two pyrochlores gadolinium zirconate (Gd2Zr2O7) and lantha-
num zirconate (La2Zr2O7) have been most widely studied.[137]

Such materials have been deposited by the SPS route,[138] with
multilayer coatings involving the zirconates as well as YSZ also
being investigated.[139] Although relatively less studied compared
with SPS, development of the SPPS technique has also been
mainly driven by the interest in exploiting it for TBC applica-
tions.[140] The SPPS deposited YSZ coatings are characterized
by interesting features like fine grains, vertical cracks, fine dis-
tributed porosity, reduced intersplat boundary sizes between the
lamellae, etc.[141] As in the case of SPS, the precursor approach
has also been demonstrated to be extended to deposit zirconates
and multilayers.[142] In the context of YSZ coatings, such as those
discussed above, the use of suspensions and solution precursors
(SPS, SPPS) can be suitable for depositing coatings with
microstructure dimensions comparable with the wavelength of
thermal radiation.

To summarize, and as seen through the number of examples
earlier (listed in Table 2), when EM waves hit a matter or mate-
rial, its dielectric properties (i.e., electric permittivity, magnetic
permeability, and electrical conductivity) determine their interac-
tion behavior. Table 3 presents other potential materials which
could be considered thermal spraying to enhance EM wave
propagation characteristics for various applications identified
in the current context. Figure 22 shows the thermally sprayed
feedstock materials used for various EM wave ranges, whereas
Figure 23 shows potential feedstock materials (that can be ther-
mally sprayed) for enhanced functional and EM wave properties.

5. Special Considerations for Enhanced EM Wave
Propagation Characteristics

5.1. Feedstock Material Selection and Postprocessing

As seen from examples, the feedstock materials when thermally
sprayed can help achieve materials’ microstructures and proper-
ties which can help absorb or shield the specific wavelengths.
The selection of suitable feedstock materials requires under-
standing of the EM wavelength-range applications and require-
ments. Furthermore, the feedstock materials and its size should
be appropriate (sprayable/flowable) for the specific thermal spray
technique (it is important to note that all powder materials are
not always or easily thermally sprayable/flowable but possible
by agglomeration or use of suspension/solution thermal spray
system).[143] In the current context, feedstock and substrate

material selection and deposit thickness can be based on high
permeability, magnetic, and electrical conductivity losses to
increase the absorption, including high thermomechanical
performance.

Overall assessment of feedstock material selection also shows
that that much effort by researchers has been deployed in
developing composite materials along with fillers and doping,
their content, and size to have a desirable EM wave propagation
characteristic. Manufacturing of coatings influences the feed-
stock material characteristic such as morphology, size distribu-
tion, and apparent density.[103] The most important feedstock
(powder) manufacturing processes has been atomization (gas
or water), fusion, or sintering followed by crushing, agglomera-
tion by spray drying, cladding, and mechanical alloying.[103,143]

Considering the feedstock material requirements for desirable
EM wave propagation characteristics (i.e., high permeability,
magnetic and electrical conductivity losses, including high
thermomechanical performance), the earlier manufacturing
processes for feedstock material or a combination of those can
help develop materials with complimentary properties.

Considering pre-/postprocessing of materials which leads to
changes in phase contents (among other changes) before and
after processing, there are examples[94] where changing the pow-
der or coating morphology by laser treatment has been deployed
to help achieve better EM (solar-selective absorption) properties
of the Ni–Mo and No–Mo–Co coatings. Changing the powder
morphology by laser treatment (to achieve better selective EM
properties of the coatings) is not common but thermal post-
treatment of sprayed coatings to refinemicrostructure and poten-
tially enhance properties has been explored in the past. It is well
known that the conventional furnace heat treatment of coated
components presents several challenges, including influence
on the substrate characteristics, possible distortion, etc.
Furthermore, the dimensions of components that can be so
treated are also limited by the furnace size. Post spraying laser
irradiation of coatings has been investigated to overcome the
above concerns. A significant advantage of this approach is
the localization of heat input and elimination of constraints
on part dimensions. The recent advent of compact, small-
footprint high-power diode lasers capable of delivering controlled
and uniform radiation over large areas also makes this route via-
ble for industrial implementation.[144] Laser post-treatment of
plasma- and HVOF-sprayed hard coatings has been
reported[145,146] and has been found to result in the increase
in other properties, such as erosion[145] and dry sliding wear[146]

resistance. Laser glazing of ceramic coatings has also been widely
studied and demonstrated to yield a completely solidified, dense
top layer with segmented cracks.[147] This has potential to
enhance properties such as thermal shock behavior and wear per-
formance, as shown in case of TBCs,[148,149] including enhanced
EM wave absorption properties.

Considering additional strategies for feedstock material selec-
tion for other applications (EM wave “absorbing” properties at
high temperature), it has been argued that the feedstock powder
materials should not react or oxidize when coating is formed or at
high-temperature applications.[81–83] As an example,[83] a mate-
rial like TiC can be selected for high-temperature applications
as it normally does not react with Al2O3 and TiC does easily
get oxidized when the coating is formed or at high-temperature
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Table 2. Manufacturing of thermal spray coatings with EM wave characteristics.

Coating materials Coating thickness
[analyzed or optimal]

Substrate Thermal spray
process

Remarks: EM wave characteristics References

Microwave absorption

Cr2O3 (chromia-based formulations):
Cr2O3þ BaTiO3 40 wt%;
Cr2O3þ SrTiO3 40 wt%.;
Cr2O3þNiO 40 wt%; Cr2O3þ ATO
40 wt%; Cr2O3þ La0.5Sr0.5MnO3

40 wt%; Cr2O3þNi0.5Zn0.5Fe2O3

40 wt%; Cr2O3þ Al 40 wt%;
Cr2O3þ Cu 5 wt%; Cr2O3þ Cu 20 wt
% þ Ni0.5Zn0.5Fe2O3 20 wt%;
Cr2O3þ Al 20 wt%þ La0.5Sr0.5MnO3

20 wt%; Cr2O3þ Co3O4 40 wt%

2–5.5 mm Stainless steel APS X-band (8–12 GHz). With chromia material
(high permittivity), it was possible to identify an
adsorbance frequency in the X-band by varying
coating thickness in a relatively restricted range.

[70]

Co,Ti-substituted Ba–hexaferrite
(BaCoTiFe10O19)

1-4 mm Glass–ceramic (with
nonmagnetic properties)

APS, HVOF Adjustment of the processing conditions enabled
the deposition of a coating retaining enough

hexaferrite phase, whose magnetic properties, are
close to bulk BaCoTiFe10O19 (very promising for

EM wave absorption).

[15]

Hexaferrite (BaFe12O19 or SrFe12O19)
and polyethylene

1 mm Glass Flame spraying Suitable for EM wave absorbers in the U-band.
BaFe12O19/PE coatings with a thickness around
1mm absorbed 80% of EM power at 45–55 GHz
(note: polymer can have high dielectric losses;

ferrite can have high magnetic losses).

[16]

MWCNTs/cordierite (MAS)
nanocomposite coatings with
MWCNT contents (5, 7, 10, 15, 20,
and 30%)

1-3.5 mm Graphite APS X-band (8.2–12.4 GHz). Sample with 2.4 mm
thickness showed the microwave absorption
property, with minimum RL of �15.61 dB and

bandwidth of 2.35 GHz

[71]

Ti3SiC2/cordierite (MAS) 2.5 mm Graphite APS X-band (8.2–12.4 GHz); Ti3SiC2 improved the EM
shielding and complex permittivity of the coatings
(due to enhanced polarization effect and electrical
conductivity); absorption bandwidth (≤�5 dB)
can be obtained across the whole measured
frequency with a coating thickness of 1.8 mm

[72]

Carbon black/cordierite 1–3.5 mm Graphite APS Absorption with a minimum RL of �23.90 dB at
10.13 GHz and RL less than �9 dB over the whole

investigated frequency

[73]

W-type hexagonal ferrite 1.5 mm – APS 2–18 GHz; coating is suitable for EM wave
absorbers in Ku-band; simulated RL of the coating
below �5 dB is in frequency of 14.2–18 GHz at
thickness of 1.5 mm. The minimum RL is �7.2 dB

at frequency of 18 GHz

[74]

LaSrMnO3/Al2O3 2mm Graphite APS X-band (8.2–12.4 GHz); RL values exceeding
�10 dB can be obtained in the frequency range of
10.5–12.4 GHz when the LSM content is 80 wt%

and when the coating thickness is 1.5 mm

[75]

TiO2/Al2O3 2mm Graphite APS X-band (8.2–12.4 GHz); RL values of TiO2/Al2O3

coatings exceeding �10 dB (larger than 90%
absorption) can be obtained in the whole

frequency range of X-band with 17 wt% TiO2

content when the coating thickness is 2.3 mm

[76]

TiAlCo (formed using mixture of
powders TiO2, Co3O4, and Al2O3)

1.8 mm Graphite, metal APS X-band (8.2–12.4 GHz); RL values of TiAlCo
coatings exceeding �10 dB in the whole frequency
range of X-band when the coating thickness is

1.8 mm

[77]

Cr/Al2O3 3.5 mm Graphite Low-power
plasma spray

Higher Cr content and larger Cr particle size
exhibited higher dielectric properties due to
the enhanced interfacial polarization and

conductance loss

[78]
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Table 2. Continued.

Coating materials Coating thickness
[analyzed or optimal]

Substrate Thermal spray
process

Remarks: EM wave characteristics References

NiCrAlY/Al2O3 3mm Graphite Low-power
plasma spray

X-band (8.2– 12.4 GHz); 20 wt% NiCrAlY and
2.0 mm thickness possessed effective bandwidth
(<-10 dB) 1.3 GHz in 8.2– 9.5 GHz and minimum

RL -15.7 dB at 8.9 GHz, exhibiting enhanced
microwave absorption properties

[79]

Ti3SiC2/NASICON 2.5 mm Graphite APS X-band (8.2–12.4 GHz); absorption applications in
a wide temperature range (25 �C– 500 �C);
microwave-absorption property with a wide

bandwidth (below 5 dB) with a thickness less than
2 mm when the temperature ranged from 200 to

500 �C

[80]

WC and Al2O3 1.1 and 1.5 mm Ni alloy APS X-band (8.2–12.4 GHz); absorbing bandwidth for
RL below �10 dB can reach 1.5 and 2.2 GHz with

the thickness of only 1.1 and 1.5 mm

[81]

20 wt% Al2O3% and 80 wt% TiC
and then sprayed NiCrAlY alloy
metamaterial pattern

0.96 mm Ni alloy APS X-band (8.2–12.4 GHz); achieved EM RL below
�5 dB covering the whole of X-band at 800 �C; and
the coating possessed better EM absorbing ability

with a thickness of 0.96 mm

[82]

Al2O3 and TiC 1.6 mm Ni alloy APS X-band (8.2–12.4 GHz); For 80 wt.%
Al2O3–20 wt.% TiC and thickness 1.6 mm, the
coating exhibited an enhanced absorption

bandwidth of 3.45 GHz at 800 �C, and a RL lower
than �8 dB in whole X-band

[83]

TiB2 and Al2O3 1.4 mm Ni alloy APS X-band (8.2–12.4 GHz); With a coating thickness
of 1.4 mm, the 30wt%. TiB2–70wt%. Al2O3

material exhibited a RL of less than �5 dB over a
wide high temperature range (400–800 �C) in the

whole X-band.

[32]

Millimeter-wave absorption

Ba–hexaferrite [(BaFe12O19)] using
mixture of (BaCO3þ Fe2O3)

24 to 107 μm – APS – [86]

Hexaferrite SrFe12O19 Glass–ceramic
(nonmagnetic properties)

APS The high magnetic loss of crystalline SrFe12O19

coatings at about 50 GHz shows that such
coatings are promising candidates for EM wave
absorption applications (in mm-wave range).

[87]

YSZ 146 to 1100 μm carbon steel APS High transmittance of 20%–80% at frequencies
below 0.5 THz and zero transmittance above

1.5 THz

[90]

Mixtures of Al2O3 and microsphere
powders (made of Al2O3 and SiO2)

100 μm Al2O3 APS At 300 K (�27 �C), they achieved a fractional
bandwidth of 106 over 90% transmission using a

three-layer antireflection coating

[88]

Solar-selective absorbing

ZnO and ZnOþ (3 and 22 wt%)
Al2O3

– Sand-blasted steel APS Coatings containing 22 wt% of Al2O3 showed
lower emissivity in the visible range than the

corresponding 3 wt% Al2O3-containing coatings.

[7]

TiO2 – ITO-coated glass substrates Suspension
plasma

spray (SPS)

Best coatings of about 90% of anatase
phase (based on photocurrent voltage

characteristic curve)

[93]

Ni–Mo and No–Mo–Co 30 μm 307 L stainless steel HVOF Nd:YAG laser treatment showed increment on
solar absorptance as the Ni–Mo sample increased
from 0.84 to 0.88 and Ni–Mo–Co sample from

0.75 to 0.83.

[94]
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Table 2. Continued.

Coating materials Coating thickness
[analyzed or optimal]

Substrate Thermal spray
process

Remarks: EM wave characteristics References

WC–Co 45 μm AISI 304 L stainless steel HVOF Higher solar absorptance (0.87) was attributed to
the formation of a dense coating with no

decarburized phases and distributed WC particles
than what can be achieved by either coarse
powders (0.80) or fine powders (0.82) alone

[95]

Co–WC–Al2O3 – – HVOF Absorptance/emittance (0.908/0.145), however,
after annealing the coating at 600 �C for 7 days in

air, the absorptance/emittance decreased to
0.898/0.172.

[97]

WC–Co (powders composed of 80%
Coþ 10% sub-micrometer
WCþ 10% nano-meter WC)

– Stainless steel HVOF Other top coatings (CuCoMnOx, CuCoMnOx-SiO2,
and SiO2 sols) synthesized by sol–gel method.
Absorptance (0.915) and emittance (0.29),
followed by annealing under nonvacuum

environment, led to further changes in absorption
and emittance.

[96]

Vanadium tailings (oxides of Fe, Cr,
Mn, V, Ti and other transition metals)

– Stainless-steel substrate with
Ni/Al bond layer

APS Absorptance (�94%), emissivity of 71% at 120 �C,
and high thermal stability at 500 �C.

[101]

Photocatalytic absorption

Fe2O3þ TiO2 – – APS Improved absorption performance of the coating
attributed to the formation of FeTiO3 phase

[108]

TiO2, nitrogen-doped TiO2 (by adding
TiN to the thermal spray feedstock)

– – Suspension
plasma

spray (SPS)

Anatase phase with specific rutile content is
preferred to achieve optimum photocatalytic

activity. Dopants create states within the bandgap
which reduce the energy barrier of the photoexited

electron.

[111]

TiO2 – Steel, FTO glass APS Anatase phase in starting TiO2 powder
transformed into rutile phase. Photocatalytic

activity of TiO2 coating (with 20–25 μm thickness)
on FTO was 2.5 times better than TiO2 coating on

the steel substrate.

[112]

TiO2 (anatase) – AISI stainless steel Suspension
plasma

spray (SPS)

Visible light absorbance (due to the creation of
Ti3þ within the coating because of reduction by the
hydrogen containing plasma) with a significant
decrease in reflectance at wavelengths >500 nm.

[106]

TiO2 (rutile) – – Flame spray Formation of Ti3þ species showed a lower-energy
bandgap (2.32 eV) which is lower compared with
that of the TiO2 feedstock (3.14 eV). Improved
absorption in the UV–vis–NIR region in addition

to improved emissivity

[110]

TiO2 (rutile, anatase) and TiO2�x – Inconel APS Absorption attributed to the surface roughness
and deposition thickness. Photocatalytic activity of

the coatings dictated by the crystalline
phase content.

[109]

TiO2�x 100–150 μm Stainless steel Suspension
plasma

spray (SPS)

Oxygen vacancy positively affected the
photocatalytic activity of TiO2�x by introducing
some energy levels into the bandgap of TiO2,
leading to improvement in the photocatalytic

activity under the visible light range.

[105]

EMI shielding

Al2O3/Nb 1.5 mm Graphite APS (low power)With 10 wt% Nb content coating (1.5 mm coating
thickness), the RL values exceeding �10 dB can be
obtained in the frequency range from 10.0 to

11.8 GHz

[122]

FeSiAl/Al2O3 (with 10%, 20%, 30%,
40% FeSiAl in Al2O3 matrix)

3 mm Graphite APS Shielding effectiveness of 40 wt% FeSiAl powder-
filled Al2O3 ceramics exceeded 36 dB in whole

X-band with a thickness of 2 mm.

[121]
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applications. In this example by Shao et al. (2020),[83] TiC
with high ’ (real part of permittivity) and ε

00
(imaginary part of

permittivity) was used as the absorbent which gets dispersed
in Al2O3 (a matrix material with low ε

0
and ε

00
). Mixture of such

feedstock powders can be coupled with each other via thermal

spraying, which can then help in obtaining desirable ε
0
and

ε
00
, creating an enhanced EM impedance matching. As

mentioned by Zikidis, Skondras, and Tokas (2014),[66] due to
operational reasons, potentially using iron-based compounds
(e.g., nanoparticles) as magnetic absorbers mixed can be useful

Table 2. Continued.

Coating materials Coating thickness
[analyzed or optimal]

Substrate Thermal spray
process

Remarks: EM wave characteristics References

MoSi2/glass (with 20%, 22.5%, 25%,
30% MoSi2 filler in glass matrix)

1.5 mm Graphite APS Shielding effectiveness was 24.2 dB (99.6%) in
X-band (8.2–12.4 GHz) for the MoSi2/glass

composite coating with 30 wt.% MoSi2 in 1.5 mm
thickness

[120]

Ta–Al Al (100 μm), Ta
(200, 400, and 600 μm)

304 stainless steel APS Increasing Ta thickness (and temperature) can
improve the shielding characteristics at low- and
middle-frequency conditions (range: from 50

to 3000MHz)

[123]

Cu, Cu–Zn, and Cu–Ni 100 μm Steel Arc thermal sprayZn increased the EMI shielding due to increase in
the degree of melting, leading to an increase in the

conduction loss.

[116]

ZrB2/Al2O3 1.2 mm – APS EMI SE of 30 wt% ZrB2-filled Al2O3 ceramics was
greater than 31 dB at 25 �C and 44 dB at 600 �C,
along with long-term life at high temperature

(600 �C for 300 h)

[124]

Thermal barrier (heat, emissivity)

8YSZ/TBC 200 μm, 15% porosity – APS 8YSZ is semitransparent (weakly absorbing
material) in wavelength range between 0.4 and

6 μm

[132]

8YSZ/TBC 50, 100, 200, 300 μm;
15% porosity

– APS Reflectance, transmittance, and absorptance
measured. Inapplicable in the semitransparent
spectral region of TBCs, especially between

around 3.2 and 5.6 μm.

[35]

Metamaterial

Aluminum patches onto TiAlCo – Metal APS X-band (8.2–12.4 GHz); RL values of TiAlCo
coatings exceeding �10 dB in the whole frequency
range of X-band when the coating thickness is
1.8 mm. Proposed absorbers insensitive to

polarized EM waves because of the symmetric
structure of the frequency-selective surface. TiAlCo
coating can be used to design microwave absorber

for wide incidence angle application.

[77]

Periodic metamaterial structural unit
(of (NiCrAlY) coated on top of
plasma-sprayed 80%TiC/20%Al2O3

coating was designed i.e.,
(metamaterial radar absorbing
coatings)

0.96 mm Nickel alloy APS 0.96 mm-thick sample achieved EM RL below
�5 dB at 800 �C over the whole X band

[82]

Periodic metamaterial structural unit
(of (Pt, MoSi2, TiB2, and glass
powder) coated on top of plasma-
sprayed Al2O3 coating was designed
using screen printing (i.e.,
metamaterial radar absorbing
coatings)

1.5 mm Superalloy APS, screen
printing

(200-mesh screen
printing)

EM wave absorption performance in the
8–18 GHz band at 800 �C with a thickness of

1.5 mm.

[32]

Cr2O3, TiO2 124–755 nm; 12–17 μm Steel, glass, ITO-coated glass,
aluminum

Suspension-
HVOF,
APS

EM wave absorption (in the solar spectrum
between 250 to 2500 nm, that is., scan range

is from UV–vis–NIR light).

[218]
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Table 3. Other potential feedstock materials to manufacture thermal spray coating with EM wave characteristics (note: for potential deposit material in
the first column, the references are listed in second column, while the third and fourth column remarks are by proposed by authors).

Potential deposit materials [to enhance EM wave
characteristics]

References Remarks: EM wave characteristics Remarks: Thermal spray
processes [deployed or

possible]

Semiconducting oxides (e.g., ZnO, SnO2) doped
with other oxides (e.g., Fe2O3, CeO2)

[103] Such materials can be doped with other oxides for modified
photocatalytic activity (possible due to change in bandgap of

the intermediate phases)

Various thermal spray
(deployed)

TiO2–Cu, TiO2–SrCO3, TiO2–HA–rGO, TiO2–Hβ
Zeolite, TiO2–HA, TiO2–Fe3O4, ZnO

[104] Photocatalytic materials for biocidal applications (solar light,
fluorescent lamp, Xe lamp, UV lamp, simulated sunlight, white

light)

Various thermal spray
(deployed)

TiO2 with CNTs [150] Such materials can also be considered to enhance
photocatalytic activity

APS (deployed)

TiO2 with ethylene chlorotrifluoroethylene polymer [151] Such materials can also be considered to enhance
photocatalytic activity

Low pressure cold spraying
(deployed)

TiO2 with hydroxyapatite/reduced graphene [152] Such materials can also be considered to enhance
photocatalytic activity

Flame spraying (deployed)

REEs consist of 17 elements (i.e., Scandium/Sc,
Yttrium/Y, Lanthanum/La, Cerium/Ce,
Praseodymium/Pr, Neodymium/Nd,
Promethium/Pm, Samarium/Sm, Europium/Eu,
Gadolinium/Gd, Terbium/Tb, Dysprosium/Dy,
Holmium/Ho, Erbium/Er, Thulium/, Ytterbium/
Yb, Lutetium/Lu)).

[155] Doping certain REEs with known feedstock materials can
improve the magnetic loss of materials and enhance the

absorption of EM waves

Various thermal spray
(possible)

Lanthanum/La REE (e.g., Cr2O3þ La0.5Sr0.5MnO3

40 wt%, Cr2O3þ Al 20 wt% þ La0.5Sr0.5MnO3

20 wt%)

[70] Can act as absorbers in microwave range (8–12 GHz) APS (deployed)

An REE and a group 2 element is not oxygen,
which is at least one element selected, for
example, from titanium, zirconium, hafnium,
vanadium, niobium, tantalum, zinc, boron,
aluminum, gallium, silicon, molybdenum,
tungsten, manganese, germanium, and
phosphorus

[159] Thermal spray powder that contains REE Various thermal spray
(possible)

Silver, copper, gold, aluminum, brass, bronze, tin,
lead, nickel, stainless steel, mumetal (80 % Nickel,
4.5 % Molybdenum, balance Iron)

[52] EMI shielding application CS (possible)

Aluminum, aluminum–12silicon, NiCrAlY, Ni-
20Cr, Zn, tin, copper, titanium,

[59] EMI shielding application (possible), substrates: Polyester
fabric (thermoset), glass fiber-reinforced epoxy composite

(thermoset), basalt fiber-reinforced epoxy composite
(thermoset), carbon fiber-reinforced epoxy (thermoset),

Polyurethane (thermoplastic), quartz fiber-reinforced polyimide
(thermoset), polyurethane (thermoset), Unidirectional glass
fiber-reinforced epoxy composite (thermoset), carbon fiber-
reinforced PEEK (thermoplastic), commercial thermoplastic
blend of polycarbonate and acrylonitrile butadiene styrene,
polyamide-6 (thermoplastic), polypropylene (thermoplastic),
polystyrene (thermoplastic), polyvinyl chloride (thermoplastic),

HDPE (thermoplastic), nylon 6 (thermoplastic), epoxy
(thermoset), polyetheretherketone (thermoplastic),

polytetrafluoroethylene (thermoplastic)

Flame spray, arc spray,
plasma spray, CS

Metal-reinforced polymer composites; Carbon-
based polymer composites; Carbon fiber-based
composites; CNT-based polymer composites;
Graphite-based polymer composites; Graphene-
based polymer composites; Graphene oxide-based
polymer composites; Graphene nanoribbon-based
polymer composites; Graphene nanoplatelets-
based polymer composites

[36] EMI shielding application: Pure polymers (insulating or
conducting polymer matrix) or polymer blends such as PVA,
PVDF, PP, PANI, PPy, PEDOT, PS, PU, PVA/PPy, PVA/PANI,
etc. loaded with one or more conductive fillers such as metals,
metal oxides, and various carbon forms such as CF, CB,
graphite, graphene, GO, GNP, GNR, etc., are the best

candidates suitable for EMI shielding applications, which can
be mainly attributed to their lightweight, noncorrosiveness, low
environmental degradation, and also, commercial feasibility.

Various thermal spray
(possible, potentially using
low temperature thermal

spray and/or CS)
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to enhance EM wave absorbing properties, as well as forming
composites with traditional carbon material (which is an
imperfect conductor) can also help enhance the absorption.

Considering strategies for feedstock material selection for
enhanced photocatalytic (absorptance in visible and UV radiation
range) performance, apart from TiO2, other semiconducting
oxides (e.g., ZnO, SnO2) can be used and be doped with other
oxides (e.g., Fe2O3, CeO2) for modified photocatalytic activity
(possible due to change in bandgap of the intermediate
phases).[103] Further on, composite feedstocks of TiO2 with
CNTs for plasma spraying,[150] with ethylene chlorotrifluoroethy-
lene polymer for low-pressure CS and[151] with hydroxyapatite/
reduced graphene for flame spraying[152] can also be considered
to enhance photocatalytic activity. In all such investigations, the
research has been on enhancing the absorption capability of feed-
stock materials, which enhances the decomposition capability
(e.g., to degrade NO/NO2 pollutants, water disinfection and
air purification, benzene degradation, self-cleaning of surfaces,
etc.).[103] Other than TiO2 materials, Liu et al. (2021)[104] summa-
rized additional categories of photocatalytic materials which can
be sprayed using thermal spray techniques for pathogen inacti-
vation (e.g., TiO2–Cu, TiO2–SrCO3, black TiO2, TiO2–HA–rGO,
TiO2–Hβ zeolite, TiO2–HA, TiO2–Fe2O3, ZnO) to attain visible
light-induced photocatalytic activities and not as always using
ultraviolet range.

During thermal spraying, the feedstock powder materials
(e.g., nanostructured particles) can undergo rapid melting for
the large specific surface area while the aggregated powders were
heated, but not necessarily melted. The molten nanostructured
particle could fill the available pores between the softened and
heated aggregates, providing a layered distribution of sprayed
particles. In an example, Wang et al. (2017)[95] developed WC/
Co coatings (with feedstock powder materials comprised of nano-
meter and sub-micrometer WC particles) and compared optical
properties of the sprayed multimodal and conventional coatings
and demonstrated that light trapping in such multimodal coat-
ings (due to light reflection among the multimodal WC particles)
can help enhance the solar absorptance.

5.2. Carbon/polymer-Based Feedstock Material Selection

Carbon-based materials have a dramatic, breakthrough impact
on magnetic devices, for space and aircraft application. It follows
that electrical conductivity is a requirement for attaining proper
magnetic applications such as EMI protection or enhanced EMI
shielding properties; emerging trends suggest that SE can be
optimized by introducing highly conductive carbon nanomateri-
als (carbon fibers, CNTs, graphene) and MXenes[124,126] into
feedstock materials. Considering range of absorption and

Table 3. Continued.

Potential deposit materials [to enhance EM wave
characteristics]

References Remarks: EM wave characteristics Remarks: Thermal spray
processes [deployed or

possible]

Iron oxides, ferric oxide, magnetite, ferrous oxides
(FeO) and iron hydroxide (FeOOH); Anchoring of
transition metal oxides such as ZnO, ZrO2, MnO2,
SnO2, BaTiO3, TiO2, SiO2 with Fe ingredient
enhance the permittivity of EMI preventing
materials; Conducting polymers (CPs): Polyaniline
(PANI) polymer, Polypyrrole (PPy) polymer,
Poly(3,4-ethylenedioxythiophene) (PEDOT)
polymer, Polythiophene (PT) polymer;
Nonconducting polymers nanocomposites:
Polyvinylidene fluoride (PVDF) polymer,
Thermosetting polymers, Elastomeric polymers,
(Others (polyvinylpyrrolidone (PVP), polyvinyl
chloride (PVC), poly(p-phenylenevinylene) (PPV),
polypropylene (PP), polyvinyl butyral (PVB),
polyvinyl alcohol (PVA), polyethylenimine (PEI)
and polycarbonate, along with blends (PC
(polycarbonate)/SAN [poly(styrene-co-
acrylonitrile)]) and polymer composites);
Carbonaceous materials: Graphite/expanded
graphite, Graphene (GO, RGO), CNTs (SWCNTs,
MWCNTs, CFs)

[63] EMI shielding application: Composites comprising
carbonaceous, polymer, and dielectric materials with iron

components as important constituents for the prevention of
EMI by reflection as well as by absorption.

Various thermal spray
(possible, potentially using
low temperature thermal

spray and/or CS)

Polymeric composites, conducting polymer-based
materials, porous materials for EMI shields,
biodegradable and bioderived materials for EMI
shields, high-temperature EMI shields, ceramic
and cement-based EMI shields, EMI shields based
on textile materials

[125] Conventional metallic EMI shields are nowadays not
preferred owing to their corroding nature, heavy weight,

and processing difficulties.

Various thermal spray
(possible, potentially using
low temperature thermal

spray and/or CS)
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Figure 23. Mapping potential feedstock materials (thermally sprayed) for enhanced functional and EM wave properties.

Figure 22. Mapping the thermally sprayed feedstock materials used and EM wave range.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 2200171 2200171 (29 of 46) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


shielding properties, the advantage of using WC/Co feedstock
materials during thermal spraying (e.g., higher elastic modulus,
lower thermal expansion coefficient, hardness stability over wide
temperature range) and addition of CNTs as nanofillers
(demonstrated by Venturi et al. (2021)[153]) can bring in new
functionalities for future EM applications.

Basic electronic properties of semiconducting with CNT
change when placed in a magnetic field. Nanotubes bandgaps
are comparable with silicon and gallium arsenide which are cur-
rently the mainstays of the computer industry because their nar-
row bandgaps correspond with how much electricity it takes to
flip a transistor from “on to off.” Both doping the SWNT with
cesium (Cs), potassium (K), or rubidium (Rb) and packing small
bucky balls inside the SWNT produce superconductivity. With
the possibility of CNTs’ bandgap disappearing all together in
the presence of stronger magnetic fields, they could take over
the roles of silicon and gallium arsenide potentially revolution-
izing the computer industry. If either the superconductivity
promises of current densities of 106 A cm�2 or higher or the
greatly improved strength of a composite material based on
CNTs fibers is achieved, it can result in significant weight reduc-
tion in magnets. Therefore, the most urgent need to pursue this
technology is to determine the superconducting properties of
possible CNTs. That is, we need to know the feasible current den-
sity as a function of temperature, magnetic field, and strain. For
example, the conduction of electricity through coiled nanotubes
will generate an inductive magnetic field, an indication that
coiled nanotubes, unlike straight nanotubes, are of use as EM
nanotransformers or nanoswitches.

Alternative coatings solutions are polyhedral oligomeric silses-
quioxanes (POSS).[154] It has been found that propargyl groups
reacted in preference to methacrylate groups in Pt-catalyzed
hydrosilylation, as modeled using triethylsilane. Further, tetra-
methacrylate cubes can be photochemically curable using visible
light and free-radical initiators. For example, the cubes, when
mixed with camphorquinone, cure almost instantaneously in
the presence of visible light (450 nm), forming clear, hard,
crosslinked materials insoluble in common solvents. In addition,
both compounds cured at 100 �C without initiators to produce
clear, abrasion-resistant coatings.

However, it should be noted that the presence of nanoparticles
may cause agglomerates in the polymer matrix that causes an
uneven material heating in response to the applied stimulus,
as the region with agglomerated particles will quickly absorb
much of the stimulus energy and will melt the surrounding poly-
mer excessively or undergo pyrolysis. Therefore, mechanical and
chemical dispersion techniques can be used to achieve uniform
heating of the polymer in nanocomposites. To improve the
nanoparticles’ dispersion efficacy, it is critical to adjust the level
of interaction and bonding strength between the nanoparticles
and the surrounding polymer matrix. All such strategies
could be considered for future generation carbon-based ther-
mally sprayed feedstock materials for enhanced EM wave
characteristics.

As summarized by Wilson, George, and Joseph (2020),[125]

pure carbon-based shields are not preferred as EMI shields
because of their restraint in mechanical flexibility. This opens
opportunity for other categories of materials, which is typically
flexible (e.g., polymeric composites) as EMI shields. Polymeric

composites have advantages, such as low density, being noncor-
rosive, and commercial viability. Such materials can be rein-
forced with one or more conductive fillers such as metals,
metal oxide, nanoparticles, different types of carbon materials
(carbon black, graphite, graphene, CNT, etc.), etc. While the
incorporation of metallic/carbon-based materials into polymeric
systems is possible in EMI shielding applications, the practical
issue remains, such as a high percolation threshold and lower
aspect ratios of polymers which require further research,
including improvement in the dispersion state of carbon fillers
in polymeric matrices and adding them at higher concentrations.

5.3. Materials Doped with Rare Earth Elements

Rare earth elements (or REEs) consist of 17 elements
(i.e., Scandium/Sc, Yttrium/Y, Lanthanum/La, Cerium/Ce,
Praseodymium/Pr, Neodymium/Nd, Promethium/Pm,
Samarium/Sm, Europium/Eu, Gadolinium/Gd, Terbium/Tb,
Dysprosium/Dy, Holmium/Ho, Erbium/Er, Thulium/,
Ytterbium/Yb, Lutetium/Lu).[155] Considering EM properties
of these earth elements, they can be characterized by good para-
magnetism (where materials are weakly attracted by an externally
applied magnetic field), saturation magnetization (i.e., an
increase in applied external magnetic field H cannot increase
the magnetization of the material further), large magnetocrystal-
line anisotropy (i.e., if it takes more energy to magnetize it in
certain directions than in others), and magnetostriction
(i.e., property of ferromagnetic materials which causes them
to expand or contract in response to a magnetic field) because
of the unique outer electronic structures.[156,157]

The introduction of REEs in thermally sprayed coatings can
improve the magnetic loss of materials and enhance the absorp-
tion of EM waves. It is possible to develop feedstock thermal
spray materials containing REEs (patents such as
EP1167565A2;[158] WO2013047589A1;[159] US9670099B2;[160]

EP1642994B8[161]). The role of REEs in thermal spray coatings
has been investigated to understand the chemical, physical,
mechanical, and tribological properties of coatings.[162–165]

However, further enhancement in the range of properties
depends on elements used in coating powder.[166]

While there are numerous examples where material has been
doped with REEs using techniques other than thermal spray to
improve EM wave propagation characteristics, such as chemical
coprecipitation[167] or hydrothermal synthesis,[156] it is also pos-
sible that doping certain REEs during thermally sprayed coatings
could also help improve the EM propagation wave characteristics
of materials. In an example, Bartuli, Cipri and Valente (2008)[70]

used a range of complex ceramic-based composite
coatings, which included lanthanum/La REE (e.g., Cr2O3þ
La0.5Sr0.5MnO3 40wt%, Cr2O3þ Al 20 wt%þ La0.5Sr0.5MnO3

20wt%) fabricated by air plasma spraying to evaluate their tai-
lored EM properties (essentially as absorbers in the microwave
range (8–12 GHz)). However, thermal spraying can make
REEs prone to oxidation during processing and operation, and
oxidation can lead to brittle coatings and deterioration of
magnetic properties.[163] Therefore, with certain microstructure
formation limitations, spraying performed within a vacuum
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chamber to minimize oxidation,[168] as well as application of CS,
can be a way forward.[169]

5.4. Application of Suspension, Solution, or Hybrid Thermally
Sprayed Coatings

As identified and proposed in various sections above, with the
advancement in deposition of finely grained coatings, the pow-
der-based thermal spraying of coatings is possible by preagglom-
eration of fine particles into microstructured powders.[103] This
can then be followed by managing the process parameters of
thermal spray to melt (or partially melt) the powder particles
and preserve its fine-grained structures or use liquid feedstock
(suspension, solution) to change the interaction between hot
gases and feedstock in the way to enable obtaining finely grained
coatings.[6,24,103,170–172] Considering some examples where
suspension-based plasma spray coating has been developed by
Vaßen et al. (2009),[93] Mauer, Guignard and Vaßen
(2013),[111] Robinson et al. (2015),[106] and Khatibnezhad et al.
(2021),[105] for photocatalytic (absorption) applications, future
work may be promising in the current context, where suspension
or solution spraying (SPS, SPPS) can allow convenient deposi-
tion of range of coatings to yield desirable EM wave propagation
properties.

Considering the need to spray different feedstocks simulta-
neously, hybrid spraying is possible, where the combinations
of powder with suspension, powder with solution, and suspen-
sion with solution can be deployed[24,103,173] to have desirable
composite coatings and tunable EM wave propagation character-
istics. The hybrid spraying can allow coarse-grade powder (from
10 to 100 μm in size) or fine powders (from 100 nm to 2 μm in
size) already suspended in a suitable medium or generated
in situ from a solution precursor.[24,174] Among many possibili-
ties, hybrid spraying can offer sequential injection of powder and
liquid feedstock-layered coatings (in either order) with each
involving the feature of distinct length scales. This can enable
fabricating layers, composite, or functionally graded coatings
with a complex mix of dielectric properties (i.e., electric permit-
tivity, magnetic permeability, and electrical conductivity), includ-
ing lightweight high-performing thermomechanical properties.

5.5. Integrating Thermally Sprayed Coatings with
Multicomponent Alloys

Thermal spray coatings have good inherent advantages, such as,
low production cost, automated operation, high reliability and
stability, and high production efficiency. Nevertheless, deficien-
cies in the thermally sprayed coatings include microstructure
flaws, larger surface roughness, and some indiscernible reasons
lead to their poor selective EM properties. Future generation
components with EM interference shielding and absorption
characteristics should investigate improving their EM wave prop-
agation characteristics by fabricating composite structures while
integrating thermally sprayed coatings with multicomponent
alloys.

The new materials such as high-entropy alloys (HEAs) hold
higher potentials to be used as EM wave shielding coating
due to flexibility in tuning the composition and their elemental

proportions. The multicomponent single-phase alloys, known as
HEAs have five or more elements, and each element concentra-
tion is more than 5 at% and less than 35 at%.[175,176] The atom-
ically mixed five elements show exceptional properties
compared with conventional alloys due to their four core effects:
1) severe lattice distortion, 2) cocktail effect, 3) high entropy
effect, and 4) sluggish diffusion effect. The high entropy and
sluggish diffusion restrict the HEAs to decompose into multi-
phase.[176,177] However, the severe lattice distortion and cocktail
impart exceptional properties. The origin of severe lattice distor-
tion comes from the different atomic sizes of their constituent
elements, and exposure to EM radiation over HEAs can change
their properties. Two types of change may occur by EM radiation
(i.e., high-energy particles like displacement of atoms [kinetic
damage] and thermal spike due to energy deposition).[178]

As mentioned above, in the case of EM shielding, there are two
phenomena required as absorption and reflection. The incident
radiation can be absorbed by materials if magnetic and electric
dipole interacts with the incident EM wave vectors. In the case of
multielement or HEAs, materials were tested for the EM
wave absorption properties.[179,180] Yang et al. (2016)[181] studied
the FeCoNiCrAl alloy EM radiation absorption efficiency in the
frequency range 2–18 GHz. The ball-milled prepared high-
entropy-alloy materials introduced many defects during process-
ing, and these defects act as a polarized center. This is the cause
of an additional dielectric loss due to more energy required to
alternate the EM field in the damaged lattice.[181] The high-
entropy-alloy FeCoNiCrAl shows very less RL with different
thicknesses in a wide range (2-18 GHz), as shown in Figure 24.

On the other hand, the special microstructure over the surface
of materials enhances the absorption of the EM waves due to the
enhanced surface area.[182] Lan et al. (2020)[182] described the
high-entropy-alloy (FeCoNiCrCuAl0.3) EM wave absorption phe-
nomena on a special microstructured surface. The solid ball or
particles of HEAs do not allow to enter the EM wave and maxi-
mum percentage back reflected, but the creating microstructure
over the surface trapped the EM waves. The complex permittivity
and permeability of each element in the alloys are close to each
other, and we can tune it by adjusting the content, which allows
the impedance matching. Similarly, the different magnetic and
nonmagnetic contents in high-entropy-alloy materials enable it to
have certain magnetic loss and dielectric loss. These phenomena
make the materials for EM absorbance. The incoming wave and
reflected wave can be superposed and cancel each other and this
effect enhances the dissipation of the EM energy, as shown in
Figure 24.[182]

Similarly, another research group examined EM wave shield-
ing in epoxy composite with high–entropy-alloy (AlCoCrFeNi)
materials and found maximum 20 dB maximum shield from
microwaves.[183] There is an advantage in multicomponent that
the multielement can be used to tune the properties like it can
contain magnetic elements (Fe, Co, Ni) and nonmagnetic metal-
lic elements, where strong ferroresonance materials imparting
impedance mismatching leads to narrow absorption bandwidth.
However, nonmagnetic materials can be used to enhance the cor-
rosion resistance as well as impedance matching like chromium
for corrosion resistance, aluminum for adjusting the impedance,
and copper for the appropriate dielectric loss.
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Zhang et al. (2019)[184] prepared the HEA (FeCoNiSixAl0.4) by
tunning the Si atom concentration in the materials and studied
the variation on microwave absorption characteristics. The addi-
tion of Si alters the crystal structure of the materials, which
directly impacts the EM wave interaction behavior. The sample
prepared by ball milling found that the as-cast dry-milling
method is most suitable for microwave absorption because this
method provides a large aspect ratio and less defect particles and
dual-phase nanocrystalline and nanoglass (DPNCG). The crystal-
line powder behaves better for the absorption of EM waves com-
pared with the amorphous phase powder, as shown in
Figure 25a, b. The crystalline FeCoNiCrAl0.8 powder of
5–15mm exhibited minimum RL of �41.8 dB at 11.9 GHz with
the thickness 2.3mm.[185] The amorphous role has been studied
by designing an HEAmaterial FeCoNi(Si0.6Al0.2B0.2) synthesized
by melt-spun and subsequently ball milling. The obtained

powder looked flaky and has particle size of 2.5–32mm (average
size 14.7 mm) after 50 h of ball milling consisting of body-cen-
tred cubic and amorphous phase.[186] The longer ball milling pro-
cess kept decreasing the particle size and increasing the aspect
ratio. The decreasing particle size enhanced the surface area; as a
result, the interfacial polarization enhanced, which is the cause
of increasing complex permittivity in microwave frequency
region.[180,186]

Wu et al. (2019)[187] prepared core–shell particles of HEAs as
core (FeCoNiCrCuAl0.3) and the shell as metal–oxide (Ni–NiO)
for studying the dual loss. The HEA material plays a crucial role
in magnetic loss and Ni–NiO shell for dielectric loss and imped-
ance matching, as shown in Figure 25S1-S3. The HEAs as EM
wave shielding materials are in the preliminary phase. Only a few
articles are available and are focused on different composition
studies to achieve the higher EM wave’s shielding HEAmaterials

Figure 24. a) As-prepared HEA particle. b) Surface-treated HEA alloy FeCoNiCrCuAl0.3. c) RL, thickness matching () with frequency (l/4 wavelength
theory), and impedance with frequency variation. d) Mechanism of different losses on EM wave interaction with multielement alloy,
(a–d) Reproduced with permission,[182] Copyright 2020, Elsevier. e) RL in FeCoNiCrAl alloy with frequency variation. f ) RL at different thicknesses,
(e,f ) Reproduced with permission.[181] Copyright 2016, Elsevier.
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development. The HEAs can easily be scalable to a large surface
by thermal spray coating and have drawn tremendous attention
by the scientific community to prepare thermal spray coating on
large panels for different applications.[188]

5.6. Modeling Needs in Layered and Composite Structures

For a device with tailored EM wave propagation characteristics,
modeling approach (analytical, numerical, computational) can
help demonstrate or benchmark various functionalities from
the predetermined properties of materials or to validate the
experimental findings. Maxwell’s equations can provide
analytical solutions to EM wave propagation,[189] which allows
us to calculate the electric field (E) and magnetic field (H) within
a volume of interest, if the permeability, permittivity, and
electrical conductivity of medium is known at a given angular
frequency of the field. However, the range of numerical methods
(e.g., finite element method [FEM], finite volume method [FVM],
finite difference time domain [FDTD], and finite integration
technique [FIT]) can be useful to establish EM properties from
the predetermined properties of materials.[61]

As thermal spraying (on to a substrate, as shown in
Figure 26a) is a layered structure as well as heterogenous com-
posite layer (void, pore, microcrack), which consists of domains
of multiple distinct materials or phases, analytical, numerical,
and computational modeling approaches may be a cumbersome
task. Such layered and heterogenous structures can have differ-
ent mechanical, thermal, electrical, and dielectric properties.
However, considering the possibility to control and manipulate
EM wave propagations in an idealized thermal spray coating–-
substrate system at will opens new research areas that can lead

to novel applications, and this can be well understood using a
modeling approach, for example, work by Zhang, Wang, and

Figure 26. Thermally sprayed coating-substrate system: a) idealized mul-
tilayer structure and b) computational domain and boundary conditions
used in the FDTD approach [PML: perfectly matched layer, TBC: thermal
barrier coating], (b) Reproduced with permission.[132] Copyright 2014,
Elsevier.

Figure 25. SEM image (S1) HEA, (S2) HEA@Air@NiO, (S3) HEA@Air@Ni-NiO; EM wave absorption by different materials (d: thickness, fE: absorption
bandwidth, RLmin: RL minimum). Reproduced with permission.[187] Copyright 2019, Elsevier, (a) and (b) RL against frequency for FeCoNiCrAl0.8.
Reproduced with permission.[185] Copyright 2016, Springer Nature.
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Zhao (2014),[132] where the FDTD approach was used to simulate
the radiative heat transfer behaviors of TBCs with different
microstructure types (Figure 26b). In such cases, simplification
of the microstructures can be considered by idealizing the
defects to be spherical and elliptical pores, and the porosity
can be modeled by changing the number of the pores, whereas
the size and shape of microstructures can be modeled by chang-
ing the ratios of the pore. While the FDTD procedure can help
obtain the EM fields (H, E), the transmission/reflectance of the
EM wave can be calculated, including the radiative properties of
the material at various microstructure parameters (such as defect
size, shape coefficient, porosity, and orientation angle).

The layered structures, as suggested by Jaber and Miehé-
Brendlé (2009),[190] can be classified in different categories
depending on the type of the layer: 1) neutral layers, 2) negatively
charged layers with compensating cations in the interlayer space,
and 3) positively charged layers with compensating anions in the
interlayer space, the most common of which are the anionic
clays. In the field of EMs, layered structure modeling has an
important role in the study of EM wave scattering in layered
media. The control of emission, propagation, and detection of
the EM wave would help the design of new EM devices. The
importance of the role of layered structure modeling for these
different applications has created an increased use and focus
on the analytical methods used to evaluate scattering in layered
media in the past decades.[191–193] There are different techniques
and methods for modelling the propagation of EM waves in lay-
ered structures. However, the clear understanding and model-
ling of the wave scattering in layered structures remain a
great theoretical challenge.

The formulation of the simulation problem could be achieved
with different methods and strategies using different techniques.
These strategies can be classified in two main groups: direct and
inverse approaches. Direct modelling methods can generally be
categorized in analytical and numerical methods. They are used
for different applications such as optics, radiowave propagation,
and radar imaging. As an example of application, the concept of
plasma–graphene-based multilayer composites was developed by
Rahmanzadeh et al. (2017)[194] to design ultrabroadband radar
absorbing structures. The schematic of this type of absorber
including several layers is illustrated in Figure 27, showing
the proposed graphene-plasma absorber and geometry of the
multilayer structure when illuminated by oblique incidence.[194]

For the direct modelling method, Lord Rayleigh originally pro-
posed for the first time at the end of 19th century, that is, small
perturbations method (SPM), for the description of wave scatter-
ing from a surface separating two media. This method was stud-
ied and enhanced in different studies.[195–197] A second approach
called the “Kirchhoff approximation (KA)” was used to compute
the tangential fields at the interfaces of layered structures. Bass
and Fuks (1979)[196] presented an extensive discussion of this
approach. The method is based on replacing the surface its tan-
gent plane at any surface points.[198,199] It is worth mentioning
that there is another analytical approach proposed by Voronovich
(1994, 1999).[199,200] The method is called the small-slope approx-
imation (SSA). It bridges the gap between two classical
approaches to the problem: the method of small perturbations
and KA.

There are also several numerical methods used to simulate the
scattering of EM wave in layered structures. One of the numeri-
cal methods known by its simplicity is the method of moments
(MOM). It involves equating sample moments with theoretical
moments and assumes that conductors are infinitely thin and
only surface currents need be modeled. The integral equation
to be solved for this method and its solution can be obtained from
other studies.[201,202] The main disadvantage of the MOM is the
high computational cost. This can be decreased by using iterative
methods. The iterative methods can be classified in two catego-
ries: 1) nonstationary methods and 2) stationary methods. The
iterative methods are called nonstationary if the linear functions
adaptively change at each iteration. They are called stationary in
the opposite case. For the stationary methods, we can mention
symmetric successive overrelaxation (SSOR)[203] and for station-
ary the Jacobi (or simple iteration) method.[204]

Different nonstationary methods have been applied to the
rough interface scattering problem, namely, the conjugate gradi-
ent squared (CGS), biconjugate gradient-stable (BICGSTAB),
quasiminimum residual (QMR), general minimal residual
(GMRES), and conjugate gradient-normal equation
(CGNR).[205,206] The nonstationary methods proved an ability
to converge for a wider range of roughness conditions. On
the other hand, it is easier to predict interface roughness condi-
tions under which they rapidly converge with the stationary
methods.

Figure 27. a) Schematic of the proposed graphene–plasma absorber and
b) geometry of the multilayer structure when illuminated by an oblique
incidence. Reproduced with permission.[194] Copyright 2017, IEEE.
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For a range of applications and to facilitate multifunctional
material design, Kim and Torquato (2020)[207] established
microstructure-dependent crossproperty relations for composite
materials that link effective elastic and EM wave propagation
characteristics to one another, including effective wave speeds
and attenuation coefficients, whereas Yang et al. (2015)[208]

established design and reflectivity of high-temperature wave-
absorbing coatings with circular periodic structures. While there
is lack of suchmodeling, that is, microstructure-dependent cross-
property relations for thermal spray coatings and substrate sys-
tems, similar approaches can be useful to establish crossproperty
relationships in designing multifunctional thermally sprayed
coatings with desirable attenuation properties for EM waves.

5.7. Low-Observable, Metamaterial, and Energy Conversion
Functions of Thermal Spray Coatings

As seen throughout this review, numerous works have been
done to enhance absorption and shielding of EM waves, in most
cases, leading to development of low-observable (stealth)
coatings. Therefore, advancement in thermal spray feedstock

materials and coating processes can be critical for future
generation of enhanced low-observable technology as well as
solar energy conversion, photocatalytic, heat, and emissivity
applications. While the specially structured coatings on to the
underlying body (substrate) or using special composites or mate-
rials in underlying structures has been proven, from literature, it
was observed that it is not possible to become completely stealthy
but delaying the detection to lessen an opponent’s ability to track
the target after detection provides a major advantage to low-
observable users.[209] While the material selections and coating
can also increase the weight, cost, and the maintenance require-
ments, applications of simple coating materials can usually be
effective only in narrowband and in limited spatial regions.
There have also been suggestions for developing environmen-
tally compliant low-observable coating materials that can facili-
tate rapid material removal, repair, and biodegradability,
including avoiding any legal scrutiny with improved stealth capa-
bility and durability.[210,211]

Meanwhile, thermal spraying onto polymer-based flexible
structures is possible.[59] However, future directions could be
looking into modelling of EM wave propagation and developing
an absorbing material that can not only dissipate EM energy but

Figure 28. Metamaterial: i) a,b) Structure of radar-absorbing material showing top and side view which includes circular aluminum patches, where c is the
period of the absorber, a is the radius of the patch unit, t is the APS-sprayed TiAlCo coating onto metal substrate. ii) (a,b) Measured and simulated
reflectivity versus frequency and sample. Reproduced with permission.[77] Copyright 2016, Elsevier.
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also convert the generated heat into electricity to realize a self-
powering function,[212] as well as artificially periodic structured
digital and programmable smart metamaterials to obtain
unusual negative refraction, perfect lensing, and superlens-
ing.[213] Such coatings can be attractive for applications, such
as controlling the antenna radiation beams and reducing the scat-
tering features of targets, in the range of frequencies. As shown
in Figure 28, metamaterials are artificial materials that are tai-
lored to exhibit unique properties such as negative refractive
index which are not readily available in the naturally available
materials.[2,214,215] Negative-index metamaterials (NIMs)[214]

were first demonstrated by Veselago (1968)[216] for microwave
frequencies, but since then it has been challenging to design
NIMs for other frequencies (e.g., optical) and they have so far
been limited to optically thin samples because of significant fab-
rication challenges and strong energy dissipation in metals.[217]

However, metamaterials fabrication using thermal spray techni-
ques are poised to make a huge impact primarily because they
can shape EM radiations in ways like other materials and meth-
ods or better, as demonstrated in some of the pioneering
work.[77,82,218,219] The thermal spray coating technique can be

a viable method to design surface structures to synthesize newer
category of metamaterials. It may be noted that metamaterials
gain their properties not from their composition, but from engi-
neered and designed artificial structures.[220] Structural building
blocks (particle shape, geometry, size, orientation, and arrange-
ment) during thermal spraying of a chosen metamaterial can
affect the EM waves in an unconventional manner, thereby cre-
ating material (surface) properties which are unachievable using
conventional processes. It is anticipated that thermally sprayed
metamaterial coating layers can achieve desired effects by
incorporating structural elements of subwavelength sizes, that
is, features that are smaller than the wavelength of the waves
they affect.

EM wave energy conversion is important in many applica-
tions, such as energy harvesting, signal detection, nonlinear
optics, etc., and with the application of the energy conversion
adapter, it can achieve signal transfer between EM energy into
various forms of energy, such as, thermal, DC electric, or higher
harmonic EM wave energy.[221] Figure 29 shows the schematic of
the conceptual coating design with functional layers and struc-
tures, which can be considered for related applications. EM wave

Figure 29. Schematic of the coating design with functional layers and structures.
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absorption can bring energy into a coating–substrate system due
to their fields within their waves, and smart coating design with
functional layers and structures can be an area of interest.
Through absorption of the EM wave (dissipated by dielectric loss
and magnetic loss[68,69] by the coating–substrate system), we can
consider that the energy contained in the coating (of an optimal
thickness and cross-sectional area that passes through the cross-
sectional plane in time interval) can help determine calculating
the energy flux (i.e., energy per unit area per unit time). The
energy flux can as well depend on the orientation of the coated
surface with the incident EM wave. With the variation in fre-
quency of the EM wave, the energy flux quantity can rapidly vary.
Potentially, designing the coatings as metamaterial absorber and
confining EM wave within subwavelength structures (of optimal
geometry and materials) can help demonstrate enhancing energy
conversion from the coating–substrate system.

Despite the potential benefits that thermal spray processing
can offer in low-observable, metamaterial, and energy conversion
technology, significant challenges remain in the development of
thermal spray processing in comparison with other methods.
The thermal spray processing must be controlled to ensure that
the deposited phases have the desired crystalline structure, avoid-
ing delamination, amorphous structure, and impurities’ contam-
ination during thermal spray processing. Typical in-plane splat
orientation, although beneficial for some applications, optimized
control of substrate heating, and cooling can minimize the effect
of thermal stresses during the deposition process. While cost and
performance coatings remain major barriers to their widespread
use, thermal spray processing has the potential to drastically
reduce these barriers by rapidly increasing production rates
and reducing capital equipment, materials, and overall system
cost. It also offers the potential to increase performance using
graded composition and microstructures. Nanostructured com-
posite powders (e.g., hollow and yolk-shelled nanostructures)[222]

can also be of considerable interest for use in such applications
due to their potential to increase the surface area, thereby
improving the desirable EM wave propagation performance.
As an example, some hollow and yolk-shelled nanostructures
as feedstock materials could enhance absorption performances
compared with the solid counterparts. Enhanced absorption per-
formances of yolk-shelled structures are possible as additional
free space in the interior compared with their corresponding
solid ones could lead to their better impedance matching char-
acteristics. With low mass density and larger specific surface
area, the yolk-shelled structures could reduce filler ratio in the
matrix and facilitate construction of lightweight coating as
absorbers. It could also possess rich interfaces, which can
increase the interfacial polarization loss. Various hollow and
yolk-shelled nanostructures have been reported for EM absorp-
tion (e.g., Fe3O4/hollow carbon microspheres, CoO@Co yolk-
shelled NPs on graphene sheets, Fe3O4/C nanorings,
Fe@air@Co, nitrogen-doped CNTs using Ni(OH)2@SiO2

core-shelled spheres).[222–226]

5.8. Dielectric Properties Measurements

For thermally sprayed coating–substrate systems, investigation
of EM properties (i.e., electric permittivity, magnetic

permeability) of the coating layer require special consideration
unlike bulk materials. This means that coating needs to be
detached from the substrate so that standalone coating properties
can be investigated. Due to high strain rate during impact of
sprayed particles during thermal spraying, the splats can form
a strong mechanical bond at the interface with the substrate.
Removal of such coatings from the substrate can be a challenge.
Therefore, to mitigate this, as listed in Table 2, most investigators
used graphite as substrate material (as it can be easy to remove
from the thick coatings) to overlay the thermally sprayed layer but
mainly for microwave absorption applications[73–75,77–82] and EM
interference application.[120–122] As an example (shown in
Figure 30), the dielectric parameters of plasma sprayed
Ti3SiC2/cordierite coatings can be determined by network ana-
lyzer (e.g., using Agilent Technologies E8362B) using coaxial line
method measured at this temperature (at 25–700 �C) test
setup.[227] In this example, the Ti3SiC2/cordierite coating was
sprayed on a graphite substrate and then mechanically removed
from the substrate to carry dielectric measurements. For other
applications (mainly solar-selective absorption, photocatalytic
absorption, thermal barrier (heat, emissivity)), the substrate
selection such as metals, alloys, ceramic, or glass, etc. (depending
upon various requirements) may be appropriate as the EM wave
propagation, namely, absorption, reflection, or transmission can
be investigated using optical spectroscopy techniques without
removal of substrate. The selections of measuring equipment
and sample holder design (an important aspect) depend upon
the dielectric materials to be measured, and for thermally sprayed
coating, special considerations may be needed if testing is needed
under various environmental conditions (e.g., effect of tempera-
ture, debris, water droplets, ice, etc.). However, in all cases, the
dielectric properties’ measurement needs to be accurate, repeat-
able, reliable, and verifiable, as such materials are finding increas-
ing application for use in various applications and industries.[228]

5.9. Environmental and Economic Factors in Absorbing EM Waves

While the demand for thermally sprayed coatings is growing,
energy consumption for large-scale coating production (leading

Figure 30. Schematic of apparatus to measure the complex permittivity
coatings from 25 to 700 �C temperature using coaxial line method in
the frequency range of 8.2–12.4 GHz. Reproduced with permission.[227]

Copyright 2015, Springer Nature. 1) thermocouple, 2) heater, 3) sample,
4) circulating water cooling system, 5) flume tank, 6) temperature
controller, 7) coaxial cable, 8) vector network analyzer).
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to carbon emission and environmental impact) must be a
concern for all parties.

As mentioned above, the global market size for thermal spray
coating is projected to reach 10.7 billion USD with a CAGR of
6.4% expected in the next 2-year time.[229] The market segment
covers mainly applications in sectors such as gas turbines,
aerospace, automotive, energy and power, healthcare devices,
electronics, oil and gas, and forestry.[230] There is no further
segmentation or market share data available for EM wave tapping
applications using thermally sprayed materials (e.g., absorption,
solar, photocatalytic, heat, emissivity, interference shielding,
etc.), but it is expected to grow, considering a similar sector-wise
trend over the next many years.

Despite many researchers arguing that thermal spray coating
is a cost-effective manufacturing technique,,[70,231,232] broadly, it
is still quite a challenge for this technology to compete with the
other cheaper techniques available in the market[233] mainly due
to sophisticated devices involved in thermal spray techniques.
This view is also shared byWijewardane (2015)[234] who indicated
that there is still a challenge in producing a cost-effective plasma
thermal spray coating, for example, for photovoltaic applications.
Fauchais (2015)[233] however argued that the cost could be further
reduced in the future through the advancement of the overall
thermal spray sector (i.e., simple, less sophisticated, cost-
effective, low maintenance, no special treatment or storage,
and robust technologies). Ke et al. (2018)[96] already indicated that
thermal spray offers a much lower cost solar thermal system than
the conventional ones.

As can be seen through the samples of literature on the
application of thermal spray coatings for specialized EM wave
propagation characteristics (e.g., absorption, solar, photocata-
lytic, heat, emissivity, interference shielding, etc.), the methods
and protocols are well in place and established for research and
commercial use. While such coatings can also help shield envi-
ronmental EM wave pollutions, the usage of harmful feedstock
materials during fabrication and long exposure to such materials
might raise some issue, as it can be health hazard and damage
the environment during the manufacturing and disposal of mate-
rials. For future success, the application of such techniques must
also be cost-effective, with minimal or no carbon emission,
potentially with little or zero pollution. As seen above, many
improvements in efficiency of coated structures have been made
(in absorption, solar, photocatalytic, heat, emissivity, interference
shielding) and further considerations are still necessary to
quantify their socioeconomic benefits for specific markets and
applications.

6. Concluding Remarks and Future Directions

This review indicates that range of specialized feedstock
materials and thermal/CS coating techniques can play a key role
in providing a scalable route to current- and next-generation
surface manufacturing of EM devices. Noteworthy, unlike other
deposition techniques, thermal spray techniques may not suffer
from limited build volume, low throughput speed, problems in
scalability, and high manufacturing cost. While thermal spray
deposition techniques have their limitations, the choice of fabri-
cation method can be a critical choice that dictates the resolution,

material, and working frequency of the resultant materials or
structures. Also, to meet the specifications of current and future
EM devices, improved or new components based on selected
dielectric materials and new surface designs are required.
Looking into the feedstock materials used, potential feedstock
materials not used but can be easily used, and other category
of materials that is wide open to use (from metals, metal alloys,
metal oxides and ferrites, semiconducting oxides, carbides,
ceramics, cermets, REE, carbon-based polymers, polymeric
composites, etc., including their doped design with hollow
and yolk-shelled nanostructure types) can also be of considerable
interest for use in such applications due to their potential to
increase in the surface area, thereby improving the desirable
EM wave propagation performance. The possibilities to have very
diverse and broad EM properties of future-generation devices in
this domain is immense. What is needed is a mix of fabrication
resources (including thermal spray techniques) to manufacture
artificial surface structures (e.g., full coating or periodic/textured
coating, leading to the formation of metamaterial). This can be
necessary as different materials need different processing
techniques and processing conditions to engineer the surface.

In this article, various thermal spray techniques and fabrica-
tion strategies to develop coatings with nonionizing EM wave
propagation characteristics (i.e., absorption, solar, photocatalytic,
heat, emissivity, and interference shielding) have been critically
reviewed. This review presents fabrication of thermally sprayed
coatings (single or multiple layers, planar structures), which can
change propagation characteristics of EM waves. Selections of
feedstock, substrate materials, and deposition techniques have
led to the identification of numerous (most suitable) class of
materials to be used to produce coatings. The current ability
of thermal spray techniques to utilize feedstock in the form of
powders, suspensions, or solution precursors makes it
immensely versatile, not only to deposit a wide array of material
chemistries but also to create unique microstructures.
Consequently, the technology has considerable potential to be
successful in modifying the absorption, reflection, and transmis-
sion of EM waves, and it is assessed that such coatings with
certain EM wave propagation characteristics depend on the wave-
length in the spectrum that may be useful in many applications.

The fabricated coating microstructures can make changes to
EM waves using the functionalities that arise from such artificial
surface structures (e.g., full coating or periodic/textured coating
leading to the formation of metamaterials), potentially as shields
from radiofrequency and EM fields, reducing radar signatures to
be opaque to hostile radar, absorbing solar radiation to convert
to electricity, enhancing decomposition of organic pollutants or
to mitigate the environmental impact, as thermal barrier to
turbine components, and to induce semitransparency at optical
frequencies, as well as protecting heat-sensitive substrates or
antennas. Focus was given to materials’ microstructural features
in coatings produced using conventional thermal spray techni-
ques as well as those produced using modern techniques
(e.g., suspension and solution precursor) and how high entropy
alloying can easily be scalable to a large surface by thermal
spray coating.

Considerable research is needed to analyze (to enhance) the
EM wave propagation characteristics of materials to respond
to wide-frequency ranges. This could require multiple materials’
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fabrication approach to block EM radiations at different broad
frequency ranges. Further advances in the application of thermal
spray coating techniques could be surged by considering the
usage of the range of feedstock composite and hybrid materials
to achieve EM distinctiveness of materials. Additionally, the
fabrication of coatings with functionally gradient and hybrid
properties is quite possible to tune to certain EM wave propaga-
tion characteristics. The substrates to deposit thermally sprayed
coatings varied for EM wave propagation applications (such as
metals, alloys, glass, ceramics, and graphite, etc.). However,
the previous approach did not consider the advantage of thermo-
plastic or polymer science to have a lightweight substrate
structure. It is expected that the selection of lightweight
substrates can potentially become future norms in the thermal
spray industry with some degree of limitations.

Most applications for nonionizing EM wave interference
(e.g., protection of electronic equipment, scientific and medical
devices, etc. against EM noise) require metallic substrates,
and thermal spray coatings are typically sprayed on metallic sub-
strates. As presented above, layered system fabrication using
thermal spray techniques can be advantageous in the application
of EMmaterials where the coating priority and hence the coating
architecture can be purposefully built in during coating
deposition. These cannot be easily possible when deploying other
techniques (e.g., tape casting, doctor blade, sol gel, or physical or
chemical vapor deposition). Hence thermal spray coating
processes combined with the choice of coating material(s) and
spray parameters provide higher deposition rate and a cost-
effective design tool as a large-scale manufacturing route to
EM materials and metamaterials.

The most crucial point is that the thermal spray coating
method is industrially viable, which makes it promising to be
applied to the large-scale as well as large length-scale applica-
tions. Such strategies could also help fabrication of components
with key attributes such as high strength, high flexibility,
lightweight, noncorrosiveness, high thermal and electrical
conductivity, low environmental degradation, and cost-effective
commercial feasibility. Along with microstructural features, pore
surface area and size, composition, spray particle size, and
bandgap energies, further experimental, modeling, as well as
data-driven (machine learning) work would be required to ana-
lyze the range of dielectric constant, magnetic permeability, and
electrical conductivity of coating materials, to prove if (and how)
the electromagnetic wave propagation characteristics are
governed by dielectric loss or the magnetic loss.
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