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Abstract

This review paper aims to consolidate scatteredditire on thermally sprayed coatings with
non-ionising electromagnetic (EM) wave absorptiod ahielding over specific wavelengths
potentially useful in diverse applications (e.gicrowave to millimeter wave, solar selective,
photocatalytic, interference shielding, thermaliearheat/emissivity). Materials EM
properties such as electric permittivity, magnpgemeability, electrical conductivity, and
dielectric loss are critical due to which a matecan respond to absorbed, reflected,
transmitted, or may excite surface electromagmedices at frequencies typical of
electromagnetic radiations. Thermal spraying imadard industrial practice used for
depositing coatings where the sprayed layer is éorivy successive impact of fully or
partially molten droplets/particles of a materizgéd in the form of powder or wire) exposed
to high or moderate temperatures and velocitiesvé¥er, as an emerging novel application
of an existing thermal spray techniques, some apecnsiderations are warranted for
targeted development involving relevant characiios. Key potential research areas of
development relating to material selection andingdgbrication strategies and their impact
on existing practices in the field are identifidthe study shows a research gap in the
feedstock materials design and doping (includinigpiaoand yolk-shelled structure types)
and their complex selection covered by thermallagged coatings that can be critical to
advancing applications exploiting their electrometgnproperties.

Keywords: electromagnetic wave; radiation; thermal spray éogs; absorption; solar;
photocatalytic; heat; emissivity; interference; alding.
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1 Introduction

Complex values, such as magnetic permeabji}y€dlectrical permittivity &), electrical
conductivity @), and dielectric loss constitute the electromagrn&M) properties of a
material. The interaction of a dielectric matevisth EM waves depends on the material
properties such as the electric permittivity (ipmlarization or formation of electric dipole),
magnetic permeability (i.e., magnetisation or fatioraof magnetic dipole), electrical
conductivity (i.e., ability to conduct an electaarrent due to the presence of unbound
electrons moving), and dielectric loss. This mearteen EM waves (non-ionising: radio
waves, microwaves, infrared, visible light, ultralet rays) with a velocity of

2.998 x 108m/s (in vacuum) propagate through or interacts withemals, they can be

absorbed, reflected, transmitted, or may excittasarEM waves$- !
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Fig. 1. Example applications of dielectric material than enteract with EM waves, and how

their manufacture using coating techniques canesgdhe technological requirements.

Figure 1shows example applications of dielectric matetiads can interact with EM
waves, and how their manufacturing using coaticbrgues (including thermal spray) can
address the technological requirements. As wikéxn through this review, EM (non-
ionising) wave propagation characteristics andgrardnce of thermal spray coating
materials have been investigated which gains dpgaties from their microstructure as well

as composition.
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Thermal spraying is a standard industrial praateed for coating deposition, where
the sprayed layer is formed by fully or partiallphen droplets/particles of the material
impacting a surface to form ‘splats’ that are theilding blocks’ for coating formation.
These splats overlap due to relative motion betviieerthermal spray gun and the surface to
cover large areas, while stacking of the splatsndusuccessive passes of the gun leads to
desired coating thickness build-up. Several vagpaotesses exist within the thermal spray
family and yield a range of gas temperatures ahatitees that provide the driving force for
heat up/melting and acceleration of the dropletsifpes (e.g., 3,000 °C to 15,000 °C at 50
m/s to 1000 m/s velocities: arc, flame, plasmahhiglocity oxy-fuel, detonation spray, etc).
This can also be at cold temperature (e.g., u®@°g€ at 200 m/s to 1000 m/s velocities;
cold gas dynamic spraying), in which case the kireergy plays a more dominant role in
coating formation than thermal energy. Typicaltyail the conventional thermal spray
techniques, molten and/or semi-molten dropletgeavpelled through a spraying gun on to
the substrate and these flatten upon impact to fepiats’ which are regarded as the building
blocks for coating formatioH! In case of cold spray, primarily meant to depositings
from ductile feedstock, the particles plasticalgfam on impact at extremely high velocity.
Recent trends has been to produce thermally sp@rednic coatings with nanostructure or
refined microstructures and precision engineerefhse texture®:5! Thermal spray grade
powder particle shape, geometry, size, orientatiod, arrangement during thermal spraying
of a chosen material can affect the EM waves inraonventional manner thereby creating
material (surface) properties which are not actbévasing conventional processes.

Thermal spray coating method has been used asfdhne deposition technologies for
the formation of semiconducting coatings for desj@part from other fabrication methods
(e.g., molecular beam epitaxy-MBE, hydrid vaporsghapitaxy-HVPE, liquid phase epitaxy-
LPE, metal-organic molecular beam epitaxy-MOMBH] atomic layer deposition-ALD).
Contrarily to atomistic film deposition methods Buas reactive evaporation or reactive
sputtering, thermal spraying does not enable sgigltd new compounds during
processing’! During thermal spray coating process, a coatiriyik up from powder
particles (typically ranging from sub-micron to feé@ns of micrometres in size) and not, from
atoms or molecules. Any particle used in thermedy@pg remains molten in a flame for a
time of milliseconds and then solidifies rapidlyrithg a few microsecond$. However, some
metastable phase could form due to rapid solidiboeof particles on impact with the

substrate.
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The field of coatings with EM wave absorption ahte&ling characteristics is an
interesting subject area in which the use of théepeying has not advanced significantly,
although there are good examples. Such coatingsmaypropriate when it is desirable for
the surface to behave as an EM absorber, reflemtdransmitter for single or multiple
frequencies. Knowledge of the EM wave interactiehdviour in thermal spray coatings
(including substrate) is important because suclernzs can be tailored to possess
microstructures and composition that will suitatédgpond to EM waves. When such coatings
are placed into an EM field, the waves can be d&eshremitted, transmitted, or may excite
surface EM waves at special frequencies as demdndtek targeted functionality. In this
review, the potential influence of fabrication sefes, microstructure, and composition on
the EM wave performance of thermally sprayed cgatiaterials is assessed. The influence
of microstructure as well as multi-component alitl®gsign on EM properties is also analysed
from the perspective of associated mechanisms.

2 Thermal spray coatings as a manufacturing route for EM material applications
Components for EM applications requires a combamatif complex mix of properties
(depending upon requiremenis)such as good impedance matching, high thermal and
electrical conductivity, high melting point, godtetmal resistance, conductors and non-
conductors, low environmental degradation, higargith, low density, high flexibility,
lightweight, non-corrosiveness, no chemical reachetween material components, and cost-
effective commercial feasibility, including mecheali strength such as hardness, fracture
toughness, ductility, and yield strength. A ranfenaterials with desirable EM properties
(metals, metal oxides, hexaferrites, carbon fowagyon-based fillers, polymer composites,
or polymer blends) do not possess ideal propextiée candidate materials as structural
(substrate) elements. However, this can be overemimg a composite material system
where a layer or coating of EM material (i.e., @enal with desirable EM wave/matter
interaction properties) can be added to the suddeemechanically strong structural
material. Thermal spray coating approach providesopportunity to deposit different layers
of EM materials on a suitable substrate. Overlatiogs such as those deposited by thermal
spraying and vapour deposition on structural mal®such as steel or aluminum alloys, etc.,
give the designer a choice to take advantage ahttehanical strength of the substrate and
the EM properties of the overlay coating. Thernpathg coatings have the advantage of

providing thick (few microns to mm thicknesses) andt-effective coatings of a range of
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complex engineering materials. This has enableah tiiedbecome an integral part of the
aviation, transportation, power generation, cheha@od biomedical industry, which is
currently worth 7.6 billion USIP! As will be seen later, the substrates in suchmtiady
sprayed coatings varied from metals, alloys, glasd,ceramics to graphite, however, there is
little or no evidence where lightweight polymeridstrates were considered for EM wave
propagation applications. Though not a focus ofentrreview, but application of polymeric
substrates (e.g., thermoplastics, which is exce#tactrical and thermal insulators) is quite
possible with some degree of limitations, as derrated by Bobzin, Wietheger and Knoch
(2021} as such materials can well be combined with diggree of design flexibility and
economical mass production.

Thermal spraying is a line-of-sight process in vahice coating material in the form
of a powder or wire etc., is heated, and propelbesplat and form a lamella structure on the
substrate or underlying coating material. High \¢@oOxy Fuel (HVOF), Plasma Spraying
(PS), Warm Spray (WS) and Cold Spray (CS) are sufrtiee most used processes in
industries. These processes differ in the way taing material is heated and propelled to
form a coatingFigure 2show some of the coating particle temperaturevahatity ranges
achievable by thermal spray proces$€ghe particle velocity which can be achieved during
the thermal spray procedsigure 3 ranges from~20 m/s to-1050 m/s, which influences
the mechanical, thermal and EM properties duedceitent of (1) designed phase
transformation, e.g., ratio of amorphous to cryistalphase for hydroxyapatite
(Cas(PQy)3(OH)) coatings for biomedical applicatiétts'® and controlled degree of eta phase
(i.e., carbon deficient form of WC that resultsiharder or brittle cemented carbide)
formation for sliding wear applications of WC-Coatimgs®, etc., and (2) control of porosity
during depositioi*. Complex feedstock materials such as BaCoibPe SrFa-0 and
hydroxyapatité? 1>6lcan be thermally sprayed using the correct powHemistry, coating

process and coating process parameters.
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Fig. 2. Spectrum of thermal spray and cold spray processess particle velocity and flame
temperature attainable during coating depositiepr@duced with permissioft}! Copyright
2014, Taylor & Francis.

Figure 3shows a typical microstructure of a ceramic (ahaniAbOs) coating
deposited using the plasma spray procEggite 3(a)*’). The microstructure shows the
interlamellar mechanical interlocks, pores, anagptioating features. The lamellar structure
becomes much finer when nanocomposite coatinghafesi material is deposited using
nanoparticles in a suspension, i.e., suspensi@y spating Eigure 3(b). This figure shows
that the changes in powder characteristics, cogtingess and process parameters can be
used to achieve different engineering materialstositructures. A similar approach is also
applied to other engineering materials, i.e., nsef@lymers, and their composites. The
lamella structure results in anisotropic mechampecaperties, which are dependent upon the
structure-property relationships, with major diffieces between the in-plane and out-of-plane
directions®?!

In the past couple of decades, the desire to emEap- or sub-micron sized powders
in thermal spraying has grown significantly, motadby the ambition to realize coatings
with refined microstructures that can plausiblylgisuperior properties®! However, the
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challenges associated with deploying such finedtat for thermal spraying have been
known for long'® Foremost, these fine-sized powders are charaetebiy poor flowability.
Their relatively low momentum also precludes cdigcbpowder delivery because of the
inability of the fine particles to penetrate higklacity gas streams that are a hallmark of
virtually all industrially exploited thermal sprasriantsi?® Although agglomeration of sub-
micron or nano-sized powders has been attemptedei@ome the above feeding-related
problems, there have been reports of inhomogenmeitig!?'-2? apart from the added cost
that the agglomeration step entails. Use of a suspe of fine particles in a suitable liquid
medium, or of a solution of precursor salts that lead to particle generatiom situ, has
been conceived primarily to address the aboveaimits'®2% 231 Two variants (i.e.,
suspension plasma spray or SPS, and solution gagoliasma spray (SPPS)) are extensively
researched thermal spray techniques theseltfayiese approaches are now much better
understood and found to be extremely vers&fi€! More recently, the possibility of
utilizing a powder-liquid ‘hybrid’ feedstock hassalbeen demonstrated and found to be an
effective pathway to create unique, function-deendoating architecturé: 28l

The use of thermal spray coatings, which is capabédficiently and cost-effectively
depositing continuous layers or patterned desifiesmductive and isolating materials can
yield desirable dielectricity, conductance, resiseg magnetism, superconductivity, or EM
properties® 2% In EM applications, two design factors are impottae., (i) the choice of
EM material, and (ii) the structure of the EM matkrThe thermal spray process, therefore,
provides a cost-effective manufacturing route tpas# complex material compositions not
only as an overlay coating but also free-standagingsi?®-3%l This offers a large range of
thermally sprayed materials suitable for EM appiaas as a viable manufacturing route.
However, this is not the only manufacturing advgatef this method. This coating process
also provides the ability to control the porositdahus the coating deposit structure.
Conventionally, the coating process and procesanpeters are designed to minimise the
porosity to improve the coating material's mechalrstrength. However, as shownFigure
3 andFigure 4 changes in the coating process and process pi@nean result in varying
degree of porosity within the coating microstruetur
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Figure 3. (a) Cryogenic fractured alumina coating to rexeslting microstructure deposited
by plasma spray process (reproduced with permigsibBopyright 2011, Springer Nature,
and (b) cryogenic fractured nanostructured alumoweting to reveal coating scanning
electron microscopic structure deposited by susperspray process (back scattered
electron/BSE (left) and secondary electron/SE {Jighages, authors image).

In some cases, it is desirable to have a contraltedunt of porosity within the

coating material, e.g., in hydroxyapatite coatifayshiomedical implants to allow blood

10
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vessel to grow within the coating microstructiftein solid oxide fuel cell materials to
increase the apparent area of interaction witletbetrochemical fuel cell environmédt, as
shown inFigure 5where a 17% porosity was intentionally designethexMo-MaC/ZrO;
coating microstructure. Numerical and mathematioadlelling can also be used to predict
the evolution of coating microstructure and stroetproperty relationship e.g., residual stress
and porosity®3% This can be advantageous in the application ofrifierials where the
coating porosity and hence the coating architeatarebe purposefully built-in during

coating deposition. The investigation by Wang ahd@(2015%% has demonstrated this
design aspect in the EM evaluation of YSZ coatinggre a porosity of 15% has been
reported. In summary, thermal spray coating praesembined with the choice of coating
material(s) and spray parameters provide a cost#fe design tool as a manufacturing route

of EM materials.

WC-Co: Hardness (GPa) vs Porosity (%)
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Fig. 4. Hardness-porosity map of thermal spray tungsteniad=-cobalt coatings (reproduced

with permission}*4 Copyright 2013, Springer Nature.
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Fig. 5. SEM images of APS-coated anode layer surfacesisgaurface connected
porosities and unmolten powder particles (Mo2RUZrO,) (reproduced with permissioRf!

Copyright 2015, Springer Nature.

3 Electromagnetic waves and their interaction with materials
This section presents an overview on EM wavesy thegraction with solid state and porous

materials, as well as EM interference shielding.

3.1 Electromagnetic waves

EM waves (ionising or non-ionising) are a form afwes consisting of two components (i.e.,
an electric fieldE, and a magnetic field).’! EM waves are generated when charged
particles are accelerated, which generates a amguedgctric field and magnetic field, and
their vector directions of the fields and the dii@t of propagation are at 90° to each other.
They can be characterised by spegdavelengtit, and frequency. Such waves may
consist of a continuous range of wavelengths @uencies) which refers to the waves of
the EM fields, propagating through space, carrfgMyradiant energy. The relationship

among the previous quantities can be characteasgd= Av. The EM waves travelling in

12
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. . 1
free space have speed equivalent to that of sddeghty ¢ = Tree

= 2.998 x 108m/s,

wherepu, represents free space permeabilitgg x 10~7H/m), ande, refers to free space
permittivity (~8.85 x 10712F /m).18 371

As shown inFigure 6and listed inTable 1 the EM spectrum (ionising or non-
ionising) includes a broad range of frequencies, (fadio waves, microwaves, infrared,
visible light, ultraviolet rays, X-rays, and gammags). EM waves can be transmitted in
vacuum, air, and other media, and during the weaxeet, the energy will be reflected,
absorbed, and transmitted, or may excite surfacergives (SEWSFE EM wave radiation is
emitted and absorbed discretely by one quantum afiether, each of which is called a
photon (not exactly a massless, indivisible, stalleicle, with no electric charge) and has an
energy.E,. A photon may be generated by the transition afghd particles through
different energy levels. When a charged partideditions from a higher energy level to a

lower energy level, it sends out a photon, ancetiergy of a photon is given by Planck-
Einstein equatiorg,, = hv = % whereh = 6.62606979(30)x1073%s =

4.135667662(25)x10~eVs is the Planck constant, acds the speed of light®-4°]
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Fig. 6. EM spectrum diagram for various radiation typed amolecular scale effects

(reproduced with permissioHf! Copyright 2009, Wiley.
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Table 1. EM wave radiation types and souré8g?!

Radiation ] Sour ces (natural, artificial) Photon
types* Spectrum region Wavelength | Frequency energy
lonising Fission in nuclear reactors, nuclear o 6 1.2 x
(hard gamma Hard gamma explosion, lightning, radioactive 1x10°nm | 3x 16°Hz 102 eV
to X-ray and | Gammi decay 1x1C%nm | 3x1(®Hz | 1.2 Ge\
far ultraviolet) | Gamma/)-ray 0.001 nn 3x1(*°Hz | 12 MeV
Radon gas, radioactive elements in
the earth, and cosmic rays that hit {
X-ray earth from outer space, acpeleratln 1nm 3 x 107 Hz | 120 keV
electrons through a potential
difference onto a target (e.g.,
tungsten
X-ray/Ultraviole | Sunlight, tanning beds 10 nn 3 x 1% Hz | 12 keVv
Non-ionising | Ultraviolet 100 nn 3x 1% Hz | 1.2 ke
(near - Sunlight, fire, light emitting diodes, 7.5 x
ultraviolet to | ViSible (blue) light bulbs, lasers 400 nm 10 Hz 31ev
di -
radio waves) Visible (red) 700 nm iﬁ“T—lz 1.8eV

Sunlight, thermal radiation,
Infrared incandescent light bulbs, lasers, 10 um 3x10°Hz | 0.12 eV
remote contro

Mobile phones, microwave ovens,
masers, cordless phones, milli-met
waves, airport milli-meter scanners|

Microwave circuits, motion detectors, lcm 30 GHz }.ezvx 10
telecommunication transmission
towers, radar, wireless fidelity (Wi-
Fi)
Microwave/Radio Mobile p_hones, te_IeV|S|on, freql_Jen( 10 cm 3 GHz 51.2 x 10
modulation, amplitude modulation, eVv
. shortwave, cordless phones, satelli 1.2x10
Radio radar, lightning, astronomical 100m 3 MHz 8eVv
. henomena
Radio P 100 km 3 kHz }1%\7 10

(Note*: photon energies less than 10 eV be consideredaroniig)

3.2 Dielectric properties

Permeability(n) is the measure of the ability of a material topapthe formation of

a magnetic field within itself, measured in Henfpes meter (H/m). Permittivit(e)

describes the amount of charge needed to generatenit of electric flux in a medium,
measured in Farads per meter (F/m), and thus mmsethe polarity of material’s molecules
in an electric field. The formula that relates &iegermittivity () and magnetic
permeability (1) of an EM wave in a specific medium « = &' — je'' = gy¢,, andu =

Uolr, Wheree' is real part of permittivity or dielectric constda measure of the amount of
energy from external electrical field stored in thaterial),e” is imaginary part of

permittivity or dielectric loss or loss factor @sro for lossless material, and it is measure of

14




WILEY-VCH

the amount of energy loss in the material due texdernal field), and, = ‘9/50 andu, =

“/#0 are relative electric permittivity and relative gmetic permeability of the specific

medium, respectivellj: ¥’ The complex permeability:] which is applicable to magnetic
materials only, also consists of a real part reprisg the amount of energy from an external
magnetic field stored in the material, whereasitiaginary part representing the amount of
energy dissipated due to the magnetic field. Smost of the materials are non-magnetic,
their permeability is very near to the permeabitifyfree space. Another term associated with
complex permittivity is ‘loss tangent’ aan (&) represents the ratio of the imaginary part to
the real part of the complex permittivity.

Dielectric properties can be measured in time eguency domain with single or
multi-port (i.e., 2 or 4) system of the measuringtiuments. The methods to measure the
complex permittivity and permeability can be tramsion-line (or reflection-line) method,
open ended coaxial probe method, free-space mebdhoesonant method. Typically,
network analyser instruments (current manufactusech as AEA Technology, Anritsu,
AWA Global, Copper Mountain Technologies, GSI, Kigis Technologies, Pico
Technology, MegiQ, Micran, National Instruments @mation, Rhode & Schwarz,
SIGLENT, Tektronix Inc., Teledyne LeCroy, and Trems Instruments, etc.) are used to
measure complex permittivity and permeability, iqeiantifying EM properties of dielectric
and magnetic materials. Various instruments typigadovide measurement from the mid-
MHz to the low THz rang¥?® Standards (ASTM D150-%8l, ASTM D2520-18°)) provide
the procedure to measure electrical permittiviigl@ttric constant), standards (ASTM
D150-18*1, ASTM D924-1%*]) provide the procedure to measure dissipatiorofgorr
dielectric loss), and standard (ASTM D14942) provide the procedure to measure
dielectric strengtk?! Experimentally, the measurement procedure usihgatk analyser
(mainly using vector types which measures both d@ogd and phase properties) includes
setting the frequency range and number of pointetwork analyser, for the material under
investigation, determining sample holder parameiers sample length, sample thickness,
sample to holder distance, cut-off frequenciesanfigle holder), air gap data of material
under investigation, sample holder dimension, catibn of the system, placing material
under investigation on fixture and eventually estiray scatteringy)-parameters using
functions in the network analyser, then perforntimg conversion af-parameter to
dielectric properties using appropriate method, famally obtaining electric permittivitye

and magnetic permeabilitu).
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3.3 Interaction with solid-state material
Photon energy is very important to study the movdméelectrons in an atomic shell of a
material. As listed iffable 1 an EM wave which has sufficient energy only fecitation
purpose (i.e., which leads to movement of an edadio a higher energy state) is of a non-
ionising radiation type. In solid-state materia@syand gap, also called an energy gap, is an
energy range in a solid where no electron state®xest. The band gap generally refers to
the energy difference (in electron volts, eV) regdito promote a valence electron bound to
an atom to become a conduction electron (i.e.Jectren which is free to move within the
‘crystal lattice’ and serve as a charge carrieotmluct electric current). Semiconductor
materials are nominally small band gap materiadd, rmost common semiconductor materials
are crystalline inorganic solid®:4°

As mentioned above, the band gap refers to theygnifference between the top of
the valence band and the bottom of the conductaml bElectrons can jump from one band
to another, if a specific minimum amount of eneigythe transition is provided. Energy
required for electrons to jump from one band totb@ochanges from material to mateHal.
Electrons can gain enough energy to jump to thelectiion band by absorbing either a
phonon (heat) or a photon (light). When a wave &iingle frequency strikes an object,
several things could happen to the wave, for exapgidsorption, reflection, or transmission.
As an example, for metal oxide semiconductor (&gQ, band gap of 3.1 eV), photons with
energy equal or slightly higher than 3.1 eV areodsd, and this can cause electrons to pass
from the valence band to the conduction bah8ince the energy of 3.1 eV corresponds
roughly to the wavelength df= 0.3 um, ZnO absorbs in the ultraviolet region of the
spectrum. A perfect crystal is expected to be frarent for example for the visible and near
infrared wavelengths light, but the presence dickatdefects and grain boundaries introduce
electron states within the band gap and causelgithio be diffused and partially absorbed.
If the wave is absorbed by the object, its enesgyonverted to heat. When a wave with that
same natural frequency impinges upon an atom,ttieelectrons of that atom will be set
into vibrational motion. If a wave of a given fremncy strikes a material with electrons
having the same vibrational frequencies, then tietesetrons will absorb the energy of the
wave and transform it into vibrational motion. Dhgiits vibration, the electrons interact with
neighbouring atoms in such a manner as to congevtbrational energy into thermal energy.

Subsequently, the wave with that given frequen@bsorbed by the object and its energy
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transformed. So, the selective absorption of wava tmaterial occurs because the selected
frequency of the wave matches the frequency atlwliectrons in the atoms of that material
vibrate. Since different atoms and molecules hafferdnt natural frequencies of vibration,
they will selectively absorb waves of differentdtencies.

Figure 7shows simplified scheme of incident EM wave reflatt absorption, and
transmission in a material. Reflection and transiars of waves occur because the material
impedance is different. When waves of these fregesrstrike an object, the electrons in the
atoms of the object begin vibrating. But insteadibfating in resonance at a large
amplitude, the electrons vibrate for brief periofisme with small amplitudes of vibration;
then the energy is re-emitted as a wave. If theath$ transparent, then the vibrations of the
electrons are passed on to neighbouring atomsghrthe bulk of the material and re-emitted
on the opposite side of the object. Such frequenuievaves are said to be transmitted. If the
object is opaque, then the vibrations of the etetrare not passed from atom to atom
through the bulk of the material. Rather the etatdrof atoms on the material's surface
vibrate for short periods of time and then re-eimétenergy as a reflected wave. Further

details about EM wave propagation, radiation, aradtsring can be found elsewhéré!

‘%g _ 0‘,2,
2 :
_ "’—ot_ | & Incident energy =
© I Q‘Q‘Q
! (absorbed energy + transmitted
4. energy + reflected energy)
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1 *’c\
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Fig. 7. EM wave reflection, absorption, and transmission.

3.4 Interaction with porous materials
Thermally sprayed coating structure can be a caxglstem involving elastic structures,
cavities, porosities, voids, cracks, and variedspesurface. The absorbing properties of
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materials can be improved with such porous stresteff Considering heterogenous
materials, the scattering and absorption of EM ware impossible to find. However, the
specimen can be approximated or simplified as abawation of a single layer (substrate),
two-layer (coating-substrate) or number of hollgeres (porosity in coating), as shown in
Figure 8

In layered and hollow sphere systems, the incideve would be attenuated by the
complex refraction and scattering as well as tleéedtric losses when it propagates in the
specimen. Analytically, to prepare an excellenoabesr, a suppressive reflection loBs, is
the prerequisite, which is bound up with the inipypedanceZ;,, and expressed &3!

, whereZ, :\/? andZ;, =ZO\/SZtanh (j ZHCVd\/urer),
0 T

Zin—Zo
ZintZ,

whered is the thickness of the EM wave absorbing layeatiog in current contexty, is the
frequency of the incident EM wave s the velocity of light in free spacs, is the
characteristic impedance of free spagel@0m), u, ande, are permeability and permittivity
of free spacey, ande, are the relative permeability and permittivitytbé absorber,
respectively. For a perfect wave absorRer should be infinitesimal, namely, the absorber
should have equal tou (to match the impedance of free space) with bethgas large as
possible. The scattering and absorption of EM wWawbeterogeneous materials is complex
and the exact solution is impossible to fitfP3 In thermally sprayed coatings, a number of
conditions can be assumed leading to varied EM waeeactions of incident waves. Such
coatings can attenuate EM waves merely by theareddosses resulting from coating
properties. Considering thermal spray coatingsreéHection could potentially be reduced by
fabricating or adding a dielectric material laygeothe absorbing coating or by tailoring the

\/% ratio of the absorbing cover.
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Fig. 8. Sketch of the propagation of EM wave: (a) singlgel (substrate), (b) two-layer
(coating-substrate), and (c) single hollow sphepFasenting porosity in coating (note: (c)

figure adapted and reproduced with permissiShEopyright 2011, Elsevier.

3.5 Electromagnetic interference (EMI) shielding medkan
Electromagnetic interference (EMI) shielding isteepomenon that involves the process of
reflection and/or absorption of EM waves by a matethat acts as a shield (comprising of
either conductive or magnetic based materialsyawgnting the penetration of the harmful
EM radiations into the electronic devide® There are two shielding mechanisms of EMI,
i.e., reflection and absorptidit:>"l. The reflection which accounts for a reductiorEtf
interference incidence is caused by impedance wliseoty of the air/shield (or shield/air)
boundary®8%% As an EM wave attempts to penetrate a shield mediwo reflection
processes can océ&lt: (a) incident energy encounters the surface ostield, and (b)
reflection process occurs at the opposite fachethield, and some of the energy is
reflected into the shield, known as multiple refi@es. While in absorption mechanism, EM
energy turns into thermal energy when an EM wags@athrough a medium.

Most common EMI shielding materials are neverthelessed on metal sheets,
screens or foams made of steel, copper, nickaluoninium alloys (including some

expensive materials such as silver, gold), owintpér combination of high electrical
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conductivity and dielectric constaitl However, as noted by Abbasi et al. (26®FDjnetal-
based protective systems display important drawdb#kt limit their applications: high
density, poor resistance to corrosion, cost pracgssd an EMI shielding mechanism based
on reflection, preventing their use in applicatiovigere for instance the EMI absorption is
dominant, such as in stealth technology, or affigcthe functionality and even cause damage
to other electronic circuits or components. Sifeerhetallic materials can be bulky,
therefore, thermal, or cold spray composite coatimig polymeric or graphite like substrates
with high tribological properties of coatings (j.eaw wear, scratch resistance, enhanced
bonding) can be an alternative structure for EMélsling applications. Much detail about
metallic coatings (using thermal or cold spray teghes) over polymeric substrates has been
discussed elsewhelfé! Wherein, such thermal or cold sprayed composi&ings can bring
in additional functionalities, graphite substrdi@ssuch coating can be preferred as it has
exceptionally high electrical and thermal condutts, including high specific surface area,
with effectiveness for shielding up to 130 dB &z

The EM interference shielding effectiveness orcédficy (EMI SE) of a material is
determined by algebraic summation of reflection @sorption (A), and multiple reflection
(B), in units of dB®®: 58l EMI SE is generally expressed in termsS ¢br scattering)
parameters, implying the way current/voltages trava transmission line encountering a
discontinuity caused by differing impedance betwaiemnd the obstruction or in dielectric

medial®® %859 TheS parameters calculations can be done using equ&tigaB) =

20 x log(,/oz2 + ,82), wherea andp are the real and imaginary part of the complex
numberd® Since the absorption loss is found to be dirgotbportionate to the thickness of
the shielding material, in the current contextyimaly sprayed coating thickness design

estimate can be of particular interest to enhame@absorption loss. The skin depdf) &t

1
Jmvuo

meters), means that the skin degthdecreases with the increasevin, or o.B7 Therefore,

which the EM field reduces t:o(or 37%) of its initial value, represented &is= (in
an estimate of coating thickness design is possihiee considering skin deptld) at which
the EM field reduces.

As summarised by Anderson et al. (20Z1and well known in the sector, shielding
effectiveness or efficiency classifications aréai®ws: < 20 dB is considered small, average
if between 20 dB to 80 dB, exceptional if betwe®nd® to 120 dB, and attainable if >120
dB (with cost-effective methods, and using potéiytsensitive equipment). Including
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analytical derivation of Maxwell's equations for Elhalysis, range of numerical methods in
the modelling of EM waves [63], standard methodSTM D4935-1&41), further details and

strategies about EMI shielding can be seen elsaifter

4  Electromagnetic wave propagation characteristics of thermal spray coatings

This section presents relevant literature and exesnphere thermally sprayed coatings are
developed to characterise various EM wave (i.ecromiave, millimeter wave, solar
selective, photocatalytic, EM interference, andrniad barrier (heat, emissivity)) interactions
with materials. In all the studies, the contexXaigely about enhancing the absorption of

various EM waves.

4.1 Microwave absorption performance
Microwave waves are typically defined to cover théHz to 1000 GHz frequency range
(wavelengths approximately in the range of 30 crf®8@0 pum). Within these spectra, the
communication systems applications include grouriarborne radar, electronic
warfare including guided weapons, and satellite moaimcations, microwave radar (for
police, small boats, intruder alarms, and door epgndirect broadcast satellites (12 GHz),
and mobile (1-3 GHz band) as well as cellutat GHz) communication&®! Microwave
absorbing materials (MAM) are a type of functionaterials which dissipates EM wave by
converting it into thermal energy. Considering ra@a radio detection and ranging) which is
a detection system that uses radio waves to dgitance, angle, or velocity of objeéts
there are materials which can absorb radar sigoalled radar absorbing materials or
structures or RAM/RAS) which make it harder to detw track objects (e.g., aircraft, ships,
tanks and other mobile objects, as well as humaonsaxe mitigations$86% It is important
to note that radar absorbing materials neitherrdbslbreceived EM (radar) energy, nor are
efficient within the absorbed frequency bands,dvatconsidered as supplementary means in
reducing radar cross-section (RCS) when other tqaks (e.g., shaping) cannot be
applied!®®

The microwave absorption capacity is mainly deteediby the relative permittivity
(g7), the relative permeability(), the EM impedance match and the microstructutaef
absorbef®'When an EM beam irradiates the surface of an Absoa good matching
condition of the EM impedance can enable almosi meftectivity of the incident

microwave, and then, the transmitted microwavelmadissipated by dielectric loss and
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magnetic los§% 7Y The desirable properties for microwave absorbiagenals include light
weight, low thickness, high chemical stability, widbsorption frequency range as well as
high absorption performanéé!

There are numerous examples where thermally spiayaithgs were employed to
absorb radar for stealth and camouflage, i.e.,aieduadar cross-section. In a work by
Bartuli, Cipri and Valente (2008§, range of complex ceramic-based composite coatings
with an average thickness of about 3 mmQ@&r BaTiOs 40% wt., CsOs + SrTiO; 40%
wt., CpOs + NiO 40% wt., CfOz + ATO 40% wt., C#Oz + Lap.5SIh.sMnOs 40% wit.,

Cr203 + Nio.sZno sFex03 40% wt., CsOz + Al 40% wt., CsOs + Cu 5% wt., G103 + Cu 20%
wt. + Nio.sZnosFe03 20% wt., C$O3 + Al 20% wt. + La.sSih.sMnO3 20% wit.,

Cr0s3 + Ca04 40% wit.) were fabricated by air plasma sprayingualuate their tailored EM
properties (essentially as absorbers in microwawnge (8-12 GHz)). As shown kgure 9(a)
for various coating thicknesses §Og + NiO 40% wt.), the addition of metallic particles
dispersions within dielectric ceramic matrix intumed ripple in the curves (shielding
effectiveness parameter vs frequency), and thengptitickness had a direct influence on the
absolute value of the measured loss parametercddteng showed different absorbance
behaviours, presenting resonance with absorbamd¢hkié&ness of 1.7 mm as opposed to an
absence of absorbance for higher (1.8 mm) or I¢lvdrmm) coating thickness. It is
important to highlight here that plasma sprayinfising the previously mentioned powder-
liquid ‘hybrid’ feedstock® could be ideally suited for depositing ceramicdzshsomposite
coatings such as those mentioned above by Babiplii and Valente (200852
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Fig. 9. Simulation of the RL vs frequency curve for vasawpating thicknesses for sample
(Cr20s3 + NiO 40% wt.) (reproduced with permissidff},Copyright 2008, Elsevier, and (b)
calculated reflections from a BaCoTib®1o-coated metal plate versus coating thickness

(reproduced with permissioff! Copyright 2009, Elsevier.
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Bégard et al. (2008%! compared Ba-hexaferrite (BaCoTiF®10) coatings deposited
onto non-magnetic glass-ceramic substrates by H&@FAPS techniques, obtaining coating
layers possessing the desired structural and magreperties in the as-sprayed conditions,
for microwave absorption applications. While thestitution of F&" ions with C8* and
Ti** reduced the ferromagnetic resonance frequencyifméksuitable for microwave
absorbers), to retain the crystalline hexafepitase, a controlled amount of unmelted
agglomerates was desirable to be embedded in #imgolt was suggested that compared to
HVOF spraying, APS coatings can have better magpetiperties, close to those of pure
crystalline BaCoTiFgO10. Bégard et al. (20085 indicated that to achieve high and
broadband absorption with a thin coating, the pabilgy and the magnetic losses must be
high; on the other hand, using a somewhat thic&aticg, the advantage of electrical losses
can be exploited to increase the absorption. Fralgutations based on the electrical and
magnetic properties of the bulk material (i.e.le&ion from a metal plate coated with
BaCoTiFaoO19 layers having various thicknesses), it was predithat a thickness of 1 mm
to 4 mm would therefore be optimal for microwavea@iption applicationsHgure 9(b).

As discussed by Lisjak et al. (208 composite coatings from different volume
ratios of hexaferrite (Bakg19 or SrFe-019) and polyethylene were prepared, with flame
spraying Figure 10(l, I1). The hexaferrite phase (useful for high magnesses) retained its
crystal structure and microstructure during thecpss, while the polyethylene (useful for
high dielectric losses) melted and resolidifiede Toatings showed magnetic hysteresis
loops with high coercivities. Bakb£1o/PE coatings with a thickness around 1 mm absorbed
80% of EM power at 45-55 GHz, shows that the contpa@®atings would be suitable for
EM wave absorbers in the ultra-wide bandwidth miaee range.

Su et al. (20145 developed multi-walled carbon nanotubes (MWCNTs)irite
(MAS) nanocomposite coatings on to graphite sutestaa thickness about 2.5 mm via low-
power APS for microwave absorption applicationthatfrequency of 8.2-12.4 GHz.
MWCNTs/cordierite (MAS) nanocomposite coatings wdifferent MWCNT contents (5, 7,
10, 15, 20, and 30%) were investigated. With tlegase in the MWCNT content to 7%, the
coating showed the highest dielectric constantagioinal microwave absorption property
but further increase in MWCNT content led to sewvedglation of MWCNTSs during plasma
spraying process, resulting in lower dielectricstants and poor microwave absorption

properties. The sample with 2.4 mm thickness (sartiptkness investigated: 1 mm to 3.5
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mm) showed the best microwave absorption behawath,minimum RL of -15.61 dB and
bandwidth of 2.35 GHz. In continuation to their WoBu et al. (2015 developed
TisSiCy/cordierite (MAS) composite coatings on to grapkiiéstrate to a thickness about 2.5
mm via plasma spraying for microwave absorptionlieppons at the frequency of 8.2-

12.4 GHz. The addition of 3$iC; significantly improved the EM shielding and comple
permittivity of the coatings (due to enhanced pakdion effect and electrical conductivity).
With the increase in 38iC; content (to 30 wt.%), the coating showed enhanaedowave
absorption, means the absorption bandwidttb(dB) can be obtained across the whole
measured frequency with a coating thickness ohin8(at 9.9 GHz peak frequency). Again,
in similar work, Su et al. (2015)! developed carbon black/cordierite composite cgativf

2.5 mm thickness on to graphite substrate usingnpdaspray and investigated complex
permittivities of the coatings and powders withfeliént carbon black content percentages for
microwave absorption applications at the frequesfd.2-12.4 GHz. The coating with 4.54%
carbon black content and 3.0 mm thickness (analifsekiness range 1 mm to 3.5 mm)
shows microwave absorption with a minimum RL of -228dB at 10.13 GHz and RL less

than —9 dB over the investigated frequency range.

(I) Coatings
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Fig. 10. (I) SEM images of the fracture surfaces of theesPocoatings, (A) with low
hexaferrite volume ratio, (B) high hexaferrite vole ratio, (C) images of the cross-section of
the as-sintered hexaferrite feedstock powder (natbel 1 = unmelted hexaferrite particles;
label 2 = PE matrix; and label 3 = substrate), @hdeflection-loss spectra of the (A)
BaFa»019, and (B) SrFe0Oiscoatings, both with high hexaferrite volume ratiepfoduced
with permission}*¥! Copyright 2011, Elsevier.

To enhance the adhesion strength of microwave bimgpmaterials, Wei et al.
(2015)7®! fabricated W-type hexagonal ferrite coating byspia spray. The feedstock of
ferrite powders was synthesised by solid-stateti@aand spray dried process. Reflection
loss (RL) of the hexagonal ferrite coating is meadun frequency of 2-18 GHz. The result
shows that the coating is suitable for EM wave dies in Ku-band. It is well known that
hexagonal ferrite exhibits excellent microwave absw behaviour due to strong magnetic
loss. It was observed that simulated RL of theingawas below -5 dB in the frequency
range 14.2-18 GHz with a thickness of 1.5 mm. Tiemum RL is -7.2 dB at frequency of
18 GHz. For realising efficient microwave absorptio wide frequency bandwidth, the
incident wave should enter the absorber as mugplossible and then be fully absorbed.

Yang et al. (2016)") developed LaSrMngAl O3 ceramic coatings on graphite
substrates with thickness about 2 mm using AP&®application of high temperature
microwave absorbing coating in X-band (8.2-1@Hz) which is an airborne interceptor and
missile seeker radar range@% was chosen as insulation matrix and LSM was chasen
conductive filler. Microwave absorption showed tRa4t values exceeding —10 dB can be
obtained in the frequency range of 10.5-12.4 GHemthe LSM content is 80wt% and
when the coating thickness is 1.5 mm. In a continngo their work, Yang et al. (201657
developed TiQAI203 and TiAICo ceramic coatings, respectively, on taphite substrates
with thickness about 2 mm using APS for the apfiliceof high temperature microwave
absorbing coating in X-band (8.2—-12#z). For both coatings (T#AIl20s, TiAIC0),
microwave absorption showed that the RL valuesedee —10 dB in the whole frequency
range of X-band when the coating thickness is 213[#8] and when the coating thickness is
1.8 mm [79].

Zhou et al. (2018 investigated Cr/AlOs coatings deposited using low-power
plasma spray with 3.5 mm thickness on to graphitetsate for microwave absorption

applications in the X-band (8.2-12.4 GHz). The titgpsubstrates were used for easy
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removal of coating flakes from the substrate. Toatings exhibited fully molten splat-like
lamellae and partially molten/unmolten:®k particles, surround by a fully moltenJ8lz
matrix. It was observed that the content and siZéran the coatings played a dominant role
in the formation of metallic clusters, and the aogd with higher Cr content and larger Cr
particle size exhibited higher dielectric propestikie to the enhanced interfacial polarization
and conductance loss. In their recent work usimgeslaw-power plasma spraying, Zhou et
al. (2019¥Y investigated the influence of NiCrAlY content odieldctric and microwave
absorption properties (in the X-band) of NiCrAlY#8k composite coatings (3.0 mm
thickness on to graphite substrate). The featurdsnithe coatings indicated string or splat-
like microstructure of metallic NiCrAlY. Due to ietfacial polarization, relaxation loss and
conductance loss, the real and imaginary partsmiptex permittivity were enhanced with
the increase in NiCrAlY content. Owing to the higipedance matching and the preferable
attenuation coefficient, the coating with\®0% NiCrAlY and 2.0mm thickness possessed
effective bandwidth (< -168B) 1.3GHz in the range 8.2 GHz to 931z and minimum RL
of -15.7dB at 8.9GHz, exhibiting enhanced microwave absorption pirtbge

Chen et al. (2018 developed ESIC/NASICON coatings on a graphite substrate to
a thickness about 2.5 mm via APS for high microwalvgorption applications in a wide
temperature range (25 °C to 500 °C) at the frequearege of 8.2-12.4 GHz (X-band). It was
observed that the ionic conductivity of NASICON niratind contact conductivity at
Ti3SIC2/NASICON interfaces contributed to high pétivity. The permittivity increased
with high temperature due to the dielectric relapmtspace charge polarization, thermal ion
relaxation polarization and conduction loss. Thaticg exhibited a good microwave-
absorption property with a wide bandwidth (belowEy with a thickness less than 2 mm
when the temperature ranged from 200 °C to 500 °C.

Due to high conductivity loss properties of WC, 8leaal. (20205° developed
ceramic (WC and A3z composite) coatings using APS on to Ni alloy statetfor
microwave absorption at high temperatures in X-b@n2-12.4GHz). The results showed
the absorbing bandwidth for RL below —10 dB carcheb. 5GHz and 2.Z5Hz with the
thickness of only 1.inm and 1.5nm, respectively. In continuation to their worka8het al.
(202084 developed ceramic (20% wt. s and 80% wt. TiC; both non-magnetic materials)
coatings using APS on to Ni alloy substrate and sprayed NiCrAlY alloy metamaterial
pattern (an artificial designed structures) for aipplication of high temperature metamaterial

radar absorbing coating (MRAC) in X-band at 800 T6e metamaterial pattern using
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NIiCrAlY alloy (replacing traditional metals) wasw#doped to enhance relevant absorption
performance (achieved EM reflection loss belowB5cdvering the whole of X-band at 800
°C), and the coating possessed better EM absodtiitity with a thickness of 0.96 mm. Shao
et al. (2020%° developed plasma sprayed coatings (combinati@ki G and TiC powder
material; i.e., (1-x).wt AlO3 ~ x.wt TiC) on to a superalloy substrate at 800 i&w
enhanced performance in X-band (8.2—12H¥), for high temperature absorption properties.
For 80wt.% AbOs-20wt.% TiC and thickness 1tBm, the coating exhibited an enhanced
absorption bandwidth of 3.45Hz at 800°C, and a RL lower than @ over the whole X-
band.

Zhao et al. (2021)[33] investigated ultra-thin higimperature titanium diboride
(TiB2) and alumina (A¥O3) coatings sprayed on to a Ni-based alloy substisiteg APS for
high microwave absorption performance in a widepgerature range2f °C to 800 °(.

With a coating thickness of 1.4 mm, the 30%wt. 2l+B70%wt. AbO3 composition exhibited
a RL of less than -5 dB over a wide high tempestange 400 °C to 800 °in the whole
X-band (8.2-12.4 GHz).

As shown through number of examples above, apitalf thermal spray coating
methods is successful in developing microwave disgrcomposite coatings. Typical
coatings thicknesses used ranged from 1 mm to 3wnich calls for development of
coatings with similar absorption capabilities wétmaller thicknesses to ensure weight

reduction, especially in some of the critical apafions such as defence and stealth.

4.2 Millimeter wave absorption performance
The millimetre waves (or mmWave) EM radio wavedagfly cover the 30 GHz to 300 GHz
frequency range. It corresponds to a wavelengtheraf 10 mm at 30 GHz decreasing to 1
mm at 300 GHZS! and it meets the capacity requirements of the &@ark (at 26 GHz to
60 GHz) which is beyond all current cellular and-Mirequencies which are below 6 GHz.
Millimeter wave absorbing materials are importanattenuate EM pollution occurring due
to rapid development of information technology amdlefend against radar detection for
military stealth technolog§’! An ideal absorbing material should possess stRingnd a
broad bandwidth.

Barium hexaferrites, well-known ferrimagnetic méks, are suitable materials for
microwave and mm-wave absorber coatings, and a basipound has a chemical

composition of BaFe0O19 with a complex magneto-plumbite structiiréBaFa:019exhibits
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ferromagnetic resonance at around 50 GHz, makisgjtable for mm-wave applicatioRs!
Typical commercial hexaferrite-based absorbersaramics or polymer composites filled
with the absorbing powders. There are obvious #tiahs in the possibility to adjust them to
the various shapes of components requiring EM ptiote these limitations can be overcome
by the application of thermal spraying technologiesa work by Bobzin et al. (2018Y, Ba-
hexaferrite coatings for EM mm-wave absorption mapilons were deposited by APS. A
suitable powder feedstock was manufactured by igral BaC@+FeOs mixture, which

was then agglomerated by spray-drying. The agglateemwere processed by APS without
any further treatment or were heat-treated andixedy sintered to stoichiometric Ba-
hexaferrite prior to spraying. Whereas the depmsitif untreated agglomerates did not result
in adequate amounts of crystalline Ba-hexaferntthe coatings, the APS processing of
reactively sintered agglomerates led to a higheruntf Ba-hexaferrite and similar magnetic
properties to those of Ba-hexaferrite bulk materild another, Bobzin et al. (20¥%) used

two different kind of feedstock powders: (a) spdaied agglomerates of micrometric
SrFa2019 particles, or (b) spray-dried agglomerates of naaterials (SrCg FeOs),

reactively sintered at 1100 °C. The high magneiss lof crystalline SrkeD19 plasma

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

Application of ceramic coatings on thick ceramibstmates can offer the benefit of
preventing cryogenic delamination of the coatingsddition to being a good anti-reflection
coating for broadband millimeter-wave detectiomnipet al. (2016¥! developed plasma-
sprayed anti-reflection coating of about 100 prmkhess with various mixtures of Az and
microsphere powders (made ok@kand SiQ) on to AbOsceramic substrate (6.35 mm
thick), as shown ifrigure 11(a)for experiments with cryogenic optics and achierenimal
dissipative loss and broad bandwidth. By mixingdwlceramic microspheres with alumina
powder as the base material and varying the plasraegy of the spray, the dielectric
constants of the plasma-sprayed coatings (for oldedr uniform thickness below 10 pum)
were tuned between 2.7 and 7.9. By spraying low é@samic materials with a tuneable
dielectric constant, Jeong et al. (209%were able to apply multiple layers of anti-reflent
coating for millimeter-wave detection. At 300 K (FZ), they achieved 106% fractional
bandwidth over 90% transmission using a three-lapérreflection coating (sdegure
11(b)).
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Fig. 11. (a) Showing plasma sprayed spherical lens suri@edsnslet array), and (b)
transmission spectra of a three-layer anti-reftectioated alumina disls@lid blug and an
uncoated alumina diski¢tted gray at 300 K (reproduced with permissid#).Copyright
2016, Springer Nature.

The sub-millimetre (or Terahertz) EM waves typigalbver the 0.3 THz to 30 THz
frequency range and occupies a radiation betweeromaves and infrared light waves.
Terahertz EMW are capable of penetrating certammetals but are safer to use because
they cannot disrupt molecul®8! Their frequency range corresponds to a waveleragthe
of 1 mm at 0.3 THz decreasing to 10 um at 30 THzetahertz range, Watanabe et al.
(2011)°% investigated the EM wave transmittance and digteptoperties of atmospheric
plasma-sprayed 146 pum to 1100 um thick YSZ thetmaalier coatings deposited onto a
carbon steel substrate. The coated samples wedeqad with varied microstructures by
varying spray parameters and irradiated by a pske6.3 THz wave. The measurements
indicated a high transmittance of 20%—-80% at fregies below 0.5 THz and zero
transmittance above 1.5 THz. As showrkrigure. 12 the real part of the dielectric constant
indicated strong relationship with the coating’sqsity, meaning, terahertz spectroscopy
could be useful to non-destructively evaluate thegity of ceramic coatings, as well as the
detection of densification caused by the sinteahthe coatings upon their use in high

temperature environments.
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Fig. 12. Dielectric constant at 0.5 THz plotted as a funtiof porosity of the coatings
deposited with varying (200 mm to 70 mm) plasmagplistances (reproduced with
permission)?? Copyright 2011, Elsevier.

4.3 Solar selective absorbing property
The sun is a natural source of terahertz (THz) wa&ed the solar emission wavelength
range is (300 nm to 3000 nm, or 100 THz to 1000)P&zSolar energy cells can directly
transfer incident light into electricity, and theahspray has been an alternative fabrication
route of absorbent coatings as it can generatersatmn/nanocrystalline microstructures.
However, as reviewed by Xu et al. (2028) most of the research has been concentrated on
the application of thin film deposition techniquaamely, physical vapour deposition, ion
plating, sputtering, and evaporation technique, ganed to thermal spray coating methods.
As known for thermally sprayed coatings, the exiséeof microstructural defects,
high surface roughness and phase contents leaditqbor optical (solar) properties,
because of which it is limited to prepare solaestve absorbers. Though, with certain
modification and fabrication techniques, thermallyayed coatings can be developed for
solar absorbing properties. VaRRen et al. (288%eposited highly porous Ti@oatings

using suspension plasma spraying on ITO coated glasstrates for photovoltaic cells, with
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special emphasis on the establishment of a highavelfraction of the desired anatase phase,
with the best coatings with about 90% of anatasselibased on photocurrent voltage
characteristic curve). In a work by Gao et al. @9, as shown irfrigure 13 Ni-Mo and
No-Mo-Co sprayed HVOF spray coatings were deposited07 L stainless steel substrates,
and coatings were irradiated by laser treatmerit thi¢ aim of improving the solar absorbing
property for concentrating solar power applicatidblsanging the powder or coating
morphology by laser treatment (leading to changgsase contents before and after laser
treatment) can achieve better selective EM progeudf the coatings (e.g., for improving the
optical properties of thermal sprayed coatingseeisgly for concentrating solar power in the
spectral range 0.3-2.5 um). As shown infrgure 13(for Ni-Mo coatings), the as-sprayed
coating is covered by surface connected micro-pareseful coating features for solar rays
to penetrate to the substrate and to weaken teedetl spectrally selective effect of the
deposited coating. However, after laser treatmenéexpected, the coating is denser with
significantly less micro-pores. The reflectancevesrEigure 14 of laser-treated coatings
compared to as-sprayed coating shows suppressedtaetce, indicating an enhanced solar

absorbing property is possible (i.e., absolute #infcrease in solar absorptance on the laser-

treated coatings).

Fig. 13. SEM images of HVOF sprayed surface: (a) as-sprajelo coating, (b) laser-
treated Ni-Mo (reproduced with permissi&§) Copyright 2015, Elsevier.
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Fig. 14. Reflectance curves of the HVOF sprayed coatingsjaayed and laser treated): (a)
Ni—-Mo coating, and (b) Ni-Mo-Co coating (reproduaeth permission}®®! Copyright 2015,

Elsevier.

Wang et al. (201! investigated solar absorptance or solar photavtaker
conversion applications of HVOF sprayed 45 um thé&/Co coatings (powder comprised
of nanometer and sub-micrometer WC particles) degmbsen to 1 mm thick AISI 304L
stainless steel substrates and compared optigaégires of the sprayed multimodal and
conventional coatings. The multimodal WC/Co coatiitlh coarse and fine WC particles
using agglomerated feedstock powders exhibitedjlaehnisolar absorptance (0.87), which
was attributed to the formation of a dense coatiitly no decarburized phases and
distributed WC particles, than what can be achidwedither coarse powders (0.80) or fine
powders (0.82) alone. Similarly, in a work by Keakt(2018)°8! WC-Co coatings were
deposited on to stainless steel substrate by H\f@d&ysg, including layers of coatings
(CuCoMn@, CuCoMnQ-SiO,, and SiQ sols) synthesised by sol-gel method deposited
successively on the coating. The CuCoMn@s used as sealing layer to fill the larger pores
and grooves on the surface, then, the composittd®o®nQ-SiO; sol was deposited as the
second sealing layer to eliminate the remainingllempores as well as transition layer to
connect the sealing layer and the uppermost &if@-reflective layer. For the new multilayer
structure coating, the absorptance increased fr8&1Go 0.915 and the emittance decreased
from 0.434 to 0.290. After being annealed undervacuum environment, the absorption
and emittance of the multilayered coatings sta@nged to 0.901/0.320. Using similar
composite coating preparation method, Duan el 7}** investigated solar selective
absorbing properties of duplex Co-WC:Bk (absorbing layer using HYOF method) and

Al>0s (anti-reflection layer using sol-gel method) ceilametal-dielectric. The coating
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exhibited high solar absorptance/emittance (0.9Q088), however, after annealing the
coating at 600 °C for 7 days in air, the absorpeégmittance decreased to 0.898/0.172,
which indicated that the coating exhibited a gduetial stability.

Within solar selective absorptance applicationstrttal absorptance represents the
fraction of incident wavelength radiation that isarbed by the material, and for objects that
do not transmit energy, emissivity (=1-reflectiyityf a surface is a measure of its ability to
radiate energy in comparison to a black body. dleBned as measure of infrared energy
radiated from an object, and the ratio varies fbta 1 [100]. Therefore, for optical
emissivity in infrared region of metal oxides, Tiudti al. (2004Y! sprayed ZnO and ZnO + (3
wt.% and 22 wt.%) AlOsusing plasma spraynto sand blasted steel substrates. While
measuring reflectivity, it was observed that theared emissivity of sprayed coatings was
depending on factors, such as wavelength, powdamidal composition and spraying
atmosphere. As shown Fgure 15 coatings containing 22 wt.% of Az showed lower
emissivity in the visible range than the correspog® wt.% AbOs containing coatings. It is
important to note that AD3 (a dielectric) is more stable and more difficolréduce than
ZnO (a semiconductor). Therefore, the plasma sprethod was useful in modifying the
optical emissivity in infrared in the coatings ddpeith Al about that sprayed using pure
ZnO. In this context, it is relevant to mentiontthaatings of ZnO [101] and Zn§a4 [102]
have also been successfully deposited by the SRRS. r

Similarly, due to high thermal and oxidation remiste of spinel (oxides), Deng et al.
(2020J%% studied plasma sprayed vanadium tailings depositei 1 mm thick stainless-
steel substrate with Ni/Al bond layer. Vanadiuntingis are composed of oxides of Fe, Cr,
Mn, V, Ti and other transition metals, and is bgghrct of steel manufacturing. The spinel
structured composite oxide coatings exhibited falgborptance (93.79%) and a low-energy
band gaps, emissivity of 71% at 120 °C, and highrttal stability at 500 °C.
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Therefore, in most cases, the high absorptivity, émnissivity, and the textured
surfaces offered by thermal spray coatings is weal} suited for selective solar absorption
applications. The advent of high operating tempegeatoncentrator solar power systems
where the coating is subjected to very high tentpegacycles for long durations means that
future work on these coatings will have to be amttiermal stability of the coating systems

over high number of thermal cycles.

4.4 Photocatalytic (absorption) performance
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Photocatalytic property refers to the acceleratiba chemical reaction in the presence of
substances called photocatalysts, which can alighttquanta of appropriate wavelengths
depending on the band structure. Usually, semictiodsiare selected as photocatalysts due
to their narrow band gap, unoccupied conductiordizard occupied valence bafif!

Light absorbing ability of any material in the r&ngf Ultraviolet (UV) - Visible (Vis)

- Near Infra-Red (NIR) is a factor which is impartdor improved photocatalytic property.
As an example, Ti®(n-type semiconductor most frequently used) cgaiphotocatalytic
property can be triggered when exposed to the ght liand there are number of studies on
such coating materials deposited using thermalydpichniques. In all such investigations,
the research has been more on enhancing the absacppability of the material, which
enhances the decomposition capability (e.g., degi@dand destruction of organic
pollutant$®, or inactivation of pathoge¥! or to mitigate the environmental impact of the
textile industry by degrading dyes into water aatbon dioxide in wastewatef?! It is also
important to note that under atmospheric pres3u@, exists as amorphous, anatase,
brookite and rutile forms, however, most of theeggsh in solar driven applications focuses
on anatase and rutile due to their stability anotgéctivity 2% Though TiQ material is well
known largely for its absorption capabilities itV range, the absorption drops off in the
visual range where the wavelength is higher thahr88. This is due to the band gap being
around 3.0-3.2 eN?®l which means that this material cannot be useldrvisual range of the
radiation. However, additives are known to overcame drawback. Ye and Ohmori
(2002}19 tested the effect of addition of & in a plasma sprayed Ti@oating in
comparison to a Ti@coating without the additive. The improved absorpperformance of
the coating with the additive is attributed to fbemation of FeTiQ phase, which was shown
to promote the absorption capability in the visaage. The presence of anatase phase in the
pure TiQ coatings was also shown to improve the overalbgdi®n performance though not
as prominent.

Dosta et al. (2016}* deposited Ti@coatings on Inconel alloy substrates to
understand their effectiveness as photocatalytiasess. The feedstock powders were nano-
agglomerated Rutile-Tig) Anatase-TiQ and TiQ-x suboxides deposited through APS. The
radiation absorption of these coatings has beebuwatd to the surface roughness and the
deposition thickness. The maximum penetration depthe radiation into the coating is
directly proportional to the absorption coefficiéat of the coating material.o’ is a

function of the wavelength of the incident lightadictates the maximum light penetration
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depth. The photocatalytic activity of the coatimgslictated by the crystalline phase content,
which is a function of the feedstock charactersstiach as particle size and morphology.
These parameters also dictate the degree of mdititng coating which in turn dictates the
surface roughness of the coating, which at high&res promotes better radiation absorption.

Reduced TiQ@is known to display improved absorption in the Vi&-NIR region in
addition to improved emissivity. Wang et al. (201%) used the flame spray method to
produce reduced TiK)where a combination of ethylene and oxygen isl tiggroduce a
flame expanding through a torch. This method waseh due to the high operational
temperatures and the high quenching rates. Theyamamercially available rutile-Tias
the feedstock. The powder was sprayed into watgtaer characterised to identify the
phases formed. Due to the O-poor regime withirflirae, the formation of oxygen (O)
vacancies and titanium (Ti) interstitials leadinghe formation of Ti" species was reported.
This species was shown to have a lower energy bapd2.32 eV) which was lower
compared to that of the feedstock (3.14 eV), inthgathe formation of an impurity energy
level. This lower bandgap was reported to havesa®ed the absorption in the visible region.
The NIR absorption was also shown to have increastdthe reduced Ti@powder due to
the impurity energy level absorption and the fragier absorption. The presence of oxygen
vacancies leading to the presence of more holeglaattons was reported to have helped the
latter.

As shown inFigure 16(a)Mauer, Guignard and VaRen (2045} investigated
suspension plasma sprayed (SPS). G@atings for photocatalytic applications (dye-
sensitized solar cells in the visible spectrumgtit), as anatase phase with specific rutile
content is preferred to achieve optimum photoctitafctivity. Mauer, Guignard and Val3en
(2013)**% indicated that immediately after deposition, @driiansformation to rutile can
take place if the substrate temperature is sufficiés shown irFigure 16(b)to improve
photoactivity of TiQ, nitrogen can be doped (by adding TiN to the tladspray feedstock)
during coating fabrication, as such anionic dopant create states within the band gap which
locally reduce the energy barrier of the photoexkiglectron.

Plasma spraying can be deployed to deposit thin do@ting on glass substrates for
photocatalytic application along with high sunligtgnsmittance. Zhang et al. (2043
studied the effect of porosity (8.9%, 11.2%, 17.5%b)Xhe photocatalytic activity of plasma
sprayed TiQ@ coating on steel and FTO glass substrates. \glakma spraying, the anatase

phase in starting Tigpowder transformed into rutile phase. While depelg the optimized
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process parameters to obtain highest porosityas @bserved that the photocatalytic activity
of TiO2 coating (with 20-25 pum thickness) on FTO was Brfes better than Tigcoating on
the steel substrate. This improvement in photogtitgberformance was due to formation of
bimodal porosity (micron and submicron size posegfFigure 1% and improved
transmittance in Ti@coating on FTO glass. Zhang et al. (20#%)also observed that for
TiO2 coating’s photocatalytic performance, porosityteohhas a dominating effect than

phase type.
(b)
3
L]
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3 5004, 80 mm /
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Fig. 16. (a) SEM images of coating (samples coated usiagension plasma sprayed (SPS)
TiO2 coatings) microstructures sprayed at hot condsti&®0 A/80 mm), and (b) absorption
measurements by photo-thermal deflection spectpysebnitrogen-doped and undoped
sprayed at hot conditions (400 A/65 mm and 500 A/80) (reproduced with

permission)!*3 Copyright 2013, Elsevier.

10pm

Fig. 17. SEM images of micron size pores in iating on FTO glass: (a) low
magnification, (b) high magnification showing sulsnoin pores in the unmelted region are
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marked by the circle in (a) (reproduced with pesiais)*4 Copyright 2013, Springer

Nature.

Robinson et al. (2018§8 used SPS method for the deposition of nanostredtlii
coatings (of 2-15 um thicknesses) on to AISI stsslsteel substrate with predominantly
anatase crystal structure. The coating exhibitadgar surface, high specific surface area,
along with densely packed agglomerates interspav#bcdsome melted material. As shown
in Figure 18 the coatings produced demonstrated visible kdpsorbance (due to the creation
of Ti®* within the coating because of reduction by therbgdn containing plasma) with a
significant decrease in reflectance at waveleng8@ nm. Very recently, Khatibnezhad et
al. (20218 investigated the effect of oxygen deficienciedtmoptical and photocatalytic
activity of sub-stoichiometric Tigk coatings (about 100-150 pum thicknesses) deposited
stainless steel substrate by SPS. The coated sampte heat treated in air at four different
temperatures (in the range 400-550 °C) to varydhel of oxygen vacancies. The absorption
spectra in the UV-Vis range indicated that thers wa difference in the absorption of all
coatings (i.e., as-sprayed and those heat-tremte¢ldg UV range, whereas as-sprayed coating
showed the highest absorption (and smallest indi@edgap), and the absorption increased
with decrease in oxygen content in the visibletliginge. Considering the photocatalytic
performance, analysis showed that oxygen vacansyiyaly affected the photocatalytic
activity of TiOx« by introducing some energy levels into the bandgapO,. Khatibnezhad
et al. (20213°7 suggested that such energy levels can act asftrapboto-excited holes and
electrons which can reduce the recombination rtbarges, leading to improvement in the

photocatalytic activity under the visible light g
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Fig. 18. UV-Vis reflectance spectra of Tig@oatings produced in the two plasma conditions

(reproduced with permission from the Royal SocwtZhemistry)1%

The suitability of thermal spray methods for depngi TiO> has been demonstrated
through numerous research publications. The retemti the anatase phase in Ti® highly
desirable due to its higher photocatalytic efficigifas large number of the photo-generated
electron-holes pairs exist which can participateurface reactions (Khatibnezhad et al.,
2021}1%7is of high priority in thermal spray photocatatytioating research. The use of
different doping materials towards this end islifk® constitute further research in this area.
Attempts have also been made to deposit photoytiatly active TiQ coatings by SPPS,
using materials such as titanium isopropoxide asstarting feedstock. It has been shown
that significant control over the resulting microstures can be exercised by suitably
controlling the process conditions. For exampl@&saeriQ coatings have been fabricated
using precursor solutions at near-saturation canagons*'® In contrast, porous TiD
coatings have also been realized by the SPPS téiifEhe phase constitution of the SPPS
deposited Ti@Qcoatings has also been shown to be influencetidygpray variables, most
dominantly the plasma powBt® suggesting the possibility of controlling the arsat-rutile
ratio that can influence the photoelectrical andtpbatalytic properties. SPPS also provides

a facile one-step process to synthesize efficigibhe-light-driven photocatalysts, such as
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cocatalyst-grafted Ti3+ self-doped rutile Bi@hich have been found to exhibit excellent

photocatalytic activity**”]

4.5 Electromagnetic interference (EMI) shielding perfance

There are numerous examples where applicationeofithl spray coating-based fabrication
of high performing EMI shielding structures hasmédemonstrated. This is interesting as
thermal spray methods can aid develop coatingswaitted phase composition,
microstructure, EM properties, oxidation resistaratemical stability, and flexibility for

large scale production. Jang et al. (262¥)studied the EM interference shielding
effectiveness of Cu, Cu-Zn and Cu-Ni coatings depdon smooth steel substrates using arc
thermal spray process, as showirigure 19 They studied the effect of the coating
thickness, porosity and degree of particle melwuitin the microstructure on the EMI
shielding effectiveness over a frequency range bfGHz to 1.0 GHz. For security
applications, from EM interference (EMI) at 1.0 Glitzequired minimum 80 dB shielding
value by the shielding materials, as recommendeualtipnal defence and military

facilities 1191201 Jang et al. (20268 reported that the introduction of Zn into the aogt
increased the EMI shielding due to increase irdngree of melting leading to an increase in
the conduction loss. At lower thicknesses of thatiog, around 10im, EM wave leakage
through the high porosity present was reportecai@heduced the EMI shielding. As the
coating thickness increased, the coating densifyeased due to lower porosity leading to a
higher conduction loss. While the EMI shieldingeetiveness values reveal that 100 um
thick Cu-Zn coating satisfy the minimum requirem@mEMI shielding but the Cu and Cu-
Ni required higher thickness. In the context of aflet coatings, such as those in the Cu, Cu-
Zn and Cu-Ni category discussed above, the supierparticle deposition by the cold spray
(CS) process is particularly ideal by virtue ofatslity to almost completely suppresssitu
oxidation and yield dense and well-adherent coati@pld spray coatings for EMI shielding
using conductive or magnetic materials are consatlene of the promising cold spray

applicationg*?!
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Fig. 19. Shielding effectiveness value of Cu, Cu-Zn, andNLgoatings, each with
thicknesses: (a) 100 um, (b) 200 um, and (c) 500at mifferent frequencies (reproduced
from CC-BY open access publicatiofs§!

By using low power plasma spraying, Wen et al. @8%! fabricated
MoSiz/glass composite coatings on to graphite subsffageire 20(a) with different
MoStk. filler content (20%, 22.5%, 25%, 30%) in glass mxato investigate the EMI
shielding effectiveness. As shownhkigure 20(b) the fabricated coatings showed
MoSi. flake aligned in the plane direction blocked theident EM wave through the
shielding materialsia reflection and absorption many times by multiglgers of parallel-
flake micro-capacitor. They found that the shiefd@ifectiveness was related to the electrical
conductivity and dielectric properties, attributedhe high aspect ratio of lamellar
structure as well as dispersion state of MoBe average value of shielding effectiveness
was 24.2 dB (99.6%) in X-band (8.2-12.4 GHz) fa MoSk/glass composite coating with
30wt.% MoSg with 1.5 mm thickness. Before this, the same itigason team led by Qing
et al. (2015}2°! fabricated about 3 mm thick FeSiAlk&; composite coatings on to graphite
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substrate with different FeSiAl content (10%, 2%, 40%) in AlOs matrix, to

investigate the shielding effectiveness. Analybisvged that the total shielding effectiveness
of 40 wt% FeSiAl powder filled ADs ceramics exceeded 36 dB in whole X-band with a
thickness of 2.0 mm, indicating high EM attenuatuwaperties. Similarly, Zhou et al.
(2011}*?4 investigated AOs/Nb composite coatings sprayed on graphite sulesttat low
power atmospheric plasma spraying. Analysis shawatfor the microwave-absorption as a
single-layer absorber, with 10 wt% Nb content amatvhen the coating thickness is 1.5 mm,
the RL values exceeding —10 dB can be obtaineldrirequency range of 10.0 GHz to

11.8 GHz.

Lamellar structure

1
7
FE ol

Fig. 20. (a) SEM image of the as-sprayed composite coatitig30% MoS filler content in
glass matrix and (b) schematic of EM wave intecactith as-sprayed MoZglass coating
(reproduced with permissioRf? Copyright 2016, Elsevier.

Due to high EM shielding characteristics of alurami(Al) and tantalum (Ta)
materials, Hung (2016%°! fabricated Ta—Al coating (using sputtering teclueigonto glass
substrate to review the shielding characterisat$réquency range: 50 MHz to 3000 MHz)
but investigated the coating structure and interfaroperties of plasma sprayed Ta—Al
coating (Al (100 um), Ta (200, 400, and 600 pm)panl mm thick 304 stainless steel
substrate. It was observed that after annealingthestment process, the Ta—Al coatings
(onto stainless steel substrate) structural charatts were excellent and suitable for
shielding effects at different temperatures and idityn Hung (2019¥2%! concluded that
increasing the Ta thickness (as well as with tlcesiase in temperature) can improve the
shielding characteristics at low and middle frequyeconditions, while annealing also had

significant positive effect at high frequency cdrah.
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Qing et al. (2021)%° investigated EMI properties in the X-band (8.2-412Hz) of
1.2 mm thick plasma-sprayed Z/BI>Os coatings (ZrB is a semiconductor, ADz is
insulator). It was observed that the total EMI &gy efficiency (EMI SE) of 30vt.%
ZrB: filled Al>Os ceramics was greater thand8 at 25°C and 44dB at 600°C, along with
long-term life at high temperature (660 for 300h). Qing et al. (2021¥%! indicated that the
target value for the EMI shielding efficiency nedder commercial applications is near
20dB, means ZrBAI20s coatings can be regarded highly efficient EMI abswg and
shielding materials. Very frequently, it has bedrised®® 126-128lthat for enhanced EMI
properties, the frequency dependence of the congdanxittivity and the EMI shielding
efficiency can be optimised by introducing high doative carbon nanomaterials (carbon
fibers, carbon nanotubes, graphene), and MXEffé81Xenes are those materials which
contains novel transition metal carbides, nitricdes;arbonitrides, represented as
Mn+1AX, (N =1, 2 or 3), where M is transition metal (Sc, i, Hf, V, Nb, Ta, Cr, Mo, etc.),
A is group 12-16 element (Cd, Al, Ga, In, Tl, Sg,®n, Pb, P, As, etc), and X is carbon
and/or nitrogen, respectively, and it is possibléhermally spray MXenes phase materials, as
demonstrated in one of the rare work by Zhang.€2at8¥3% who used kerosene-fuelled
high velocity oxy-fuel (HVOF) spray of IAIC MAX phase powders.

From the above literature, in most of the thermsaflyayed coating systems, the
existence of a conductive network of splats/lanee{large interface area, along with large
surface area due to porosity), along with reasgnlaigh coating thicknesses (since the
absorption loss is found to be directly in propmntite to the thickness of the shielding
material’l is crucial for the EMI shielding performance. Tégsting of these networks
results in the formation of micro-capacitors tlestd to energy loss within the coating. In
most systems, the conductive component exhibiereofation (meaning to filter or trickle
through) threshold beyond which the coating condadbsses dominate the energy loss
mechanism and lead to high EMI shielding perforneafitie formation of the micro-
capacitor networks leads to an increase in theativeymplex permittivity of the coating.
The increase in the wt.% of the conductive compboéthe composite coatings leads to an
increase in its interfacial area with the matrixding also to an increase in the dielectric
constant of the coating. All these different phepamlead to an increase in the EMI
shielding(®*

4.6 Thermal barrier (heat, emissivity) performance
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As per Kirchoff's law of thermal radiation, a bodya given temperature radiates EM
energy3Y The law of such thermal radiation suggests waygtespecific radiative
emission and absorption by a material, in thermadyino equilibrium, including radiative
exchange equilibrium. Thermal emitter materialsaarether type of EM wave absorber, and
due to Kirchhoff's law, a perfect emitter is equévd to a perfect absorbgt.

Thermal barrier coatings (TBCs) are common poroaternals coating the surface of
devices operating under high temperatures andsaengally designed for heat insulation
purpose. There are number of recent reviews sursimgrilesign aspects of thermal barrier
coating§32133but not much has been reported about their EM waspagation
characteristics. Though some studies present arebrapsive investigation on the
microstructural effect on radiative scattering ¢ieefnt and asymmetry factor of anisotropic
thermal barrier coatind® 13413IThermal barrier coatings usually consist of boodtc
(metal alloys), and topcoat (ceramics) containing % yttrium stabilized zirconia (or
YSZ), and APS and electron beam physical vapor sigpo (EB-PVD) are two main
approaches to fabricate TBC's. However, APS is Imosed considering its wide
application, high production efficient, and low tosfabrication. During the fabrication
process, defects like pores and cracks are form&®8Cs and play an important role in heat
transfer. YSZ TBCs are intrinsically semi-transpérne the wavelength ranging from Qi
to 8um where over 80% of thermal radiation emitted bjeots at 1700 K (1427 °C) to 2000
K (1727 °C).

Considering EM wave propagation characteristicEBE’s, Zhang, Wang and Zhao
(2014334 have shown that plasma sprayed 8YSZ thermal bawating is semi-transparent
(weakly absorbing material) in the wavelength rabgeveen 0.4 um and 6 pm, as shown in
Figure 21 It was noticed that in transmittance data theeepeak at 3 um. This was due to
the reason that in the APS process of making TB@siron OH- is formed, and it has a
strong absorption at wavelength of 3 pm. In a waykVang and Zhao (2018} on APS
8YSZ TBCs, the optical measurements included refteme, transmittance and absorptance
of TBC slabs with different thicknesses. It wasearved that the material (8YSZ) to be
inapplicable in the semi-transparent spectral re@ioT BCs, especially between around 3.2
um and 5.6 um. According to Chen, Zhao and Wang&P8°, among the wavelength range
from 1 um to 6um, microstructure does have a significant influeocehe anisotropic
distribution of radiation scattering in thermal thar coatings. Compared with spherical

shape, irregular anisotropic pore shape reduce®itvard scattering peak. For the first time,
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Chen, Zhao and Wang (2018 verified that the absorption coefficient of TBGsmainly
associated with the refractive index, porosity #relwavelength. Within the range of
wavelength from 0.3m to 8um, YSZ is semi-transparent to radiation and hagite gmall
absorption coefficient, which was associated wilopity that increased porosity lowers
absorption coefficient.
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Fig. 21. Plasma sprayed YSZ coating: (a) top surface ae@/(b) cross section, and (c)

spectral dependence of optical constants of YSZr¢aiced with permissiod)*4 Copyright
2014, Elsevier.

Thermal spray coatings usually exhibit a microdtricee dependent absorption of EM
wave energy, and numerous investigations have shioatrihe orientation of porosity and
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cracks affect the transmission of EM wave acrosstiating thickneds® *+1%IMoreover, a
random arrangement of these microstructural featiias shown to have a positive effect on
the performance of the coating as a thermal baffiee existence of pores with dimensions
comparable to the wavelength of thermal radiatias theen report€8 13413%las the source
for radiation scattering within the coating. Furtbe, the liquid feedstock based thermal
spray processes involving use of suspensions datissoprecursors (SPS, SPPS) are
particularly well suited for depositing a wide ar@f ceramic coatings, including depositing
YSZ coatings. The primary focus of SPS researctbbaa on TBC’s and the technique has
been shown to be capable of depositing YSZ coatmtstailored microstructures such as
porous columnar, dense vertically cracké®,as well as alumina coatings with refined
microstructure$:3”! Extensive effort has also been devoted to expjaniew ceramic TBC
materials such as pyrochlores, perovskites, haxaiahtes etc., as alternatives to Y!&2.
Among these, the two pyrochlores gadolinium zir¢cer{&dZr-07) and lanthanum zirconate
(LagZr207) have been most widely studié#! Such materials have been deposited by the
SPS routé*® with multilayer coatings involving the zirconates well as YSZ also being
investigated'*!! Although relatively less studied compared to SiRSelopment of the SPPS
technique has also been mainly driven by the iateneexploiting it for TBC
applicationd!*? The SPPS deposited YSZ coatings are charactdijsederesting features
like fine grains, vertical cracks, fine distributedrosity, reduced inter-splat boundary sizes
between the lamellae, €t¢®l As in the case of SPS, the precursor approachlsadeen
demonstrated to be extended to deposit zirconatksnalti-layerd!*4 In the context of YSZ
coatings, such as those discussed above, the gssménsions and solution precursors (SPS,
SPPS) can be suitable for depositing coatings mvitiostructure dimensions comparable to
the wavelength of thermal radiation.

To summarise, and as seen through number of exarapteve (listed ifiable 2,
when EM waves hit a matter or material, its dieiegtroperties (i.e., electric permittivity,
magnetic permeability, and electrical conductividgtermine their interaction behaviour.
Table 3presents other potential materials which coulddresidered thermal spraying to
enhance EM wave propagation characteristics faouarapplications identified in the
current context-igure 22summarise the thermally sprayed feedstock materssd for
various EM wave ranges, whergagure 23summarises potential feedstock materials (that

can be thermally sprayed) for enhanced functiond|EM wave properties.
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Table 2. Manufacturing of thermal spray coatings with EM wabharacteristics.

Coating materials Coating Substrate Thermal Remarks: EM wave characteristics References
thickness Spray
(analysed or process
optimal)
Microwave absor ption
Cr03 (chromia based 2-5.5mm Stainless APS X-band (8 — 1&Hz); With chromia material (high permittivity), it | [72]
formulations): CsO3 + steel was possible to identify an adsorbance frequentiyenX-band by
BaTiO; 40% wt; CpO3 + varying coating thickness in a relatively restrittange.
SrTiO; 40% wt.; CpOs +
NiO 40% wt.; CsOs + ATO
40% wt.; CpOs +
La0.5Sp.sMnOs 40% wit.;
Cr;03 + Ni0.5Zny sFe0s
40% wt.; CpOs + Al 40%
wt.; CrO3z + Cu 5% wit.;
Cr,0O3 + Cu 20% wt. +
Ni0.5Zny sFe:03 20% wit.;
Cr,O3 + Al 20% wt. +
La0.5Sp.sMnO3 20% wit.;
Cro03 + Ccz04 40% wit
Co,Ti-substituted Ba- 1-4 mm Glass- APS, Adjustment of the processing conditions enabledity@osition of a | [15]
hexaferrite (BaCoTiFgO1g) ceramic HVOF coating retaining enough hexaferrite phase, whasgnetic
(with non- properties, close to bulk BaCoTig®19 (very promising for EM
magnetic wave absorption).
properties
Hexaferrite (BaFg0O9 Or 1 mm Glass Flame Suitable for EM wave absorbers in the U-band. B&EEB/PE [16]
SrFas019) and polyethylene spraying coatings with a thickness around 1 mm absorbed &0BM power
at 45 — 55 GHz (note: polymer can have high didetisses; ferrite
can have high magnetic losse
MWCNTs/cordierite (MAS)| 1-3.5 mm Graphite APS X-band (8.2 — 12.6Hz); Sample with 2.4 mm thickness showed thg73]
nanocomposite coatings microwave absorption property, with minimum RL df5-61 dB and
with MWCNT contents (5, bandwidth of 2.35 GHz
7,10, 15, 20, and 30¢
TisSiCy/cordierite (MAS) 2.5 mm Graphite APS X-band (8.22:4GHz); TisSiC, improved the EM shielding and | [74]

complex permittivity of the coatings (due to enheshpolarizatior
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effect and electrical conductivity); absorption damdth (<-5 dB)
can be obtained across the whole measured frequégtitya coating
thickness of 1. mm

Carbon black/cordierite 1-3.5mm Graphite APS Absorption with a minimum RL of —23.90 dB at 10.GBiz and RL | [75]
less thar—9 dB over the whole investigated freque
W-type hexagonal ferrite 1.5mm - APS 2-18 GHatow is suitable for EM wave absorbers in Ku-band;| [76]
simulated RL of the coating below -5 dB is in frequy of 14.2-18
GHz at thickness of 1.5 mm. The minimum reflectiogs (RL) is -
7.2 dB at frequency of 18 Gl
LaSrMnQy/Al>O3 2mm Graphite APS X-band (8.2 — 1%:Kz); RL values exceeding —10 dB can be [77]
obtained in the frequency range of 10.5-12.4 GHemithe LSM
content is 80wt% and when the coating thickne4st mm
TiO2/Al 03 2mm Graphite APS X-band (8.2-1%#z); RL values of TiQAl,Os coatings [78]
exceeding —10 dB (larger than 90% absorption) ealtained in
the whole frequency range of X-band with 17 wt% J@Ontent
when the coating thickness is mm
TiAICo (formed using 1.8 mm Graphite, APS X-band (8.2 — 12.@Hz); RL values of TiAICo coatings [79]
mixture of powders TiQ metal exceeding —10 dB in the whole frequency range diaxid when the
Cas0sand ALOs) coating thickness is 1 mm
Cr/Al;O3 3.5 mm Graphite Low-powef Higher Cr content and larger Cr particle size eitbibhigher [80]
plasma dielectric properties due to the enhanced inteafgmlarization and
spray conductance lo:
NiCrAlY/Al 203 3 mm Graphite Low-power X-band (8.2 — 12.6Hz); 20wt.% NiCrAlY and 2.0mm thickness [81]
plasma possessed effective bandwidth (<dB) 1.3GHz in 8.2 GHz to
spray 9.5GHz and minimum RL -15.@B at 8.9GHz, exhibiting enhanced
microwave absorption propert
TisSIC/NASICON 2.5 mm Graphite APS X-band (8.2 — 12.6Hz); absorption applications in a wide [82]
temperature range (25 °C to 500 °C); microwave-giigm property
with a wide bandwidth (below 5 dB) with a thickndsss than 2 mm
when the temperature ranged from 200 °C to 5(
WC and AbO3 1.1mm and Ni alloy APS X-band (8.2 — 12@Hz); absorbing bandwidth for RL below —-10 dB[83]
1.5mm can reach 1.6Hz and 2.Z5Hz with the thickness of only 1rim
and 1.!'mm
20% wt. AbOszand 80% wt. | 0.96 mm Ni alloy APS X-band (8.2 — 123Hz); achieved EM RL below -5 dB covering the[84]

TiC & then sprayed
NiCrAlY alloy metamaterial
patter

whole of X-band at 800 °C; and the coating posskbstter EM
absorbing ability with a thickness of 0.96 mm
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Al;0O3 and TiC 1.6 mm Ni alloy APS X-band (8.2 — 1&HKiz); For 80wt.% AJOs-20wt.% TiC and [85]
thickness 1.6nm, the coating exhibited an enhanced absorption
bandwidth of 3.4%Hz at 800C, and a RL lower than @ in
whole X-banc

TiB2 and AbOs 1.4 mm Ni alloy APS X-band (8.2 - 12.4 GHz); Witltoating thickness of 1.4 mm, the | [33]
30%wt. TiB, — 70%wt. AbOz material exhibited a RL of less than {5
dB over a wide high temperature rangé( °C to 800 °Tin the
whole X-band

Millimeter wave

absor ption

Ba-hexaferrite [(BaRgO19)] | 24 pm to 107 | - APS - [88]

using mixture of pm

(BaCC3+F6203)

Hexaferrite SrFe019 Glass- APS The high magnetic loss of crystalline SgPey coatings at about 50| [89]

ceramic GHz shows that such coatings are promising careidar EM wave
(non- absorption applications (in mm-wave range).
magnetic
properties
YSZ 146 um to 1100| carbon steel| APS High transmittance of 20%—-80%eafufencies below 0.5 THz and| [92]
um zerotransmittance above 1.5 T

Mixtures of AbOszand 100 um AbO3 APS At 300 K (~27°C), they achieved a fractionahtwidth of 106 over| [90]

microsphere powders (made 90% transmission using a three-layer anti-reflectioating

of Al 203 and SICz)

Solar selective absor bing

ZnO and ZnO + (3 wt.% and- Sand blasted APS Coatings containing 22 wt.% of8kshowed lower emissivity in [7]

22 wt.%) AbOs steel the visible range than the corresponding 3 wt.%®0Atontaining
coatings

TiO, - ITO coated | Suspension| Best coatings of about 90% of anatase phase (lmmsphotocurrent | [95]

glass plasma voltage characteristic curve)
substrate spray (SP<

Ni-Mo and No-Mo-Co 30 um 307L HVOF Nd:YAG laser treatment showed increment oasabsorptance as| [96]

stainless the Ni-Mo sample increased from 0.84 to 0.88 and/idiCo sample
stee from 0.75 to 0.8!
WC-Co 45 um AISI 304L HVOF Higher solar absorptance (0.87) was attribtioeithe formation of a | [97]
stainless dense coating with no decarburized phases andbditd WC
steel particles, than what can be achieved by eitherseopowders (0.80)

or fine powders (0.82) alo
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Co-WC-ALOs - - HVOF Absorptance/emittance (0.908/0.145), howeafter annealing the | [99]
coating at 600°C for 7 days in air, the absorptéerédtance
decreased to 0.898/0.1
WC-Co (powders composef- Stainless HVOF Other top coatings (CuCoMpR@CuCoMnQ-SiO,, and SiQ sols) [98]
of 80% steel synthesised by sol-gel method; Absorptance (0.ah8)emittance
Co + 10% sub-micrometer (0.29), followed by annealing under non-vacuum emvnent led to
WC + 10% nan-meter WC further changes in absorption and emitta
Vanadium tailings (oxides | - Stainless- APS Absorptance (~94%), emissivity of 71% at 120&a high thermal| [103]
of Fe, Cr, Mn, V, Tiand steel stability at 500 °C.
other transition metals) substrate
with Ni/Al
bond laye
Photocatalytic absor ption
FeOs + TiO, - - APS Improved absorption performance of the coadiigouted to the [110]
formation of FeTi(; phas
TiO2, Nitrogen doped Ti®@ | - - Suspension| Anatase phase with specific rutile content is prefito achieve [113]
(by adding TiN to the plasma optimum photocatalytic activity. Dopants createesavithin the
thermal spray feedstock) spray (SPS)| band gap which reduce the energy barrier of thégebrited
electron.
TiO2 - Steel, FTO | APS Anatase phase in starting LiPowder transformed into rutile phase. [114]
glass Photocatalytic activity of Ti@coating (with 20-25 um thickness) on
FTO was 2.5 times better than ", coating on the steel substre
TiO2 (anatase) - AlISI Suspension| Visible light absorbance (due to the creation &f Wiithin the [108]
stainless plasma coating because of reduction by the hydrogen coinigiplasma)
stee spray (SP< | with a significant decrease in reflectance at wawgths >500 nr
TiO2 (rutile) - - Flame Formation of T¥* species showed a lower energy band gap (2.32(eY112]
spray which is lower compared to that of the pifeedstock (3.14 eV);
Improved absorption in the UV-Vis-NIR region in diish to
improved emissivit
TiO2 (rutile, anatase) and | - Inconel APS Absorption attributed to the surfameghness and deposition [111]
TiO2-x thickness. Photocatalytic activity of the coatinlygtated by the
crystalline phase contel
TiO2 100-150 um Stainless Suspension| Oxygen vacancy positively affected the photocai@byttivity of [107]
steel plasma TiO2« by introducing some energy levels into the bandifapO,,
spray (SPS)| leading to improvement in the photocatalytic atyivinder the
visible light range
EMI shielding
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Al03/Nb 1.5 mm Graphite APS (low | With 10 wt% Nb content coating (1.5 mm coating kiniess), the RL| [124]
power) values exceeding —10 dB can be obtained in theiéecy range of
10.0 GHz to 11. GHz
FeSiAl/Al,Os (with 10%, 3 mm Graphite APS Shielding effectiveness of 40 W&iAl powder filled [123]
20%, 30%, 40% FeSiAl in Al,03 ceramics exceeded 36 dB in whole X-band with ektiéss of
Al ;03 matrix) 2mm.
MoSiz/glass (with 20%, 1.5mm Graphite APS Shielding effectiveness wag @8. (99.6%) in X-band (8.2— [122]
22.5%, 25%, 30% 12.4 GHz) for the MoSiglass composite coating with 30wt.%
MoSi; filler in glass matri MoSiz in 1.E mm thicknes
Ta—-Al Al (100 um), Tal 304 stainless APS Increasing Ta thickness (and temperature)ropnove the shielding| [125]
(200, 400, and | steel characteristics at low and middle frequency coodgi(range: 50
600 um MHz to 3000 MHz
Cu, Cu-Zn and Cu-Ni 100pm Steel Arc thermal Zn increased the EMI shielding due to increasé&éndegree of [118]
spray melting leading to an increase in the conducti@s.
ZrBo/Al ;03 1.2 mm - APS EMI shielding efficiency of 8@.% ZrB; filled Al,Oz ceramics was | [126]
greater than 3dB at 25C and 44dB at 600C, along with long-term
life at high temperature (6°C for 30Ch)
Thermal barrier (heat,
emissivity)
8YSZ/TBC 200 um, 15% | - APS 8YSZ is semi-transparent (weakly absorbingenl) in wavelength| [134]
porosity range between 0.4 um and 6
8YSZ/TBC 50 um, 100 pmj - APS Reflectance, transmittance and absorptanasumed. Inapplicable in [36]
200 pm, 300 the semi-transparent spectral region of TBCs, éajebetween
um; 15% around 3.2 um and 5.6 um.
porosity
M etamaterial
Aluminium patches onto - Metal APS X-band (8.2 — 12@@Hz); RL values of TiAlCo coatings [79]
TiAICo exceeding —10 dB in the whole frequency range dfaxid when the
coating thickness is 1.8 mm; Proposed absorbeesitsve to
polarized EM waves because of the symmetric stracifithe
frequency selective surface. TiAICo coating camubed to design
microwave absorber for wide incidence angles apptio
Periodic metamaterial 0.96 mm Nickel alloy | APS 0.96 mm thick sample aeheEM RL below -5 dB at 800 °C over [84]

structural unit (of
(NICrAlY) coated on top of
plasma sprayed
80%TiC/20%A .05 coating

the whole X band
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was designed i.e.,
(metamaterial radar
absorbing coating

Periodic metamaterial 1.5mm Super alloy | APS, screerEM wave absorption performance in the 8Gl8z band at 800C [33]
structural unit (ofPt, printing with a thickness of 1.Bom.
MoSi,, TiB2 and glass (200-mesh
powde) coated on top of screen
plasma sprayed ADs; printing)
coating was designed using
screen printing (i.e.,
metamaterial radar
absorbing coating
Cr0s, TiO 124-755 nm,; Steel, glass, | Suspensioni EM wave absorption (in the solar spectrum betweshrim to 2500 | [145]
12-17 pm ITO coated | HVOF, nm, i.e.,scan range is from UV-Vis-NIR light).
glass, APS
aluminiurr
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Table 3. Other potential feedstock materials to manufactiueemal spray coating with EM wave characterisfi¢ste: For potential deposit

material in # column, the references are listed ¥l @lumn, while the '8 and 4" column remarks are by proposed by authors)

Potential deposit materials (to References | Remarks: EM wave characteristics Remarks: Thermal spray
enhance EM wave char acteristics) processes (deployed or
possible)

Semiconducting oxides (e.g., ZnO, [105] Such materials can be doped with other axfde modified Various thermal spray

SnQ) doped with other oxides (e.g., photocatalytic activity (possible due to changbamd gap of | (deployed)

Fe 03, Ce(y) the intermediate phas

TiO2-Cu, TiO-SrCG;, TiO-HA-rGO, [106] Photocatalytic materials for biocidal applions (solar light, | Various thermal spray

TiO2-Hp Zeolite, TiIQ-HA, TiO-- fluorescent lamp, Xe lamp, UV lamp, simulated sgimij white | (deployed)

Fes04, ZNC light)

TiO2 with carbon nanotubes [146] Such materials can also be considered to enhance APS (deployed)
photocatalytic activit

TiO2 with ethylene [147] Such materials can also be considered to enhance Low pressure cold spraying

chlorotrifluoroethylene polym: photocaalytic activity (deployed

TiO2 with hydroxyapatite/reduced [148] Such materials can also be considered to enhance Flame spraying (deployed)

graphen photocatalytic activit

Rare earth elements (or REES) consist[149] Doping certain rare earth elements with kndeedstock Various thermal spray

of 17 elements (i.e., Scandium/Sc, materials can improve the magnetic loss of mateab (possible)

Yttrium/Y, Lanthanum/La, Cerium/Ce|, enhance the absorption of EM waves

Praseodymium/Pr, Neodymium/Nd,
Promethium/Pm, Samarium/Sm,
Europium/Eu, Gadolinium/Gd,
Terbium/Tb, Dysprosium/Dy,
Holmium/Ho, Erbium/Er,
Thulium/Tm, Ytterbium/Yb,
Lutetium/Lu))

Lanthanum/La rare earth element (e.g.[72] Can act as absorbers in microwave rangelBGHz) APS (deployed)
Cr,0O3 + Lag sSrp.sMnO3z 40% wit.,
Cr0O3 + Al 20%

wt. + Lag =Sip:MnO3 20% Wt

A rare earth element and a group 2 | [150] Thermal spray powder that contains rarekeelément Various thermal spray
element and is not oxygen, which is at (possible)

least one element selected, for
example, from titanium, zirconium,
hafnium, vanadium, niobium, tantalu
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zinc, boron, aluminium, gallium,
silicon, molybdenum, tungsten,
manganese, germanium, and
phosphoru

Silver, copper, gold, aluminium, bras
bronze, tin, lead, nickel, stainless ste
mumetal (80 % Nickel, 4.5 %
Molybdenum, balance Ir(

5, [54]

EMI shielding application

Cold spray (possipl

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

[61]

EMI shielding application (possible), Subsés Polyester
fabric (thermoset), Glass fiber-reinforced epoxynposite
(thermoset), Basalt fiber-reinforced epoxy composit
(thermoset), Carbon fiber-reinforced epoxy (theretphs
Polyurethane (thermoplastic), Quartz fiber-reinéatc
polyimide (thermoset), Polyurethane (thermoset),
Unidirectional glass fiber-reinforced epoxy compesi
(thermoset), Carbon fiber-reinforced PEEK (therragpt),
Commercial thermoplastic blend of Polycarbonate and
Acrylonitrile Butadiene Styrene, Polyamide-6 (theptastic),
Polypropylene (thermoplastic), Polystyrene (therfasiic),
Polyvinyl chloride (thermoplastic), HDPE (thermogtia),
nylon 6 (thermoplastic), Epoxy (thermoset),
Polyetheretherketone (thermoplastic), Polytetrafiethylene
(thermoplastic

Flame spray, arc spray,
plasma spray, cold spray

Metal reinforced polymer composites
Carbon based polymer composites;
Carbon fiber based composites; Carl

nanotube-based polymer composites;;

Graphite based polymer composites;

Graphene based polymer composites;

Graphene oxide based polymer
composites; Graphene nanoribbon
based polymer composites; Graphen
nanoplatelets based polymer

[37]

on

composite

EMI shielding application: Pure polymers (iteting or
conducting polymer matrix) or polymer blends susiP&/A,
PVDF, PP, PANI, PPy, PEDOT, PS, PU, PVA/PPy,
PVA/PANI, etc. loaded with one or more conductiileffs
such as metals, metal oxides and various carbomsfeuch as
CF, CB, graphite, graphene, GO, GNP, GNR, etc.{tadest
candidates suitable for EMI shielding applicatiomkjch can
be mainly attributed to their lightweight, non-amsiveness,
low environmental degradation and also, commercial
feasibility.

Various thermal spray
(possible, potentially using
low temperature thermal
spray and/or cold spray)
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Iron oxides, ferric oxide, magnetite,
ferrous oxides (FeO) and iron
hydroxide (FeOOH); Anchoring of
transition metal oxides such as ZnO,
ZrO,, MnO;, SnQ, BaTiO;, TiO,,

SiO, 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 nanocomposit
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(styrerss-
acrylonitrile)]) and polymer
composites); Carbonaceous materials:
Graphite/expanded graphite, Graphene
(GO, RGO), CNT'’s (SWCNTs,
MWCNTSs, CFs

D

[65]

EMI shielding application: Composites comprising
carbonaceous, polymer and dielectric materials it
components as important constituents for the prievenf EM
interference (EMI) by reflection as well as by aipsion.

Various thermal spray
(possible, potentially using
low temperature thermal
spray and/or cold spray)

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

[127]

Conventional metallic EMI shields are nowgslaot preferred
owing to their corroding nature, heavy weight, @ndcessing
difficulties.

Various thermal spray
(possible, potentially using
low temperature thermal
spray and/or cold spray)
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EXAMPLES OF THERMALLY SPRAYED FEEDSTOCK MATERIALS USED & ELECTROMAGNETIC WAVE RANGE MAP

Photocatalytic absorption

=T s
. », Nitrogen doped Trﬂz {h?* adl:hng Tﬂ\l}

Photon 13 Kev 11.2 keV} 3.1 eV
energy

X-ray Ultraviolet Visible

Microwave absorption
Co, Ti-substituted Ba-hexaferrite
(BaCoTFemolg)
Hexaferrite (BaFe,.0,, or SrFe;,0,,) and
polyethylene ;

» MWCNTs/cordierite (MAS)

= Ti;SIC,/cordierite (MAS)

+  Carbon black/cordierite

+  W-type hexagonal ferrite

+ LaSrMnO./ALLO,

+ Ti0x/AlL0;

+ TiAICo (mixture of TiO,, Co;0,and AlLOS)
Cr/AlLO,

- NIiCrAlY/ALO;

*  Ti3SIC,/NASICON

+ WC and Al,O;

+ 20% wt. Al,Osand 80% wt. TIC & then
sprayed NIiCrAlY alloy metamaterial pattern

= AlLO, and TiC

+ AlLO; and TiB,

= Al patches onto TiAICo

+  NIiCrAlY on 80% TiC & 20% ALO;

= Pt MoSi;, TiB; and glass powder on ALO;

0.12 eV

Infrared Terahertz

rl

Microwave

y 1.2 X 105 eV

€ry05 + BaTiO; 40% wt

Cr,0; + 5rTi0; 40% wt.

Cr, 05 + NiO 40% wt.

Cr0; + ATO 40% wt.

€r,0, + Lab.55r,,MnO, 40% wt.

Cry05 + Mi0.5Zn, Fe,0- 40% wt.

Cr2‘03 + Al 40% wt,

Cr,0; + Cu 5% wt.

Cr, 0, + Cu 20% wt. + Ni0.5Zn, ;Fe,0, 20% wt.
Cr,0; + Al 20% wt, + La0 551, ;MnQ, 20% wt,
Cr,0. + Co,0, 40% wk,

1.2 x 101t eV
e=——————————|

Radio wave

Fig. 22. Mapping the thermally sprayed feedstock materiaésitand EM wave range.
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POTENTIAL FEEDSTOCK MATERIALS FOR ENHANCED FUNCTIONAL & EMW PROPERTIES

Metal oxides, Ferrites :
+  Iron oxides, ferric oxide, magnetite,
ferrous oxides (FeQ) and iran

hydroxide {FeOOH) N
= Anchoring of transition metal oxides
such as Zn0, ZrO;, MnG,;, Snd;,, E

Metals & metal alloys
Al, Co, Fe, Mo, Ni, Zn, Sn, Ti, Ag, Cu, Au, Pb, Mi

Al-125i0, MCrAlY {composed of Ni or Co ar bath), Ni-20Cr,
brass, bronze, stainless steel, mumetal (80% Ni, 4.5% Ma,

balance Iron}

High entropy alloys (FeCaNiCral, FeCoNiCrCual, 5,
FeColiSi Al , FeCONICrAl, . , FeCaNi(Si, Al B, ,, Ni-NiO)

Other metals & metal alloys

BaTi0,, TiO,, SiC., with Fe.
« Other metal oxides

f

Such materials can enable magnetic
loss, dielectric loss, and electrical

conductivity for EMI shielding
application

Introduction of rare
earth elements in
thermally sprayed
coatings can improve

the magnetic loss of

Anchoring of transition metal oxides
with Fe ingredient can enhance the
permittivity of EMI preventing materials

Semiconducting oxides

ZnQ, Sn0, doped with other oxides
(2.9, Fe,0; Ce0;)

TiQ,-Cu, Ti,-SrCO,, Ti0,-HA-rGO,
TiO;-HR Zeolite, Ti0,-HA, TiO,-
Fe;04, Zn0

TiC, with carbon nanotubes

TiO, with ethylena
chlorotriflluorcethylene polymer
TiC, with hydroxyapatite/reduced
graphane

Other semiconducting oxides

materials and enhance
the absorption of
electromagnetic waves

.nrhuri-ing id
materials can he doped
with other oxides for

I Feedstock

modified photocatalytic
activity (possible due to
change in band gap of
the intermediate
phases)

functions

I materials & key I

Rare earth elements

Rare earth elements consist of 17 elements (i.e.,
Scandium/Sc, Yttrium/Y, Lanthanum/La, Cerium/Ce,
Praseodymium/Pr, Neodymium/Nd, Pramethium/Pm,
Samarium/Sm, Europium/Eu, Gadolinium/Gd,
Terbium/Th, Dysprosium/Dy, Holmium/Ho,
Erbium/Er, Thulium/Tm, Ytterbium/¥b, Lutetium/Lu)
A rare earth element and a group 2 element and is
not oxygen, which is at least one element, for
example, from titanium, zirconium, hafnium,
vanadium, niokium, tantalum, zinc, boron,
aluminum, gallium, silicon; maolybdenum, lungsten,
manganese, germanium, and phosphorus
Lanthanum/La rare earth element (e.g.,

Cr,0, + La, 51, ,MnO, 40% wt., Cr.Qy + Al 20%
wt, + Lag sSrp sMnC; 20% wt.)

Other material mixed with rare earth elements

Ceramics can provide

Carbides can provide
higher elastic
modulus, lower
thermal exp ion

high hardness, high
melting temperature,
corrosion resistance, low
density, availability

coefficient, hardness
stability over wide
temperature range

-

Carbides

Chromium carbide
+  Tungsten carbide
+  Titanium carbide
+  Other carbides

»

Ceramics

«  Aluminiurm oxide
= Chromium oxide
»  Yttrium oxide

+ Zirconium oxide

Shielding efficiency can be
optimised by introducing high
conductive carbon nanomaterials.

Polymeric composite has
advantages (low density,
noncorrosive, commercial
viability) and can be reinforced
with fillers such as metals, metal
oxide, nanoparticles, different
types of carbon materials.

Composites comprising
carbonaceous, polymer and
dielectric materials with iron
components for the prevention af
EMI by reflection as well as by
absorption.

Carbon based polymers & polymeric
composites

Carbonaceous malerials: Graphitefexpanded graphite,
Graphene (G0, RGO), CNT's {SWCNTs, MWCNTs, CFs),
Graphene nanaribbon, Graphene nanoplatelets

Metal reinforced polymer composites

Conducting polymers (CPs): Polyaniline {PANIY
potymer, Polypyrrole (PPy) polyrner, Poly(3,4-
ethylenedioxythiophene) {PEDOT) polymer, Polythicphane
(FT] palymer

Monconducting polyrmers nanocompeosites: Pobyvinylidene
fluoride {PVDF} polymer, Thermosetting polymers,
Elastomeric polymers, (Others {polyvinylpyrrolidane
(PYP), polyvinyl chloride (PVC), paly(p-
phenylenevinylene) (PPV), polypropylene {PP),
polyvinyl butyral (PVE), polyviny| alcohal {PVA),
polyethylenimine (PET) and polycarbanate, along with
blends {PC (polycarbonate)/SAN [poly{styrene-co-
acrylonitrile}]) and polymer composites)

Carbon fiber based composites

Cther polymeric composites

Fig. 23. Mapping potential feedstock materials (thermallyagpd) for enhanced functional and EM wave properti
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5 Special considerationsfor enhanced EM wave propagation characteristics

5.1 Feedstock material selection and post-processing

As seen from examples, the feedstock materials wemally sprayed can help achieve
materials' microstructures and properties whichtegp absorb or shield the specific
wavelengths. The selection of suitable feedstocterads requires understanding of the EM
wavelength range applications and requirementgsh&umore, the feedstock materials and its
size should be appropriate (sprayable/flowablejHerspecific thermal spray technique (it is
important to note that all powder materials areatafiys or easily thermally
sprayable/flowable, but possible by agglomerationsg of suspension/solution thermal
spray systerit®!l In the current context, feedstock and substratenahselection, and
deposit thickness can be based on high permealisgnetic and electrical conductivity
losses to increase the absorption, including Highmho-mechanical performance.

Overall assessment of feedstock material seleel®mshows that much effort by
researchers has been deployed in developing cotapuoaterials along with fillers and
doping, their content, and size to have a desifaMewvave propagation characteristic.
Manufacturing of coatings influences the feedstmelterial characteristic such as
morphology, size distribution, and apparent ded¥i®%y The most important feedstock
(powder) manufacturing processes has been atoomz@as or water), fusion or sintering
followed by crushing, agglomeration by spray-dryioigdding, and mechanical alloyifg®
151 Considering the feedstock material requirementslésirable EM wave propagation
characteristic (i.e., high permeability, magnetid @lectrical conductivity losses, including
high thermo-mechanical performance), above manufiact processes for feedstock material
or combination of those can help develop mateviatls complimentary properties.

Considering pre-/post-processing of materials wheells to changes in phase
contents (among other changes) before and afteegsing, there are exampi&swhere
changing the powder or coating morphology by lassatment has been deployed to help
achieve better EM (solar selective absorption) ertgs of the Ni-Mo and No-Mo-Co
coatings. Changing the powder morphology by lasatient (to achieve better selective
EM properties of the coatings) is not common batrtial post-treatment of sprayed coatings
to refine microstructure and potentially enhanagpprties has been explored in the past. It is
well known that conventional furnace heat treatneértiopated components presents several
challenges, including influence on the substratgatteristics, possible distortion, etc.

Furthermore, the dimensions of components thabesso treated are also limited by the
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furnace size. Post-spraying laser irradiation @aftie@s has been investigated to overcome the
above concerns. A significant advantage of thig@ggh is the localisation of heat input and
elimination of constraints on part dimensions. Téwent advent of compact, small footprint
high-power diode lasers capable of delivering aadlgd and uniform radiation over large
areas also makes this route viable for industmgileémentatior>?! Laser post-treatment of
plasma and HVOF sprayed hard coatings has beernedpt >4 and has been found to
result in increase of other properties, such asi@né®® and dry sliding we&P* resistance.
Laser glazing of ceramic coatings has also beeelwgtudied and demonstrated to yield a
completely solidified, dense top layer with segredntracks:>® This has potential to
enhance properties such as thermal shock behaamolwear performance, as shown in case
of thermal barrier coatingS?**lincluding enhanced EM wave absorption properties.

Considering additional strategies for feedstockemail selection for other
applications (EM wave ‘absorbing’ properties atrhigmperature), it has been argued that
the feedstock powder materials should not reaokimlise when coating is formed or at high
temperature applicatiorfs:8%1 As an exampl€!, a material like TiC can be selected for high
temperature applications as it normally does nattrevith AbO3z and that TiC does easily get
oxidized when the coating is formed or at high temafure applications. In this example by
Shao et al. (2026§!, TiC with highe’ (real part of permittivity) ane” (imaginary part of
permittivity) was used as absorbent which getsatisgd in AlOs (a matrix material with
low &’ ande’"). Mixture of such feedstock powders can be couplith each other via
thermal spraying which can then help in obtainiegidhbles’ ande”, creating an enhanced
EM impedance matching. As mentioned by Zikidis, i8kas and Tokas (201%), due to
operational reasons, potentially using iron-basedpounds (e.g., nanoparticles) as magnetic
absorbers mixed can be useful to enhance EM was@laibg properties, as well as forming
composites with traditional carbon material (whiglan imperfect conductor) can also help
enhances the absorption.

Considering strategies for feedstock material sieledor enhanced photocatalytic
(absorptance in visible and UV radiation rangejqrarance, apart from Ti§other
semiconducting oxides (e.g., ZnO, ShGan be used and be doped with other oxides (e.g.,
Fe0s, CeQ) for modified photocatalytic activity (possiblealto change in band gap of the
intermediate phaseB9®! Further on, composite feedstocks of Tiith carbon nanotubes for
plasma spraying?®! with ethylene chlorotrifluoroethylene polymer for lonegsure cold

spraying**” with hydroxyapatite/reduced graphene for flameging**®! can also be
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considered to enhanphotocatalytic activity. In all such investigatiotise research has been
on enhancing the absorption capability of feedstoekerials, which enhances the
decomposition capability (e.g., to degrade NOZWOllutants, water disinfection and air
purification, benzene degradation, self-cleaningwfaces, etcl§*°! Other than Ti@
materials, Liu et al. (202196l summarised additional categories of photocataiytterials
which can be sprayed using thermal spray technifprgsathogen inactivation (e.g., TiO

Cu, TiO-SrCQ, black TiQ, TiO-HA-rGO, TiO;-Hp zeolite, TiQ-HA, TiO2- Fe0s, ZnO)

to attain visible light induced photocatalytic &ties, and not as always using ultraviolet
range.

During thermal spraying, the feedstock powder niate(e.g., nanostructured
particles) can undergo rapid melting for the laggecific surface area while the aggregated
powders were heated, but not necessarily meltegl nditen nanostructured particle could
fill the available pores between the softened azatdd aggregates, providing a layered
distribution of sprayed particles. In an examplang et al. (201! developed WC/Co
coatings (with feedstock powder materials comprisieganometer and sub-micrometer WC
particles) and compared optical properties of fhrayeed multimodal and conventional
coatings and demonstrated that light-trapping chsuaultimodal coating (due to light

reflection among the multimodal WC particles) cafphrenhance the solar absorptance.

5.2 Carbon/polymer-based feedstock material selection
Carbon based materials have a dramatic, breakthnoogact on magnetic devices, for space
and aircraft application. It follows that electlicanductivity is a requirement for attaining
proper magnetic applications such as EMI protectiorenhanced EMI shielding properties,
emerging trends suggests that shielding efficier@ybe optimised by introducing high
conductive carbon nanomaterials (carbon fibergarananotubes, graphene), and
MXenedt?8: 128linto feedstock materials. Considering range obgiigon and shielding
properties, the advantage of using WC/Co feedstuaterials during thermal spraying (e.g.,
higher elastic modulus, lower thermal expansiorffment, hardness stability over wide
temperature range), and addition of carbon nandf@bd’s) as nanofillers (demonstrated by
Venturi et al. (20213%8)), can bring in new functionalities for future EMlications.

Basic electronic properties of semiconducting V@tiT change when placed in a
magnetic field. Nanotubes band gaps are compavétiiesilicon and gallium arsenide which

are currently the mainstays of the computer ingus#icause their narrow band gaps
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correspond with how much electricity it takes ip f transistor from ‘on to off’. Both

doping the SWNT with caesium (Cs), potassium (Kjulmidium (Rb) and packing small
bucky balls inside the SWNT produce supercondugtiWith the possibility of carbon
nanotubes band gap disappearing all together iprésence of stronger magnetic fields, they
could take over the roles of silicon and galliursesnide potentially revolutionizing the
computer industry. If either the superconductiyitpmises of current densities of 106 Afcm
or higher, or the greatly improved strength of enposite material based on carbon nanotube
fibres is achieved, it can result in significantigbe reductions in magnets. Therefore, the
most urgent need to pursue this technology is teraene the superconducting properties of
possible CNT. That is, we need to know the feastbleent density as a function of
temperature, magnetic field, and strain. For exaurtple conduction of electricity through
coiled nanotubes will generate an inductive magrfegid, an indication that coiled
nanotubes, unlike straight nanotubes, are of ug#vasano-transformers or nano-switches.

Alternative coatings solutions are using polyhedtmjomeric silsesquioxanes
(POSS)!™ It has been found that propargyl groups reactguéference to methacrylate
groups in Pt-catalyzed hydrosilylation, as modellsohg triethylsilane. Further,
tetramethacrylate cubes can be photochemicallybéitay using visible light and free-
radical initiators. For example, the cubes, whexreahiwith camphorquinone, cure almost
instantaneously in the presence of visible ligl0(#m), forming clear, hard, cross-linked
materials insoluble in common solvents. In additiooth compounds cured at 100 °C
without initiator to produce clear, abrasion-resnstcoatings.

However, it should be noted that the presence ndparticles may cause
agglomerates in the polymer matrix causes an uneaarial heating in response to the
applied stimulus, as the region with agglomeratadigles will quickly absorb much of the
stimulus energy and will melt the surrounding podéyraxcessively or undergo pyrolysis.
Therefore, mechanical, and chemical dispersiomiigcies can be employed to achieve
uniform heating of the polymer in nanocompositesimprove the nanoparticles dispersion
efficacy, it is critical to adjust the level of eraction and bonding strength between the
nanoparticles and the surrounding polymer matrikséch strategies could be considered for
future generation carbon-based thermally sprayedsteck materials for enhanced EM wave
characteristics.

As summarised by Wilson, George and Joseph (282bpure carbon-based shields

are not preferred as EMI shields because of tlestraint in mechanical flexibility. This
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opens opportunity for other categories of materdligch is typically flexible (e.g., polymeric
composites) as EMI shields. Polymeric compositedt@ntages, such as low density,
noncorrosive, and commercial viability. Such matsrcan be reinforced with one or more
conductive fillers such as metals, metal oxide opanmticles, different types of carbon
materials (carbon black, graphite, graphene, CNtI),estc. While the incorporation of
metallic/carbon-based materials into polymeric eyst is possible in EMI shielding
applications, but practical issue remains, sudhigls percolation threshold and lower aspect
ratios of polymers which requires further reseanetiuding improvement in the dispersion
state of carbon fillers in polymeric matrices andiag them at higher concentrations.

5.3 Materials doped with rare earth elements
Rare earth elements (or REES) consist of 17 elesr(eat, Scandium/Sc, Yttrium/Y,
Lanthanum/La, Cerium/Ce, Praseodymium/Pr, NeodyrnignPromethium/Pm,
Samarium/Sm, Europium/Eu, Gadolinium/Gd, Terbium/Dpsprosium/Dy, Holmium/Ho,
Erbium/Er, Thulium/Tm, Ytterbium/Yb, Lutetium/L{}*®! Considering EM properties of
these earth elements, which can be characterisgddiy para-magnetism (where materials
are weakly attracted by an externally applied magrield), saturation magnetization (i.e.,
with an increase in applied external magnetic fléldannot increase the magnetization of the
material further), large magneto-crystalline amspy (i.e., if it takes more energy
to magnetize it in certain directions than in off)end magnetostriction (i.e., property of
ferromagnetic materials which causes them to expamdntract in response to a magnetic
field) because of the unique outer electronic $tmest 6016

The introduction of rare earth elements in theryngirayed coatings can improve the
magnetic loss of materials and enhance the abearptiEM waves. It is possible to develop
feedstock thermal spray materials containing raréheslements (patents such as
EP1167565A3621\W02013047589A1+% US9670099B 263 EP1642994B8:54). The role
of rare earth elements in thermal spray coatings baen investigated to chemical, physical,
mechanical and tribological properties of coatifiéfst®® however, further enhancement in
range of properties depends on elements used fimggmowde16%

While there are numerous examples where matersabbian doped with rare earth
elements using techniques other than thermal gpraigprove EM wave propagation
characteristics, such as chemical co-precipit&fior hydrothermal synthesf$? it is also

possible that doping certain rare earth elementgglthermal sprayed coatings could also
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help improve the EM propagation wave charactessticnaterials. In an example, Bartuli,
Cipri and Valente (2008¥! used range of complex ceramic-based compositéngsaivhich
included Lanthanum/La rare earth element (e.Q&€F Lao sSi.sMnOz 40% wit.,

Cr03 + Al 20% wt. + La sSr.sMnOs 20% wt.) fabricated by air plasma spraying to estd
their tailored EM properties (essentially as absmslin microwave range (8-12 GHz)).
However, thermal spraying can make rare earth el&sy@one to oxidation during
processing and operation, and oxidation can ledulitite coatings and deterioration of
magnetic properties®® Therefore, with certain microstructure formationitations,
spraying performed within a vacuum chamber to minénoxidatio®'’], as well as

application of cold spray can be a way forw&fd.

5.4 Application of suspension, solution, or hybrid thetly sprayed coatings
As identified and proposed in various sections abwuth the advancement in deposition of
finely grained coatings, the powder-based thermadysng of coatings is possible by pre-
agglomeration of fine particles into microstructiowderd!°® This can then be followed
by managing the process parameters of thermal $pnanglt (or partially-melt) the powder
particles and preserve its fine-grained structuresise liquid feedstock (suspension,
solution) to change the interaction between hotgasd feedstock in the way to enable
obtaining finely grained coatinds?* 195 173-175Considering some examples where
suspension-based plasma spray coating has becogeydy Valken et al. (2008} Mauer,
Guignard and VaRen (201833 Robinson et al. (201%)°®! and Khatibnezhad et al.
(2021)*971 for photocatalytic (absorption) applications, fietwork may be promising in the
current context, where suspension or solution $pga{SPS, SPPS) can allow convenient
deposition of range of coatings to yield desirdbiM wave propagation properties.
Considering the need to spray different feedsteaksiltaneously, hybrid spraying is
possible, where the combinations of powder wittpsasion, powder with solution, and
suspension with solution can be depld§fed™ "¢to have desirable composite coatings and
tuneable EM wave propagation characteristics. Meith spraying can allow coarse grade
powder (about 10 um to 100 pum in size) or fine pensdabout 100 nm to 2 um in size)
already suspended in a suitable medium or geneirassith from a solution precurs8f: 1771
Among many possibilities, the hybrid spraying cffierosequential injection of powder and
liquid feedstock layered coatings (in either ordeith each involving feature of distinct

length scales. This can enable fabricating lay@mposite, or functionally graded coatings
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with complex mix of dielectric properties (i.e.eetric permittivity, magnetic permeability,
and electrical conductivity), including light weighigh performing thermo-mechanical

properties.

5.5 Integrating thermally sprayed coatings with mulbreponent alloys

Thermal spray coatings have good inherent advastageh as, low production cost,
automated operation, high reliability and stabjland high production efficiency.
Nevertheless, deficiencies in the thermal sprayeadicgs include microstructure flaws,
larger surface roughness and some indiscernibsonsdead to their poor selective EM
properties. Future generation components with Efgriarence shielding and absorption
characteristics should investigate improving tli wave propagation characteristics by
fabricating composite structures while integratingrmal sprayed coatings with multi-
component alloys.

The new materials such as high entropy alloys hater potentials to be used as
EM wave shielding coating due to flexibility in fmg the composition and their elemental
proportions. The multicomponent single-phase allépewn as high entropy alloys (HEAS)
have five or more elements, and each element ctiat@n is more than 5 at% and less than
35 at%17817°1 The atomically mixed five elements show exceptigmaperties compared to
conventional alloys due to their four core effeissevere lattice distortion, (ii) cocktail
effect, (iii) high entropy effect, and (iv) sluggisliffusion effect. The high entropy and
sluggish diffusion restrict the high entropy all@ecompose into multipha8é®8
However, the severe lattice distortion and cockiagart exceptional properties. The origin
of severe lattice distortion comes from the diffgratomic sizes of their constituent elements,
and exposure to EM radiation over high entropyyallcan change their properties. Two
types of change may occur by EM radiation (i.eghlenergy particles like displacement of
atoms (kinetic damage) and thermal spike due toggraeposition}8!!

As mentioned above, in the case of EM shieldingretare two phenomena required
as absorption and reflection. The incident radratian be absorbed by materials if magnetic
and electric dipole interacts with the incident Eve vectors. In the case of multi-element
or high entropy alloys, materials have been tetethe EM wave absorption propertié¥:
183 'yang et al. (2016¥4 have studied the FeCoNiCrAl alloy EM radiation @ipsion
efficiency in the frequency range 2 -18 GHz. Th# tilled prepared high entropy alloy
materials introduced many defects during processing these defects act as a polarized
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centre. This is the cause of an additional digletdiss due to more energy required to
alternate the EM field in the damaged latté&.The high entropy alloy FeCoNiCrAl shows
very less RL with different thicknesses in a widage (2-18 GHz), as shownkigure 24

On the other hand, the special microstructure theesurface of materials enhances
the absorption of the EM waves due to enhanceacaidred?®. Lan et al. (2020%°% have
described the high entropy alloy (FeCoNiCrCufEM wave absorption phenomena on a
special microstructured surface. The solid bapanticles of high entropy alloys do not allow
to enter the EM wave and maximum percentage bdlgcted, but the creating
microstructure over surface trapped the EM wavés. domplex permittivity and
permeability of each element in the alloys areelmseach other, and we can tune it by
adjusting the content, which allows the impedaneéching. Similarly, the different
magnetic and non-magnetic contents in the higlopytalloy materials enable it to have
certain magnetic loss and dielectric loss. Thesmpimena make the materials for EM
absorbance. The incoming wave and reflected wawdeauperposed and cancel each other
and this effect enhance the dissipation of the EBtgy, as shown iRigure 248

Similarly, another research group examined the EMenshielding in epoxy
composite with high entropy alloy (AICoCrFeNi) madéds and found maximum 20 dB
maximum shield from microwavé$® There is an advantage in multicomponent that the
multi-element can be used to tune the propertikesilican contain magnetic elements (Fe,
Co, Ni) and non-magnetic metallic elements, whéeng ferro-resonance materials impart
impedance mismatching leads to narrow absorptiodwalth. However, non-magnetic
materials can be used to enhance the corrosicstarse as well as impedance matching like
chromium for corrosion resistance, aluminium fojuating the impedance, and copper for

the appropriate dielectric loss.
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Fig. 24. (a) As prepared high entropy alloy (HEA) parti{h surface treated surface of HEA
alloy FeCoNiCrCuAd 3 (c) RL, thickness matching.{twith frequency (I/4 wavelength
theory) and impedance with frequency variationni@chanism of different losses on EM
wave interaction with multielement alloy (figures b, c, d) reproduced with permissidfi}!
Copyright 2020, Elsevier, (e) RL in FeCoNiCrAl allwith frequency variation (f) RL at
different thicknesses (figure (e) and (f) reprodliegth permissiony:®* Copyright 20186,
Elsevier.

Zhang et al. (2019¥" have prepared the high entropy alloy (FeCoMibis) by
tunning the Si atom concentration in the mateaald studied the variation on microwave
absorption characteristics. The addition of Siraltee crystal structure of the materials,
which directly impacts the EM wave interaction babar. The sample prepared by ball
milling found that the as-cast-dry-milling metho@sh suitable for microwave absorption
because this method provides a large aspect maditesas defects particles and dual-phase

nanocrystalline and nanoglass (DPNCG). The crysefilowder behaves better for the
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absorption of EM waves compared to the amorphoasepowder, as shownhigure 25(a-
b). The crystalline FeCoNiCrAk powder with the 5 mm to 15 mm exhibited minimum RL
41.8 dB at 11.9 GHz with the thickness 2.3 #f#.The amorphous role has been studied by
designing a high entropy alloy material FeCoNjgBi0.2Bo.2) synthesized by melt-spun,
subsequently ball milling. The obtained powder ledkaky and having particle size 2.5-32
mm (average size 14.7 mm) after 50 h of ball nglloonsisting of BCC and amorphous
phasd!®® The longer ball milling process kept decreasirgghrticle size and increasing the
aspect ratio. The decreasing particle size enhatheesurface area; as a result, the interfacial
polarization enhanced, which is the cause of ireengacomplex permittivity in microwave
frequency regiof83: 189

Wu et al. (2019)°% have prepared core-shell particles of high entafmy as core
(FeCoNiCrCuAb.3) and the shell as metal-oxide (Ni-NiO) for studythe dual loss. The
high entropy alloy material plays a crucial rolemagnetic loss and Ni-NiO shell for
dielectric loss and impedance matching, as shoviamginre 25(S1-S3). The high entropy
alloys as EM wave shielding materials are in theigiinary phase. Only a few articles are
available and are focused on different compos#itoidies to achieve the higher EM wave’s
shielding high entropy alloy materials developmdimte high entropy alloys can easily be
scalable to a large surface by thermal spray cgatimd have drawn tremendous attention by
the scientific community to prepare thermal spragtimg on large panels for different

applicationd!®!!
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Fig. 25. SEM image (S1) HEA, (S2) HEA@AIir@NiO, (S3) HEA@AIN®NIO; EM wave
absorption by different materiald: thickness, & absorption bandwidth, Rln: RL

minimum) (reproduced with permissidij% Copyright 2019, Elsevier, (a) and (b) RL against
frequency for FeCoNiCrAls(reproduced with permissioff Copyright 2016, Springer

Nature.

5.6 Modelling needs in layered and composite structures
For a device with tailored EM wave propagation elggristics, modelling approach
(analytical, numerical, computational) can help dastrate or benchmarking various
functionalities from the pre-determined properbésnaterials or to validate the experimental
findings. Maxwell’'s equations can provide analyt®alutions to EM wave propagatiéif!
which allows us to calculate the electric field éBd magnetic field (H) within a volume of
interest, if the permeability, permittivity, anceetrical conductivity of medium is known at a
given angular frequency of the field. However, thege of numerical methods (e.g., Finite
Element Methods (FEM), Finite Volume Methods (FVMinite Difference Time Domain
(FDTD) and Finite Integration Technique (FIT)) damuseful to establish EM properties
from the pre-determined properties of materfils.

Since thermal spraying (on to a substrate, as shoWwigure 26(a)is a layered
structure as well as heterogenous composite lapét,(pore, micro-crack) which consists of

domains of multiple distinct materials or phases|gtical, numerical, and computational

68



WILEY-VCH

modelling approach may be a cumbersome task. Swyehdd and heterogenous structure can
have different mechanical, thermal, electrical, diedectric properties. However, considering
the possibility to control and manipulate EM wavegagations in an idealised thermal spray
coating-substrate system at will, opens new rebeagas that can lead to novel applications,
and this can be well understood using modelling@ggh, for example, work by Zhang,
Wang and Zhao (20143* where FDTD approach was used to simulate thetiadineat
transfer behaviours of thermal barrier coating$wlifferent microstructure typegifure

26(b). In such cases, simplification of the microstuies can be considered by idealising
the defects to be spherical and elliptical porad,the porosity can be modelled by changing
the number of the pores, whereas the size and stiapierostructures can be modelled by
changing the ratios of pore. While the FDTD proagedtan help obtain the EM fields (H, E),
the transmission/reflectance of the EM wave caodbeulated, including the radiative
properties of the material at various microstrueparameters (such as defect size, shape

coefficient, porosity, and orientation angle).
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Fig. 26. Thermally sprayed coating-substrate system: (aliskd multi-layer structure, (b)
computational domain and boundary conditions usédde FDTD approach [PML: perfectly
matched layer, TBC: thermal barrier coating] (figiio) reproduced with permissidhy!
Copyright 2014, Elsevier.

The layered structures, as suggested by Jaber ai®Mrendlé (20092 can be
classified in different categories depending ontyipe of the layer: (i) neutral layers, (ii)
negatively charged layers with compensating catiorise interlayer space, and (iii)
positively charged layers with compensating aniartbe interlayer space, the most common
of which are the anionic clays. In the field of ENisyered structure modelling has an
important role in the study of EM wave scatterindayered media. The control of emission,
propagation and detection of the EM wave would hie¢pdesign of new EM devices. The

importance of the role of layered structure modgllior these different applications have
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created an increased use and focus on the analyisthods used to evaluate the scattering
in layered media in last decad®8:1°1 There are different techniques and methods for
modelling the propagation of EM waves in layereddtures. However, the clear
understanding and modelling of the wave scattaririgyered structures remains a great
theoretical challenge.

The formulation of the simulation problem coulddshieved with different methods
and strategies using different techniques. Theageglies can be classified in two main
groups: direct and inverse approaches. Direct niadehethods can generally be
categorized in analytical and numerical method®yTdre used for different applications
such as optics, radio-wave propagation, and radaging. As an example of application, the
concept of plasma—graphene-based multilayer congsoseere developed by Rahmanzadeh
et al. (2017%°" to design ultrabroadband radar absorbing strustdiiee schematic of this
type of absorber including several layers is iliatgd inFigure 27 showing the proposed
graphene-plasma absorber, and geometry of multigtygcture when illuminated by an
oblique incidenc&®"! For the direct modelling method, Lord Rayleighgorally proposed
for the first time at the end of #@entury, i.e., small perturbations method (SPMXtie
description of wave scattering from a surface sapag two media. This method was studied
and enhanced in different studi€$:2°°1 A second approach called the ‘Kirchhoff
Approximation (KA)’ used to compute the tangentialds at the interfaces of layered
structures. Bass and Fuks (1978} presented an extensive discussion of this apprdduh
method is based on replacing the surface its targiane at any surface poirtt€:2%?|t is
worth mentioning that there is another analytigadraach proposed by Voronovich (1994,
1999)1202-203IThe method is called the small-slope approximaf®®A). It bridges the gap
between two classical approaches to the probleenmigthod of small perturbations and the
Kirchhoff Approximation.

There are also several numerical methods usednadate the scattering of EM wave
in layered structures. One of the numerical methatbwn by its simplicity is the method of
moments (MOM). It involves equating sample momaevith theoretical moments and
assumes that conductors are infinitely thin ang sotface currents need be modelled. The
integral equation to be solved for this method émdolution can be obtained frdfi*2%

The main disadvantage of the MOM is the high comatomal cost. This can be decreased by
using iteratives methods. The iterative methodsbeacdlassified in two categories: (i)

nonstationary methods, and (ii) stationary methdds. iterative methods are called
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nonstationary if the linear functions adaptivelyaobe at each iteration. They are called
stationary in the opposite case. For the statiomsthods we can mention symmetric
successive overrelaxation (SSGF) and for stationary the Jacobi (or simple itergtion
methoal2°7]
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Fig. 27. (a) Schematic of the proposed graphene-plasmalaysand (b) geometry of
multilayer structure when illuminated by an obligoneidence (reproduced with

permissionyt®1Copyright 2017, IEEE.
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Different non-stationary methods have been appbadugh interface scattering
problem, namely, the conjugate gradient squaredS)CRiconjugate gradient-stable
(BICGSTAB), quasi-minimum residual (QMR), generahimal residual (GMRES), and
conjugate gradient-normal equation (CGNi&J2°?! The nonstationary methods proved an
ability to converge for a wider range of roughnessditions. On the other hand, it is easier
to predict interface roughness conditions undectvitey rapidly converge with the
stationary methods.

For range of applications and to facilitate muhiétional material design, Kim and
Torquato (202M1% established microstructure-dependent cross-prppetions for
composite materials that link effective elastic &M wave propagation characteristics to
one another, including effective wave speeds atethadition coefficients, whereas Yang et
al. (2015¥!Y established design and reflectivity of high-tenapere wave-absorbing
coatings with circular periodic structures. Whitette is lack of such modelling, i.e.,
microstructure-dependent cross-property relationshfermal spray coatings and substrate
system, but similar approaches can be useful &bksih cross-property relationships in
designing multi-functional thermally sprayed cogtirwith desirable attenuation properties
for EM waves.

5.7 Low-observable, metamaterial, and energy converiiantions of thermal spray
coatings
As seen throughout this review, numerous works l@en done to enhance absorption and
shielding of EM waves, in most cases, leading tettgpment of low-observable (stealth)
coatings. Therefore, advancement in thermal sgragistock materials and coating processes
can be critical for future generation of enhanaad-bbservable technology as well as solar
energy conversion, photocatalytic, heat and emtgsapplications. While the specially
structured coatings on to underlying body (subsjrat using special composites or materials
in underlying structures has been proven, fromditee it was observed that it is not possible
to become completely stealthy but delaying thealete to lessen an opponent’s ability to
track the target after detection provides a majmaatage to low-observable us&fé! While
the material selections and coating can also iseré@e weight, cost, and the maintenance
requirements, applications of simple coating matercan usually be effective only in
narrowband and in limited spatial regions. Theneehalso been suggestions developing

environmentally compliant low-observable coatingenals that can facilitate rapid material
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removal, repair, and biodegradability, includingp@ing any legal scrutiny with improved
stealth capability and durabilit§:3-2%4]

Meanwhile, thermal spraying onto polymer-basediffilexstructure is possitif,
however, future directions could be looking intodating of EM wave propagation, and
developing an absorbing material that can not didgipate EM energy but also convert the
generated heat into electricity to realize a selfsering functiori?*®! as well as artificially
periodic structured digital and programmable smratamaterial to obtain unusual negative
refraction, perfect lensing and superlenstid).Such coatings can be attractive for
applications, such as controlling the antennasatewh beams and reducing the scattering
features of targets, in range of frequencies. Asvshin Figure 2§ metamaterials are
artificial materials that are tailored to exhibitigue properties such as negative refractive
index which are not readily available in the nallyravailable material&: 2*7-218] Negative-
index metamaterials (NIM8}" were first demonstrated by Veselago (1568)for
microwave frequencies, but since then it has beallenging to design NIMs for other
frequencies (e.g., optical) and they have so fanbienited to optically thin samples because
of significant fabrication challenges and strongrey dissipation in metal&® However,
metamaterials fabrication using thermal spray tephes are poised to make a huge impact
primarily because they can shape EM radiationsapsiike other materials and methods or
better, as demonstrated in some of the pioneerotg M 8 145 221 The thermal spray
coating technique can be a viable method to desigiace structures to synthesize newer
category of metamaterials. It may be noted thaamaterials gain their properties not from
their composition, but from engineered and desigrticial structure$??? Structural
building blocks (particle shape, geometry, sizegraation, and arrangement) during thermal
spraying of a chosen metamaterial can affect theA@Vies in an unconventional manner
thereby creating material (surface) properties iaie unachievable using conventional
processes. It is anticipated that thermally sprayethmaterial coating layers can achieve
desired effects by incorporating structural elers@ftsub-wavelength sizes, i.e., features that
are smaller than the wavelength of the waves tffegta

EM wave energy conversion is important in many @agibns, such as energy
harvesting, signal detection, or nonlinear optats, and with the application of energy
conversion adapter, it can achieve signal trarisfeween EM energy into various forms of
energy, such as, thermal, DC electric or highemioaic EM wave energy??! Figure 29

shows the schematic of conceptual coating desigmfwnctional layers and structures which
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can be considered for related applications. EM wabsorption can bring energy into a
coating-substrate system due to their fields with@ir waves, and smart coating design with
functional layers and structures can be an ar@aefest. Through absorption of EM wave
(dissipated by dielectric loss and magneticll848 by the coating-substrate system, we can
consider that the energy contained in the coabihgrf optimal thickness and cross-sectional
area passes through the cross-sectional plan@énititerval) can help determine calculating
the energy flux (i.e., energy per unit area pet time). The energy flux can as well depend
on the orientation of the coated surface with tfegdient EM wave. With the variation in
frequency of the EM wave, the energy flux quantéy rapidly vary. Potentially, designing
the coatings as metamaterial absorber and conflEMgvave within subwavelength
structures (of optimal geometry and materials) loalp demonstrate to enhance energy

conversion from coating-substrate system.

(b)
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Fig. 28. Metamaterial: (i) (a,b) structure of radar absoghmaterial showing top and side

view which includes circular aluminium patches, veheis the period of the absorberis
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the radius of the patch unit,is the APS sprayed TiAICo coating onto metal sabst (ii)
(a,b) measured and simulated reflectivity vs. fesgry and sample (reproduced with
permissiony’® Copyright 2016, Elsevier.
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Fig. 29. Schematic of coating design with functional layansl structures.

Despite the potential benefits that thermal spraggssing can offer in low-
observable, metamaterial and energy conversiom&dady, significant challenges remain in
the development of thermal spray processing in @ispn to other methods. The thermal
spray processing must be controlled to ensurethieatieposited phases have the desired

crystalline structure, avoiding delamination, anfanps structure, and impurities
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contamination during thermal spray processing. @afgn-plane splat orientation, although
beneficial for some applications, optimised contifioubstrate heating and cooling can
minimize the effect of thermal stresses during déjmm process. While cost and
performance coatings remain major barriers to thelespread use, thermal spray processing
has the potential to drastically reduce these éarby rapidly increasing production rates
and reducing capital equipment, materials, andalvgystem cost. It also offers the potential
to increased performance using graded compositidmacrostructuresNanostructured
composite powders (e.g., hollow and yolk-shelledaséructure$j®* can also be of
considerable interest for use in such applicatthresto their potential to increase the surface
area, thereby improving the desirable EM wave pgapan performance. As an example,
some hollow and yolk-shelled nanostructures asstee#d materials could

enhance absorption performances compared witholfteunterparts. Enhanced absorption
performances of yolk-shelled structure are possibladditional free space in interior
compared to their corresponding solid ones couwdd te their better impedance matching
characteristics. With low mass density and largecsic surface area, the yolk-shelled
structures could reduce filler ratio in the matind facilitate construction of lightweight
coating as absorbers. It could also possess rielfages, which can increase the interfacial
polarization loss. Various hollow and yolk-shelleghostructures have been reported for EM
absorption (e.g., E®4/hollow carbon microspheres, CoO@Co yolk-shelled N graphene
sheets, F4/C nanorings, Fe@air@Co, nitrogen-doped CNTs uNi{QH).@SiG core-
shelled spheres¥4-228l

5.8 Dielectric properties measurements

For thermally sprayed coating-substrate systemegsiigation of EM properties (i.e., electric
permittivity, magnetic permeability) of coating Exyrequire special consideration unlike bulk
materials. This means, coating needs to be detdobdthe substrate so that standalone
coating properties can be investigated. Due to kitdin rate during impact of sprayed
particles during thermal spraying, the splats @amfa strong mechanical bond at the
interface with the substrate. Removal of such ogatfrom substrate can be a challenge.
Therefore, to mitigate this, as listedlinble 2 most investigators used graphite as substrate
material (as it can be easy to remove from the&tbaatings) to overlay thermally sprayed
layer, but mainly for microwave absorption applicag®?- > 77-82hnd EM interference

application’*?21241 As an example (shown Figure 3(), the dielectric parameters of plasma
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sprayed TiSiCy/cordierite coatings can be determined by netwoddyeer (e.g., using

Agilent Technologies E8362B) using coaxial line hoet measured at this temperature (at 25
°C to 700 °C) test set-Uf#Y In this example, the TSiCy/cordierite coating was sprayed on a
graphite substrate and then mechanically remowed the substrate to carry dielectric
measurements. For other applications (mainly ssbactive absorption, photocatalytic
absorption, thermal barrier (heat, emissivity)g substrate selection such as metals, alloys,
ceramic, or glass, etc. (depending upon variousiregpent) may be appropriate as the EM
wave propagation, namely, absorption, reflectiotramsmission can be investigated using
optical spectroscopy techniques without removalulifstrate. The selections of measuring
equipment and sample holder design (an importg@cisdepend upon the dielectric
materials to be measured, and for thermally sprageting, special considerations may be
needed if testing is needed under various enviromaheonditions (e.g., effect of
temperature, debris, water droplets, ice, etc.él@r, in all cases, the dielectric properties
measurement needs to be accurate, repeatabléjechad verifiable, as such materials are

finding increasing application for use in varioygpbcations and industrie&!

i7)

T -

Fig. 30. Schematic of apparatus to measure the complex tiettgicoatings at 25 °C to
700 °C temperatures using coaxial line method énftbquency range of 8.2-12.4 GHz
(reproduced with permissioRf% Copyright 2015, Springer Nature.

(1 thermocouple, 2 heater, 3 sample, 4 circulatiater cooling system, 5 flume

tank, 6 temperature controller, 7 coaxial cablee&or network analyzer).
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5.9 Environmental and economic factors in absorbing &&Ves

While the demand for thermally sprayed coatingg@sving, energy consumption for large
scale coating production (leading to carbon emisaind environmental impact) must be a
concern for all parties.

As mentioned above, the global market size fothleemal spray coating is projected
to reach 10.7 billion USD at with a CAGR of 6.4%eigected in the next 2-year tifd&!

The market segment covers mainly applications @tosg such as gas turbines, aerospace,
automotive, energy and power, healthcare devidestrenics, oil and gas, forestd?! There
is no further segmentation or market share datdada for EM wave tapping applications
using thermally sprayed materials (e.g., absorpsotar, photocatalytic, heat, emissivity,
interference shielding, etc.), but it is expeciedtow, considering similar sector wise trend
over next many years.

Despite many researchers arguing that thermal smaiyng is a cost-effective
manufacturing techniqué& 233234 proadly it still quite a challenge for this tectogy to
compete with the other cheaper technique availaltlee markét®>! mainly due to
sophisticated devices involved in thermal sprapnéques. This view is also shared by
Wijewardane (201%5% who indicated that there is still a challenge fiaducing a cost-
effective plasma thermal spray coating, e.qg., fatpvoltaic application. Fauchais (20%%)
however argued that the cost could be further reduc the future through the advancement
of overall thermal spray sector (i.e., simple, lesghisticated, cost-effective, low
maintenance, no special treatment or storage,@ngst technologies). Ke et al. (2098)
already indicated that thermal spray offers a maaker cost solar thermal system that the
conventional ones.

As can be seen through the samples of literatutb@application of thermal spray
coatings for specialised EM wave propagation charatics (e.g., absorption, solar,
photocatalytic, heat, emissivity, interference khiey, etc.), the methods and protocols are
well in place and established for research and certiad use. While such coatings can also
help shield environmental EM wave pollutions, tlsage of harmful feedstock materials
during fabrication and long exposure to such maleright raise some issue, as it can be
health hazard and damage the environment duringhémeifacturing and disposal of
materials. For future success, the applicatioruohgechniques must also be cost-effective,

with minimal or no carbon emission, potentially hwiittle or zero pollution. As seen above,
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many improvements in efficiency of coated strucsurave been made (in absorption, solar,
photocatalytic, heat, emissivity, interference khrey), further considerations are still

necessary to quantify their socio-economic ben#itspecific markets and applications.

6 Concluding remarksand futuredirections

This review indicates that range of specialised$ézck materials and thermal/cold spray
coating techniques can play a key role in providioglable route to current and next
generation surface manufacturing of EM deviceseWotthy, unlike other deposition
techniques, thermal spray techniques may not sfrtfer limited build volume, low
throughput speed, problems in scalability and mgimufacturing cost. While thermal spray
deposition techniques have their limitations, theice of fabrication method can be a critical
choice that dictates the resolution, material antkimg frequency of the resultant materials
or structures. Also, to meet the specificationswfent and future EM devices, improved or
new components based on selected dielectric mistana new surface designs are required.
Looking into the feedstock materials used, potéfgiedstock materials not used but can be
easily used, and other category of materials thatide open to use (from metals, metal
alloys, metal oxides & ferrites, semiconductingd®s, carbides, ceramics, cermets, rare earth
elements, carbon-based polymers, polymeric comgmsetc., including their doped design
with hollow and yolk-shelled nanostructure types) @lso be of considerable interest for use
in such applications due to their potential to @age the surface area, thereby improving the
desirable EM wave propagation performance.), thesipdities to have very diverse and
broad EM properties of future generation devicethis domain is immense. What is needed
is a mix of fabrication resources (including thelsyray techniques) to manufacture
artificial surface structures (e.qg., full coatingperiodic/textured coating leading to the
formation of metamaterial). This can be necessawmifferent materials need different
processing techniques and processing conditioaadmeer the surface.

In this article, various thermal spray techniques tabrication strategies to develop
coatings with non-ionising EM wave propagation eleseristics (i.e., absorption, solar,
photocatalytic, heat, emissivity, and interferesbilding) have been critically reviewed.
This review presents fabrication of thermally sgdygoatings (single or multiple layers,
planar structure) which can change propagationacheristics of EM waves. Selection of
feedstock, substrate materials and deposition tqaba have led to the identification of

numerous (most suitable) class of materials todeel @0 produce coatings. The current
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ability of thermal spray techniques to utilise fextk in the form of powders, suspensions or
solution precursors makes it immensely versatib¢,omly to deposit a wide array of material
chemistries but also to create unique microstrestu€onsequently, the technology has
considerable potential to be successful in modifyhre absorption, reflection, and
transmission of EM wave, and it is assessed tldt soatings with certain EM wave
propagation characteristics depend on the waveienghe spectrum that may be useful in
many applications.

The fabricated coating microstructures can makegésto EM waves using the
functionalities that arise from such artificial &ge structures (e.g., full coating or
periodic/textured coating leading to the formatidmmetamaterial), potentially as shields
from radiofrequency and EM fields, reducing radgnature to be opaque to hostile radar,
absorbing solar radiation to convert to electricgighancing decomposition of organic
pollutants or to mitigate environmental impact,rthal barrier to turbine components and to
induce semi-transparency at optical frequenciesjedisas protecting heat sensitive substrates
or antennas. Focus was given to materials micrctstral features in coatings produced using
conventional thermal spray techniques as well aselproduced using modern techniques
(e.g., suspension and solution precursor), andhigiventropy alloying can easily be
scalable to a large surface by thermal spray cgatin

Considerable research is needed to analyse (tmeahthe EM wave propagation
characteristics of materials to respond to widguexcies ranges. This could require multiple
materials fabrication approach to block EM radiasi@t different broad frequency ranges.
Further advances in the application of thermalyspoating techniques could be surged by
considering the usage of range of feedstock cortgpasd hybrid materials to achieve EM
distinctiveness of materials. Additionally, the figation of coatings with functionally
gradient and hybrid properties is quite possiblaite to certain EM wave propagation
characteristics. The substrates to deposit theyrsphiayed coatings varied for EM wave
propagation applications (such as metals, allogssg ceramics, and graphite, etc.), however,
the previous approach did not consider advantagfeeomoplastic or polymer science to
have a lightweight substrate structure. It is eigethat selection of lightweight substrate
can potentially become future norms in thermal gpndustry with some degree of
limitations.

Most applications for non-ionising EM wave intedace (e.g., protection of

electronic equipment, scientific and medical devj@tc. against EM noise), require metallic
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substrates, and thermal spray coatings are typisptayed on metallic substrates. As
presented above, layered system fabrication ubiegral spray techniques can be
advantageous in the application of EM materialsrevtiiee coating priority and hence the
coating architecture can be purposefully built-imidg coating deposition. These cannot be
easily possible when deploying other techniques,(&ape casting, doctor blade, sol gel, or
physical or chemical vapor deposition), hence tla¢ispray coating processes combined with
the choice of coating material(s) and spray pararagirovide higher deposition rate and a
cost-effective design tool as a large-scale manuifexg) route to EM materials and
metamaterials.

The most crucial point is that thermal spray cagatimethod is industrially viable,
which makes it promising to be applied to the lasgale as well as large length-scale
application. Such strategies could also help faltioa of components with key attributes
such as high strength, high flexibility, lightwetghon-corrosiveness, high thermal and
electrical conductivity, low environmental degradat and cost-effective commercial
feasibility. Along with microstructural featuresyne surface area and size, composition,
spray particle size, and band gap energies, fuekgerimental, modelling as well as data-
driven (machine learning) work would be requirectalyse range of dielectric constant,
magnetic permeability, and electrical conductiafycoating materials, to prove if (and how)
the electromagnetic wave propagation charactesiatie governed by dielectric loss or the

magnetic loss.
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