FAISAL, N.H., RAJENDRAN, V., KANIAPAN, S., RAMALINGAM, V., PRATHURU, A., AHMED, R., KATIYAR, N.K., BANSAL,
A., WHITTAKER, T., ISHERWOOD, P., WHITTOW, W., EGIZA, M. and GOEL, S. 2025. Air plasma sprayed multi-material
composite coatings for enhanced light absorption and thermal emission. Surface and coatings technology [online],
498, article number 131854. Available from: https://doi.org/10.1016/j.surfcoat.2025.131854

Air plasma sprayed multi-material composite
coatings for enhanced light absorption and
thermal emission.

FAISAL, N.H., RAJENDRAN, V., KANIAPAN, S., RAMALINGAM, V.,
PRATHURU, A., AHMED, R., KATIYAR, N.K., BANSAL, A., WHITTAKER, T.,
ISHERWOOD, P., WHITTOW, W., EGIZA, M. and GOEL, S.

2025

© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

mAl R This document was downloaded from

@RG U https://openair.rgu.ac.uk



https://doi.org/10.1016/j.surfcoat.2025.131854
http://creativecommons.org/licenses/by/4.0/

Surface & Coatings Technology 498 (2025) 131854

Contents lists available at ScienceDirect

~ SURFACE &
COATINGS
TECHNOLOGY

Surface & Coatings Technology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/surfcoat

Air plasma sprayed multi-material composite coatings for enhanced light
absorption and thermal emission

a,*

Nadimul Haque Faisal “ , Vinooth Rajendran®, Siva Kaniapan“, Vinoth Ramalingam °,
Anil Prathuru?, Rehan Ahmed °, Nirmal Kumar Katiyar “, Aakash Bansal 4 Thomas Whittaker “,
Patrick Isherwood ¢, Will Whittow ¢, Mohamed Egiza *°, Saurav Goel #

@ School of Computing, Engineering and Technology, Robert Gordon University, Garthdee Road, Aberdeen AB10 7GJ, UK

b School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK

¢ Amity Institute of Applied Sciences, Amity University, Noida 201303, India

4 Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, Loughborough LE11 3TU, UK
¢ Department of Mechanical Engineering, Kafrelsheikh University, Kafrelsheikh 33516, Egypt

f School of Engineering, London South Bank University, 103 Borough Road, London SE1 0AA, UK

8 Department of Mechanical Engineering, University of Petroleum and Energy Studies, Dehradun 248007, India

ARTICLE INFO ABSTRACT

Keywords:

Air plasma spray
Single-layer coatings
Bi-layer coatings

Light absorption
Thermal emittance

Solar thermal conversion

This study pioneers a transformative approach to solar thermal technology by leveraging air plasma-sprayed
(APS) multi-material composite coatings. It is to achieve unprecedented light absorption and thermal emis-
sion, redefining the design paradigm for bi-layer coatings in solar thermal applications. For the first time, both
single-layer (Mo-MozC/ceramic, NiO/YSZ) and bi-layer (NiO/YSZ with an additional 8YSZ top layer) coatings on
Hastelloy®X substrate were systematically compared using an extensive suite of characterisation techniques,
including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD), optical spectroscopy, infrared thermography, surface roughness, sheet resistance, electrical conductivity,
dielectric constant measurements and water absorbency tests. The bi-layer NiO/YSZ + 8YSZ coating with the
highest surface roughness demonstrated remarkable light absorption and thermal emission properties. With a
minimal light reflectance of 0.1 and a high thermal emittance of 0.961, this configuration achieved superior solar
energy capture and efficient heat re-emission, outperforming single-layer coatings with a moderate reflectance of
0.2 to 0.6. Additionally, the Mo-Mo2C/ZrO: coating revealed unique spectral behavior with enhanced reflectance
in the infrared region, indicating its potential for niche applications. Moreover, the NiO/YSZ + 8YSZ and NiO/
YSZ coatings configuration also exhibited minimal water absorbency due to its fine microstructure, characterised
by small pore sizes and low surface-connected porosity. These findings establish the bi-layer NiO/YSZ + 8YSZ
coating as a groundbreaking advancement in thermal-sprayed materials, offering exceptional solar selective and
thermal emission properties. This work underscores the transformative potential of APS techniques in developing
next-generation coatings tailored for optimised solar thermal applications.

1. Introduction surface. Their performance is generally based on their ability to optimise

how the material’s surface interacts with the electromagnetic spectrum,

Solar selective and thermal emission coating materials can be
developed to control the absorption and emission of energy in solar
thermal and other energy applications. While the solar selective coating
materials are typically used to absorb solar radiation and minimise heat
loss due to infrared (IR) emission, whereas thermal emission coating
materials are typically developed to control the radiation of heat from a
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particularly sunlight and thermal infrared radiation, and the dual
functionality of coating materials could be critical in advancing tech-
nologies for sustainable energy and thermal management. This study
investigates the light absorption and thermal emission performance of
various coating materials developed using air plasma spray (APS)
technique. Here, the coatings are developed by combining multi-
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materials, leveraging their synergistic properties to achieve desired
optical and thermal characteristics.

Specialised coatings play a crucial role in enhancing solar radiation
absorption by minimising surface reflection in selective absorbers [1].
Antireflective coatings can be developed through various strategies,
such as using materials with an intermediate refractive index (RI) be-
tween the substrate and air, incorporating porosity, employing graded
refractive indices, or combining these approaches [2]. Common
dielectric materials with intermediate RI values suitable for such ap-
plications include alumina (Al-Os, RI ~ 1.65), titania (TiO2, RI ~ 2.30)
[3], zirconia (ZrOo, RI ~ 2.14-2.08) [4], nickel oxide (NiO, RI ~ 2.18)
[5]1, and 8 mol% yttria-stabilized zirconia (8YSZ, RI ~ 2.20) [6]. Various
coating techniques, such as chemical vapor deposition (CVD), spray
coating, spin coating, dip coating, electroless plating, electroplating,
sputtering, and sol-gel processing, have been employed for different
applications [7], each offering unique advantages and challenges in
tailoring coating properties for specific requirements.

Thermally sprayed coatings offer the flexibility to engineer specific
microstructures, enabling tailored antireflection properties ideal for
manufacturing selective absorber surfaces [7,8]. Recent reviews [9]
highlight numerous applications where thermal spray techniques have
been employed to create coatings capable of absorbing and shielding
non-ionising electromagnetic (EM) waves across a broad spectrum,
including microwave, millimeter-wave, solar selective, photocatalytic,
interference shielding, and thermal barrier applications. These coatings
can incorporate diverse structural features such as elastic frameworks,
cavities, porosities, voids, and cracks, which can be strategically
designed for enhanced performance in various industrial contexts
[10-13]. Engineered porosities and cavities, in particular, play a critical
role in optimizing material absorption properties, leveraging the
intrinsic advantages of thermal spray processes [14]. However, for
heterogeneous materials, the complex interactions involving EM wave
scattering and absorption present significant challenges to predict and
optimise, requiring further investigation.

Extensive literature demonstrates that solar selective coatings can be
effectively manufactured using thermal spray techniques, such as air
plasma spray (APS) and high-velocity oxy-fuel (HVOF) [15-21]. Using
the plasma spray method, Tului et al. (2004) [15] deposited ZnO and
ZnO + (3 wt% and 22 wt%) Al,O3 material onto the sand-blasted steel
substrates and reported the optical and thermal properties. While the
coatings containing 22 wt% of AlpOs; showed lower emissivity in the
visible range than the corresponding 3 wt% Al,O3 containing coatings, it
was also demonstrated that the infrared (IR) emissivity of thermally
sprayed coatings can depend on a range of factors, such as the wave-
length, chemical composition, and the spraying environment. Using the
suspension plasma spray (SPS) method, VaBen et al. (2009) [16]
deposited porous TiO» coatings onto indium tin oxide (ITO) coated glass
substrates for photovoltaic cells, and through analysis of photovoltaic
current-voltage (I-V) curves, they identified coatings with the best op-
tical properties to those containing 90 % anatase phase.

Using a HVOF spray method, Gao et al. (2015) [17] deposited 30 pm
thick Ni—Mo and Ni-Mo-Co onto the 307 L stainless steel substrates. To
improve the solar spectral absorption for concentrating solar power
applications (in the spectral range ~ 0.3-2.5 pm), the coatings were
irradiated using the laser treatment. Influencing the phase content and
making the coating denser by significantly reducing micropores. For as-
sprayed samples, it was observed that coatings had undesirable surface-
connected micro-pores. Reflectance curves showed enhanced solar
absorbing properties (about 10.7 % increase in solar absorptance) on the
laser-treated coatings compared to the as-sprayed coatings. Using the
HVOF spray method, Wang et al. (2017) [18] investigated 45 pm thick
tungsten carbide/cobalt (WC/Co) coatings on AISI 304 L stainless steel
substrates. Analysis showed that the multimodal WC/Co coating with
coarse and fine WC particles exhibited a higher solar absorptance (0.87)
than what was achieved by either coarse powders (0.80) or fine powders
(0.82) alone. Higher solar absorbance was attributed to the formation of
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a dense layer with no decarburised phases and distributed WC particles.
Duan et al. (2017) [19] proposed an innovative method to deposit a
duplex layer of coatings. This included a first layer deposition of Co-WC-
Al;03 (absorbing layer deposited using the HVOF method) followed by
an Al,O3 (antireflection layer deposited using the sol-gel method)
ceramic metal-dielectric. Analysis showed that the duplex coating
exhibited high solar absorptance/emittance (0.908/0.145). However,
after annealing, the absorptance/emittance decreased to 0.898/0.172,
an indication of the thermally stable characteristics of the coating.
Similarly, using an HVOF method, Ke et al. (2018) [20] deposited 45 pm
thick WC-Co coatings on the stainless-steel substrates. Then, they
included layers of coatings (CuCoMnOy, CuCoMnOx-SiO,, and SiO3 sols)
synthesised by a sol-gel method and deposited successively on the
coating. Multilayers of CuCoMnOyx and CuCoMnOy-SiO, were used as
sealing layers to fill larger and smaller pores, followed by the uppermost
SiO, antireflective layer. Analysis showed that the absorptance
increased from 0.821 to 0.915 and the emittance decreased from 0.434
to 0.290, and after annealing of coating, the absorption and emittance of
the multilayered coatings changed to 0.901/0.320. Deng et al. (2020)
[21] studied vanadium tailings deposited on a stainless-steel substrate
with a Ni/Al bond layer using the plasma spraying method, and the
analysis exhibited high absorbance (93.79 %) and low-energy band
gaps, emissivity of 71 % at 120 °C, and high thermal stability at 500 °C.
Whilst there are multiple advantages in using multi-material coatings for
electromagnetic wave absorption (e.g., ultraviolet-visible-infrared
(UV-Vis-IR) spectral range), the design of materials and surface
manufacturing can be complex. It may require sophisticated
manufacturing techniques such as thermal spray coatings.

The selection of multi-material coatings is driven by the specific re-
quirements, manufacturability, and constraints of the application. These
coatings are engineered by combining two or more materials to enhance
desirable properties. For example, Mo-Mo2C composites show enhanced
photo-absorption in the 200 nm to 800 nm wavelength range [22] and
Mo2C (a transition metal/metal-carbide composite) has notable opto-
electrical characteristics, making it suitable for applications in semi-
conductor photonics [23]. MozC is promising for use in optically
activated thermal switches, energy storage, adsorption, and optoelec-
tronic sensors [24]. To broaden Mo2C’s application in semiconductor
optoelectronics and optimise its activity, selectivity, and carbide for-
mation, adding metal oxides is a viable strategy. Metal oxides, known for
their high thermal stability and wide range of band gaps, can be tailored
to absorb specific regions of the electromagnetic spectrum. For instance,
aluminum oxide (Al-0s, with a band gap of ~6 eV) is used in optical
coatings for the near-UV to IR regions, titanium oxide (TiO2, with a band
gap of ~3.4-3.6 eV) is used in the visible range, and zirconium oxide
(ZrO2, with a band gap of ~5 eV) is suitable for near-UV to IR coatings
but does not absorb sunlight effectively, as it only captures ultraviolet
light [25].

Similarly, materials like nickel oxide (NiO) and yttria-stabilized
zirconia (YSZ) are refractory materials with high thermal stability,
making them ideal for solar thermal applications. NiO, with a band gap
of 3.6 eV to 4.0 eV, can absorb a wide range of wavelengths, while YSZ
(with a band gap of 5.0 eV to 5.2 eV) offers high ionic conductivity at
elevated temperatures, especially at 8YSZ, along with excellent thermal
stability and low thermal conductivity [26,27]. The combination of
NiO’s high light absorption in the ultraviolet to visible spectrum and
electronic conductivity with YSZ’s thermal stability, low thermal con-
ductivity, and ionic conductivity creates a synergistic system ideal for
efficient heat and charge transfer. This combination of properties can
enhance light absorption and thermal emission for applications in solar
energy conversion.

This study investigates the performance of five thermally sprayed
coatings—four single-layer systems (Mo-Mo02C/Al20s, Mo-Mo02C/ZrOz,
Mo-Mo2C/TiO2, NiO/YSZ) and one bi-layer system (8YSZ coated onto
NiO/YSZ) - deposited on Hastelloy®X substrates. The coatings were
rigorously evaluated for their potential in efficient solar energy
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conversion, with a focus on their microstructure, sheet resistance, con-
ductivity, dielectric properties, optical and thermal performance, and
water absorbency.

2. Materials and methods
2.1. Material selection

Hastelloy®X (nickel-chromium-iron-molybdenum alloy) was chosen
as a substrate as it has good oxidation resistance and high-temperature
strength. Mo with Mo,C (i.e., Mo-Mo,C; average particle size distribu-
tion of 35-40 pm) (Metco 64) powder was chosen for the coating. It was
sintered spheroidal powder, demonstrating high scuff resistance, fric-
tional characteristics, and toughness. Al,O3 powder with an average
particle size distribution of 35-50 pm) (METCO-105SFP) was chosen.
The powder was fused and crushed with angular and blocky
morphology, demonstrating wear-resistant properties, including chem-
ical inertness and stability at high temperatures. ZrO, with an average
particle size distribution of 100-120 pm (40,453, Alfa Aesar) was chosen
as fused and crushed, demonstrating stability in oxidising and reducing
atmospheres. TiO5 with average particle size distribution of 32-40 pm
(METCO-6231A) was chosen as fused, crushed, agglomerated, and sin-
tered with angular, blocky, or spheroidal powder, which demonstrates
low electrical resistivities and superior tribological properties. Nano-
structured NiO/YSZ powder containing 50 wt% each with an average
granule size of 30-40 pm (Nanox™ S28ZY8; Inframat®) was chosen as
an agglomerated composite with spherical granule morphology.

2.2. Coating preparation

In this study, a single-layer coating consists of a single material
composition applied to a substrate, while a bi-layer coating features two
distinct layers, each made from different materials, with each layer
serving a specific function to improve overall performance. The pro-
cessing parameters, namely angle, current, hydrogen flow, spray dis-
tance and feed rate, were identified for effective air plasma spraying
(APS) onto the Hastelloy®X disc (20 mm diameter and 4.76 mm thick-
ness) as shown in Table 1. Various coatings were disposed of at an

Table 1
Air plasma spray process parameters used for coating manufacturing.
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industrial facility (Monitor Coating Limited, UK) using industrially
optimised process parameters of the APS system (Metco 3 MB gun,
3M7A-GP nozzle, Metco).

2.3. Characterisation

2.3.1. Microstructural characterisation

Scanning electron microscope (SEM) from Karl Zeiss EVO LS10 and
JEOL JSM 6010 LA was used to analyse the coating morphology (on the
surface, whereas the chemical elemental analysis (Energy Dispersive X-
ray Spectrometer or EDS) was done using Karl Zeiss EVO LS10 electron
microscope. The phase of coated materials was analysed using an X-ray
diffractometer (Bruker D8 Focus) with Cu K-« radiation (I = 0.154 nm;
step size 0.02°). The surface roughness (centre line average, R,) of
samples were measured by Taylor Hobson (Surtronic 3+) tester. On each
sample, three roughness measurements were taken at different locations
with sampling length of 2.5 mm and an evaluation length of 12.5 mm.

2.3.2. Sheet resistance and electrical conductivity

The 4-point probe method [28] was used to analyse the sample’s
sheet resistance and electrical conductivity. Sheet resistance (or surface
resistance) is a measure of lateral resistance per square area of coating
with uniform thickness, and demonstrate the ability of an electrical
charge to travel in the plane of the coating layer. The 4-point probe
measurement system manufactured by Ossila BV (The Netherlands) was
used. It operates in the range of +100 pV to £10 V, +1 pA to £200 mA
current range, and 100 m<Q/square to 10 MQ/square sheet resistance
range.

2.3.3. Dielectric constant measurements

The dielectric constant (relative permittivity) was measured with the
capacitance generated by the coating when placed between the two
conducting plates. It measures how much a material can be polarised by
an electric field relative to a vacuum and demonstrates the ability to
store electrical energy. In this experiment, the conductive substrate was
used as one plate, and a copper sheet of radius 9.9 mm and thickness
0.03 mm was used as the second plate placed on top of the coating, as
per the scheme shown in Fig. 1. An LCR meter was used to measure the

Materials deposited using air plasma spraying (APS) technique (9 MB, Sulzer Metco)

Materials (a) (b) (©)

(@ (e)

Mo-Mo,C:Al,03 (wt
% ratio of 80:20)

Mo-Mo,C:TiO, (wt

Feedstock materials % ratio of 80:20)

Coating

Coating-substrate system (single
layer, duplex or bi-layer)

(Single-layer coating)

250 pm (Mo-Mo2C/ 300 pm (Mo-Mo,C/

Coating thickness

Substrate

Air plasma spray process parameters

Voltage 69V

Current 500 A

Primary gas (Ar) flow 0.68 MPa; 42.08 Ipm

Auxiliary/secondary gas (Hy)
flow

Carrier (Ar) gas flow

0.34 MPa; 34.2 Ipm
0.68 MPa; 19.4 Ipm

Spray distance 100 mm
Transverse speed 30 mm/s
Feed rate 70 g/m

Angle (°) 30°

Mo-Mo,C:ZrO, (wt
% ratio of 80:20)

220 pm (Mo-Mo,C/
Al,03) TiOy) Zr0y)
Hastelloy®X (20 mm diameter, 4.76 mm thickness)

NiO/YSZ (wt% NiO/YSZ (wt% ratio of 50:50) and top layer 8%mol
ratio of 50:50) YSZ

Top layer coating

Coating

(Bi-layer coating)
250 pm (NiO/ Total 300 pm (50 pm 8%mol YSZ top layer coating
YSZ) on top of 250 pm thick NiO/YSZ)

55V
700 A
0.68 MPa; 47.1 Ipm

0.4 MPa; 12.5 lpm

100 mm
30 mm/s
66 g/m
30°

33 g/m
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Copper Plate

Metal Disc

Capacitance
Meter

Fig. 1. Capacitance measurement scheme for the coating-substrate system (measured for NiO/YSZ and NiO/YSZ + 8YSZ coatings, as other coatings

were conductive).

capacitance at 1 kHz. The measured capacitance was used to calculate
the relative permittivity of the material using Eq. (1):

cd
& = (1)

T artey

where C is the measured capacitance, d is the coating thickness, r is the
radius of the substrate cylinder, and ¢y is the absolute permittivity of
free space.

2.3.4. Spectroscopy analysis

2.3.4.1. UV-vis-IR spectroscopy. The UV-Vis-IR spectroscopy measure-
ment was performed using a Perkin Elmer Lambda 900 spectropho-
tometer (near normal incidence = 6° (unpolarised light)) in reflectance
mode in the wavelength range of 300 nm and 2000 nm in steps of 2 nm.

2.3.4.2. Optical band gap energy determination. The optical band gap of
the materials can be estimated from the Tauc plot [29] obtained from
the data based on Eq. (2) [30]:

()" = B(hw — E) )

where a is the wavelength-dependent absorption coefficient, h is
Planck’s constant, v is the photon frequency, E, is the band gap energy,
and B is a constant. The y factor depends on the nature of the electron
transition and is equal to 1/2 for the indirect and 2 for direct transition
band gaps. The band gap energy is usually determined from diffuse
reflectance spectra. According to the theory of Kubelka and Munk
(1931) [31], the measured reflectance spectra can be transformed to the
corresponding absorption spectra by applying the Kubelka-Munk func-
tion (F(R), eq. (3)).
K (1-Ry,)?

F(Rm):ng 3)

=l js the reflectance of an infinitely thick specimen,

_ R
where R, = Rstandard

while K and S are the absorption and scattering coefficients, respec-
tively. Substituting F(R ) for a in Eq. (2) yields Eq. (4):
(F(Rw)-hw)"" = B(hv — Ey) @

2.3.4.3. Emittance calculation in the solar spectrum. As per the mecha-
nism of spectral selectivity [7], the spectral range of solar radiation is

very wide. While the energy is mainly concentrated in the range of Vis-
and near-IR spectrum, the wavelength of thermal radiation of the
absorber is >2.5 pm. Emissivity (a material property which measures the
efficiency with which the body emits energy, and measures only the
intensity of thermal radiation) is the measure of an object’s ability to
emit any energy within the electromagnetic spectrum (and it is a
dimensionless number between O (for a perfect reflector) and 1 (for a
perfect emitter)). The emittance (¢) (a measurable physical quantity
which measures the amount of energy emitted per unit area, may
include radiant energy emitted from Vis-, IR or UV-light) is the ratio of
the radiation emitted at a given temperature to the radiation emitted by
a perfect blackbody at the same temperature [7,21]. From the measured
spectral reflectance, average emittance (¢) of the sample can be calcu-
lated (integrated here over the solar spectrum) according to Eq. (5)
[7,21].

2000nm

(1) — ds00m (1 = P(0)Po(A, T)04

2000nm Pb (/17 T)()/l

300nm

()

G

Py(4,T) = BT 1)

(6)

where p(1) is the sample spectral reflectance at a wavelength A
(measured by a standard UV-Vis-IR spectrophotometer) over the
wavelength range of 300 nm to 2000 nm, C; is 3.743 x 10716 Wm?, C, is
1.4387 x 1072 mK, and Py(2, T) can be calculated by Plank’s blackbody
radiation Eq. (6), and T is 293 K [7,21]. Here, the use of emittance as the
average absorption rate over 300 nm to 2000 nm aligns with the prac-
tical need to evaluate the coating’s overall solar absorption efficiency
and is used to provide a single representative value for the coating’s
ability to absorb solar energy in the relevant range.

2.3.4.4. FTIR spectroscopy. For materials which are infrared active,
Fourier Transform Infrared Spectroscopy (FTIR) is typically used to
identify the functional groups present in compounds by measuring their
absorption of IR radiation over a range of wavelengths. Here, the FTIR in
reflectance mode was conducted using a Nicolet™ iS™ 10 Spectrometer
equipped with OMNIC software at ambient temperature, and the device
was set for 32 scans within 4000 cm™! to 400 cm ™, which corresponds
to IR wavelengths between 2.5 pm to 25 pm.

2.3.4.5. Infrared thermography. Infrared thermographic testing (for
qualitative analysis) includes placing the samples onto an wooden plank
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Fig. 2. Infrared (IR) thermography experiment (1: heating, 2: imaging).

(Fig. 2). In the first set of testing, the samples were heated by an infrared
(IR) lamp (Beurer infrared lamp IL21, Infrared PAR 38, 150 W; infrared
wavelength range: IR-A (760 nm to 1400 nm) and IR-B (1400 nm to
3000 nm), with dominant wavelength at 1100 nm) placed at a vertical
distance of 60 mm, in the open air for 5 min and 10 min until the surface
temperature of a sample exceeded 100 °C. The sample was then quickly
moved under the IR thermal camera (FLIR TG167 which can measure
temperature range: —25 °C to 380 °C, laser output: <1 mW and wave-
length of 630 nm to 670 nm) for imaging.

In the second testing set, the samples were heated in a rapid chamber
furnace (Carbolite, with maximum operating temperatures of 1200 °C)
for 2 min at temperature setting of 235 °C and 280 °C (note: wave
produced inside heating furnace could be in the IR range between 500
nm and 3000 nm). The samples were then quickly moved under the IR
thermal camera for imaging. In the third set of testing, the samples
heated for 2 min at 235 °C in a rapid chamber furnace and allowed to
cool for 5 min in the open air, and then moved under the IR thermal
camera for imaging. In all such testing, the samples did not show any
observable degradation of coatings. A typical 0.95 emissivity value was
set during the IR thermal camera imaging for all the samples tested. Part
of the thermographic testing procedure for thermal spray coatings
deployed here is adapted from Santangelo et al. (2017) [32].

2.3.5. Water absorbency test

There is general perception that in thermally sprayed ceramic coat-
ings, water can easily be absorbed by the porous microstructure of the
coating, and can influence the electrical insulation [33], and therefore
the water absorbency tests were carried for samples under investigation.
In First-Of-It-Kind investigation, water absorbency (qualitative) tests
were performed using a 2 pl water drop under ambient condition to the
surface of each samples, and observing the degree of droplet spread after
2 min. The samples were then heated under IR lamp for 5 min (until the
surface temperature of a sample exceeded 100 °C), followed by
observing dry patch to see the degree of water spread formed during
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evaporation under heat and natural convection. The samples were
swiftly placed under the IR thermal camera for imaging to observe the
effects of limited infrared exposure. This analysis aimed to investigate
the material’s interaction with water molecules-whether through
physical adsorption or chemical interaction-and their vibrational modes,
which may absorb in specific infrared regions. Understanding this
relationship is crucial for designing coatings optimised for specific IR
behaviors, such as selective absorption or reflection. The analysis also
included visual observation of the water drop (i.e., spreading, absorp-
tion, moisture redistribution and evaporation) and dry patch appearance
onto the material after a set duration, and which material offers least
absorbency [34].

3. Results and discussion
3.1. Microstructure

The surface morphology of the thermally sprayed coatings was
examined using SEM, as depicted in Fig. 3. The observed microstructure
of the coating revealed the presence of surface-connected, open-ended
porosity, notably reaching up to 19 % in Mo-Mo2C/Al;O3 (thickness:
250 pm, single layer) and Mo-MoyC/TiO; (thickness: 300 pm, single-
layer), 16 % in Mo-Mo,C/ZrO (thickness: 220 pm, single-layer), and
approximately 10 % in NiO/YSZ (thickness: 250 pm, single-layer) and
NiO/YSZ + 8YSZ (thickness: 300 pm, bi-layer), without the use of any
sacrificial pore-forming materials. The porosity of the coated surface
was analysed as the average of five area-normalised regions, each from
image analysis Infinity Analyse software (Lumenera Corporation, R6.3)
on the acquired SEM image. Thus, the porosity is not in 3D but a 2D
measurement on the top surface. This software was used to measure
porous area distribution for each coating surface (note: pore area ratio is
defined as the sum of all pore areas divided by the total sample area
analysed, and in this analysis, a thresholding (at 65 %) of the image
individual pixel brightness as per the image analysis software was
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Fig. 3. Scanning electron microscopic (SEM) images of coating surface and coated disc (inset): (a) Mo-Mo2C/Al;03, (b) Mo-Mo,C/TiOs, (¢) Mo-Mo,C/ZrO,, (d) NiO/
YSZ, (e) NiO/YSZ + 8YSZ, and (f) fractured flake of NiO/YSZ (fractured flakes cross-section view).

manually set, so that the pore selection is not impaired or overestimated.
In this way, it became possible to know the morphology of the pores. The
proposed method to determine area percentage porosity is very similar
to those proposed in ASTM E2109-01 (2021) [35]. Additionally, the
microstructure exhibited voids, unmolten particles, non-bonded inter-
splat regions and several other types of defects, including high rough-
ness. Variations in splats and related features were noted, attributed to
differing powder sizes and distinct process parameters.

Chemical elemental analysis (Fig. 4) was conducted to determine the
distribution and weight percentage of elements in the coatings and
Hastelloy®X substrate. As expected, the presence of various elements in
the coatings was predominantly characterised by molybdenum (Mo) in
the Mo,C/Al;03, Mo-Mo,C/ZrO,, and Mo-Mo,C/TiO; coatings (Fig. 4
(a-c)). In MoyC/Al;03, Mo-MoyC/ZrO,, and Mo-MoyC/TiO2 coatings,
carbon (C) is part of the Mo,C structure, meaning it may not be detected
as free carbon. Since EDS primarily detects elements in their elemental
or ionic forms, carbon incorporated into a stable compound is not
identified separately. The NiO/YSZ coatings exhibited peaks

corresponding to elements such as Ni, Zr, O, C, Y, and Hf, while the NiO/
YSZ + 8YSZ coatings showed peaks for elements including Zr, O, C, Y,
and Hf (Fig. 4(d-e)). Traces of Hf in both NiO/YSZ and NiO/YSZ + 8YSZ
coatings could be due to natural mix in zirconia raw materials [36]. Bare
Hastelloy®X, a nickel-based superalloy, showing peaks corresponding to
elements like Ni, Cr, Fe, Mo, Si, Al, and C [37].

The crystallographic phases of coated materials were analysed by X-
ray diffraction (XRD), as shown in Fig. 5. The Hastelloy®X (mainly Ni,
gamma phase) can be seen as a face-centred cubic (FCC) phase [12]
(Fig. 5(a)). Since the coatings were thick, the substrate peaks were not
visible in the coated specimens. The coating phases were body centred
cubic (BCC) (molybdenum rich) in Mo-MoyC/Al;03, Mo-Mo2C/TiO»,
and Mo-MoyC/ZrO5 (Fig. 5(b-d)). In Mo3C/Al;03, Mo-MoyC/ZrO,, and
Mo-Mo,C/TiO9 coatings with dominant Mo peaks, the presence of very
small peaks for Mo,C and other composition can arise from several
factors, which are often related to the phase composition, crystallinity,
and processing conditions of the coating. It could be due to high con-
centration of molybdenum (Mo), low crystallinity, as well as preferred
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bare Hastelloy®X.



N.H. Faisal et al.

Surface & Coatings Technology 498 (2025) 131854

Intensity (a.u.)

4 _ % FGC
2 g g # BCC
* 5= NiO/YSZ
A i et (0
¥ * NiO/YSZ+8YSZ
*
A L% B aanlic
#
Mo
MOZCH Mo,C Mo zro, Mo,C ';0 MO;ATOZCIZ"OE
! | ; @
i Mo,C E #
l TR e Mo-Mo,C/TiO,
o A, A_ N (C)
2 Al,Mo;C Mo,C Mo,C
Mo,C ML C # Mo-Mo,C/Al,O
‘I—* i * A ey 2 Al -
Ni
. Ni i Hastelloy®X
l A * Ni*  Ni*
- -~ -(a)
. T ’ T ’ T T

Surface roughness, Ra (um)

14.0

12.0

10.0

%
<)

6.

o

4.

o

2.

o

0.0

40

60

2(0)

Fig. 5. X-ray diffraction patterns of bare Hastelloy®X and coated samples (four intense reflections in coatings Mo-Mo,C/ZrO,, Mo-Mo,C/TiO,, and Mo-Mo,C/Al;03
corresponds to metallic Mo, in each pattern).

.\o'"
& ¢
&

&

11.2
&

R\

Samples

100

|6.0
&

NS
&

Fig. 6. Measured surface roughness of Hastelloy®X substrate and all coated samples.



N.H. Faisal et al.

texture leading to weaker diffraction signals. As for the NiO/YSZ, FCC
phases of NiO and YSZ were identified, while a thin layer of 8YSZ
coating on top of NiO/YSZ eliminated the NiO reflections (Fig. 5(e-f)).

As shown in Fig. 6, the measured surface roughness (i.e., centre line
average, R,) are low for as-received Hastelloy®X substrate, but higher
for all coated samples (with highest roughness for 8YSZ layer coated
onto NiO/YSZ sample). The machine-cut as-received Hastelloy®X sub-
strate surfaces exhibited low surface roughness, attributed to the pre-
cision of the machining process. In contrast, the coatings demonstrated
significant variations in roughness, influenced by several factors related
to the APS process, including material properties and spray parameters.
Smaller powder particles are more likely to melt and flatten during
deposition, while larger particles may remain semi-molten, resulting in
increased surface roughness [38]. These factors impact how sprayed
particles (molten or semi-molten) adhere to the substrate, their solidi-
fication behavior, and the resulting microstructure. Additionally, 8YSZ,
a ceramic material commonly used in thermal barrier coatings, tends to
exhibit higher roughness due to its brittleness, limited ductility, and
characteristic splat morphology [39].

3.2. Sheet resistance

Sheet resistance (fifty measurements) were taken for each sample,
and the average value was calculated. The average sheet resistance
value for the Hastelloy®X substrate and when coated with Mo-MoyC/
Aly03, Mo-Mo,C/TiOy and Mo-MoyC/ZrO, are given in Fig. 7. These
coatings reduced the overall sheet resistance of the sample than the
substrate. Mo-MoyC/TiOy coating exhibits the lowest resistance or
higher conductivity vice versa.

Sheet resistance (which is a measure of lateral resistance per square
area of coating with uniform thickness and an ability of electrical charge
to travel in the plane of the coating layer). A lower sheet resistance in the
coating layer leads to better electrical conductivity [40] (Fig. 7) and,
consequently, less reflection of the incident light and better efficiency of
the coated device. The low resistance of the coatings will ensure that
charge carriers can move freely to the electrical contacts without many
losses, further reducing reflection by facilitating effective carrier
extraction. The samples coated with NiO/YSZ and NiO/YSZ + 8YSZ
could not be measured as the sheet resistance of these two samples was
larger than the equipment’s limit at 10 MQ/square, meaning these
coatings exhibit extremely high resistivity.
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3.3. Relative permittivity

The capacitance measured for NiO/YSZ and NiO/YSZ + 8YSZ was
used to calculate the relative permittivity of the coating using the
technique described in Section 2.3.3. The other coatings (i.e., Mo-
Mo-C/Al;03, Mo-Mo,C/TiOs, Mo-Mo>C/ZrO;) were observed to be
conductive and hence their dielectric properties could not be measured.
The measured capacitance (measured at 1 kHz) for NiO/YSZ and NiO/
YSZ + 8YSZ were 0.142 nF and 0.105 nF, respectively. Thus, the relative
permittivity of the two coatings was measured to be 15.55 and 9.58,
respectively, with an error of about +4 %. This error was calculated
based on the 20 measurements performed for each coating. The relative
permittivity of the materials directly impacts the electromagnetic wave
(solar and near-IR light) propagation and their localisation within ma-
terials and contributed as the dielectric losses in the form of heat. In the
graded layered system, it is beneficial to trap the radiation and reduce
their emittance by providing another layer.

The measured relative permittivity values are comparable to those
available in the literature. For example, for air plasma sprayed yttrium
oxide (Y203) relative permittivity was between 10 and 13.5 [41], for
YSZ ceramic relative permittivity was around 15.45 to 16.31 [42], and
for YSZ coatings and sintered bulk YSZ, relative permittivity was around
15 to 32.5 for broad range of frequencies [43]. In the current work,
compared to NiO/YSZ coating, the NiO/YSZ + 8YSZ coating showed
lower bound relative permittivity, indicating minimal polarisation when
subjected to an electric field, which corresponds to reduced ionic
mobility but enhanced stability under high electric fields.

3.4. UV-vis-IR properties

Fig. 8 shows the solar reflectance of each sample (Hastelloy®X
substrate and coatings). Fig. 8(a) shows the reflectance curves in
UV-Vis-IR range wavelength for all coatings under different fabrication
conditions (Table 1). In general, higher reflectance leads to lower ab-
sorption of light. However, NiO/YSZ + 8YSZ coatings have shown
exceptional anti-reflective properties and the ability to absorb light
across a wide range of wavelengths. This performance can be attributed
to various factors, including the presence of absorptive materials, a
porous surface structure that diffuses radiation instead of reflecting it,
and the relative permittivity, which contributes to dielectric losses and
traps light, ultimately contributing in the form of heat.

A higher reflectance was observed for NiO/YSZ coatings (around
0.4-0.5) compared to bi-layer NiO/YSZ + 8YSZ coatings (around 0.1)

0.00084
T 0.00062

Hastelloy®X with Hastelloy®X with Hastelloy®X with
Mo-Mo2C/Zr02 Mo-Mo2C/AI203 Mo-Mo2C/Ti02

Samples

Fig. 7. Sheet resistance of coated Hastelloy®X samples measured with the 4-point probe method (electrical) at ambient temperature.
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(throughout the spectrum). Compared to other coatings (i.e., Mo-Mo,C/
Aly03, Mo-Mo02C/TiO2, and Mo-Mo,C/ZrO2) in the UV-Vis region, a
higher reflectance was observed for NiO/YSZ coatings. NiO/YSZ coat-
ings showed a reflectance dip in the IR range, possibly due to a band gap
transition. The reflectance of Mo-Mo,C/Al,O3, Mo-Mo,C/TiO5, and Mo-
Mo,C/ZrO3 coatings (around 0.2-0.6) was comparable throughout the
spectrum. However, reflectance is more prominent in the IR region for
the Mo-MoyC/ZrO> coatings. Though there is no data to have a direct
comparison, but the measured reflectance can be compared to the re-
ported Mo-rich DC sputtered thin film reflectance curve, which was as
high as 0.57 within the near-infrared wavelength range from 400 nm
t01200 nm [44]. Similarly, the higher reflectance results of Hastelloy®X
(substrate only, which is a Ni-Cr-Fe-Mo alloy) can be compared with that
of plain carbon steel (also called low carbon steel), which has been re-
ported elsewhere [45].

The coating materials showed an energy transition corresponding to
the energy of a photon in the wavelength range of solar electromagnetic
wavelength (300 nm to 2500 nm, which corresponds to 4.1 eV to 0.5 eV
energy). As per the methodology (Tauc plot) described in Section 2.3.4,
Fig. 8(b) shows the calculated indirect transition band gap (3.8 eV to 1.9
eV, which approximately corresponds to 325 nm to 650 nm, i.e., visible
band).

Fig. 8(c) shows the average emittance values (over 300 nm to 2000
nm) between 0.729 and 0.961, and the result shows that the 8YSZ top
layer onto NiO/YSZ coating had high emittance (0.961), meaning that
the material is effective at emitting thermal radiations compared to
other materials. Though there is no data to have a direct comparison, but
the reported emittance values for a range of 8YSZ coatings were broadly
between ~0.3-1 (at 1 = 2.5-22 pm) [46], ~0.3-0.95 (at 1 = 3-13.5 pm)
[47], and ~ 0.1-0.8 (at 4 = 0.3-15 pm) [48], and the value varies
significantly depending on the materials, microstructure, surface finish,
temperature, and wavelength. The thick top layer of 8YSZ is expected to
dominate the overall emittance, but may allow partial influence of the
NiO/YSZ (underlying layer) on the system’s effective emissivity. Rough
and porous 8YSZ surface (including underlying NiO/YSZ layer) will also
modify emissivity. For NiO/YSZ coating, the emittance value calculated
was (0.807), and for a similar type of coating (i.e., Ni/YSZ), the reported
emittance for range was ~0.7 [49]. The emittance values calculated for
other coatings with dominant Mo metal were higher bound (such as Mo-
Mo>C/ZrOy: 0.873, Mo-Mo05,C/Al,O3: 0.805) and Mo-MoyC/TiO5:
0.769), and for Mo metals, the reported emittance for range were ~ Mo:
0.25-0.35 (unoxidized), 0.5-0.9 (oxidised) [50]. While the emittance of
metal oxides varies significantly based on their composition, surface
condition, and temperature, it is expected that the metal oxides (ZrO,,
Al;03 and TiO3) and metal-metal carbide (Mo-MoC), with their robust
stability in thermal environments, offering a transcendent balance of
low and high emittance regions. Similarly, emittance of Hastelloy®X is
scarce data, but some literature reported values of around ~0.84 [51]
and ~0.18-0.28 [52]. In the current analysis, the Hastelloy®X (sub-
strate only, machine-cut non-polished surface) showed high emittance
of 0.729, meaning the metal is effective at emitting thermal radiation
compared to the coating materials, especially in high temperature ap-
plications [53].

The reflectance of waves are also directly influenced by surface
roughness and also play a role to trap solar energy [54]. Therefore,
comparisons have been made between the surface roughness and the
substrate, as shown in Fig. 6, the measured surface roughness (i.e.,
centre line average, R,) are low for Hastelloy®X substrate, but higher for
all coated samples. The NiO/YSZ + 8YSZ coating exhibits higher
roughness and lower porosity (~10 %) when compared to other
coatings.

The relationship between solar reflectance and thermal emittance is
governed by a material’s interaction with incident radiation and its
thermal properties [55,56]. Solar reflectance primarily pertains to
visible and near-IR wavelength range, while thermal emittance is related
to IR wavelength range [57]. Reflectance is measured relative to
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incident energy (such as sunlight), whereas emittance is typically based
on a material’s thermal energy. Both solar reflectance and thermal
emittance can vary depending on the direction of the incident or emitted
radiation and aggregating these values does not necessarily equal 1
because they describe two different physical properties related to a
material’s interaction with sunlight and heat [58,59].

3.5. Infrared properties

FTIR typically exhibit characteristic absorption bands in the spec-
trum corresponding to the vibrational modes of the atoms and bonds
within the compound (note: complex mix of inorganic compound in the
present work, Fig. 9), which include bond stretching and bending vi-
brations, as well as functional groups vibration present in the compound
[60]. For example, metal-oxygen bonds in a metal oxide could typically
give rise to strong absorption bands in the infrared region. Meanwhile,
infrared radiation focuses on the emission of infrared radiation by ma-
terials when heated. The heating could be under various sources, e.g., IR
lamp heating or furnace heating or others. While both (i.e., FTIR and
infrared radiation) involve the interaction of materials with infrared
radiation, they serve different purposes and can be used in different
contexts.

3.5.1. FTIR absorption analysis

Fig. 9(a) is FTIR spectra of neat Hastelloy®X substrate, whereas
Fig. 9(b) to (f)) show the remaining five samples coated with various
layers such as Mo-Mo2C/Al;03 Mo-Mo,C/TiOy Mo-Mo2C/ZrO,, NiO/
YSZ + 8YSZ, and NiO/YSZ, respectively, (Hastelloy®X showed sharp
peaks at 2375 cm ™}, 2346 cm™!, 2158 cm™!, 2031 cm™!, and 1978
cm 1), which were also noticeable for the rest of the samples. A closer
look at the wavenumber range of 500 cm ™! to 1000 cm ™ is shown in the
inset. All these wavenumbers in the Hastelloy®X sample correspond to
surface contaminants, such as atmospheric moisture, contributing to
regional absorption or the formation of surface oxide layers. A common
noticeable peak can be seen at 2917 cm ™! in NiO/YSZ and Mo-Mo,C/
Al,03, whereas NiO/YSZ + 8YSZ and Mo-Mo,C/TiO, showed broader
features (bending vibrations). However, there was no sign of a peak for
Hastelloy®X and Mo-Mo,C/ZrO; at 2917 cm™ L. The peak at 2917 em ™!
was noticeable in four out of six samples, as both narrow and broad
peaks are likely due to post-fabrication carbonaceous surface contami-
nants where these samples could come in contact with, reflecting on the
surface. This peak was not produced during fabrication, as all six sam-
ples were processed at high temperatures. Also, a substantial shoulder
peak was observed in NiO/YSZ and Mo-Mo,C/TiO; at 2960 cm™ !, which
could be due to organic contaminants on the surface due to handling or
processing. A broad absorption peak was seen around 3400 cm ™}, which
corresponds to the adsorbed water on the surface and its stretching vi-
bration in almost all the samples (i.e., oscillations of chemical bonds
along the bond axis which leads to bond length change).

The peaks close to 400 cm™! seen in Fig. 9(e) and (f) are character-
istic of metal-oxygen-metal vibrations i.e., Ni-O-Ni, Y-O-Y and Zr-O-Zr
[61]. The peak near 410 em™! is attributed to Ni-O-Ni vibration,
whereas the peak at 415 cm ™! is attributed to the Y-O-Y bond vibration.
Moreover, the broad absorption peak, which is seen from 400 cm™ to
around 600 cm ! in Fig. 9(e), is due to the Ni—O stretching vibration.
From Fig. 9(c), the wide band observed at around 1380 cm~! is attrib-
uted to the Ti—O vibrational modes [62,63].

Additionally, for Mo-MoyC/TiO, with titanium oxide coating,
stretching bands at an approximation of 710 em ! and 870 cm™! are
noticeable due to Ti—O stretching vibration (Fig. 9, inset), which was
assigned at 690.52 cm ™! from previous work [64]. For the zirconium
oxide coating (Fig. 9(d)), a weak peak at 670 cm ™! and 870 cm™! rep-
resents Zr—O vibration [65]. A similar trend of peaks, which was
prominent for Mo-MoyC/ZrO,, can also be seen for NiO/YSZ + 8YSZ
(Fig. 9(e) and (f)). Other peaks at 875 cm ! and 713 cm ™! were also
noticeable for NiO/YSZ and NiO/YSZ + 8YSZ (Fig. 9(e) and (f)),
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a) Hasteloy’X

b) Mo-Mo,C/AlLO,
c) Mo-Mo,C/TiO,
d) Mo-Mo,C/ZrO,
f) NiO/YSZ+8YSZ
e) NiO/YSsz
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Fig. 9. FTIR absorbance measurements (between 400 cm ! to 4000 cm ! wavenumber, which corresponds to infrared wavelengths between 25 pm to 2.5 pm): (a)
Hastelloy®X (substrate only), (b) Mo-Mo2C/Al»;03, (¢) Mo-Mo,C/TiO,, (d) Mo-Mo,C/ZrO,, (e) NiO/YSZ + 8YSZ, and (f) NiO/YSZ coatings.

indicating the presence of Ni—O stretching vibration.

FTIR spectra observed for a material depend heavily on the pro-
cessing method used. Thermal spray, being a high-temperature process
characterised by rapid cooling, induces a combination of compressive
and tensile residual stresses in the coating [13]. Residual stresses alter
the bond lengths and bond angles in the material, which changes the
vibrational energy levels of molecular bonds, usually resulting in the
increase and decrease of a characteristic wavenumber, respectively
[66]. As FTIR spectroscopy provides the composition of materials by
measuring the absorption of infrared radiation, which can enable
qualitative and quantitative investigation of materials, further insights
are still needed in the adsorption of molecules for complex classes of
materials [60].

3.5.2. Infrared radiation (qualitative) analysis

Samples whose temperature exceeds absolute zero (—273.15 °C or 0
K) emit infrared (IR) radiation. The IR radiation consists of the emission,
transmission and reflection of IR emitted by samples within the visual
field of the thermal camera. An IR thermal camera measures the infrared
radiation (long wavelength) emitted by the samples, and it translates the
IR spectrum wavelengths into wavelengths detectable to the human eye
(colours). It is important to note that the intensity of the IR radiation
emitted by the sample depends on the materials surface, i.e., shiny,
smooth, or reflective surface typically have a slightly lower emissivity
than structured surfaces of the same material. For example, a mirror
finished metal surface have low emissivity than a rough surface.
Therefore, all coated and bare substrate emissivity colour map were
recorded to qualitatively analyse the emittance properties of the coating,
as shown in Fig. 10. The interpretation of these results was repeatable in
all scenarios. The NiO/YSZ sample followed by the NiO/YSZ + 8YSZ
were the brightest, whereas Hastelloy®X was the darkest with others
being intermittent. The brightest colour associated with the NiO/YSZ
sample suggested that the IR emission was high, whereas Hastelloy®X
was dark, which means the IR emission was lower due to machine-cut
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non-polished surface.

The relative difference in the brightness of the NiO/YSZ coating
compared to the bi-layer coating (8YSZ deposited on NiO/YSZ) under IR
lamp or furnace heating (Fig. 10) can be attributed to several key factors
related to emissivity, reflectance, and thermal radiation properties of the
materials in the two coatings. NiO is known for high absorption and has
high emissivity in the IR region (>0.5) [67], meaning it absorbs and
emits thermal radiation efficiently. YSZ (which contributes additional
emissivity with values ~0.46-0.56 [68]) is generally transparent to Vis-
and IR light but strongly absorbs in the UV-range (note: the reported
emittance for Ni/YSZ was ~0.7 [49]). 8YSZ is typically transparent or
weakly absorbing in much of the Vis- and IR-region [69-71] (note: as
discussed in section above, the reported emittance for 8YSZ were very
broad, i.e., ~0.3-1 [46], ~0.3-0.95 [47], and ~0.1-0.8 [48]). The 8YSZ
deposited on NiO/YSZ acts as an additional thermal barrier layer and
may have slower or reduced thermal radiation emission compared to the
NiO/YSZ coating. The observation highlights an interplay between the
material properties, microstructure, and optical behavior of 8YSZ and
NiO/YSZ. The combination of emissivity, reflectance, and thermal ra-
diation properties modifies the system’s thermal radiation properties,
and the intention is to balance optical and thermal emission for optimal
performance in demanding environments.

The optimisation of the coating powder materials and particle sizes,
along with the coating process parameters, can be used to deposit
coatings with tailored surface roughness and pore structures. As shown
in the SEM images and roughness measurement shown earlier point to
the surfaces with high roughness (Fig. 6) will have higher surface areas
(e.g., NiO/YSZ + 8YSZ) compared to smoother surface (e.g., Has-
telloy®X), and higher surface area provides more sites for thermal ra-
diation to be emitted from, leading to increased thermal emittance.
When the incident electromagnetic wave interacts with the rough sur-
face, due to multiple reflections and interactions, it gets trapped within
surface morphology or gets absorbed by the material. Higher absorption
due to surface morphology leads to increased thermal emittance as more
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Fig. 10. Infrared emissivity colour map of samples in the open air: (i) soon after heating under IR lamp (surface temperature shown measured soon after 5 min and
10 min of heating under IR lamp), (ii) soon after heating in furnace (surface temperature shown measured soon after 2 min of furnace heating at 280 °C), (iii) post
furnace cooling stage: after 5 min of heating, and (iv) samples fully cooled to ambient temperature (after heating in furnace).
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absorbed energy is re-emitted as thermal radiation [72,73].

Material composition and their properties (e.g., conductivity, emis-
sivity, and absorption coefficient) are also critical in determining ther-
mal emittance. These materials have the potential to be explored in
heating applications where the coating not only protects the overheating
heating of the substrate, e.g., Fig. 10(ii)(d), where the coating is at a
lower temperature of 88 °C vs the substrate temperature of 136 °C, but
also improving the efficiency of the heating process using the infrared
spectrum as indicated by the brightness of the coating. Other radiation
and insulation properties applications could include thermionic appli-
cations and sensors [74]. Further research is, however, required to
explore potential materials which need to be tailored to specific appli-
cations requiring infrared emissions.

3.6. Initial water droplet absorption analysis and effect of infrared
heating

In the current analysis, as shown in Fig. 11, the idea of initial water
droplet absorption (qualitative) analysis is to assess the coating

(a) Single water droplet is being applied

\ 0\ ',‘
Hastelloy®X

Least water absorptlon in both coatings' |
(e) IR imaging after 1 min of infrared exposure
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materials absorbency. Initial water droplet absorption test measures the
degree of absorbency of the porous material due to initial capillary ac-
tion. Droplet absorption and spreading on the surface are known to be
dependent on multiple properties of liquid and materials (e.g., viscosity,
density, surface tension, liquid drop conditions, pore size and distribu-
tion, hydrophobicity, and surface wettability and roughness) [34]. As
shown in Fig. 11(a, b), the experiments were performed using a 2 pl
water drop (can be classed as a very small and thinner drop) under
ambient condition to the surface of each samples, Fig. 11(c) shows the
degree of spread in a droplet after 2 min, Fig. 11(d) shows the samples
with water drops being exposed to IR radiation and heated, and corre-
sponding infrared image (after 1 min of heating under IR lamp, Fig. 11
(e)), and (f) shows dry patch indicating the degree of water absorption
during evaporation under heat and natural convection for 5 min.

As can be seen in Fig. 11(a,b), water droplet is relatively transparent
on all sample surface in the visible (Vis-) spectrum, but shows ‘cold’ or
‘opaque’ areas (Fig. 11(e)) because the IR radiation does not pass
through them effectively, as water strongly absorbs IR radiation due to
its molecular vibrations [75]. Other observation shows (Fig. 11(c)) that

(b) Water droplet applied on the surface (<30 sec)
3 el ‘

Water evaporation and absorption in progress during
heating (heated for 5 minutes, until water droplets
evaporated/absorbed leading to dry patch)

(f) Dry patch after 5 minutes of infrared exposure

Fig. 11. Initial water droplet absorption test and the effect of limited infrared (IR) exposure.
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the two coatings (i.e., NiO/YSZ + 8YSZ and NiO/YSZ, both not inher-
ently hydrophobic [76]) offers insufficient or least absorbency by the
microstructure due to small pore size and low surface-connected
porosity (~10 %), and Hastelloy®X showed insufficient absorbency
but due to solid (non-porous) surface microstructure, within the given
test duration. With time, the water mass absorbed in other coatings (i.e.,
Mo-Mo,C/Al;03, Mo-MoyC/ZrOy, Mo-Mo,C/TiO3) increases, possibly
due to high pore size and surface connected porosity (~16 % to 19 %),
including some potential effect of hydrophilic behavior of metal oxides
[771 and molybdenum carbides [78]. Due to the presence of entrapped
air in the porous material, the absorption can be hindered, and after-
wards, a capillary contact could occur and absorption could go on until
depletion, concurrently with evaporation at the surface [34].

Overall observation shows that water droplets after being exposed
(heated) to infrared for a short duration (Fig. 11(d)) gets warmer and
emits thermal radiation and impacting heat transfer efficiency. Wet
areas will tend to retain heat longer or exhibit evaporative cooling,
appearing cooler in IR image, whereas dry areas will heat up or cool
down faster, creating a thermal contrast visible in the IR spectrum
(Fig. 11(e)). The thermal emittance of the water droplets is expected to
increase with the increase in its temperature, but water will also get
evaporated, absorbed, and leaving the dry patch (Fig. 11(f)). Occurrence
of dry water patch after heating could be driven by the energy transfer
from the heat source to the water molecules, as well as action of specific
forces (gravity, surface tension, or shear force caused by the surrounding
airflow) [79], leading to droplet conversion from the liquid phase to the
vapor phase.

Considering the environmental impact on the application of such
coatings for reduced reflectance, due to varied degree of porous struc-
ture of coatings, absorbed moisture (water droplets) will enter the
coatings differently and will fill the pores along the surface connected
porosities. Consequently, the optical reflectance (in UV-Vis-IR range) of
the coatings will get modified in accordance with temperature, and re-
quires further investigation. Water has a different thermal conductivity
compared to the material and ambient air. When pores are filled with
water, the effective temperature, thermal conductivity, absorptivity,
emissivity, and refractive index of the top surface of the porous layer

UV-Vis-IR range

4
=2
S,

s _ | X T,
g ¥ | %,
7 s %,
] % id k
5 8 voids, cracks, gaps,
5
5

(]

i)

(4]

S

-l

[7]

8

=]

wv

Coating microstructure
features (splats, dense
coating, porosities,

unmelted particle) and
wave diffusion

Surface & Coatings Technology 498 (2025) 131854

may change, which could influence heat transfer within the material,
leading to changes in the overall thermal emittance. Such study
(experimental, analytical and numerical) needs to consider dynamics of
the droplet as well as the optical characteristics of porous medium.
Overall, the fate of droplets being absorbed into the porous media is still
far from being understood [80-83], and spreading (including hydro-
phobicity) of water droplets on porous thermally sprayed coatings could
be the subject of further studies [84].

3.7. Opportunities

The coating materials and characteristics play an important role in
optical and thermal radiation properties. For thermally sprayed coat-
ings, microstructural defects, high surface roughness and phase content
variations can lead to poor functional properties, which limits the
fabrication of solar selective absorbers. However, as demonstrated
through this research, thermal spray offers the flexibility of
manufacturing coating designs and phases to improve optical and
thermal radiation properties.

Multi-material composite coatings can absorb electromagnetic wave
in a wide wavelength range. When a material is irradiated with incident
photons of a certain wavelength or range of wavelengths, the energy of
the incident photons will excite the atoms from the ground state to the
higher state or can cause the molecules of the material to vibrate, so that
the incident light can be absorbed selectively. There are many potential
advantages of employing multi-material composite coatings (single-
layer or bi-layer, see Fig. 12) for absorption in the UV-Vis-IR range. For
example, the material could be tailored such that the absorption
matches a specific wavelength to enhance the absorption efficiency,
introduce tuning and filtering effects, or improve sensing characteristics.
Alternatively, metamaterials design can be created with alternative
materials array to get tailored band gaps in an arrayed structure [8].

This work highlights the importance and opportunity to develop
large area coating of wide band (UV-Vis-IR region) anti-reflecting sur-
faces by employing versatile APS technique. In addition to under-
standing the structural properties of coatings (e.g., NiO/YSZ and NiO/
YSZ + 8YSZ), the optical and optoelectronic properties (low relative

UV-Vis-IR range

(8uneod
Ad1y3 12Ael-1g)

ajelisqns

Fig. 12. Schematic of simplifed electromagnetic wave (UV-Vis-IR) interaction with the coating (single-layer, bilayer, and representative microstructural features

in coating).
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permittivity, low optical reflectance, high translucency or transparency,
and tunable bandgaps) are expected to hold great promise in applica-
tions such as solar absorber coating, photovoltaics, optical sensors,
stealth and optical communication systems. Moreover, this multi-
material proof-of-concept study is an important step in exploring the
capability of coatings for a wide range of optoelectronic applications
such as thermionic (hot) electrodes, a thermionic emissive layer, light-
induced local heaters, or optically activated thermal switches for inte-
grated photonics [85,86].

4. Conclusions

Addressing the limitations in solar thermal energy conversion effi-
ciency, this study propose a new pathway to fabricate bi-layer (duplex)
composite coatings using air plasma spray to enhance light absorption
and thermal emission properties. Five different composite coatings were
deposited on Hastelloy®X substrates namely, single-layer Mo-MoyC/
ceramic (i.e., AlpO3, ZrO,, TiO2) and NiO/YSZ, and a bi-layer NiO/YSZ
with an additional 8YSZ top layer. Characterisation focused on the
ultraviolet-visible-infrared (UV-Vis-IR) spectral range to assess light-
matter interactions. Key findings were:

a. The surface roughness of all coated as-sprayed samples was higher,
with the highest roughness observed for the 8YSZ layer on NiO/YSZ,
influenced by factors such as material choice and spray parameters
during the APS process.

b. All coatings achieved minimal light reflectance (0.1-0.6), indicating
effective solar energy capture. Notably, the bi-layer NiO/YSZ + 8YSZ
system exhibited exceptionally low reflectance (~0.1), highlighting
its superior potential for solar energy absorption.

c. The Mo-MoyC/ZrO, coating revealed a distinct characteristic with
higher reflectance specifically in the infrared region. This warrants
further investigation to understand potential benefits or drawbacks
for solar thermal applications with tailored spectral selectivity.

d. A strong correlation was observed between light absorption and
thermal emission properties. The highly absorbing NiO/YSZ + 8YSZ
coating achieved a superior thermal emittance (~0.961), signifying
efficient heat re-emission at desired operating temperatures.

e. While the NiO/YSZ coating performed well with moderate reflec-
tance (~0.5) and emittance (~0.8), it was surpassed by the bi-layer
system. Additionally, the NiO/YSZ + 8YSZ system exhibited lower
relative permittivity compared to NiO/YSZ, indicating its potential
as a better insulator. The low optical reflectance and transparent
properties of the 8YSZ top layer further contribute to the bi-layer
system’s outstanding overall performance.

f. Over the test duration, NiO/YSZ + 8YSZ and NiO/YSZ coatings
exhibited the least water absorbency due to small pore size and low
surface-connected porosity (~10 %). In contrast, coatings like Mo-
Mo02C/Al203, Mo-Mo02C/ZrO2, and Mo-Mo2C/TiO2 showed increasing
water absorption, likely due to larger pore sizes and higher surface-
connected porosity (~16 %-19 %). Observations showed that water
droplets exposed to infrared heat became warmer and emitted
thermal radiation, influencing heat transfer efficiency.

Our suggested findings underscore the potential of thermal spray
coatings technology to develop advanced selective surfaces for solar
thermal systems. Future efforts should focus on optimizing bi-layer
(duplex) coating composition, microstructure, and thickness to further
enhance light absorption and thermal emission.
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