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Abstract: Thermal spray deposition techniques have been well-established, owing to their flexibility
in addressing degradation due to wear and corrosion issues faced due to extreme environmental
conditions. With the adoption of these techniques, a broad spectrum of industries is experiencing
continuous improvement in resolving these issues. To increase industrial-level implementation,
state-of-the-art advanced materials are required. High-entropy alloys (HEAs) have recently gained
considerable attention within the scientific community as advanced materials, mainly due to their
exceptional properties and desirable microstructural features. Unlike traditional material systems,
high-entropy alloys are composed of multi-component elements (at least five elements) with equimo-
lar or nearly equimolar concentrations. This allows for a stable microstructure that is associated
with high configurational entropy. This review article provides a critical assessment of different
strengthening mechanisms observed in various high-entropy alloys developed by means of deposi-
tion techniques. The wear, corrosion, and oxidation responses of these alloys are reviewed in detail
and correlated to microstructural and mechanical properties and behavior. In addition, the review
focused on material design principles for developing next-generation HEAs that can significantly
benefit the aerospace, marine, oil and gas, nuclear sector, etc. Despite having shown exceptional
mechanical properties, the article describes the need to further evaluate the tribological behavior
of these HEAs in order to show proof-of-concept perspectives for several industrial applications in
extreme environments.

Keywords: aerospace materials; high-entropy alloys; microstructure; phase formations; strengthening
mechanisms; tribology

1. Introduction

Traditional alloy design strategies generally consist of combining one or two principal
elements with a few minor elements in order to achieve the desired microstructural features
and mechanical properties. However, these strategies restrict the plausible number of
combinations for developing advanced alloys since most of the dominant elements would
be either iron, aluminum, or nickel. A paradigm shift in the alloy design concept occurred
in 2004 when Cantor et al. [1] and Yeh et al. [2] developed advanced metallic alloys
by mixing multiple elements without differentiating solvent and solute atoms. Cantor
et al. [1] reported this design concept as “multi-component alloy systems”, whereas the
term “high-entropy alloys (HEAs)” was derived from the pioneering work of Yeh et al. [2].
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Since then, the term HEAs has become popular among the scientific communities, and
researchers had put significant efforts into investigating the microstructural features and
phase formations that formed for different HEAs, as well as their impact on different
industrial applications, including wear and corrosion. Studies have shown that the HEAs
possess unique microstructural characteristics that result in the stabilization of solid solution
structures with adjustable properties depending upon the chemical compositions used.
High-entropy alloys are defined based on chemical compositions—containing five
or more principal elements with equimolar concentrations or close to equimolar concen-
trations, unlike the traditional alloy design strategies [1,2]. The concentrations of major
elements range between 5 at% and 35 at%, with the possibility of adding minor elements
less than 5 at% [3]. It has been reported that the HEAs possess inherently high configu-
rational entropy (>1.5R, where R is the ideal gas constant) compared to traditional alloys
(<1.0R) (Figure 1). Thus, a new definition for HEAs arose based on high configurational
entropy per mole, where the alloy should exhibit a configurational entropy greater than
1.5R. In the field of statistical mechanics, the “1.5R” notation is closely linked to the concept
of entropy. Entropy refers to the total number of possible configurations or arrangements
that a system can hence assume the possible number of configurations is considerably
higher for HEAs than those of binary alloys and/or ternary alloys. If the configurational
entropy values are less than 1.5R, the alloys are classified as medium entropy systems (see

Figure 1).

Medium Entropy Alloy High Entropy Alloy

AScong <1.0R | 1.0R < AS¢ons < 1.5R ASconf = 1.5R
One or two dominant Two to four dominant Five or more dominant
elements. Formation of elements elements. Single phase

solid solution and/or solid solution phase

compounds formations (FCC/BCC

or both)

Figure 1. Differences between low-, medium-, and high-entropy alloys based on their configura-
tional entropy.

However, it has been argued that the high configurational entropy effect bestows the
single-phase solid solution structure (disordered or partially ordered) for HEAs, either
in the form of face-centered cubic (FCC), body-centered cubic (BCC), or the combination.
The contribution of enthalpy of mixing and the high configurational entropy is key in
reducing the Gibbs free energy of the system for obtaining the single-phase structure, as
per Equation (1).

AG = AHpyix — TAHconf 1)

where AG is Gibbs free energy, T is the temperature in Kelvin, AH,;y and AH,,,, represents
mixing enthalpy and configuration entropy. It has been reported that the reduction in Gibbs
free energy facilitates the disordered solid solution microstructure because of the sponta-
neous reaction that occurred at high temperatures resulting from the high configurational
entropy. Debates on the formation of intermetallic compounds (i.e., B2, o phases) in HEAs
are still going on. However, the combination of disordered and ordered structures may
significantly play a crucial role in desirable properties based on the selection of composi-
tions. Besides, other core effects such as sluggish diffusion, lattice distortion, and cocktail
effects also favor HEAs with desired properties than traditional alloys [3]. HEAs also go
by the names such as complex concentrated alloys [4], compositionally complex alloys [4],
multi-component alloys [1], and baseless alloys [5].
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Owing to the compositionally complex structures, HEAs possess superior strength,
excellent fracture toughness, fatigue strength, high-temperature oxidation, and corrosion
resistance, as well as improved wear resistance [3,6-8]. While earlier studies focused mainly
on understanding the mechanical behavior of arc-melted HEAs, the advancement of HEA
coatings by means of thermal spray techniques has recently gained more attention. Indeed,
with the advent of these advanced materials, there is a demand for the development of
time-efficient, reliable, and environmentally friendly deposition techniques that benefits the
HEAs in controlling degradation-related problems. As shown in Figure 2, the demand for
HEAs by means of thermal spraying technologies has been increasing in accordance with
the number of research publications per year since 2016. Thermal spraying technologies
are well-established in many industrial sectors for developing layers due to their ability
to deposit a wide range of feedstocks to protect industrial components against extreme
environments caused by wear, corrosion, and oxidation [9-11]. Thermal spraying is a
deposition process in which a high-temperature heat source is used to melt the starting
material, either in the form of powder particles or solid wires, and the heated particles
(molten or semi-molten) are accelerated towards the target substrate with the aid of a
propellant gas to produce thick coatings in the form of continuous splats [11]. Thus far,
air plasma spraying (APS), high-velocity oxy-fuel (HVOEF), high-velocity air-fuel (HVAF),
flame spraying (FS), and cold spraying (CS) was employed to study the HEA coatings.

Number of publications
N

2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Year

Figure 2. The number of publications of thermal spray high-entropy alloy coatings per year until
December 2022 (exported with Scopus analysis tool).

Although thermal spray technologies have the advantage of producing thick coatings
(typically ranging from 100 pm to a few mm in thickness) compared to thin film deposition
techniques such as vacuum arc deposition and magnetron sputtering, the oxide contami-
nations, voids, and heterogenous microstructure are the major shortcomings for thermal
spraying methods. The occurrence of these oxides, porosities, and phase transitions can be
eliminated by employing solid-state depositions such as cold spraying and high-velocity
air fuel (HVAF) technologies. Since cold spraying and HVAF techniques are new in the
field for producing HEA coatings, there are limited literature available that focuses on
microstructure and mechanical properties. In contrast to solid-state deposition techniques,
high-temperature depositions such as high-velocity oxy-fuel (HVOF) and atmospheric
plasma spraying (APS) so far, are widely investigated for producing the HEA coatings for
different applications such as wear, corrosion, and oxidation.
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With the increasing demand for HEA materials and coatings, the synthesis of feed-
stock needs to be optimized since it plays a vital role in producing coatings with negligible
microstructural inhomogeneities. This will pave the way for desirable mechanical proper-
ties, such as strength, hardness, and toughness, which in turn, provide better industrial
sustainability. Nevertheless, the quality and characteristics of the feedstock powders
are determined by the fabrication routes, which include particle size and morphology,
homogeneity, powder yield, and flowability [12,13]. HEAs possess the potential to be
utilized as coatings, thereby increasing their applicability in various industrial sectors,
thanks to their ability to consume less feedstock and deposit onto intricate components
in comparison to their bulk alloy counterparts. For comprehensive information on HEA
coatings, Meghwal et al. [12] provide an in-depth review covering diverse aspects of these
coatings, including feedstock preparations, different HEA coating systems, and their mi-
crostructures. While these techniques are versatile, research on thermal-sprayed HEA
coatings, and their impact on strengthening mechanisms and tribological aspects, remains
limited and not entirely understood. This review article, therefore, critically assesses the
microstructure and strengthening mechanisms of numerous HEA coatings deposited using
different thermal spraying technologies. It also provides a detailed review and discussion
of the wear, corrosion, and oxidation responses of various HEAs. Furthermore, the article
reports on the feasibility of next-generation high-entropy alloys, highlighting the devel-
opment of high-performance coating materials and their potential benefits for sustainable
industrial futures.

2. Preparation of HEA Feedstock

Many researchers have been devoted to fabricating HEA feedstocks for the thermal
spraying by means of mechanical blending, mechanical alloying, gas atomization, mechan-
ical milling of as-casted HEAs, and, more recently, radio frequency inductively coupled
plasma (RF-ICP). The properties of the coatings strongly depend on the feedstock mor-
phologies. Mechanical blending involves the mixing of each elemental powder without
any bonding formation, and the features of powder particles remain unchanged [14,15].
Nevertheless, the feedstock preparation using mechanical blending is not recommended,
given that these feedstocks do not contribute to quality microstructure and desired proper-
ties. For instance, Lobel et al. [14] investigated the impact of three feedstocks prepared by
mechanical blending, mechanical alloying, and gas atomization of AICoCrFeNiTi HEAs
and deposited on 5235 steel substrates via the atmospheric plasma spray system. Figure 3
shows the microstructure for all three HEA coatings prepared by different feedstock routes.
Among these HEA coatings, the gas-atomized showed homogeneous microstructure with
fewer defects compared to those of mechanically blended and mechanically alloyed powder-
based coatings. The authors also reported that the hardness showed a significant difference
in the values for the coatings prepared by three different feedstocks. The highest average
hardness (Vickers micro-hardness test) was found for the gas atomized powder deposited
coatings, with around 5.8 & 0.8 GPa, followed by mechanical alloyed and mechanical
blended deposited coatings of approximately 4.6 + 1.1 GPa and 3.4 &= 0.9 GPa, respectively.
This was most probably related to the formation of a homogeneous microstructure for
the gas-atomized powder-deposited coatings (see Figure 3). The mechanically blended
powders showcase the presence of titanium and nickel contents along with BCC and FCC
phases, highlighting the inappropriate formation of alloy microstructure compared to the
coatings deposited with gas-atomized powders.
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Figure 3. Backscattered scanning electron microscope images of (a) mechanically alloyed and (b) gas-
atomized feedstocks of AICoCrFeNiTi powders. Coating microstructure of the AlICoCrFeNiTi HEA
coatings for (c¢) mechanically blended, (d) mechanically alloyed, and (e) gas atomized feedstock
powders. The different microstructural features with respect to different feedstock powders are
clearly visible in the figure, with the gas-atomized powder coatings showing homogeneity compared
to the other two coatings [14].

Mechanical alloying and gas atomization are the most widely used synthesis routes
for producing feedstocks for forming an alloy [12,16]. Due to the exceptional flowability
and homogeneity in microstructural formations, the gas atomization method is a feasible
method for synthesizing the HEA feedstocks. Mechanical alloying, on the other hand, has
several advantages, which can enable the formation of nanocrystallinity, intermetallics, and
even amorphous phases due to the diffusion of species into one another. When compared
to the mechanically alloying routes, the impact of diffusion in the gas atomization is
negligible because of the fragmentation of the molten metal into small droplets in a gas
stream. However, the flowability of mechanical alloyed powders might be challenging due
to their irregular morphologies and varying particle size distributions compared to that
of a gas-atomized counterpart. Although different HEA compositions were scientifically
explored by many researchers not only for thermal spraying but also for other deposition
techniques, commercially available sources for the HEA feedstocks are limited. Table 1 lists
the commercially available sources for HEA powders, which might be useful for thermal
spray researchers who are eagerly looking forward to developing quality HEA coatings.

Table 1. The list of suppliers that provide high-entropy alloy feedstocks.

Suppliers Type of Feedstocks
FJ. Broadmann & Co., LLC, Harvey, LA, USA Mechanically alloyed
Vilory Advanced Materials Technology Ltd. Jiansgu, China Gas atomized
Eutectic powders, Edmonton, AB, Canada Gas atomized
Stanford Advanced Materials, Lake Forest, CA, USA Gas atomized
Metal Powder Emergence Ltd., London, UK Gas atomized
Kinaltek, Villawood, NSW, Australia Gas atomized
Jiangsu Weilali New Material Technology Co., Ltd., Xuzhou, Jiangsu, China Gas atomized
Beijing Yanbang New Material Technology Co., Ltd. Xuzhou, Jiangsu, China Gas atomized
ABM Nano INC, Missouri City, Texas, USA Mechanically alloyed

Sandvik Osprey LTD, Neath SA11 1N]J, UK Gas atomized




Metals 2023, 13, 579

6 of 38

In contrast to these feedstocks synthesis routes, a new powder metallurgical technique
has been introduced by Zhu et al. [17] to synthesize HEA powders rapidly by means
of a plasma source provided by radio frequency inductively coupled plasma (RF-ICP).
As shown in Figure 4, RF current, which is passed through a load coil wound around a
dielectric tube (i.e., ICP torch), provides an intense electromagnetic (E.M.) field inside the
torch leading to ionization of the working gas [17]. The mixed powders are placed on a
water-cooled copper crucible that is able to tolerate the high temperatures of RE-ICP during
the process (Figure 4).

RF-ICP Power: 1100 W
Flow E ® O
controller —_—
< - ® O
E & o @

Load coil

RF

Generator

Argon

—— e e—
T(K) 5000 ss00 6000 6500 7000 7500 8000 8500 9000 8500 10000 10500

200 um
Mixed powder

1100 W <40s

Cooling
—_—

< O

Sl Mixed powders RF-ICP fabrication MEA/HEA samples

precursors

Figure 4. Setup of HEA synthesis with RF-ICP. Well-mixed powder bed is directly synthesized by
RFE-ICP under 1100 W with 5000-8000 K and becomes HEAs within 40 s [17].

The ignited RF-ICP rapidly heats the powder bed and builds up a high-temperature
environment for HEA synthesis (Figure 5). Generally, the speed of material preparation
in an alloy synthesis method is a critical factor. The process temperature provided by
ICP can reach up to 5000-8000 K [17], which is significantly higher than 3000 K for arc-
melting [18] and 4500 K for laser-melting [19]. Therefore, the efficiency of alloy synthesis
by RF-ICP is higher. At the end of the process, the plasma is turned off while the argon
gas keeps running to rapidly cool the sample while protecting it from the air [17]. As
shown in Figure 5a, the total time is within 40 s for the fabrication of HEA, which is
followed by fast cooling of the sample by argon for ~15 s. The pores seemingly disappeared
after fast cooling (Figure 5a(I-V)). This method features a high fabrication temperature
ensuring homogenous mixing, high heating, and cooling rate (~10° K/s), high fabrication
speed preventing the material from volatile evaporation, reduction of the non-uniform
distribution of microstructures caused by uneven diffusion due to high heating rate, eco-
friendly heat source without the emission of harmful gases or secondary products to the
environment, elimination of the unstable impurities, improved controllability of the process
in comparison with the free burning arc due to the absence of arc instability, minimization
of the contamination of the synthesized samples from electrode erosion due to electrodeless
design of the RF-ICP, formation of a natural shroud gas around the sample by the plasma
jet minimizing the entrainment of the surrounding air, and use of any kind of precursor in
different physical forms or chemical compositions [17].
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Figure 5. Rapid synthesis of alloys. (a) The temperature profile of CuNi alloy using the RF-ICP
synthesis. The OM images demonstrate the evolution of the porosity of CuNi alloy during the HEA
synthesis process. (b—e) OM images of synthesized FeCoNi MEA, FeCoNiCu MEA, FeCoNiCuAl
HEA, and FeCoNiCuTi HEA [17].

3. Microstructure and Strengthening Mechanisms of HEA Coatings
3.1. Microstructure

Thermal-sprayed deposits usually contain defects, such as porosities, un-melted or
partially melted particles, and some level of oxides forming in the whole stages of the spray
process [20-23]. Figure 6 illustrates the microstructural characteristics of AICoCrFeNi HEA
coatings, which are composed of three distinct phases with black, white, and gray regions.
The high-entropy alloy coating displays a variety of splat types, including partially melted
and unmelted regions. These microstructural artifacts are commonly observed in thermal
spray coatings and can provide insights into the deposition process and resulting properties
of the coatings. The occurrence of nano-sized precipitates within the splats might be a result
of the non-equilibrium solidification process and the interaction among the constituent
elements with different atomic sizes. As a result, the clusters and segregation of certain
phases were formed, which may be the cause of nano-size precipitations. These precipitates
can influence the mechanical property, such as the hardness and fracture toughness of the
HEA coatings. All the HEA coatings developed through thermal spraying and their phase
formations are summarized in Table 3.

It is worth mentioning that thermal spray coatings are comprised of defects such
as voids and oxide contaminations. The density of these defects highly depends on the
specific spray process used, the operating parameters chosen, and the feedstock sprayed.
Several studies have indicated that investigating the relationships between defect formation
and processing is vital for the improvement of as-sprayed coating properties [21,24-26].
The main defect of thermal-sprayed HEA coatings is oxidation. The existence of oxides
breaks the chemical uniformity of coatings. Compared to the relatively soft HEA matrix,
randomly distributed oxides are rigid. It has been reported that oxides play an important
role in tribological applications [21,27-29]. In addition to increasing the hardness of HEA
specimens, in certain conditions, oxides can act as self-lubricating materials. However, in
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Nano-sized
1 precipitates
within splat

some cases, oxides with high porosity deteriorate the corrosion resistance, which can result
in premature failure of the component [28,30,31].

Oxide formation takes place at different stages during the spray process [27]. The
content of oxides highly relies on thermal spray processing. For atmospheric plasma spray
(APS), where particle temperatures may reach up to 2500 K [32,33], the oxygen will react
with fully molten or semi-molten powders before and after impact on a substrate. Oxide
can be a major issue when HEAs have oxygen-sensitive constituents, such as aluminum
(Al), titanium (Ti), chromium (Cr), and molybdenum (Mo) [16,34,35]. On the contrary,
minimal oxidation was observed for the coatings deposited using cold spraying. The
temperature used for this process is far below their melting points, which in turn results in
lower oxidation [36-38]. More recently, a significant amount of effort has been put forward
to reduce the content of oxidates for APS [39-41]. By introducing a vacuum chamber in
APS, the oxide inclusions will be efficiently reduced. However, apart from the limited
workpieces, the cost of such installation is high. Instead, adding a coaxial shrouding gas is
an efficient method to minimize oxidation.

Discontinuous
oxide splats

Alloy unmelts

Thin lamellar alloy-
oxide splats

Thick lamellar
alloy splats

. Micron-sized
spheres <

Figure 6. Backscattered scanning electron micrographs of atmospheric plasma spraying (APS) of

AlCoCrFeNi HEA coatings. (a) shows a high-magnified image highlighting the nanoscale precipitates
within the splats. (b) represents SEM images with different distinct regions (black, white, and
gray phases) along with different splats (oxides, thick splats, thin splats, and partial and unmelted
particles) [34].

HEA coatings developed via thermal spraying feature varying levels of porosity. The
fraction of the porosity ranges from less than one percent to over ten percent. It is reported
that the amount, size, and even the location of pores can strongly affect the mechanical
properties (e.g., hardness, elastic modulus, wear behavior) and physical properties (e.g.,
thermal conductivity) of HEA coatings [21,23,42-48]. Table 3 lists porosity data as a function
of thermal spray processes. It can be seen that the HEA coatings prepared via APS possess
higher porosity compared to that of the HEA coatings developed via high-velocity oxygen
fuel (HVOF) and cold spraying, respectively. In addition to that, varied particle distribution
sizes of mechanically alloyed powder particles may induce microstructural defects with a
high amount of porosity and cracks, which also depend on the exposed zones of powder
particles in the plasma stream, as reported by Anupam et al. [34]. The particles traveling
around the periphery of the plasma stream are not exposed to high temperatures completely,
leading to partially melted regions or scattered fragments of oxides, which in turn, affects
the homogeneity of the coatings and leads to undesirable properties (see Figure 7).
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Figure 7. Schematic representation of how varying particle size ranges expose to the temperature
and oxidizing atmosphere during in-flight [37].

A unique characteristic of thermal spray processes is the extremely high heating
and cooling rates (>10° K/s) [23]. Such rapid cooling rates result in fine-grain structures.
Meanwhile, large numbers of solute atoms are also beneficial to limit grain growth in
HEAs. Coatings with fine-grain structures often possess a good combination of strength
and ductility. Another advantage of a high cooling rate is preventing elemental segregation.
Therefore, as-sprayed HEA coatings may possess different phases’ constitution compared
with their as-cast counterparts [20,49-51]. For example, both AlSiTiCrFeCoNiMog 5 and
AlSiTiCrFeNiMoy 5 fabricated via thermal spray manifest a supersaturated BCC phase due
to rapid solidification. For as-cast counterparts, they are dual-phase alloys (BCC + FCC) [49].
The phase compositions of HEAs are affected by the feedstock synthesis techniques and
thermal spray methods. Mechanical alloying allows powders to mix in nanoscale with
enhanced solid solubility, which favors the formation of solid solution phases before
thermal processing [52]. Those post-alloyed powders melted or partially melted in APS,
and HVOF will further undergo phase transformation. On the contrary, for cold spraying,
due to relatively lower processing temperatures, materials will maintain their feedstock
compositions. Taking Al-Co-Cr-Fe-Ni alloying system as an example, it was observed
that the BCC phase dominates after mechanical alloying because aluminum acts as a BCC
stabilizer [37]. This phase composition was retained in cold spray HEAs (see Table 3) [37].
For plasma-sprayed AlCoCrFeNi coatings, the FCC phase was observed as being the major
phase [20]. However, this can be affected by the particle size, argon flow rate, and the
spraying current. Coarse powders with an increment of argon flow rate favor the formation
of the FCC phase [51].

The microstructure and phase constitutions can generally be adjusted by post-processing
treatments. As-sprayed coatings, especially for those forming under high processing
temperatures, have a high density of pores (see Table 3). The pores and microcracks
are typically formed due to shrinkage of splats during rapid solidification, entrapped
gases, and partial filling in the solidifying splats. Post-processing treatments have a strong
influence on eliminating the pores. Yue et al. [53] proved that a dense surface with only
very few isolated small pores can be found in the laser-remelted layer (shown in Figure 8a).
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Besides, the growth of columnar dendrites was observed as the result of laser remelting
(shown in Figure 8b).

Laser-remelted layer Plasma-sprayed layer

Figure 8. (a) A cross-sectional backscattered SEM image of AlICoCrCuFeNi coated on an Mg substrate
showing the as-sprayed layer and a laser-remelted layer. (b) A high-resolution backscattered SEM
image showing the epitaxial growth of columnar dendrites at the laser-remelted layer [53].

As mentioned above, rapid cooling rates allow HEA coatings to possess a precipitate-
free microstructure. Annealing and/or laser remelting often promote the formation of
precipitates [29,44,45,54]. The size and distribution of precipitates can be changed by tuning
process parameters. Those precipitates as hard phases may increase the strength and hard-
ness of HEAs and can be a good candidate in tribological applications. Wang et al. [54] ap-
plied a transmission electron microscope (TEM) on thermal-sprayed NiCog ¢Fe »CrSiAlTi o
HEA coatings. After heat treatment, nanoprecipitates are randomly distributed in the ma-
trix, which results in a higher hardness (935 HV) compared to its as-sprayed counterpart
(450 HV). A high density of dislocations was observed after heating, and semi-coherent in-
terfaces were formed, which is energetically favorable. In summary, the microstructures of
HEA coatings can vary greatly depending on the chemical compositions and feedstocks em-
ployed. High-temperature deposition techniques, such as flame spraying and atmospheric
plasma spraying (APS), can result in coatings with higher defects due to the oxidation
and evaporation of certain elements, as well as high residual stresses caused by thermal
mismatch, which can lead to cracking and delamination. Conversely, low-temperature
techniques, such as cold spraying, can produce coatings with significantly fewer oxides
(almost negligible) and high compressive stresses, enabling the formation of dense coatings
with lower porosity levels.

3.2. Strengthening Mechanisms of HEA Coatings

This section primarily centers around the various strengthening mechanisms, such as
solid solution strengthening, grain boundary strengthening, oxide-based strengthening, pre-
cipitation strengthening, and dispersion strengthening, which were achieved for different
high-entropy alloy compositions that have been produced by using different thermal spray
technologies. It is important to note that the mechanical properties, such as yield strength,
fracture toughness, ultimate strength, and strain hardening, have not been measured ex-
tensively for HEA coatings. Thus, this section mainly focuses on the hardness property.
Hardness is a crucial mechanical property for thermal-sprayed coatings in multiple ap-
plications as it can potentially offer benefits such as (a) wear resistance, which can resist
microcutting and microploughing, making it suitable for abrasive environments, (b) corro-
sion resistance, which offers resistance against harsh chemical reactions, and (c) thermal
resistance (or stability), where hard coatings can provide thermal shock resistance and
withstand high temperatures, making them ideal for high-temperature applications.

3.2.1. Solid Solution Strengthening

Based on the results from recent studies, the solid solution strengthening mechanism
plays a major role in improving the strength of materials not only for bulk HEAs but also
for the thermal-sprayed HEA coatings. Typically, HEAs are often stronger than traditional
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engineering alloys because of their enhanced strengthening due to solid solutions. It
has been reported that the solid solution strengthening for HEAs is mainly attributed to
the pronounced lattice distortion associated with the mismatch parameter of atomic size
differences of different elements [55]. The atomic radii of each constituent element studied
for thermal-sprayed HEA coatings are illustrated in Table 2. As shown in Table 2, the
elements with large atomic radii (i.e., Al, Ti, and Mo) induce strain energy in the lattice
structure, causing severe lattice distortion, which is one of the core effects of high-entropy
materials. The pronounced topological lattice distortion effect acts as a large barrier against
the dislocations and their movements by effectively pinning the dislocations, yielding solid
solution strengthening /hardening. A study by Wang et al. [56] explored the deposition of
gas-atomized AlCoCrFeNi feedstock on AISI 1045 steel by means of APS. The hardness was
around 4.5 GPa (468 HV), which is likely due to the solid solution strengthening caused
by the disordered BCC (A2) and ordered BCC (B2) phase formations. The different phase
formations in accordance to the HEA compositions and thermal spraying are illustrated in
Table 3. It has been argued that the occurrence of ordered B2 phases is more prominent
when the lattice distortion effect is too large [55]. The movement of dislocations is inhibited
by the hard B2 phases causing resistance to plastic deformation, which further yields
improved strength for the HEA coatings. The effect of annealing temperature on hardness
has also been investigated for the AlICoCrFeNi coating, and the results showed an increase
in hardness with lower annealing temperature and a gradual decrease as the function of
annealing temperature (from ~600 to 900 °C). The higher hardness obtained after annealing
at 600 °C (5.64 GPa) was approximately 1.2 times than that of the as-sprayed HEA coatings
at room temperature. The authors claimed that the area fraction of B2 phases (i.e., possible
increase in the solid solution strengthening effect) increased at 600 °C, thus significantly
contributing to enhanced hardness. Nonetheless, it is anticipated that the presence of B2
phases declines the toughness/ductility of the coatings that have not been reported to date.

Table 2. Shows the atomic size radius of the constituent elements used for high-entropy alloy coatings.

Elements Al Co Cr Fe Ni Ti Si Mn Nb Mo

Atomic size

. 0.143 0.125 0.128 0.127 0.125 0.146 0.111 0.126 0.246 0.139
radius (nm)

Mu et al. [57] explored AlICoCrFeNi equimolar compositions deposited by means of
atmospheric plasma spraying. The authors showed that the average hardness increased as
a function of spraying power, with the highest observed around 5.97 GPa while using a
voltage and current of 55.4 V and 550 A, respectively. Cheng et al. [51] investigated similar
AlCoCrFeNi HEA composition deposited using APS with varying gas atomized feedstocks
(10-60 um and 60-90 pum). The hardness was higher (4.18 GPa) for the coatings deposited
with coarser feedstock (60-90 um) and a high spraying current of 650 A. This was mainly
attributed to the solid solution strengthening associated with BCC phases compared to
finer feedstock (which has major FCC peaks). It should be noted that the absence of oxides
was reported compared to the other literature on APS-based HEA coatings. However, it
can be inferred that the solid solution strengthening due to the presence of high aluminum
content (20 at%) is the major responsible factor for a high hardness.

The microhardness and wear properties of mechanical-alloyed AlCoCrFeNiTi HEA
coatings were first investigated by Tian et al. [16]. The authors used the APS technology
to fabricate the coatings on stainless steel 316 substrates. The result showed that the
average hardness value was around 6.3 GPa (642 HV»), which was higher compared to
the AICoCrFeNi HEAs fabricated by means of atmospheric plasma spraying. The hardness
of 3.8 GPa was also obtained at the coating/substrate interfaces, signifying adequate
adhesion. The interface hardness is significant because it can influence the adhesion
strength and durability of the coatings. A higher interface hardness generally indicates
better adhesion strength, as the coating can better resist separation from the substrate under
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mechanical or thermal stress. The low porosity, severely distorted lattice structure (solid
solution strengthening) due to large atomic radii of aluminum and titanium, as well as
the hard oxides are the determinative factors that contribute to the improved hardness of
AlCoCrFeNiTi coatings.

Generally, silicon can also increase the strength of the materials through solid solution
strengthening due to its small atomic size compared to other constituent elements. In terms
of HEAs, the addition of silicon favors to phase transitions (ordered and/or disordered
BCC structures) and mechanical properties due to its high negative enthalpy of mixing
with other constituent elements and lattice distortion effect. To date, the influence of silicon
content on the mechanical properties has been limitedly examined. Tian et al. [58] fabricated
the equimolar AICoCrFeNiSi HEA coatings using the APS technique on stainless steel
316L. The average hardness was found to be approximately 6 GPa (612 HV,), which is
due to the solid solution strengthening associated with the presence of B2 and disordered
BCC phases.

3.2.2. Grain Boundary Strengthening

Grain boundary strengthening or fine grain strengthening are often observed in
thermal-sprayed HEA coatings, particularly in cold spraying, which can significantly
contribute to the enhancement in the hardness/strength. For grain boundary strengthening,
the strength /hardness primarily depends on the pinning of dislocations around the fine
grains contributing to the Hall-Petch effect. This phenomenon has been observed in cold-
sprayed HEA coatings, as reported by Nair et al. [59] and Rojas et al. [60]. The high-velocity
impact offered in thermal spraying techniques (cold spraying, HVOF, and HVAF) improves
the strengthening by inhibiting grain growth due to dynamic recrystallization and high
dislocation density [60]. A comparative study of AlICoCrFeNi HEA coatings developed
using HVOF and HVAF thermal spray technologies was reported by Lobel et al. [61]. The
microhardness exhibited higher values (6.6 GPa) for HVAF-fabricated HEA coatings com-
pared to that of HVOF-based HEA coatings (5.8 GPa). The authors concluded that the
low porosity levels and influence of grain boundary strengthening (fine grain size) due to
high-velocity impact could be the possible reasons for improved hardness for the HVAF
coatings. Furthermore, the absence of oxides and low porosities also resulted in a low
standard deviation of hardness for the HEA coatings developed using HVAF techniques.

In a different study reported by Wei et al. [62], for similar composition HEA fabricated
by means of HVOE, the average microhardness obtained was around 5.4 GPa (552 HV3),
which was attributed to the presence of FCC and BCC phases. The authors also performed
nanoindentation testing to determine the nanohardness and elastic modulus of each phase
(FCC and BCC phases). Higher nanohardness (i.e., 9.5 GPa) and lower elastic modulus
(i.e., 208 GPa) were obtained for the BCC phases when compared to that of the FCC (i.e.,
H = 5.9 GPa and E =250 GPa), highlighting solid solution strengthening. The work of elastic
deformation was high in BCC phases, indicating the capability of large elastic recovery
after deformation compared to FCC phases. The study concluded that the combined
interaction of solid solution strengthening and grain boundary strengthening are the
contributing factors to the improvement in the hardness of the HEA coatings. Similarly,
Liao et al. [63] investigated the hardness of the Cantor (CoCrFeMnNi) HEA deposited by
means of detonation spraying on stainless steel 316L substrates. The average hardness
obtained in this study was around 4.6 GPa, which outperforms the alloys fabricated using
casting (1.6 GPa) [64] and spark plasma sintering (4 GPa), respectively [65]. Despite the
presence of FCC phases in the CoCrFeMnNi coatings, the grain boundary strengthening
associated with fine grains and oxide formations augmented the high hardness.

While thermally sprayed HEA coatings exhibited outstanding microstructural fea-
tures and mechanical properties, as shown by several studies in the literature, there is
limited work specifically focusing on HEAs fabricated via cold spray techniques. The
trend in cold-spray HEA coatings is increasing among researchers due to their feasibility in
producing high-strength coatings [66,67]. The high velocity (typically between 500 m/s
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and 1200 m/s) during the deposition process results in severe plastic deformation, which
further contributes to improved strength due to fine grain size and work hardening. Anu-
pam et al. [37] reported the first AICoCrFeNi HEA fabricated by means of cold spraying.
The mechanically alloyed powder feedstocks were used to deposit the coating on nickel
superalloy substrates. The major BCC phase obtained for the HEA resulted in an average
coating hardness of 3.8 GPa. The high hardness could possibly be explained by the fine
grain structure, which occurred due to severe plastic deformation. However, the obtained
hardness value for the cold-sprayed AICoCrFeNi HEA coatings was lower compared to
HVOF- and APS-deposited HEA coatings [51,61], which is due to the absence of oxides
lamellae in the cold spray HEA coatings. The Cantor alloy (CoCrFeMnNi) was investi-
gated by Yin et al. [38] by using a high-pressure cold spray system to deposit atomized
CoCrFeMnNi feedstock on aluminum 6082 alloy substrates. The overall microhardness
showed to be around 3.2 GPa, which was three times the hardness of powder particles. The
improvement in the hardness was attributed to the significant grain refinement (fine grain
strengthening) and increased dislocation density after cold spraying.

3.2.3. Oxide-Based Strengthening

The evolution of oxides and their impact on the mechanical properties of thermal
spray coatings has been previously reported on several occasions. The occurrence of oxides
during oxidation in-flight for high-temperature deposition techniques is a common arti-
fact. Nevertheless, the occurrence of these oxides plays a dominant role in changing the
behavior of the coatings in terms of hardness and wear performance. Meghwal et al. [68]
conducted nanoindentation studies on similar compositions fabricated using APS. The
oxide phases were dominant in the case of APS HEA coatings compared to the HVOF HEA
coatings. The Al-rich and oxide-rich phases were found to have the highest nanohardness
of 15 GPa, followed by AICrFe oxides and Al-depleted HEA regions with 13 GPa and
5 GPa, respectively. The H/E, (hardness to reduced elastic modulus) ratio was reported to
be lower for the Al-depleted HEA phase, indicating the ability to resist plastic deformation.
Although the Al-rich oxide phases exhibited high hardness, the Weibull plot assessment
signifies the Al-rich oxides phases with the largest variations, which explained the inho-
mogeneity of property distribution. These oxides improved the overall microhardness of
the AlICoCrFeNi HEA coatings, which was around 4.13 GPa. It should be noted that the
measured microhardness using Vicker’s diagonal impression is a delicate balance between
the different microstructural artifacts, such as microstructural defects (pores and cracks)
and multiple phases of the coatings, which differ from the nanohardness of each phase.
Liang et al. [69] investigated APS-based non-equimolar Aly5CoCrFeNi, high-entropy alloy
coatings using gas-atomized powders. The average hardness reported was around 2.7 GPa,
which was lower than that of the same coatings developed using magnetic sputtering
(5.5 GPa). The reason might be the homogenous microstructure with low defects and voids,
resulting in two times high hardness for the sputtered HEA coatings.

More recently, Nair et al. [59] investigated novel AlCoCrFeMo HEA using cold spray-
ing and flame spraying technologies to understand their effects on the microstructural
formation and hardness properties. The average hardness showed approximately 40% im-
provement for the flame-sprayed HEA coatings owing to the formation of a high fraction
of spinel (AB,O4) oxides (25 wt%) compared to cold-sprayed HEA coatings, despite having
similar BCC phases. A comparative study using APS and HVOF was investigated by Li
et al. [70] using non-equimolar FeCoCrNiMog, HEA as feedstock. The average hardness
reported for APS and HVOF coatings was around 3.4 GPa and 3.8 GPa, respectively. The
reported values also outperform the FeCoCrNiMog 3 HEA fabricated via arc melting (2 GPa)
investigated by Shun et al. [71]. Although the coatings and arc-melted HEAs exhibited
FCC phases, the improvement in the hardness for the HEA coatings was mainly attributed
to the occurrence of oxide contaminations compared to that of arc-melted HEAs.
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3.2.4. Dispersion Strengthening

The particulate-reinforced high-entropy alloy coatings developed by means of ther-
mal spraying techniques have been reported in the literature [72-74]. The hard particle
reinforcement enhances the mechanical properties such as hardness and toughness due
to the different possible mechanisms, namely, (i) dispersion strengthening—associated
with micro size particles, (ii) a misfit in coefficient of thermal expansion—resulting in the
occurrence of geometrically necessary dislocations, (iii) load transfer effect—transferring
loads from the matrix to the particles and (iv) Orowan strengthening mechanism associated
with nano-size particles [75]. It has been reported that the addition of micron-sized particles
induces high dislocation densities and twinning around the reinforced particle regions,
which contributes to improvement in the hardness/strength [76]. Many studies have been
reported on the effect of dispersion strengthening through particle-reinforced HEA coat-
ings. Wei et al. [72] investigated the effect of hard WC-10Co reinforcement of AICoCrFeNi
HEA coatings by mixing using a mechanical mixer prior to deposition. The HVOF system
was used to spray these in different proportions (i.e., from 0 to 50 wt.% of WC-10Co) on
06Cr13Ni5Mo martensitic stainless steel. The average hardness showed a linear function
with the reinforced particles, with the highest value obtained for equi-proportional HEA
composite coatings (7.3 GPa), which was around 1.5 times higher than non-reinforced
counterparts. The solid solution strengthening associated with high atomic radii elements
(aluminum), as well as the dispersion strengthening mechanisms (due to hard WC-Co
particles) further results in improved hardness for the HEA coatings. Moreover, the addi-
tion of reinforcement enhanced the plastic deformation resistance of the coatings obtained
from nanoindentation results. The nanohardness and elastic modulus of BCC phases were
around 11.52 GPa and 232 GPa, respectively, for the equi-proportional HEA composite
coatings, which was higher than the values reported previously [62]. This can be explained
based on the bonding force enhancement of the lamellae after reinforcement additions,
which further resulted in an enhancement in the average hardness. The improved interface
bonding could effectively result in load transfer from the matrix to the particulate, hence
contributing to improving hardness.

In the work reported by Tian et al. [15], the atomized Ni60 alloy was added as a
reinforcement to AICoCrFeNiTi and fabricated using the APS technique. An increase in the
average hardness from 6.3 GPa to 6.6 GPa was found after reinforcement addition, which is
attributed to dispersion strengthening and solution hardening. The coating/substrate inter-
face hardness was also enhanced noticeably after the reinforcement additions compared
to non-reinforced counterparts. Zhu et al. [74] investigated MnCoCrFeNi composite HEA
by adding Al,O3-13 wt.% TiO; as a reinforcement and fabricated via APS. The powders
were blended with a 3D motion mixer with a frequency of 50 Hz for 4 h before spraying.
The average hardness was 1.29 times higher for the HEA coatings after reinforcement,
signifying the dispersion strengthening. The H/E ratio was also enhanced, indicating
increased resistance to plastic deformation and elastic recovery for the Al;O3-13 wt.%
TiO,-reinforced HEA composite coatings.

Nano oxides reinforced FeCoCrNiMo HEA using APS were investigated by Mu
etal. [57]. The authors concluded that there was dispersion strengthening (possibly Orowan
strengthening) due to the addition of nano-oxides as well as solid solution strengthening
due to the high atomic size of molybdenum. These contributed to the high microhardness
of 3.1 GPa despite the FCC structure. The obtained average hardness was almost similar
to the result obtained using APS FeCoCrNiMo0.2 HEA coatings [70] and was higher than
arc-melted HEAs [71].

3.2.5. Precipitation Strengthening

The effect of precipitation strengthening on the mechanical properties of thermal-
sprayed HEA coatings has been reported in the literature. Fine particles that precipitate
create large strain fields, which act as barriers to the movement of dislocations and im-
prove the hardness through Orowan strengthening [75]. A very recent study by Rojas
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et al. [60], reported the formation of a nano-sized fine precipitate (226 nm) for cold-sprayed
CoCrFe( 75NiMog 3Nbg 125 HEA coatings. The authors concluded that the fine precipi-
tates, coupled with lattice distortion induced by molybdenum and niobium (solid solution
strengthening), and fine grains (grain boundary strengthening associated with cold spray-
ing) pinned the dislocations resulting in high compressive yield strength of 1745 MPa.
Jin et al. [77] investigated the effect of silicon in different molar fractions (x = 0.5 to 2) on
Al 5CoCrFeNiSiy HEA fabricated by means of APS on Q235 steel substrates. As mentioned
previously, the addition of Si favors the solid solution strengthening the HEA due to their
small atomic size compared to those of constituent elements present in the composition.
The developed coatings were post-processed using laser re-melting. The hardness showed
linearity with the molar fractions, wherein the maximum hardness was observed for
Al 5CoCrFeNiSi, coatings (10.7 GPa), and the lowest hardness was found for the coatings
with low silicon content (4.9 GPa). The area fractions of BCC phases increased (increase in
solid solution strengthening effect) by suppressing the FCC phases after laser-remelting,
which contributed to the highest hardness for the coatings. However, due to the high
silicon, chromium, and silicon content (which has a high negative enthalpy of mixing),
it tends to decompose from the matrix and form Cr3Si precipitates, which also act as a
precipitation strengthening mechanism and along with solid solution strengthening due to
lattice distortion, it further resulted in high hardness.

Li et al. [69] reported non-equimolar Aly,;CrCoq 5sFeNij 5Ti HEA by adding silver as
a reinforcement to fabricate coatings using APS. The HEA and reinforced particles were
mechanically blended and deposited on carbon steel substrates. The coated specimens
were then heat-treated to 750 °C. The average hardness showed to be around 6 GPa for
as-sprayed HEA coatings, which further increased up to 1.2 times after heat treatment. The
oxidation and precipitation hardening (Ni-Ti and Co-Ti phases) are the contributing factors
for improved hardness after heat treatment. Moreover, the addition of silver (2 wt%) to
the HEA coating act as dispersion strengthening that reduced the overall wear rate and
friction coefficient at high temperatures. A recent study by Yurkova et al. [47] explored the
MA AICoCrFeNiTi HEAs deposited using high-pressure cold spraying on steel substrates.
The study reported that the average hardness value is around 10 GPa, which outperforms
the AlCoCrFeNiTi coatings fabricated by means of APS and HVOF techniques [14,78].
The presence of intermetallic phases, such as B2 (AINi rich) and CrFe rich precipitate
phases along with TiC formations, contributed to high hardness. The titanium residue that
did not bond with the BCC phase during mechanical alloying was reacted with carbon
(which is present in the carbon-containing gas, i.e., acetylene) during spraying to form
TiC, thus contributing to higher hardness [78]. In addition, the high-velocity impact of
feedstock powder particles on the substrate resulted in significant plastic deformation
through strain hardening and undergoing dynamic recrystallization, which influences
further hardness enhancement.

Another study was performed by Chen et al. [79], where the authors reduced the Al
content to AlysCoCrFeNiTi HEA. The average hardness value obtained for the HVOEF-
sprayed HEA coating was around 7.7 GPa (789 HV( ;). The hardness increased up to
9.2 GPa when treated at a temperature of 800 °C for 1 h. The improved hardness was
probably related to the precipitation hardening after heat treatment. The CrFe-rich o phases
were precipitated from the BCC phases at high temperatures (>300 °C), resulting in a
high hardness. Furthermore, the fracture toughness was investigated using the Vickers
indentation method for the first time in thermal spray coatings. Higher fracture toughness
was obtained at room temperature (8.4 MPa.,/m). However, the fracture toughness showed
to be decreasing after heat treatment (5 MPa. /m). These trends can possibly be explained
by the brittle nature of CrFe-rich o phase precipitations. At high temperatures, the CrFe
with high negative enthalpy of mixing tends to decompose from the BCC phases forming o
phase precipitates. The presence of o phases also increases the work hardening ability due
to the formation of deformation twinning and, hence, improves the hardness and lowers
fracture toughness. The detailed mechanism needs to be further investigated to provide a



Metals 2023, 13, 579

16 of 38

correlation between phase formations and mechanical properties. The various high-entropy
alloy coatings developed through thermal spraying techniques that have been evaluated in
terms of their strength /hardness are summarized in Figure 9. As shown in Figure 9, the
precipitation strengthening mechanism, together with solid solution strengthening, con-
tributes to higher microhardness when compared to the other strengthening mechanisms of
the HEA coatings, irrespective of the chemical compositions and deposition technologies.
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Figure 9. Comparative assessment of different strengthening mechanisms for thermal-sprayed HEA
coatings. The precipitation strengthening seems to have a higher influence on the microhardness
compared to all other strengthening mechanisms [16,38,47,51,56-80].

3.3. Quantitative Mechanical Performance and Property Assessment for Extreme
Industrial Applications

The influence of microstructure and mechanical properties incline to form in thermal
spray HEA coatings are important to understand the failure mechanisms due to load-
ing conditions. The results from the previous studies of HEA coatings are investigated
mainly on micro-hardness. Although hardness is a dominant property, the reliability of
the coatings under different loading conditions is also influenced by various mechanical
properties such as yield strength, ultimate strength, ductility, toughness, strain hardening,
and elastic modulus. Recently, Munday et al. [80] studied the correlation between different
mechanical properties and microstructural features (porosity, particle-particle mean free
path, and average particle size) on cold-sprayed WC-Ni composite coatings. The features
of microstructural defects that influence mechanical properties have been investigated
systematically. It was reported that a high variation in tensile strength was found due
to variations in WC content and related porosity. Such a study may open the door to
exploring the fundamental understanding of HEA coatings. The high spatial variability is
challenging and difficult to address experimentally and can be validated and predicted by
mechanism-based numerical models.

The strength and toughness are the key properties that determine resistance to damage
due to loading. For instance, the aircraft and marine components during operations suffer
from erosion damage due to the impact of high-velocity solid particles, which results in a
decline in the efficiency of the components and premature failure. Furthermore, the decline
in the wear performance may drastically lead to fatigue failure due to cracking [81]. The
fatigue crack initiation phenomenon is related to the residual stress, and the coatings with
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an excellent balance of strength and toughness can provide high resilience to fatigue, wear,
and erosion damages [82,83]. However, the systematic investigations that relate to the HEA
coatings and their fatigue failure mechanisms are lacking. It has been reported that the
material’s capability to absorb strain energy can provide high damage tolerance to fatigue
failure. Furthermore, it is well-known that the coatings with excellent toughness and
ductility can provide resistance to erosion damage for an angle of impact greater than 60°,
whereas hardness and strength are the dominant parameters at low angles [83,84]. HEAs are
reported to have a concurrent combination of strength and toughness, which can provide
resistance to micro-cutting, micro ploughing, micro-indent, and micro-cracks [85-87]. Since
the state-of-the-art of the field of HEAs is established among thermal spray researchers,
such studies have not been explicitly explored to date.

Figure 10 represents classifications of parameters that should be quantified for extreme
engineering environments. Correlating the materials-related features of HEA coatings,
including different mechanical properties (yield strength, ductility, toughness, ultimate
strength, fracture strength, elastic modulus, work hardenability, fracture resistance), mi-
crostructures (porosities, cracks, inter-splat bonding, adhesion, and cohesion), and phase
formations (oxides, FCC, BCC, and other phases) with extrinsic factors of wear dam-
age, such as shape and size of abrasion particles, particle distribution, hardness of the
abrasive particles, density, impact velocity, impact angles, and temperature, may help in
understanding the effect of microstructure, mechanical properties, and loading conditions
(see Figure 10). However, such process parameter evaluations are challenging through
experimental investigations and not fully understood. The mechanism through physical-
based modeling is a viable approach to predict the damage resistance of thermal-sprayed
HEA coatings.
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ical performance for extreme environmental applications.

Other salient properties that influence the functionality of a coating are the substrate-
coating adhesion and cohesion or bonding between splats. The adhesion and cohesion
strengths can appreciably affect the coating’s performance in various loading conditions.
These studies are not emphasized to date for thermal spray HEA coatings. Thus, the
fundamental understanding of the adhesion and strengths and their mechanisms on wear
loading need to be explored for HEAs as structural applications. The bond strength can be
investigated by various testing, which includes peel adhesion [88,89], laser shock adhesion
test [90,91], and three-point bend test [92]. However, the application of these methods on
thermal-sprayed HEA coatings has not been explored, and further research is required.
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4. Performance Assessment of HEA Coatings
4.1. Wear Behaviour

High-entropy alloys by means of thermal spraying that have been studied so far in
terms of friction and wear are shown in Figure 11. The majority of HEA compositions
studied contain CoCrFeNi elements, with the addition of Al, Ti, Mn, and Mo investigated
under different sliding conditions. While thermal spraying was not used to investigate
different HEA chemical compositions, researchers extensively studied the CoCrFeMnNi
(Cantor alloy) HEA coating. This equimolar HEA possesses a single-phase solid solution
structure with excellent fracture toughness. Additionally, different derivatives of the Cantor
alloy, with aluminum and titanium additions (replacing Mn) fabricated by means of thermal
spraying, were also extensively investigated and reported. The addition of aluminum to
CoCrFeNi HEA systems improves the coatings’ strength by stabilizing BCC, with higher
Al fractions (or equimolar fraction with other constituent elements) leading to stronger
HEAs, while lower Al fractions (<20 at%) promote the FCC structure. The addition of Ti to
CoCrFeNi enables lower density and high hardness while also providing self-lubricating
behavior. Replacing Mo with Ni also results in excellent strength for HEA materials due
to the stabilization of BCC and excellent lubrication, which helps lower friction and wear.
Since the HEA coatings could provide high-temperature wear performance due to their
peculiar microstructural features, many studies were also devoted to performing the wear
studies at elevated temperatures. However, it is clear from Figure 11 that the HVOF
and APS are the mainly employed deposition techniques to fabricate different chemical
compositions of HEAs to investigate friction and wear performances; thus, there is a
significant gap in understanding how other spray coating technologies influence the wear
performance of HEA coatings.

[ Summary of high entropy alloy coatings investigated for wear applications J

APS HVOF CS FS
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Figure 11. Summary of different thermal-sprayed HEA coatings investigated for wear behavior.

Friction and wear were systematically investigated for different HEA coatings by
varying one or more testing parameters such as velocities, loads, temperatures, and time
in order to understand the impact of these parameters on wear mechanisms and tribofilm
formations. It should also be noted that different counter balls such as alumina, SizNig, and
WC-Co were also considered by the authors to slide against the HEA coatings, depending
on their conditions and equipment feasibility. However, the significance of using different
counter balls against HEA coatings was not explicitly explained in the literature. Hence,
this section provides some of the key aspects of thermal spray HEA coatings on friction
and wear behavior.

The wear behavior of AICoCrFeNiTij 5 developed by means of HVOF was studied as
a function of temperature (room temperature to 900 °C) using an Al,O3 counterface and
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a 26 N normal load [93]. A strong dependence of temperature on the wear behavior was
observed, which indicates that the wear resistance decreased as a function of temperature
(from room temperature to 500 °C) due to thermal softening. However, an increase in the
wear resistance was found as the temperature increased up to 900 °C. Figure 12 revealed the
presence of deep grooves with oxide formations (white regions) at the lowest temperature.
However, an oxide film or glazed layers appeared to be compact on the wear tracks at
elevated temperatures, acting as a protective shield against plastic deformation [93]. The
glazed layers formed are comprised of spinel oxides, causing a reduction in the coefficient
of friction and wear rates.

Figure 12. Wear morphologies of AICoCrFeNiTi HEA coatings tested at room temperature and
elevated temperature (secondary electron mode). The presence of contrast oxide regions was more
profound when tested at room temperature compared to that at elevated temperature [14].

Chen et al. [79] investigated the wear performances of HVOF-based Al ¢ TiCrCoFeNi
HEA coatings using pin-on-disc testing against an Al,O3 counter body. The authors noticed
a change in the wear behavior as a function of temperature, wherein abrasive wear was the
dominant wear mechanism, together with fatigue failure at an increased temperature [79].
A compact glazed layer was also identified on the wear tracks at the highest temperature
(500 °C), yielding to a reduction in the coefficient of friction. The evolution of these compact
glazed layers protects the surface from further damage due to sliding, and thereby lower
wear rates were achieved [79].

A more recent study by Patel et al. [94] investigated the wear behavior of as-sprayed
and heat-treated CoCrFeMnNi HEA coatings using Al,O3 as a counter surface tested at
5 N normal load. The study was carried out on rough and polished surfaces, aiming to
understand the influence of surface roughness on tribological interfaces. The as-sprayed
polished surfaces showed approximately five times lower wear rates compared to those
of rough surfaces of the HEA coatings, indicating that rough surfaces are not a favorable
method for wear applications. However, no variations in wear rates were achieved after
heat-treating the HEA coatings. The difference in wear rates could possibly be explained
by the formation of oxide or glazed layers, which were similar in the case of as-sprayed
and heat-treated HEA coatings. The authors concluded that the occurrence of tribolayers
(typically mixed oxide layers) acts as the third-body, which reduced the adhesion between
the two bodies and thereby increased the wear resistance for both coatings [94].

Recently Supekar et al. [95] studied the sliding wear characteristic of a new composi-
tion of AlCoCrFeMo HEA fabricated by low-pressure cold spraying and flame spraying
techniques. In this study, the authors also used Al;Oj3 as a counter ball and performed at a
constant velocity by varying loads (i.e., 5 N and 10 N). Interestingly, the frictional coefficient
was found to be lower for cold-sprayed HEA coatings despite the lower hardness compared
to the flame-sprayed counterparts. The formation of loose debris (predominantly oxides
due to frictional heating) between the tribo pairs acting as a roller bearing during sliding
was the governing factor for the lower frictional coefficient for cold-sprayed HEA coatings.
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Nevertheless, the wear rates were lower for the flame-sprayed HEA coatings, which is due
to the higher hardness resulting from spinel oxide inclusions and BCC phases. However,
the cold-sprayed HEA coatings underwent third-body abrasion, with the removal of oxide
layers causing higher wear rates during sliding. Figure 13 shows the counterface images
after sliding against the HEA coatings at both the surface conditions. As shown in Figure 13,
the material transfer had taken place for all the coatings. The counter spheres against flat
cold-sprayed HEA coatings showed greater material transfer than those of flame-sprayed
HEA coatings, with very little evidence of transfer layers. This also correlated well with the
cold-sprayed HEA coatings, with increased wear rates.

Cold Spray = = Cold Spray

Sliding direction

Flame Spray

Sliding direction
—

Figure 13. Optical microscopy images of alumina counter balls after sliding at 5 N load for (a) un-
polished, (b) polished cold-sprayed HEA coatings, (c) unpolished and (d) polished flame-sprayed
AlCoCrFeMo HEA coatings [95].

Tian et al. [16] investigated wear performance at varying temperatures using SizNy4
counterface for atmospheric plasma sprayed AICoCrFeNiTi HEA coatings on stainless steel
316L substrates. The study was performed at varying temperatures, i.e., 25 °C to 900 °C
with a constant normal load. The as-sprayed HEA coatings showed the presence of ordered
BCC, disordered BCC, and an FCC phase. The authors reported that there were no changes
in phases when tested at 500 °C; however, at elevated temperatures (at 700 °C), CrFe-rich
precipitates were found on the wear tracks, indicating a phase transformation from the
disordered BCC structure. The CrFe precipitates might have contributed to a reduction
in the coefficient of friction and lower wear rates compared to those tested at different
temperatures. In general, fine-structured precipitates with small fractions may induce
pinning of dislocations by Orowan strengthening, which further contributed towards high
hardness and reduction in wear rates. The wear tracks obtained at room temperature
and 500 °C showed significant delamination, abrasive grooves, and formation of lips after
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testing. The pronounced delamination could possibly be explained by the large plastic flow
and adhesive wear. Ex situ analysis of the counterface and their transfer film formations
have not been reported by the authors. Nevertheless, the formation of tribofilms was found
for the HEA coatings tested at higher temperatures, i.e., 700 °C and 900 °C. The tribofilms
consist of compact oxides and mechanically mixed layers—layers that formed due to
chemical and processing conditions during wear, which further helped in the reduction in
wear rates and coefficient of friction. In a more recent study conducted by Nair et al. [59],
the dry abrasive wear behavior (ASTM Standard G65) of new AlCoCrFeMo HEA coatings
fabricated using flame spraying and cold spraying techniques was investigated. The
comparative study aimed to understand the impact of high temperatures (flame spraying)
and low temperatures (cold spraying) on the integrity of the coatings during mechanical
loading. The results showed that the flame-sprayed coatings exhibited a spinel-type oxide
with BCC phases, while no oxides were observed for the cold-sprayed coatings. The
dry abrasion wear study revealed that the flame-sprayed coatings exhibited higher wear
resistance, with a brittle mode of wear damage, compared to the cold-sprayed counterparts,
which exhibited a ductile mode of wear damage (Figure 14). These findings provide
valuable insights into the effects of processing conditions on the mechanical properties of
high-entropy alloy coatings.
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Figure 14. Backscattered SEM images of (a) cold-sprayed and (b) flame-sprayed AlCoCrFeMo HEA
coatings [59].

A comparative study on FeCoCrNiMog, HEA coatings using HVOF and APS on a
steel substrate was performed by Li et al. [48]. The study concluded that the high fraction
of oxides, typically spinel oxides formed for the APS HEA coatings, reduced the wear rates
compared to those of HVOF-based HEA coatings. The spinel oxide contents for APS HEA
coatings were almost four times higher compared to HVOF HEA coatings. Despite having
high fractions of oxides, the hardness values were similar for both HEA coatings. The high
fractions of spinel oxides act as a lubricating behavior for the APS HEA coatings, which in
turn reduced the wear rates compared to HVOF HEA coatings in an order of magnitude.
The dominant wear mechanism involved was abrasion for both the HEA coatings [48].

A few articles also investigated the tribological behavior of cold-sprayed HEA coatings.
Yin et al. [38] investigated the wear behavior of high-pressure cold-sprayed FeCoNiCrMn
HEA coatings tested at a 5 N load using a WC-Co ball as the counter body. The authors
concluded that the significant work hardening ability and grain refinement due to high-
velocity impact influenced the wear rate, which was comparatively lower than that of
laser-cladded HEA coatings. Similarly, a recent study by Silvello et al. [96] investigated the
wear behavior of cold-sprayed and HVOF-sprayed CoCrFeMnNi HEA coatings. The study
showed that the cold-sprayed HEA coatings exhibited lower cohesive strength, resulting
in higher wear rates compared to HVOF coating. On the other hand, the HVOF coatings
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showed low wear rates, which was mainly attributed to their formation of spinel oxides. It
was observed that the wear track was characterized by microgrooves and fragmented debris,
indicating abrasive wear as the major wear mechanism for the cold-sprayed HEA coatings.

4.2. Corrosion Behaviour

There is a very limited number of studies on the corrosion behavior of thermal-sprayed
HEA coatings. Heretofore, AICoCrFeNi and their derivates (e.g., Mo and Nb additions)
are the studied HEA coatings for corrosion behavior. In all the studied HEA compositions,
chromium is the most influential metal to provide material protection against corrosion
species due to its stabilized chromium oxide films. It has been reported that the presence
of chromium with more than 20 wt.% in the composition provides corrosion protection
for HEAs fabricated via arc melting [97]. However, some studies on HEAs claimed that
the aluminum addition to CoCrFeNi in high fractions declines the protection capability
by depleting chromium from the phases [98]. Still, the debate is ongoing on how the alloy
chemical compositions, microstructural, and phase formations influence the corrosion
characteristics of HEAs. Furthermore, it should be noted that the reported literature
was mainly focused on seawater (may consist of NaCl, CaCl, MgSO,, and MgCly) and
3.5 wt.% NaCl as electrolytes. Generally, chloride ions cause severe corrosion damage when
compared to an electrolyte containing acidic or alkaline. However, there is a significant
research gap on the response of different electrolyte conditions to corrosion performances
of thermal-sprayed HEA coatings. More importantly, different chemical compositions of
HEAs utilized for thermal spraying have not been studied so far and require further research
to understand how the influence of different HEA compositions and their microstructural
artifacts could impact the performance under electrochemical damage.

The effect of phase formations (the existence of intermetallics is detrimental to corro-
sion due to galvanic cell formations) and oxide inclusions in HEA coatings can strongly
influence the corrosion current density (Icorr), pitting potential (Epit), and eventually, the
corrosion rates. Wang et al. [99] investigated the corrosion behavior of (CoCrFeNi)g;Nbs
HEA coatings using plasma spraying. Ico values showed to be around 7.23 pA/cm?,
which is lower than that of HEA coatings fabricated using other techniques, highlight-
ing the better corrosion resistance. The presence of stable oxides (i.e., Cr,O3 and Nb;Os)
enhances corrosion resistance for the HEA coatings. Niobium- and chromium-rich inter-
dentrite phases act as micro-galvanic cells, which leads to inferior corrosion resistance. In
another study reported the corrosion rates decreased up to 1.6 times by an increase in the
molybdenum additions in AICoCrNiMoy (x = 0.5 and 1) HEAs fabricated by HVOF [100].
These HEA coatings showed approximately 2.4 times better corrosion performance than
that of traditional NiCrSiB coatings under 3.5 wt.% NaCl solution. More recent study by
Liu et al. [101] reported that the AICoCrFeNiTa deposited by means of HVAF technique
showed a dense hypo-eutectic structure, with a single-phase solid solution. The corrosion
behavior exhibited excellent pitting resistance compared to SUS 304 steel under 3.5 wt.%
NaCl solution.

Mu et al. [57] investigated the corrosion performance of AICoCrFeNi HEA fabricated
by means of APS. They utilized different power sources to study their effects on corrosion
behavior. The coatings with high voltage exhibited low I.orr Values, highlighting the better
corrosion resistance. The electrochemical impedance spectroscopy (EIS) study revealed the
high charge transfer resistance (Rt) for the HEA coatings fabricated at high voltage, which
indicated better passivation resistance. X-ray photoelectron spectroscopy (XPS) showed the
presence of species including Al,O3, Co304, Cr (OH)3, Fe; O3, Fe;O4, FeO, NiO, and bound
water (H,O) on the corroded surfaces, where the presence of bound water improved the
corrosion performance of HEA coatings. Meghwal et al. [68] investigated the AICoCrFeNi
HEA coatings using APS in comparison with stainless steel 316L under seawater conditions.
The HEA coatings showed slightly higher I.o;r values (0.83 uA/cm?) compared to that of
stainless steel 316L (0.26 wA /cm?), as shown in Figure 15a. Micrographs of the corroded
surface revealed the formation of the pores and pits for the HEA coatings, which indicates
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the general and localized corrosion attacks (Figure 15b,c). Stainless steel 316L is known
as a corrosion-resistant material due to its Cr,Oj5 stabilization, which acts as the barrier to
selective and localized corrosion. On the other hand, the microstructural inhomogeneities
and porosities act as preferential sites that lead to poor corrosion resistance for the HEA
coatings. The multiphase formed with oxides may act as micro-galvanic cells, which also
increased the Icorr values compared to stainless steel 316L.
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Figure 15. (a) Potentiodynamic polarization curves of APS AlCoCrFeNi HEA coatings and SS 316L

and (b,c) depict the corroded HEA surfaces [68].

More recently, Nair et al. [59] investigated the electrochemical corrosion of newly
developed AlCoCrFeMo coatings deposited by means of flame spraying and low-pressure
cold spraying techniques using a 3.5 wt% NaCl solution. The authors reported that the lack
of oxide contaminations and reduced porosity level contributed to an improvement in the
corrosion resistance (approximately two times), low corrosion current density, and high
passivation capability for the cold-sprayed coatings compared to those of flame-sprayed
counterparts, as shown in Figure 16. The presence of oxides inclusions during oxidation
in-flight, which has different chemical composition gradients, increased the corrosion
rates for the flame-sprayed HEA coatings due to the formation of micro-galvanic cells.
Furthermore, the porosity level was higher in the case of flame-sprayed HEA coatings,
which may act as preferential sites for the electrolyte to pass through, resulting in high
corrosion rates. The comparative studies of the corrosion current density indicated that the
thermal-sprayed HEA coatings showed better performance compared to that of the HEA
coatings fabricated using different manufacturing routes when tested under 3.5 wt% NaCl
solution [59,96,97,99,102-105], as shown in Figure 17.
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Figure 16. Electrochemical corrosion studies representing potentiodynamic polarization curves and
Nyquist plot of flame-sprayed and cold-sprayed AlICoCrFeMo HEA coatings. The figure indicates
that the cold-sprayed HEA coatings showed better corrosion performance compared to flame-sprayed
HEA coatings [59].
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Figure 17. A comparative assessment of corrosion current density for thermally sprayed HEA
coatings with other HEA coatings fabricated using different methods under 3.5 wt% NaCl solu-
tion [59,96,97,99,102-105]. The thermal-sprayed HEA coatings showed lower corrosion rates com-
pared to stainless steel 316L and other HEA coatings. GTAC is gas tungsten arc cladding, CS is cold
spraying, FS is flame spraying, HVOF is high-velocity oxy-fuel, APS is air plasma spraying, and LC
is laser cladding.

4.3. Oxidation Behaviour

Although the performance of HEA coatings against corrosion was better than tradi-
tional materials, studies on the oxidation behavior of thermal-sprayed HEA coatings were
also shown promise. The literature investigated oxidation response on thermal-sprayed
HEA coatings that were similar to that of electrochemical corrosion. The studies on oxida-
tion response are crucial for thermal-sprayed HEA coatings that can be served in elevated
temperature applications. Hsu et al. [29,106,107] fabricated HEAs based on the family of
non-equimolar NiCog ¢Feq »Cr;Si; AlTiy, coatings using APS, HVOF, and warm spraying
(modified HVOF technique). The alloy coatings development strategy aiming at achieving
a clearly beneficial property combination, which is required for the insertion of new high-
temperature coatings, can be summarized as follows. Chromium and titanium, in addition
to aluminum, should ensure the formation of protective oxide scales. The addition of
silicon also favors providing oxidation protection with chromium and titanium constituent
elements. All the HEA coatings were compared to traditionally utilized MCrAlY (M = Ni
or Co and/or their combinations) coatings, respectively. The MCrAlY coating was typically
used for bond coating for thermal barrier applications. Most of the oxidation studies were
performed at a temperature of 1100 °C.

The first study conducted by Hsu et al. [29] was fabricated by using APS-based HEA
coatings with an increase in chromium content, and the result showed a similar oxidation
response compared to that of NiCrAlY coatings after the completion of 150 h. The steady-
state regime was found for the HEA coatings after 100 h, indicating stable oxide scales. The
mixed Ti-Cr-Al oxides and Al,O3 are the major contributing thermally grown oxides (TGO)
to provide oxidation resistance. The next study conducted by Hsu et al. [106] used two
HEA overlay coatings with varying chromium and titanium in NiCog ¢Fe 2Cr; 3S5iAlTig »
and NiCoy ¢Feg»Cr 55iAlTi fabricated using HVOEF, APS, and warm spraying (modified
HVOF technique), respectively. In this case, the oxidation time increased to 336 h. A steep
rise in weight gain was observed for all the HEA coatings compared to MCrAlY coatings,
indicating inferior oxidation performance. The weight gain showed a sudden rise after
250 h for the HEA coatings. Among the HEA coatings, warm-sprayed coatings showed
the highest oxidation resistance, which is mainly due to the non-porous oxide scales. The
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subsurface layer confirmed the Ti-Cr-Al and Al,O3 are the oxide scales formed for all
the HEA coatings. Another study was reported by adding Si in NiCoy ¢Fep 2CrSig 2 AlTig »
HEA overlay coatings using APS and HVOF, respectively [107]. The oxidation studies
were performed in comparison with MCrAlY (Co-30Ni-21Cr-15A1-0.5Y) coatings. The
weight gain showed a sharp rise until 50 h, followed by steady-state conditions for the
HEA coatings, whereas the MCrAlY coatings showed a steep rise until 168 h. The results
conclude that the oxidation resistance was similar to that of MCrAlY coatings at 1100 °C.

The Al,O3 and Cry;Os serve as protective oxide scales, which yield better oxida-
tion resistance for the HEA coatings. For instance, two HEA AlSiTiCrFeCoNiMog 5 and
AlSiTiCrFeNiMoy 5 coatings showed the first increase in oxidation resistance from 900 to
1000 °C and declines at 1100 °C, which is due to the formation of unstable TiO, scales
at the outer layer. Among all the temperatures, both the HEA coatings showed better
oxidation performance at 1000 °C, which is attributed to their strong chromium oxide
scales [49]. Another study by Anupam et al. [37] reported Al,O3 protective oxides are
the main contributing factors for oxidation resistance for the cold-sprayed AlCoCrFeNi
coatings while performed at 1100 °C for 100 h. Recently, Xu et al. [108] investigated the
oxidation performance of FeCoCrNiMn fabricated using cold spraying at 700-900 °C and
compared it with their bulk forms. The cold-sprayed CoCrFeMnNi showed a similar oxida-
tion rate (k, = 0.0208 mg? cm~* h~1) compared to as-cast HEA (k, = 0.0197 mg? cm~*h~!)
at 700 °C but higher at high temperatures. The multi-oxide scales were observed on the
sublayer, which includes Mn,Oj3 outer layers, and Mn-Cr spinel layers along with Cr,O3
inner layers, respectively, at 700 and 800 °C. The significant grain boundaries promote
the manganese outer diffusion, which results in the formation of manganese oxide scales,
which was not found for the as-cast HEAs. These studies give a new opportunity to explore
detailed studies regarding the oxidation response in thermal-sprayed HEA coatings and
can be potentially transformative.

5. Types of HEA Coatings and Their Potential Applications
5.1. Refractory-Based High-Entropy Alloys (RHEAs) for High Temperature Applications

Refractory-based HEAs (RHEAs) have gained significant attention in the materials
science community due to their prospective properties at elevated temperatures. Despite
having high-temperature strength and oxidation resistance, the limited capability of nickel
superalloys to perform at temperatures above 1000 °C has always been a challenge. The
features of RHEAs in terms of resistance to high-temperature softening and high melting
point that can sustain more than 2000 °C outperform the superalloys reported by the
literature [109-112]. Furthermore, the high-temperature strength and ductility, along with
superior oxidation and corrosion resistance of RHEAs at elevated temperatures, increased
the demand to focus on thermal barrier coatings. However, no reports have been provided
for RHEAs fabricated using thermal spray technologies so far. Grouping the elements
with refractory and transition-based metals offers excellent properties for high-temperature
strength and oxidation [112-114]. Employing thermal spraying technologies for HEAs may
enable a breakthrough for applications that demand elevated temperatures rather than
bulk counterparts because of its versatility and low manufacturing cost.

However, till now, more than 120 refractory-based high-entropy materials have been
developed using various technologies due to their exceptional high-temperature properties.
Primarily, RHEAs form as BCC phases, mostly with single phase BCC structure with high
strength at room and elevated temperature (even at the high temperature of 1600 °C) and
high resilience to thermal softening because of the slower diffusion kinetics [61] and thus
capable as coatings for high-temperature gas turbine regions in aerospace sectors. More
importantly, the combination of refractory (Ta, Nb, etc.) and transition metals (Al, Cr,
Mo) provide an excellent combination of high melting point and oxidation and corrosion
resistance, enabling them to use for high-temperature applications replacing superalloys.
Recently, Gorr et al. [112,113,115-117] proposed novel RHEAs based on the x-Mo-Cr-
Ti-Al (x = W, Nb, Ta) alloy system developed by arc-melting and annealing. The alloy
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development strategy aiming at achieving a clearly beneficial property combination, which
is required for the insertion of new high-temperature materials, can be summarized as
follows. The addition of tungsten, niobium, tantalum, and molybdenum should provide a
high melting point, high-temperature strength, and creep resistance. Additions of titanium
and aluminum should guarantee reasonable density, while chromium, in addition to
aluminum, should ensure the formation of protective oxide scales. While the equiatomic
alloy W-Mo-Cr-Ti-Al possesses a single-phase BCC microstructure, the substitution of
tungsten by niobium causes the formation of the ordered Laves and A15 phases [112,117].
In addition to the BCC and the Laves phases, the ordered B2 phase becomes dominating
in the Ta-Mo-Cr-Ti-Al alloy [116]. Furthermore, the Ta-Mo-Cr-Ti-Al alloy shows very
high oxidation resistance. Oxidation experiments yielded values of the mass gain of less
than 1 mg/cm? and ~3 mg/cm? at 1000 and 1100 °C, respectively, after 48 h [115,116].
The formation of the protective Al;O3 oxide scale along with CrTaO4 explains the high
oxidation resistance of the Ta-Mo-Cr-Al-Ti alloy [115]. The remarkable properties of RHEAs,
such as high melting point, high hardness, and oxidation resistance, are beneficial for harsh
environments and, thus, suitable for the components used in gas turbines. However,
the exploration of RHEAs in conjunction with thermal spraying technologies for high-
temperature applications has not been carried out to date, and further research is required.

5.2. Transition-Based High-Entropy Alloys for Aerospace Applications

For aeroengines, static and dynamic seals are vital components that help to prevent
the leakage associated with gases and fluids. Figure 18 shows a typical cross-section of
aeroengines, wherein static and dynamic seals are represented in blue regions [118]. Indeed,
the seals are used in different sections of aero engines in order to control oil leakages from
the gearboxes, and hence, static and dynamic seals comprise a wide range of material
designs that are operatable at different temperature regions. Nonetheless, due to the
severe operating conditions, engine seals undergo pronounced vibrations relative to the
interfaces, which may cause high friction and wear, and thus, reducing their efficiency
to control the leakages [119]. The high friction and wear are mainly associated with
traditional material coatings that are unable to withstand such high operating conditions.
There are ongoing studies in order to assimilate advanced engineering materials that are
capable to withstand high friction and wear operating in different working environments,
especially in the high-temperature sections. Thermal-sprayed HEA coatings have shown
promising wear behavior at elevated temperatures, which can be a potential candidate
for such extreme applications. The lightweight nature and superior specific strength at
high temperatures offered by AICoCrFeNi HEA compositions may be a preferred choice of
materials over traditional materials utilized for aerospace seal applications [120]. However,
further research is required to understand how the different temperatures influence the
wear performance of different chemistries of thermal-sprayed HEA coatings.

Thermal barrier coatings are utilized to protect gas turbine components from extreme
temperatures. The thermal barrier coatings consist of a metallic bond coat as the first layer
and ceramic coating (typically yttria-stabilized zirconia) as the top layer coatings. Typically,
MCrALlY is used as metallic bond coating as these coatings provide reasonable oxidation
performance due to the formation of Al,O3 oxide scales, acting as a protective shield for
base materials. Most of the transition-based HEAs have shown exceptional properties due
to their sluggish diffusion kinetics and high configurational entropy effect [121]. Aluminum
and its oxide counterparts formed are the protective scales preventing oxidation; however,
utilizing the high-temperature deposition techniques reduces the aluminum content in the
HEA coatings, reported by Ang et al. [20]. More specifically, a deposition technique that
can work under low-temperature is a feasible approach to developing HEA coatings that
can provide protective oxide films from further oxidation. Cold-sprayed and high-velocity
air fuel HEA coatings as bond coatings for thermal barrier systems have not been explored
to date and open a new research direction to explore transition-based HEA coatings.
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Figure 18. Typical seals and their locations in gas turbine engines [118].

5.3. High-Entropy Carbides

High-entropy-driven materials provide a challenging aspect to design materials based
on certain applications. Although transition and refractory metals endow a scope in terms of
structural materials for harsh environments, the researchers extend their focus to designing
and developing carbides from the group of IVB, VB, and VIB transition metals are known
as high-entropy carbides (HECs) [122-125]. The most attractive features of HECs are their
ability to persist in single-phase structures at extreme temperatures and local chemical
environments. The advantages of slow diffusion kinetics and distorted lattices favor the
HECs to provide thermal protection, improved strength and hardness, and better oxidation
resistance. Furthermore, the HECs are defined as materials with ultra-high melting points
(>3000 °C), which increase their demand in extreme operational conditions in structural
applications such as rocket nozzles and nuclear reactors. The plausible elements based on
the vulnerability of the applications should have to be explored to develop high-entropy-
driven carbides.

5.4. High-Entropy Oxides

The rapid development of high-entropy materials and their strong correlations be-
tween compositions and properties opens a new window to study the prospects of these
materials in the form of oxides. High-entropy oxides (HEOs) are an emerging branch
of high-entropy materials, which can fulfill the requirements in applications such as cat-
alyst, dielectrics, and magnetic properties and in particular for top coating for thermal
barrier coatings (TBC) [126-131]. The distinct nature of anion and cation sublattices in
HEOs bestow better solubilities and stabilizations. Although the field of research based on
HEQ:s is in its inception, the understanding of developing the HEOs by means of thermal
spraying is challenging. The structural formation and properties of thermal spraying (i.e.,
plasma spraying) HEO coatings should have to be explored to expand their research for
applications such as catalysis, water splitting, thermal protection, supercapacitors, and ther-
moelectric and thermal barrier coatings. HEOs developed through the arc melting process
had been proven for their magnetic [127,128] and energy storage [129,132] applications,
and hence, the thermal-sprayed HEO coatings may provide a fascinating research topic in
the near future.
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5.5. High-Entropy Alloy Composites

Metal matrix composites (MMCs) have widely been studied for many industrial
applications due to their high hardness and excellent strength with optimum ductility
and toughness [80,133,134]. A number of secondary particles as reinforcement, typically
ceramics, are incorporated into the metal matrix to enhance the inherent features of the
composite structures that can be implemented in various industrial sectors. Considering
the attractive properties attained through these composites, HEAs are used as a metal
matrix with ceramic reinforcements (i.e., TiC, SiC, WC, Al,Os, TiN) developed through
different techniques such as induction melting [73,135], plasma cladding [136], microwave
processing [85,86], spark plasma sintering (SPS) [137-139] and additive manufacturing
(AM) [140,141]. Thus, a new family of MMCs arose in the field of HEAs known as high-
entropy composite alloys (HEACs). Together with thermal spraying and cold spraying
technologies, HEACs can provide an excellent opportunity to break the bottleneck problems
associated with wear and corrosion. One such example is the fatigue fracture (due to cyclic
loading of bubble implosions) and plastic deformation failures when exposed to cavitation
erosion damage. Therefore, the concurrent high strength and toughness interactions are
significant in controlling cavitation damage due to bubble implosions. To the best of the
authors” knowledge, only one group investigated the cavitation erosion-corrosion response
on AlCoCrFeNi HEAs fabricated through the HVOF technique [62]. HEA coatings showed
3.5 times lower cumulative mass loss (CML) than conventional steel (06Cr13Ni5Mo) after
24 h of testing. The presence of BCC phases in HEA coatings enhances the hardness due
to solid solution strengthening that controls damage due to bubble implosions. Lamellar
spalling and interlaminar cracks are the dominant damage mechanisms observed after
testing. Different HEACs can be designed by tailoring the chemical compositions and
with the addition of reinforcement that can be fabricated using deposition techniques
depending on the vulnerability of severe degradations such as wear, corrosion, tribo-
corrosion, and oxidation.

5.6. Perspectives on Other Applications of Thermal-Sprayed HEA Coatings

By varying their chemical compositions, high-entropy alloys (HEAs) can offer a range
of potential benefits in multifunctional roles, such as catalysis and energy applications,
thereby opening up new possibilities for these materials. The governing factors, including
high configurational entropy and severe lattice distortions, enable HEAs to perform as
a catalyst. The high configurational entropy promotes a disordered environment that
may increase the surface area of the catalyst, whilst the severe distortion in the lattice
structure enables structural defects. These two structural characteristics accelerate the rate
of catalytic reactions by increasing the number of active sites, which facilitate HEAs to
perform as effective catalysts. The most promising attribute of HEAs is the meticulous
material selections and their property tuning by varying the chemical compositions in
atomic length, which helps to modify the crystal structures to mold them as a feasible
catalysis. Employing the established thermal spraying manufacturing routes is considered
a top-notch approach to fabricating catalytic HEAs. However, to the best of the author’s
knowledge, the utilization of HEAs through thermal spraying is still lacking. Being the vast
compositional space of HEAs, designing new-generation catalytic HEA coatings would
be challenging and require high-throughput screening using computational tools such as
machine learning.

Recent studies show the potential features of arc-melted HEAs to use in orthopedic
implant applications in terms of hip and knee replacements [142-146]. Although the
demand for bio implant materials is increasing due to automobile accident rates and sports
injuries, premature failure due to localized corrosion in a highly aggressive physiological
environment becomes a long-term issue for using traditional materials. The presence of
toxic ions is another problem in conventional materials such as stainless steel, which leads
to allergic reactions in the human body. The distinguished microstructural features of
HEAs, along with anti-wear and anti-corrosion properties, endow the possibility of HEAs
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to use as a novel type of bioimplant material [147,148]. Perumal et al. [147] investigated
MoNbTaTiZr alloy through arc-melting and studied the biocorrosion. According to the
authors, the dual-phase structure that reduces elemental heterogeneity is a governing factor
in enhancing the biocorrosion resistance and cellular response compared to stainless steel
316L. Nonetheless, the field of research is highly unexplored in terms of HEA coatings,
and the potential benefits of HEAs can provide a helpful hand to develop bioimplant
coatings with improved wear and corrosion resistance, excellent strength-weight ratio, and
biocompatibility. The perspective for future studies associated with thermal spray HEA
coatings would invigorate the interests of researchers to focus extensively on the directions
of orthopedic implants.

Radiation damage in the nuclear sector is another challenging area of research, where
the structural material damage is due to the high-dose of radiation at high temperatures.
The traditional materials for nuclear reactors are unable to overcome high-dose neutron
irradiations, which eventually results in material embrittlement, hardening, and failure. The
salient features of HEAs with topological lattice distortion capability between constituent
elements can be able to provide a self-healing ability to encounter the high radiation dose.
The findings of arc-melted HEAs showed an excellent irradiation response compared to
traditional materials [149,150]. The high compositional complexity of HEAs, along with
the more disordered structure, inhibits the defects to pass through the materials, hence
reducing the overall damage caused by radiation. Moreover, solid solution phases and
lattice distortion offered by HEAs enable high lattice defects (i.e., dislocations), which
absorb and reduce the damage due to radiation [149,150]. This expands the possibility of
such a study in the field of HEA coatings through thermal spray manufacturing routes.

Thermal-sprayed high-entropy alloy coating properties can be further enhanced
through targeted strategies in order to create next-generation materials with unique prop-
erties. One of the main advantages of HEAs is that they provide numerous possibilities
in designing alloys, including the combinations of transition metals, refractory elements,
and ceramics. For achieving favorable phase formations and desired mechanical properties
such as strength and toughness, the selection of plausible alloying elements is paramount.
Recently, researchers used the CALPHAD approach for designing numerous high-entropy
alloys with different variations of alloying elements and predicted their phase forma-
tions, which in turn can identify the strengthening mechanisms of HEAs. For instance,
Guo et al. [151] used the CALPHAD approach coupled with experimentation results to
design and develop precipitation-strengthened (FeCoNi)g5Al, 5Tis, high-entropy alloys.
Thermo-Calc software with the TTN18 database was used to predict the phase formations
of the HEA.

Their studies validated that the formation of Ni3zAl based v’ nanoprecipitates was
found for the HEAs using Thermo-Calc software and transmission electron microscopy.
Indeed, CALPHAD has emerged as a profound tool for predicting the phases, microstruc-
ture, and material properties of numerous high-entropy alloy systems. CALPHAD, in
conjunction with the machine learning approach, is an emerging trend for designing nu-
merous plausible HEA systems that can pave the way for better mechanical properties.
Such an approach corroborates the research significance in predicting the alloying elements
in thermal-sprayed HEA coatings. However, the evolution of oxide phases is a common
microstructural artifact in thermal-sprayed HEA coatings due to their oxygen-sensitive
elements (typically Al, Cr, Mo, Fe, etc.). Therefore, there is a strong need to perform research
in predicting the oxide formations using the CALPHAD-aided approach for high-entropy
alloys by means of thermal spraying technologies. Table 3 provides a summary of how
the phases behave in response to the composition of high entropy alloys fabricated using
various deposition techniques.
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Table 3. Different high-entropy alloy compositions and their phase formations and porosity levels

according to deposition techniques.

High Entropy Alloy

Deposition

Porosity

Coatings Feedstock Routes Substrates Routes Phases %) Ref.
MA Mild steel APS BCC + FCC + oxides 95+23 [20]
Gas atomized APS BCC and FCC - [51]
Gas atomized AISI 1045 APS BCC and B2 - [56]
steel
MA Low carbon APS  BCC+FCC + oxides - [57]
steel

AlCoCrFeNi MA Mild steel HVOF B2 - [61]
MA Mild steel HVAF B2 - [61]

06Cr13Ni5Mo
Water atomized martensitic HVOF FCC and BCC - [62]

stainless steel

Al-rich
regions
Al 5CoCrFeNi, Gas atomized SS 304 APS FCC - [69]
MA 5235 steel APS BCC and FCC - [14]
Gas atomized 5235 steel APS BCC and FCC - [14]
AlCoCrFeNiTi MA S5 316 APS BCC and oxides - [16]
Gas atomized 5235 steel HVOF BCC + B2 + Al12 - [78]
Aly¢CoCrFeNiTi A572 steel HVOF BCC - [79]
MA Mild steel APS BCC + FCC + oxides 74+13 [20]
MnCoCrFeNi Gas atomized SS 316L Detonation FCC and oxides - [63]
Gas atomized SS 304 APS FCC - [152]
Gas atomized LOV\; tceazbon APS FCC and oxides - [70]
FeCoCrNiMog »

Gas atomized Lov»;tceaetibon HVOF FCC and oxides - [70]

06Cr13Ni5Mo
WC-10Co/AlCoCrFeNi Water atomized martensitic HVOF FCC + BCC - [72]

stainless steel
Ni60/AlCoCrFeNiTi MA _+ gas atomized SS 316 APS BCC and oxides - [15]
Ag/Aly,CrCoq 5FeNi; 5Ti Mebcllf;igiggﬂy Carbon steel APS BCC +CE; Zr;iggsc +Cr - [69]
Al;gi;}govéizzlgioz Gas atomized Mild steel APS FCC and oxides - [74]
oxides /I\I\/ITaoréorCoFeNi Gas atomized - APS BCC + FCC + oxides - [57]
AlCoCrFeNiSi MA SS 316 APS B2 and BCC - [58]
AICOCrFeNi MA Ni'bzlsli;uf’er Cs BCC 7 [37]
MnCoCrFeNi Gas atomized Al 6082 alloy CS FCC - [38]
AlCoCrFeNiTi MA Steel CSs B2+ TiC+o 05+018 [47]
MnCrFeNi Gas atomized Feb2 steel CSs BCC - [36]
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Table 3. Cont.
High Entr(.)py Alloy Feedstock Routes Substrates Deposition Phases Porosity Ref.
Coatings Routes (%)
MnCrFeNi Gas atomized Fe52 steel CS BCC - [36]
Nig»Co ¢Feq2CrSig » AlTig » Gas atomized SS 304 APS BCC and Cr3Si - [54]
NiCq ¢Fe,CrSiAlTig o Gas atomized SS 304 APS BCC and Cr3Si - [54]
Nig»Cp ¢Fep2Cry 5SiAlTig » Gas atomized SS 304 APS BCC and Cr3Si - [54]
CrMnFeCo - - APS FCC 29 [42]
Arc
NiCoggFep,Cr1 55iAlTig,  melting + mechanical - APS BCC 1-5 [107]
milling
Al ¢ TiCrFeCoNi Gas atomized - HVOF BCC 1.68 [79]
. . . | A HVOF BCC 28405  [29]
Nip,Cop ¢Feq2CrSigAlTigp, melting + mechanical APS BCC 43105 [29]

milling

6. Conclusions

In recent years, the utilization of high-entropy alloy (HEA) coatings through thermal

spraying have become widespread due to their versatile microstructures and advantageous
properties. Enhancing the resistance of these alloys to surface degradation would make
them highly attractive for a broad range of commercial applications. However, there is still
considerable scope for advancement in this area. Therefore, research on future directions
for thermal-sprayed HEA coatings could concentrate on the following:

1.

HEA coating fabrication: Although several thermal-sprayed HEA coatings have been
reported, there is a need to investigate HEA compositions utilizing high-velocity
air fuel (HVAF) and cold spraying (CS) deposition techniques. Researchers can de-
velop HEA coatings using these methods and study their microstructure and phase
evolution, along with post-treatment methods for specific service conditions;
Quantitative mechanical properties for extreme environments: While the previous
studies of HEA coatings have focused primarily on micro-hardness, the coatings’ reli-
ability under various loading conditions also depends on other mechanical properties
such as yield strength, ultimate strength, ductility, toughness, strain hardening, and
elastic modulus. However, these properties have not been adequately explored to
correlate them with mechanical damage due to wear;

Parametric optimization: The parameters for thermal spraying should be optimized to
produce high-quality HEA coatings that exhibit desirable mechanical properties such
as strength and toughness. Researchers should explore various processing techniques
and optimize parameters such as feedstock feed rate, spray distance, gas flow rates,
etc, to enhance the coatings’ reliability. One area of research could be using machine
learning algorithms to optimize the process parameters for the thermal spraying of
HEA coatings;

Unraveling different HEA classifications through thermal spraying: To identify their
potential for industrial applications, researchers should explore different HEA systems.
One such example is refractory-based high-entropy alloys and high-entropy oxides for
bond and top coatings for thermal barrier coatings in high-temperature applications;
Investigation of microstructure and phase evolution: A comprehensive understanding
of the microstructure and phase evolution of HEA coatings is essential for the devel-
opment of advanced coatings with optimal properties. Researchers can undertake a
detailed investigation of the microstructure and phase evolution of HEA coatings at
different stages of the coating’s life cycle, including during the spraying process, post-
treatment, and under service conditions. By analyzing the evolution of the coating’s
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microstructure and phases over time, researchers can gain insights into the under-
lying mechanisms governing the coating’s behavior and identify opportunities for
improving the coating’s performance;

6.  Evaluation of wear properties: HEA coatings have demonstrated potential for wear
applications. However, further research is required to understand their ex-situ mecha-
nism for tribological interfaces and under extreme environmental conditions;

7. Evaluation of corrosion properties: HEA coatings exhibit good corrosion resistance
in seawater and sodium chloride electrolyte conditions. Nonetheless, studies on
corrosion properties under different electrolyte conditions, such as HCl and H2S04,
are limited.

The versatile properties of thermal-sprayed HEA coatings make them highly attractive
for a multitude of industries, such as aerospace, automotive, and biomedical. To harness
the full potential of HEA coatings in various applications, researchers can delve into their
unique characteristics and develop tailored coatings that precisely cater to the specific
requirements of each industry.
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