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Abstract: Metal corrosion leads to serious resource waste and economic losses, and in severe cases, it
can result in catastrophic safety incidents. As a result, proper coatings are often employed to separate
metal alloys from the ambient environment and thus prevent or at least slow down corrosion. Among
various materials, high-entropy alloy coatings (HEA coating) have recently received a lot of attention
due to their unique entropy-stabilized structure, superior physical and chemical properties, and often
excellent corrosion resistance. To address the recent developments and remaining issues in HEA
coatings, this paper reviews the primary fabrication methods and various elemental compositions
in HEA coatings and highlights their effects on corrosion resistance properties. It is found that
FeCoCrNi-based and refractory high-entropy alloy coatings prepared by the laser/plasma cladding
method typically show better corrosion resistance. It also briefly discusses the future directions
toward high-performing corrosion-resistant coatings based on HEA design.
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1. Introduction

High-entropy alloys (HEAs) [1–3], originally proposed in 2004, have received a great
deal of attention from scholars around the world. The traditional one-dominant component
alloy design concept is subverted by this nearly iso-molar ratio multi-principal HEA design,
which brings alloys into the gigantic multidimensional composition space. HEAs have been
loosely defined as alloys containing at least five major elements with an average atomic
percentage (at.%) between 5% and 35% for each element. Since then, this new alloy design
strategy has created a field with enormous potential for multicomponent alloys [4,5]. For
instance, the design of five- to thirteen-member alloys using 13 commonly used metallic
elements in the periodic table would create more than 7000 alloys. Additionally, the HEAs
demonstrated some unprecedented success owing to the entropy-stabilized structure,
severe lattice distortion, kinetic hysteresis diffusion, and high-entropy mixing-induced
cocktail effect [6,7]. As a result, HEAs have not only excellent mechanical properties,
such as high strength, hardness, wear resistance, and superior compression [8–11], but also
good physical and chemical properties, such as corrosion resistance, catalytic properties,
thermoelectric properties, etc. [12–17].

In addition to bulk HEAs, many people are now studying coating because the special
and excellent structure of HEAs can significantly improve the anti-corrosion performance
of various metals and their service performance in various extreme conditions. HEA
coatings have a similar composition design concept as HEAs but very different fabrication
processes due to the 2D thin film geometry. In addition, due to the unique structure, the
resultant mechanical properties and failure mechanism of HEA coatings are also largely
different from bulk HEAs [18,19]. Particularly, HEA coating can resolve some structural
and performance disadvantages in bulk HEAs. Some advantages of HEA coating are
listed below.
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• Lower cost. Due to the complexity of the alloy composition and the large differences
between the melting points of the elements in HEAs, significant elemental segregation
occurs during melt solidification and cooling [20], and post-treatment is required to
obtain well-organized HEAs [21–23], leading to complicated preparation and high
cost. In addition, adding expensive elements such as Nb, Cr, V, Ni, Ti, and Co to
the HEAs [24–26] means that the material cost of bulk HEAs is very high, and it is
difficult to achieve industrial-wide application. In contrast, HEA coating requires
significantly fewer materials (thin films) and has many energy-efficient fabrication
methods to ensure HEA formation, thus saving both material and fabrication costs to
enable industrial adoption;

• Flexible preparation. In recent years, various processes have successfully fabricated
HEA coatings with excellent properties, including laser cladding, magnetron sput-
tering, and thermal spray. The micro properties (such as microstructure and phase
composition) and the macro properties of the coating (such as thickness, density,
flatness, surface quality, etc.) can be flexibly controlled by adjusting the process pa-
rameters during coating preparation (such as scanning speed, laser power, deposition
temperature, sputtering power, etc.);

• Wide applicability. Several common elements employed in HEA coatings (such as Al,
Fe, Ti, Cr, Ni, etc.) can significantly improve the service life of the substrate and the
performance of the product, particularly for common steel, Al alloy, Mg alloy, Ti alloy,
and other substrates. Additionally, because of the characteristics of the coating that
has been prepared on the substrate surface, it can be applied to substrate materials
with a variety of shapes to ensure that each part’s thickness is approximately uniform
and that the overall performance is relatively steady;

• Excellent properties. The corrosion resistance, erosion resistance, friction, and wear
properties of the coating have received increasing focus since the corrosion process is char-
acterized by its surface reaction. HEA coatings have been regarded as a solution to satisfy
a range of serious service conditions, such as marine corrosion, extreme cold corrosion,
plateau corrosion, nuclear radiation corrosion, and other corrosive environments.

Figure 1 shows the preparation process, typical microstructure, and respective advan-
tages and disadvantages of bulk HEA and HEA coatings.
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Figure 1. Bulk HEAs and HEA coating. (a) Schematic of bulk HEAs and HEA coatings. (b) EDS
map of Al-Co-Cr-Fe-Ni bulk HEA [27]. Copyright 2021 Elsevier. (c) Cross-sectional back scattered
micrograph of the FeCoCrNi2Al HEA-coated steel [28]. Copyright 2019 Elsevier.



Metals 2023, 13, 205 3 of 23

This article will review the preparation processes, excellent properties, and failure mecha-
nism of HEA coatings in the corrosion process, and look forward to new strategies to prepare
HEA coatings with further improved properties, aiming to provide methodological ideas to
understand HEA coatings in terms of preparation, composition, structure, and properties.

2. Review
2.1. Current Situation of HEA Coating

More stringent performance standards for the materials used, including corrosion
resistance [29], friction and wear resistance [30], high-temperature oxidation resistance [31],
high strength [32], etc., have been proposed as a result of mankind’s ongoing exploration
in the fields of aerospace, shipping and maritime, rail transportation, pipeline engineering,
and new energy. The surface of the materials used must have excellent corrosion resistance,
scouring resistance, and other features, especially in the fields of deep-sea corrosion and
high-temperature erosion.

Anti-corrosion coatings for metal-based materials can be simply classified into the
following four categories: metallic coatings, diffusion coatings, organic coatings, and
ceramic coatings. In addition to HEA coating, common metallic coatings can be simply
divided into Ni-Co-based coatings, amorphous coatings, metal-based composite coatings,
etc. Diffusion coating refers to the diffusion of certain elements into the substrate, and there
is a strong metallurgical bond with the substrate, with high adhesion strength [33]. Organic
coating is a kind of environmental protection and an excellent corrosion resistance coating,
which is widely used in industrialization [34]. Organic coatings are currently classified as
conductive polymer coatings, shielding polymer coatings, and smart coatings. Ceramic
coatings are inorganic non-metallic materials synthesized by high-temperature processing,
which combine the toughness and bending resistance of metals with the high-temperature
resistance, high strength, and oxidation resistance of ceramics to improve the performance
of coatings [35]. Table 1 summarizes the advantages and disadvantages of different types
of coatings for a simple comparison.

Table 1. Comparison of different types of coatings.

Type Advantages Disadvantages

Common metallic coatings
Proven and simple process

Excellent corrosion and friction resistance
Excellent electrochemical properties

Not environmentally friendly
Expensive alloying elements Co/Ni

Diffusion coatings
High-temperature resistant

Fast preparation speed
Uniform coating thickness

Processes are difficult to be controlled
High preparation cost

Limitations in the coating composition

Organic coatings
Protecting the environment

Excellent physical and chemical properties
Excellent physical barrier function

Difficult to achieve large-scale production
Not resistant to high temperatures

Ceramic coatings Excellent mechanical and tribological properties
Can be compounded with other coatings

Prone to defects such as porosity and cracks
Poor toughness

HEA coatings
Multi-performance

Suitable for a wide range of service conditions
......

Difficult to design components
Process limitations

Theoretical research needs to be improved

The service performance and life of materials with a variety of applications may now
be greatly increased with the use of coating technology, which is now widely acknowledged
as an efficient method. Laser melting, magnetron sputtering, and thermal spray are the
principal methods used to produce coatings [36–38]. The performance of the material
surface is enhanced by the preparation of the coating materials, which mostly involve laser
melting, magnetron sputtering, and thermal spray. The preparation of high-performance
coating materials is usually achieved based on the study of the properties of the bulk
system and the advanced methods of surface technology [39]. Due to the thinness of HEA
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coatings, different techniques are often used based on the prepared layer thickness. For
instance, physical vapor deposition techniques (such as magnetron sputtering) can be used
to create coatings from submicron to micron thickness, whereas laser cladding or thermal
spray techniques can be used to create coatings thicker than micron thickness. They will
cool quickly during this time, increasing the nucleation rate and causing the formation
of fine grains while tending to suppress phase separation, resulting in a supersaturated
state and the strengthening mechanisms of conventional alloys such as solid solution
strengthening and fine-grain strengthening. The deposition process of HEA coatings, in
contrast to conventional alloys, includes several elements that have hysteresis diffusion
effects that may enhance the effects of rapid cooling. Typically, these effects provide a
reduction in the rate of grain and phase coarsening and a delay in the crystallization
of amorphous structures at high temperatures. Therefore, compared to traditional alloy
coatings, fine-grain strengthening and second-phase strengthening are significantly more
effective at the same cooling rate. Additionally, the microstructure and properties of HEA
coatings are influenced in distinct ways by high-entropy effects and severe lattice distortion
effects, which may be advantageous for particular applications [40,41]. It is worth noting
that the production mechanism of HEAs is still unclear; hence, it is debatable and subject to
additional study whether the past studies on high-entropy bulk alloys are fully applicable
to high-entropy coatings or thin films.

As shown in Figure 2, based on a variety of coatings being researched for application
in multiple service contexts currently, high-entropy coatings can be broadly divided into
three categories [42].
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1. HEA metallic coatings, such as refractory high-entropy coatings and coatings based
on transition metals; the FeCoCrNi-based HEA coating is a typical HEA metal coating
with excellent corrosion resistance due to the Cr and Ni elements, which are the
main elements that improve the corrosion resistance in the alloys by encouraging the
forming of a passive film.

2. High-entropy ceramic coatings, such as covalent and ion-bonded high-entropy ce-
ramic coatings, are made by combining HEAs with N [2], B [43], C [44], O [45], and
other anions. The typical corrosion-resistant high-entropy ceramic coating is nitride
coating because chemically inert transition metal nitrides (such as CrN or TiN) are
beneficial to improving coatings’ corrosion resistance.

3. HEA composite coatings. A HEA can be used as a matrix or binder for ceramics or
as a reinforcing material for light alloys such as aluminum and magnesium alloys.
The reinforced phase particles (TiN [46], TiC [47], etc.) and doped materials (graphite
oxide (GO) [48], etc.) are often compounded.

Typical wear-resistant coatings include iron-based coatings, nickel-based coatings,
metal–ceramic composite coatings, HEA coatings, and amorphous alloy coatings, etc.;
common corrosion-resistant coatings include various amorphous alloy coatings and HEA
coatings. Due to their notable benefits in wear resistance and corrosion resistance, HEA
coatings are one of those that have recently caught the attention of scholars.

2.2. Fabrication Methods of HEA Coatings

In recent years, a variety of HEA coatings have been successfully prepared by mag-
netron sputtering, laser cladding, thermal spray, electrochemical deposition, etc. Most
of the high-entropy coatings have a relatively uniform and dense microstructure, good
thermal stability, and wear resistance. Porosity is a key factor in determining the corrosion
resistance and wear resistance of coatings, and a suitable preparation method can deter-
mine the size of porosity. The two most popular preparation techniques for enhancing
the corrosion resistance of HEA coatings are laser cladding and magnetron sputtering. In
light of the issues with the currently available technologies, this paper will concentrate on
these two fabrication methods, provide a brief overview and summary of other fabrication
methods, and consider potential future new research directions and ideas for the fabrication
of high-entropy coatings.

2.2.1. Laser Cladding

With laser cladding, the powder is synchronously fed to the cladding zone or pre-set
on the substrate while being protected by an atmosphere. The coating is then formed
by sweeping a high-energy beam across the surface being highly supercooled, and the
coating thickness can be adjusted between microns and millimeters. Its advantages mainly
include high energy density, minimal thermal impact on the substrate, low dilution of the
substrate, and quick heating and cooling. The created high-entropy layer establishes a solid
metallurgical link with the substrate and has a more uniform, dense microstructure with
fewer macroscopic and microscopic defects [49]. As a result, the coatings created using
laser cladding technology not only contain the excellent qualities of HEA materials but also
can establish a strong link with the substrate material, strengthening the material’s ability
to resist corrosion. The fundamental idea behind the two types of synchronous powder
feeding and pre-powdering used in laser cladding technology is depicted in Figure 3a.
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The selection of parameters for the preparation process of high-entropy coatings is
equally as crucial as the nature of the material itself in determining how well it performs.
In general, the preparation process for laser-clad high-entropy coatings can be optimized
by adjusting the laser power, laser scanning speed, laser beam size, powder feeding speed,
pre-placement powder thickness, nozzle angle, and filling distance, all of which affect the
coating’s microstructure, surface morphology, and service life. HEA coatings prepared by
laser cladding may produce defects including non-uniform composition, porosity, cracks,
inclusions, incomplete melting, presence of residual stresses, and weak bonding between
coating and substrate; therefore, how to optimize laser cladding process parameters is
one of the popular research directions, among which scanning speed and laser power are
significant factors in determining the coating performance.

Scanning speed: Qiu et al. [55] prepared AlCrFeCuCo high-entropy coatings by laser
cladding that primarily has the phase compositions FCC and BCC. The corrosion resistance
study discovered that, within a certain range, the alloy’s corrosion resistance tended to
enhance first, and then weaken (Figure 4), which was caused by the decrease in laser energy
absorbed by the molten layer material with the increase in scanning speed. The higher
cooling rate makes the surface of the molten layer smooth and dense. This helps to improve
the coating’s corrosion resistance, but if the scanning speed is excessively high, it is easy to
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form a rough and porous surface of the molten layer, which leads to the deterioration of
the corrosion resistance of the coating.
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(a) In 1 mol/L NaCl solution. (b) In 0.5 mol/L H2SO4 solution. Copyright 2013 Elsevier.

Laser power: Shu et al. [56] prepared CoCrBFeNiSi high-entropy coatings on H13 steel
using different laser powers (233 W, 476 W, 583 W, and 700 W). The molten layer consisted
mainly of dendritic crystals at the bottom and amorphous crystals at the top. The laser
power influences the dilution rate and the actual cooling rate by modulating the heat input,
thus changing the amorphous content of the coating, with the highest amorphous content of
the samples at a laser power of 476 W, followed by samples prepared at 233 W, 583 W, and
700 W. Figure 5 shows the EIS plots and polarization curves of the substrate and coating
of the samples under the conditions of 3.5 wt.% NaCl solution and 1 mol/L HCl solution.
The reduction in the amorphous content was found to significantly decrease the impedance
spectral radius and helped to increase the coating’s corrosion potential after being compared
to the amorphous content at different laser powers. Therefore, it can be judged that the
coating’s ability to resist corrosion is primarily influenced by its amorphous content.
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2.2.2. Magnetron Sputtering

First, the electric field inside the cavity is used to ionize Ar atoms, producing a large
amount of high-energy Ar+ and electrons, and then the surface of the prefabricated target is
bombarded with high energy under the action of the electric field. After energy exchange,
the metal on the surface of the target is sputtered from the surface of the prefabricated
target in an atomic or ionic state, and the internal magnetic field influences the atoms to
move directionally and then creates the HEA coating. Figure 3b shows the principle of
magnetron sputtering. The coating prepared by magnetron sputtering technology has the
technical advantages of a smooth and dense surface, uniform composition, high flexibility,
and stable process. However, it also has some drawbacks: only nano- or micron-level films
can be formed, the bond between the coating and the substrate is weak, and the preparation
process is complicated.

Process parameters during magnetron sputtering, such as substrate temperature,
sputtering power, bias voltage, target base distance, and power supply type, may af-
fect the microstructure and properties of the coatings prepared by magnetron sputtering.
Sometimes deposition temperature and sputtering power play a more significant role in
enhancing coating quality and corrosion resistance.

Deposition temperature: With different deposition temperatures (100 ◦C, 200 ◦C, and
300 ◦C), He et al. [57] prepared TiVZrCrAl HEA coatings on Zr-4 alloy using RF magnetron
sputtering. Due to the higher temperature’s benefits on atom diffusion and migration,
surface morphologies coarsen with deposition temperature increases (Figure 6). When the
deposition temperature was 300 ◦C, the coating had a strong bonding with the substrate,
according to research on how deposition temperature affected the microstructure and
mechanical properties of the coatings. Additionally, in static pure water, the corrosion
performance of the coatings applied at 300 ◦C was studied. Based on the results, a high
temperature encouraged the production of AlVO4, which then enhanced the Zr-4 substrate’s
corrosion resistance by preventing the dissolution of Al in the form of AlOOH.
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With different substrate temperatures (ranging from 25 ◦C to 700 ◦C), Song et al. [58]
prepared TaNbHfZr films with various microstructures and discovered that the atomic
diffusion ability significantly increased with the increase in deposition temperature, causing
the phase structure of the film to change from amorphous to nanocrystalline BCC phase.
This is because the capacity of the sputtered atoms to diffuse to the substrate surface
increases significantly as the substrate temperature rises, inducing grain growth while
also eliminating the hole boundary caused by the amorphous state. It is significant to
mention that the amorphous content has a massive effect on the coating’s ability to resist
corrosion [56] since the absence of grain boundaries in the amorphous structure makes it
more resistant to corrosion than the crystalline structure. Therefore, a prudent choice of
deposition temperature can ensure the coating’s corrosion resistance.
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Sputtering power: At three different RF powers (200 W, 250 W, and 300 W), HEA
films of AlCoCrCu0.5FeNi were deposited by Khan [59]. As shown in Figure 7, the films
prepared at zero RF power have FCC+BCC solid solution structure, and when the RF power
is increased, the films’ crystallinity rises. Additionally, the oxide formation is affected by
the RF power, which may also have an impact on the corrosion resistance of the coating.
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For preparing high-entropy coatings/thin films, laser cladding and magnetron sput-
tering are the two most commonly used techniques. However, both techniques have some
drawbacks, such as high equipment costs for laser cladding, difficulty in tuning process
parameters, and the tendency to produce coatings with cracks. Magnetron sputtering can
produce coatings/films with thicknesses limited to the nano- or micron-scale, the prepara-
tion process is more complicated, and often the bonding strength between the coating and
the substrate is not high enough. Therefore, one of the current research hotspots is the quest
for a preparation process that better satisfies the needs of high-entropy coatings/thin films.

2.2.3. Thermal Spray Technology

The thermal spray technique (Figure 3d) has drawn the interest of researchers. The
thermal spray process is susceptible to impurities such as oxides and changes in tissue
structure, and the quality of HEA coatings produced by thermal spray technology is inferior
compared to that of the other two technologies. Nevertheless, thermal spray technology
is ideal for mass production due to its benefits, such as a controllable process, lower
cost, and minimal impact on the substrate. Thermal spray technology can be further
divided into plasma spray, supersonic flame spray, high-speed arc spray, cold spray, and
other technologies. Among them, the application of the cold spray method can avoid the
phase change and oxidation defects caused by heat input, prepare a thick coating with
dense organization, and improve the corrosion resistance of the coating. For the first time,
Anupam et al. [60] prepared an AlCoCrFeNi HEA coating on the surface of a Ni-based alloy
by the cold spray technique (Figure 3c). At 1100 ◦C, an oxide layer formed on the surface
of this coating could protect the substrate for 25 h, significantly enhancing the coating’s
oxidation resistance and corrosion resistance.

2.2.4. Electrodeposition Technology

By electrodeposition technology (Figure 3f), graphite oxide (GO) was compounded
in AlCrFeCoNiCu HEA composite coating. Aliyu et al. [61] deposited the coating on a
mild steel substrate, which was tested for corrosion resistance in a 3.5 wt.% NaCl aqueous
solution, and the results showed that the corrosion resistance gradually increased with the
addition of GO content in the coating. The reason is that the addition of GO promotes the
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homogeneity of microstructure and composition, thus avoiding local corrosion due to current
coupling caused by elemental segregation, improving the corrosion resistance of the HEA-GO
composite coating; Cr promotes the formation of metal oxide films on the coating surface,
thus reducing ion diffusion and improving the corrosion resistance of the coating [62].

2.3. Potential New Technologies

High-entropy coatings have various excellent properties that traditional coating ma-
terials do not have, but the preparation processes for high-entropy coatings are still in
the laboratory research stage and cannot be used for large-scale production applications.
Therefore, some potential preparation processes are proposed in this paper, aiming to
provide ideas for the development of new high-entropy coating preparation processes to
solve some problems of existing preparation processes.

2.3.1. Low-Temperature Plasma Surface Modification Technology

The generated plasma can be divided into high-temperature plasma (from 106 to
108 K) and low-temperature plasma (room temperature 3 × 104 K), depending on the gas
temperature of the ionizer. Low-temperature plasma can be further divided into hot plasma
(from 3 × 103 to 3 × 104 K), non-thermal plasma (from 200 to 1000 K), and cold plasma
(room temperature 200 ◦C). Among them is thermal plasma spray technology, which is a
kind of thermal spray technology. Wang et al. [63] prepared (CoCrFeNi)95Nb5 HEA coating
on Q235 steel substrate by plasma spray technique, and found that due to the high cooling
rate of the plasma spray technique and the good bonding of the coating to the substrate,
elemental segregation occurred in the dendrites and interdendrites of the coating, and the
Cr and Nb enriched in the interdendritic phase acted as the anode for the corrosion to occur
preferentially. The (CoCrFeNi)95Nb5 coating prepared by plasma spray technology can
significantly improve the corrosion resistance of Q235 steel substrates. Low-temperature
plasma may also be used for material surface modification, such as reducing the wettability
of the material coating surface, preparing a superhydrophobic surface, waterproofing,
self-cleaning, and anti-corrosion of acid and alkali liquid. Alternatively, low-temperature
plasma can be used to make the material substrate surface rougher, which expands the
contact area between the substrate and the coating, thus enhancing the bonding strength
of the substrate and the coating. It can be said that low-temperature plasma surface
modification technology is a highly potent tool for pre-treatment, post-treatment, and
even the whole preparation process of HEA coatings. The stability of the non-equilibrium
plasma and the produced volume limitations are still challenges that need to be resolved. It
has enormous potential for the preparation of HEA coatings.

2.3.2. Carbothermal Shock Ultra-Fast Cooling Synthesis Technology

The addition of expensive elements is one of the main factors making industrial
mass production of HEAs challenging. Although HEA coatings can be regarded as a
promising solution, the cost of the coating itself cannot be ignored, especially in industrial
mass production, where controlling the cost of the HEA coating is crucial. Yao et al. [14]
achieved a homogeneous mixture of inexpensive alloy elements that are otherwise in-
compatible, resulting in a HEA with uniform size and distribution nanoparticles with a
composition of up to eight elements using a straightforward two-step carbothermal shock
(CTS) method, in which a metal precursor salt is attached to oxidized carbon fiber, and
then heated to ~2000 K for 55 ms at a rate of up to 100,000 K per second and then cooled
(Figure 3e). In addition, a programmable heating and quenching mode (PHQ) was devel-
oped [64,65] that enables fast switching of the reactant temperature between about 600 K and
2000 K, thus allowing the chemical reaction to proceed far from equilibrium. In addition to
carbon thermal shock technology, this intelligent management of process parameters also
applies to laser cladding, magnetron sputtering, and thermal spray technologies, which
may assist in boosting production scale, productivity, and product quality. Moreover, the
short heating time and fast cooling are very ideal for coating preparation, because the



Metals 2023, 13, 205 11 of 23

short heating means acting on the surface of the substrate material, while the fast cooling
helps to ensure the uniform and dense structure of the coating is generated on the entire
substrate surface, resulting in HEA coatings with excellent performance. Additionally,
the basic research on the elemental composition and various process parameters on the
microstructure and material properties may be accelerated by using the thermal shock
ultra-fast cooling synthesis technique to quickly prepare small samples. It is crucial to note
that compared with the traditional constant temperature heating method, PHQ reduces
energy consumption by up to 80% and achieves the effect of energy saving and emission
reduction in a real sense by using clean electrical energy for heating, which is conducive to
reducing the production cost and is expected to be put into large-scale industrial use.

Based on the pertinent research discussed above, Figure 8 provides a general overview
of the various fabrication methods and a comparison of five factors: time, temperature,
performance, cost, and applicability. The comparative research reveals that while laser
cladding and magnetron sputtering have better overall performances, their costs are greater
and their processes are more uncontrollable, making it challenging to accomplish industrial
mass production. The properties of the prepared coatings need to be improved, despite the
low cost, ease of use, and industrial production potential of thermal spraying technology.
Electrochemical deposition and low-temperature plasma technologies can be used as post-
treatment processes for coatings, such as chemical plating on the surface of the coating or
modification of the coating surface by low-temperature plasma to improve the performance
of the coating. CTS has the characteristics of ultra-fast heating and cooling, which is
conducive to the preparation of a uniform structure of the coating and can reduce the use
of expensive metals, greatly reducing the cost, and has great potential.
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In addition to the above-mentioned preparation techniques, there are also laser
surface alloying [66], plasma cladding [67], powder metallurgy [68], and electro-spark
deposition [69], etc. However, all of these techniques have some drawbacks and need to be
improved or combined with other processes or techniques to produce HEA coatings with
excellent performance. Among them, post-treatment has a significant role in improving the
surface quality and microstructure of the coating.

2.4. Post-Treatment Technologies

The current preparation processes, such as laser cladding, magnetron sputtering,
thermal spraying, etc., inevitably lead to heterogeneous coatings in the thickness direction
and forming direction, including the structure, chemical composition, coating properties,
etc., due to the parameters of the preparation process, the physical and chemical properties
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of the materials used, and the gas environment. The high-temperature preparation process
under a gaseous environment is also likely to produce pores, cracks, and gaps, resulting
in a decrease in the denseness of the coating and worse surface quality, which affects the
corrosion resistance of the coating. In severe cases, it may lead to poor bonding between
the coating and the substrate, making the coating peel off from the substrate. Therefore, the
reasonable use of different post-treatment processes or the development of more efficient,
energy-saving, and environmentally friendly post-treatment methods can effectively control
the microstructure and surface quality of the coating, thus improving the performance of
the coating.

2.4.1. Annealing Treatment

Although a series of high-temperature preparation processes, such as laser cladding,
have great advantages in preparing dense coatings, their ultra-fast cooling process can
easily lead to various problems, such as residual internal stress, phase separation, elemental
segregation, lattice distortion, etc. A suitable heat treatment process, especially annealing,
can play a significant role in improving such problems and enhancing the corrosion resis-
tance of coatings. Zhu et al. [70] performed water quenching as a post-treatment process by
holding the coating at 1000 ◦C for 2 h. The original microstructure in the CoCrFeNi HEA
coating was completely transformed from columnar grains to equiaxed grains (Figure 9a).
In addition, during high-temperature annealing, equiaxed grains are prone to nucleation
and growth and undergo recrystallization processes, thus eliminating residual strain. More
critically, the cell structure and elemental segregation are also completely removed, as
shown in Figure 9b–f. The uniform element distribution of the coating results in higher
corrosion potential and lower corrosion current density, enhancing the corrosion resistance
of the coating. This indicates that the annealing treatment can effectively enhance the
uniformity of the coating and alleviate the disadvantages of laser cladding.
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2.4.2. Friction Stir Processing

Friction stir processing (FSP) is often considered an effective post-treatment for modify-
ing the microstructure of HEAs. Especially widely used in coatings prepared by techniques
such as laser cladding, FSP leads to strong plastic deformation, material mixing, and thermal
exposure, resulting in significant refinement, densification, and homogeneity of the mi-
crostructure in the processed area [71]. This has a significant effect on improving the surface
quality of the coating and improving properties such as corrosion and friction resistance.

Kumar et al. [72] used FSP to post-treat Al0.1CoCrFeNi; the FSP-treated grains were
significantly refined, and the average grain size was ~14 ± 10 µm at an HAGB cut-off angle
of 15◦. A friction stir processed Fe38.5Mn20Co20Cr15Si5Cu1.5 (Cu-HEA) was prepared by
Nene et al. [73], which obtained fine grains and a stable γ phase. Cu was more dissolved
in the matrix due to the strong plastic deformation and mass friction heat during the FSP;
minimization of Cu partitioning within the γ matrix would make the alloy more corrosion-
resistant thermodynamically and kinetically. Figure 10 shows the effect of grain size on
the corrosion resistance of HEA coatings; the anodic region showing a steeper slope than
the FSP condition in Figure 10a(a1) means that the anodic region in the as-cast condition
corrodes more rapidly, and higher anodic means as-FSP conditions have the tendency to
passivate. This corresponds to the previous discussion that a more uniform structure, finer
grains, and passivation films improve the corrosion resistance of coatings.
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2.4.3. Laser Re-Melting

Laser re-melting (LR) is similar to the laser cladding process, but no cladding powder
is added to the re-melting process. LR allows the formation of a melt pool on the coating
surface and supports ultra-fast cooling rates of up to 105 K/s. This facilitates the elimination
of internal defects in the coating, the expansion of the solid solution limit, the refinement
of microstructure, the elimination of elemental segregation, the improvement in surface
quality, and the preparation of HEA coatings with excellent properties; thus, laser melting
and LR can be used in combination for more efficient preparation of high-performance HEA
coatings [74]. Chong et al. [75] prepared AlCoCrFeNi HEA coatings using a combination
of high-speed laser cladding (HLC) and LR. The coatings prepared by HLC had liquid
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phase separation (LPS) zones, which exhibited Ni-poor, low-hardness, and easy-flaking
characteristics and had a great impact on the corrosion and wear resistance of the coatings.
The LR eliminates several LPS zones in the coating with fine equiaxed grains and provides a
large driving force for grain boundary segregation due to more high-angle grain boundaries
caused by LR. The Cr content at the grain boundaries becomes higher, resulting in a
significant improvement in the corrosion resistance of the LR coating.

The above are several common post-treatment processes. Other processes, such as
ultrasonic impact [76] and ultrasonic surface rolling treatment [77], etc., also have good
effects on the microstructure and surface quality of the coating. Most of the post-treatment
processes focus on refining grain size, reducing elemental segregation, reducing porosity,
cracks, and improving densities to improve coatings’ wear resistance and corrosion resis-
tance. In addition to the fabrication method and post-treatment process, the elemental
composition of the HEA coating is also critical.

3. Effect of Elements on Corrosion Resistance of HEA Coatings

The structure of a material affects its properties, which are related to the thermody-
namic entropy, enthalpy, and electronegativity of the elements that make up the alloy [78],
electronegativity [79], atomic radius [80], etc. To promote the formation of solid solution
in the alloy, the general principle of alloy solid solution formation follows Hume-Rothery
rules, which means that alloy elements with high mixed entropy, similar electronegativity,
and a small difference in atomic radius should be selected. Atomic size difference (δ) and
mixing enthalpy (∆Hmix) were combined by Zhang et al. [81] to predict HEAs. As shown
in Figure 11, a HEA solid solution phase will be obtained at δ ≤ 6.6% and −11.6 kJ·mol−1

≤ ∆Hmix ≤ 3.2 kJ·mol−1.
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Figure 11. Relationship between atomic size difference (Delta) and mixing enthalpy (∆Hmix) for
MHAs and typical multicomponent bulk metallic glasses [81]. (“solid solution” indicates the alloy
contains only solid solution, “ordered solid solution” indicates minor ordered solid solution precipi-
tate besides solid solution, and “intermediate phase” indicates there is precipitation of intermediate
phases like intermetallics in HEAs. Red sign represents the alloys designed to verify the phase
formation rules for multicomponent HEAs. Copyright 2008, Wiley.

A detailed comparison of the corrosion behavior of HEAs with traditional alloys
(stainless steels, Al alloys, Ti alloys, Cu alloys, and Ni alloys) in 3.5 wt.% NaCl solution
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(Figure 12a) and 0.5 M H2SO4 solution (Figure 12b) is shown in Figure 12, where Epit
(breakdown potential) is used as an index to evaluate the pitting resistance of the material,
and icorr (corrosion current density) is a kinetic parameter of the corrosion behavior of the
material, which is related to the corrosion rate. The HEAs are located in the lower right
part of Figure 12a,b, indicating that the local and overall corrosion resistance of HEAs
is comparable to, or even better than, that of conventional corrosion-resistant alloys in
common salt or acidic solutions. Additionally, HEA coatings can be improved by post-
treatment to improve their corrosion resistance, so HEA coatings are considered to be a
material with huge advantages in aqueous corrosive environments.
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Cr, Al, Co, Ni, Fe, Cu, Ti, Zr, Nb, Mo, W, V, and other metal elements are commonly
used in HEA coatings. Among them, Cr, Co, Ni, Cu, Ti, Nb, Mo, etc., have excellent corrosion
resistance and will form a homogeneous and dense passive film on the surface when exposed
to corrosion, which is tightly bonded with the matrix of the alloy and can play a significant
role in inhibiting corrosion, but the content of easy passive elements may not be the more, the
better. When the content of an easy passive element in the coating is too high, it will lead to a
heterogeneous composition and structure of the coating, resulting in component segregation
and affecting the corrosion resistance of the coating. Consequently, the kind and content of
elements play an important role in the corrosion resistance of the coating.

The influence of Si, Mn, and Mo additions on the melt-coated CoCrCuFeNi high-
entropy coating on the surface of Q235 steel was researched by Zhang et al. [49]. The phase
structure of the coating was a simple FCC solid solution in the absence of Si, Mn, and Mo
additions, primarily composed of columnar and equiaxed grains with uniform distribution
of alloying elements and low component segregation. However, the bond between the
coating and the substrate is not tight enough, which indicates that the quality of the coating
is unsatisfactory. The addition of Si, Mn, and Mo significantly improves the performance of
the coating. Despite a slight increase in composition deviation and the transformation of the
microstructure to dendrites, the CoCrCuFeNi high-entropy coating maintains a respectable
level of corrosion resistance and overall performance.

With laser cladding, Ye et al. [83] prepared the AlxCoCrCuFeNi high-entropy coating
successfully on 45# steel, which showed FCC and BCC structures with dendritic and
interdendritic organizations in the microstructure without any voids or cracks, and although
it had the same structure as the cast sample, the degree of Cu segregation between dendrites
was much lower than that of the cast prepared sample. This is because the dendrite growth
direction is primarily influenced by the heat flow density of the melt pool: there is a large
temperature gradient at the bottom of the coating, where the columnar dendrites tend to
grow perpendicular to the substrate surface, and in the top region, the heat flow density is
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mainly controlled by the heat flow density of the melt pool. The corrosion resistance of the
coating is influenced by the uniform element distribution, and the AlxCoCrCuFeNi coating
shows better corrosion resistance than 314 L stainless steel in 0.05 M HCl. This indicates
that whether the element distribution is uniform is one of the important indicators of the
corrosion resistance of the coating, and excessive elemental segregation may lead to the
occurrence of partial corrosion phenomena. It shows that ensuring the uniformity of each
part of the coating is the key factor for the corrosion resistance of the coating.

Al2CrFeCoCuTiNix high-entropy coatings consisting of a melting zone, a bonding
zone, and a heat-affected zone were prepared by Qiu et al. [84] on Q235 steel employing
a laser cladding technique. There is a good metallurgical bond between the melt layer
and the substrate, and the melt zone consists mainly of axial crystals, nanocrystals, and
fine white crystals with a simple phase structure (FCC and BCC structure). The corrosion
behavior was studied, and it was found that the coating has good corrosion resistance in
1 M NaOH solution and 3.5 wt.% NaCl solution, and that the corrosion resistance improves
and then decreases with the increase in Ni content. This is because Ni has strong corrosion
resistance, and the higher the Ni addition, the easier it is for the coating to prepare a
dense passive film. However, since the atomic radius of Ni is relatively small and the
HEA has the nature of lattice distortion, excessive Ni addition will lead to serious lattice
distortion and affect the uniformity of the microstructure of the alloy, which in turn affects
the corrosion resistance. Additionally, by increasing the Ti content, Qiu et al. [85] found
that the corrosion resistance of Al2CrFeCoCuNiTix high-entropy coatings in 0.5 M HNO3
solutions was enhanced, because higher Ti content could promote the formation of Ti2O3
and TiO2 passive films.

Due to the content of passive elements Cr and Ni, FeCoCrNi-based HEA coatings
usually have excellent corrosion resistance, and in general, the addition of Al and Ti has
a better effect on improving the mechanical properties (density and plasticity) and wear
resistance of HEA coatings. It has been shown that the passive film has the best corrosion
resistance when the molar ratio of Ti in FeCoCrNi-based HEA coatings is 1.0 [86–88]; the
optimal molar ratio of Ti for HEA coatings with different compositions still needs to be
investigated. To study the corrosion characteristics of HEA coatings in-depth, specialized
tests can be performed for different forms of corrosion, including atmospheric corrosion,
pitting corrosion, crevice corrosion, intergranular corrosion, hydrogen cracking, and stress
corrosion cracking [89].

Table 2 summarizes the electrochemical corrosion parameters that some current studies
on the effects of several common alloy elements on the corrosion resistance of HEA coatings
have obtained. The majority of research focuses on how the addition of certain passivating
materials affects the corrosion resistance of coatings. Generally, the high-entropy alloy coat-
ing has a substantially better level of corrosion resistance than the metal substrate. Within
a particular range, the presence of these passivating elements contributes to the coating’s
corrosion resistance, and most of them accomplish this by influencing the passivating film’s
forming characteristics (such as uniformity, density, etc.). However, it is possible to produce
substantial lattice distortion, non-uniform composition, and other defects, which might
reduce the coating’s corrosion resistance when the content of passivating elements (such as
Ni) is too high. Additionally, the segregation of Cu may damage the homogeneity of Cr, Co,
and Ni, thus worsening passive film formation [90]. The influence of Al on the corrosion
resistance of the coating is still controversial; Shi et al. [91] found that the increase in Al
content will have a negative impact on the protective ability of the passive film; the passive
film’s Cr oxide/hydroxide ratio decreases with a rise in Al content. However, pertinent
studies indicate that the addition of Al can prevent dendritic segregation of Cu, and en-
courage a homogenous distribution of Cu between dendrites and interdendrites [92]. This
demonstrates a further problem; despite how the synergistic effect of multiple elements
may greatly enhance the performance of the coating, most studies today only search for
a single element’s influence, and it is unclear how multiple elements interact to produce
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a synergistic effect, leading to a bottleneck in the element design of HEAs, which is not
conducive to fully exploiting the cocktail effect and designing high-performance HEAs.

Table 2. Electrochemical corrosion parameters of HEA coatings with different alloy elements.

Element Coatings Substrates Solution Ecorr (V) icorr (A/cm2) Reference

Cr AlCoCr0.5FeNi
45# steel 0.1 M HCl

−0.403 7.19 × 10−4 [93]
AlCoCr1.5FeNi −0.293 1.18 × 10−5 [93]
AlCoCr2.0FeNi −0.373 2.47 × 10−4 [93]

Cr AlCr0.5NiCu0.5Mo
Q235 steel 3.5 wt.% NaCl

−1.056 2.86 × 10−4 [94]
AlCr1.5NiCu0.5Mo −0.989 3.88 × 10−4 [94]
AlCr2.0NiCu0.5Mo −0.949 2.23 × 10−4 [94]

Al CoCrFeNiTi
AISI1045 steel 3.5 wt.% NaCl

−0.738 5.60 × 10−6 [95]
CoCrFeNiTiAl0.5 −0.577 9.13 × 10−7 [95]

CoCrFeNiTiAl −0.679 5.43 × 10−6 [95]

Al+Cr [Al-(FeCoNi)12]Cr3 904 L stainless
steel

35 wt.% H3PO4 and
40 wt.% H2SO4

−0.367 3.67 × 10−5 [96]
[Al-(FeCoNi)12]AlCr2 −0.339 4.99 × 10−6 [96]

[Al-(FeCoNi)12]Al1.5Cr1.5 −0.317 1.49 × 10−6 [96]

Ni FeCoCrAlCuNi0.5
cp Cu 3.5 wt.% NaCl

−0.270 7.84 × 10−7 [97]
FeCoCrAlCuNi −0.250 3.63 × 10−7 [97]

FeCoCrAlCuNi1.5 −0.210 7.48 × 10−7 [97]

Cu Al0.8CrFeCoNiCu0.5
Al alloy 0.1 M H2SO4

−0.384 2.56 × 10−5 [90]
Al0.8CrFeCoNiCu0.75 −0.462 4.28 × 10−5 [90]

Al0.8CrFeCoNiCu −0.502 4.93 × 10−5 [90]

Ti CoCrFeNiTi0.1
Q235 steel 3.5 wt.% NaCl

−1.180 5.64 × 10−6 [98]
CoCrFeNiTi0.3 −1.160 4.23 × 10−6 [98]
CoCrFeNiTi0.5 −1.130 3.81 × 10−6 [98]

Ti CoCr2.5FeNi2Ti0.5
Q235 steel saturated salt

solution

−0.578 4.89 × 10−5 [88]
CoCr2.5FeNi2Ti −0.228 1.39 × 10−5 [88]

CoCr2.5FeNi2Ti1.5 −0.263 2.28 × 10−5 [88]

Mo Ni1.5CrFeTi2B0.5
904 L stainless

steel
simulated saturated
saline–water mud

−0.587 6.43 × 10−6 [99]
Ni1.5CrFeTi2B0.5Mo0.25 −0.461 5.21 × 10−6 [99]
Ni1.5CrFeTi2B0.5Mo0.5 −0.437 1.78 × 10−6 [99]
Ni1.5CrFeTi2B0.5Mo0.75 −0.384 6.89 × 10−6 [99]

Based on the present research data, it is roughly estimated that the molar ratio of
Cr in FeCoCrNi-based HEA should be <2.0, and the molar ratio of Ni should be <1.0.
To better understand the effect of adding two or more other different alloying elements
on the corrosion resistance of coatings, the corrosion behavior of CoCrFeNi-based HEAs
(including CoCry−xFeNix, AlxCoCry−xFeNi, CoCrFeNixTiy−x, Aly−xCoCrFeNiCux, etc.)
can be systematically investigated using rigorous electrochemistry and more advanced
surface characterization.

4. Conclusions and Future Work

This paper reviews the definition, advantages, and properties of HEAs and summa-
rizes some advantages of HEA coatings in solving the problems of high-cost and complex
processes of bulk HEAs. It is worth noting that the preparation of HEA coating materials is
usually based on the study of the properties of the current research system of bulk HEAs,
while it is difficult to ensure that the current research system of bulk HEAs applies to
coating/film materials due to their thermodynamic high-entropy effect, structural lattice
distortion effect, kinetic hysteresis diffusion effect, or performance cocktail effect. Analysis
of the recent research progress on HEA coatings leads to the main conclusions as follows.

• The structural characteristics and advantages of HEAs are very suitable for the
preparation of HEA coatings with corrosion resistance, friction and wear proper-
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ties, high-temperature resistance, and high-strength hardness to meet the material
performance requirements needed for human beings’ in-depth explorations in the
fields of aerospace, marine shipping, and new energy. In particular, HEA coatings
with excellent corrosion resistance and anti-scouring properties have great potential
for applications in fields such as deep-sea corrosion and high-temperature erosion;

• The main existing preparation techniques for high-entropy coatings include laser
cladding, magnetron sputtering, thermal spray, and electrodeposition. In addition to
the elemental composition of the coating material itself, the variation of the preparation
process parameters will also influence the microstructure, tissue morphology, phase
composition, and surface properties of the coating. For example, scanning speed and
laser power for laser cladding, deposition temperature, and sputtering power for
magnetron sputtering, etc. Laser cladding and magnetron sputtering are currently
the most widely used techniques for preparing and improving high-entropy coatings,
but both methods are difficult to achieve large-scale use for, while thermal spray
technology is widely applicable and is expected to be the future industrial production
technology for high-entropy coatings;

• The corrosion resistance of the high-entropy coating is closely related to the elemental
composition of the material itself, especially for Cr, Co, Ni, Cu, Ti, Nb, Mo, and other
elements, which are the main elements for the formation of the passive film and all
have excellent corrosion resistance. However, passive elements should not be used
in excess, because they may tend to lead to component segregation and intensify the
lattice distortion effect of the high-entropy coating, which will have negative effects
on the corrosion resistance of the coating.

In recent years, HEA shapes such as bulk HEAs, HEA coatings, and HEA powders
have drawn a lot of attention and widespread interest in scientific research and potential
industrial applications, but the knowledge of HEA materials and related coatings is still
very limited. As shown in Figure 13, the following development trends and possible future
applications for HEA coatings are therefore proposed in light of the current problems with
HEA coating design, preparation, and other aspects.
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Figure 13. The schematic diagram of the future development of HEA coatings based on composition–
process–understanding–application, especially in the following three aspects: high-throughput
screening and multi-scale simulation accelerated material development, systematic research on the
design, development and basic theory of new HEA and HEA coatings, optimization of the preparation
process of HEA coatings, and design of new processes.
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• Systematic research on the design, development, and basic theory of new HEAs and
HEA coatings: the current properties and performance of HEA coatings mainly refer to
the relevant research on HEA bulks. However, due to the wide range of elemental com-
position and elemental content uncertainty, the composition design of HEA coatings
cannot be rigidly applied according to the research on HEA bulks. Additionally, most
current research focuses on how a single element affects an alloy system’s properties,
and there is little research on the synergistic mechanism of multiple elements, which is
unfavorable for giving full play to the cocktail effect of HEAs and designing the best
performance of HEA coatings. Therefore, further research is needed on the basic theory
of HEA coatings, including the system design of the elemental composition, and the
effects of the interaction and coordination mechanism between multiple elements on
the microstructure and properties of coatings.

• Optimization of the preparation process of HEA coatings and design of new processes:
the performance of microstructure, phase composition, and surface properties of HEA
coatings depends on the composition and process, and a reasonable process design can
prepare HEA coatings with excellent performance, but there are still some drawbacks
in the preparation process used today. For example, porosity, cracks, and dilution
are common problems in the laser cladding process, but they can be optimized by
regulating the parameters such as scanning rate and laser power, and other parameters
can be optimized. Therefore, the preparation process can be optimized to greatly
improve the material’s corrosion resistance and keep costs under control. Moreover,
by combining the current processes with low-temperature plasma surface modification
technology or thermal shock ultra-fast cooling synthesis technology, fresh ideas and
solutions to alleviate the defects of the current preparation process can be gained,
which can complement each other and further accelerate the development of new HEA
coating materials and deepen the research on the material structure and properties.

• High-throughput experiments and multi-scale simulations accelerate material de-
velopment: one of the characteristics of HEA materials is the diverse selection and
combination of elements, which means that the traditional experimental approach-
oriented “trial-and-error” research and design model is no longer applicable to the
development of HEA coating materials. Computational material science involves all
aspects of materials; there are corresponding material calculation methods at differ-
ent spatial scales, and with the rapid development of characterization technology,
property testing technology, and computer technology (artificial intelligence, machine
learning, etc. [100–102]), a large amount of data can be obtained in a short time, and
the relationship between elemental composition, process parameters, and properties
can be analyzed to filter out the suitable elemental composition ratio and process
parameters to accelerate the development of new HEA coatings. Zhu et al. [103] have
developed a full-process machine chemist, which can search and read the relevant
literature, summarize and analyze, perform diversified and customized tasks, per-
form intelligent experimental operations and search for global-optimal solutions, and
complete all the process steps of conventional experiments. The speed of material
development is greatly accelerated, which is the initial realization of intelligent, dig-
ital, and automated material design. Therefore, in the future, researchers would be
expected to flexibly apply advanced computer technology to support the development
of new HEA coatings with excellent properties, improve the efficiency of materials
development, and reduce costs.

• Demand-oriented design of HEA coatings with the required properties and finite ele-
ment simulation analysis to promote the development of HEA coatings for industrial
applications: to realize the industrial application of HEA coatings, it is necessary to
first ensure the rationality of composition design, excellent performance, etc., followed
by the controllability of cost, utilization of resources, etc., and finally the feasibility
and controllability of the preparation process. By simulating the coating preparation
process through finite element analysis, we can judge the feasibility and scientificity
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of the preparation process to improve the preparation process parameters more effi-
ciently, and simulate and verify whether the service performance of the coating meets
the requirements according to the service conditions of the coating.

The service conditions of coatings are often complex, and corrosion resistance cannot
be considered alone. For example, in a high-temperature and high-pressure environment,
it should also have high-temperature resistance to prevent the coating from falling off, and
in a friction environment, it should also have friction and wear resistance, and different
environments should have different physical, chemical, and mechanical properties. Due to
its unique characteristics, HEA is more advantageous in preparing coatings with multiple
properties, making applying HEA coatings in various fields very promising.
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