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High entropy alloy coating (HEACs) can be applied on metal, composite, and ceramics, including carbides and
nitrides. HEACs are adopted in the automobile industries, particularly fuel injection systems, fuel filters, muffler
surfaces, and aerospace sectors, including engine assemblies, landing gears, turbine blades, and rocket nozzles.
As a matter of fact, the purpose of the coating is to minimize the wear rate, coefficient of friction, corrosion,
diffusion, radiation rate, and increased resistance to impact. This review aims to study the performance of HEAs
in comparison with the coating applied using conventional materials. Further, the influence of the fabrication
methods and the parametric levels adopted on the implementation of the coatings will be presented. The
performance of coating depends on the coating techniques, variations in the process parameters, and the coating
thickness. Performance indicators (outcome) include the quantifiable parameters such as surface roughness,
surface hardness, adhesive strength, surface energy, wear rate, and resistance to corrosion. A comprehensive
review of the coating materials, techniques, and the process parameters will be presented in this review paper,
along with the influence of all these aspects on the performance indicators. The suitability of HEAs coating on
special applications will be addressed based on the HEAs unique properties.
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1. Introduction

A field of material science engineering currently being
worked on is the creation of innovative alloying systems
for energy-saving objectives. Based on the development of
HEAs it is designed to develop various principle elements
between 5 to 35 at% [1].

Based on HEAs rules followed by high entropy alloy
coating (HEACs). These HEACs, which include carbides,
oxides, nitrides, and borides, are applied to the surface of
metals, composites, and ceramics. Surface modification
techniques protect the substrate from external threats and
enhance the substrate from the various working conditions.
Depending on the working conditions (applications), the
coating will either be thick or thin. To prevent the substrate

from coating based on binding energy between the various
elements followed by Gibbs free energy, AG = AH — TAS.
They were enhancing binding energy by increasing en-
tropy. This entropy is one of the criteria for determining
the types of phases, such as solid solutions or intermetallic
compounds. Compared to intermetallic compounds, the
solid solution phase must have a high mixing entropy [2].

Fig. 1 shown configurational entropy values of various
alloy systems followed by periodic development. A single-
phase solid solution is more helpful for improving the life-
time of metal coating. A single-phase coating improved
the phase stability of the surface coating [3]. Wettability
analysis is one of the surface characteristics that evaluate
the bonding nature between the various elements on the
surface. They aim to improve surface rigidity through me-
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chanical interlocking, physical attributes through an atom
or molecular interaction, chemical bonds through chemical
reactions, and diffusion bonds [4]. The bonding behavior
mainly depends on the energy density function in laser
deposition methods. Increasing the energy density val-
ues due to higher power is predominant to better coat a
substrate. Moreover, lower power ranges result in lower
energy density and poor coating on the surface.

Made of HEACs: 1) Surface alloying, laser cladding,
and remelting are laser deposition techniques. 2) Plasma
cladding is a component of plasma deposition. 3) Ther-
mal spray coating includes cold, plasma, and oxygen fuel
spray. 4) Electrochemical deposition. 5) Vapour deposition
techniques include PVD (Sputtering and Vacuum arc melt-
ing) and CVD. 6) Powder metallurgy includes hot and cold
press sintering and mechanical alloying [5].

Coating performance based on Coating characteriza-
tion. Like morphology Characterization using SEM and
EDS. To predict the phase composition using XRD. Ad-
hesive strength evaluation using a scratch tester. Surface
energy evaluation using water contact angle goniometer.
Surface hardness to measure the Vickers hardness tester.
Friction and wear to evaluate pin-on-disc equipment. Eval-
uation of surface roughness using AFM. Laser-induced
breakdown spectroscopy (LIBS) finds whatever elements
are present in a material. Uncoated Al5083 substrate af-
ter AlypsFeCugyNiCoCr HEACSs to achieve hardness of
750HV. It was around eight times greater than the un-
coated substrate [6].
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Fig. 1. Periodic development of HEAs [7]. Reuse with
Journal Permission. Copyrights 2023, Elsevier.

2. Fabrication techniques of HEACs

2.1. Laser Deposition Techniques (LDT)

LDT enhances the surface of a specimen using a laser
source. A laser is a source of heat that is applied to a
substrate to create a cladding layer. Due to its extreme

precision and tight tolerance limit, laser sources are used

in modern times.

2.1.1. Laser Cladding (LC)

Surface processing is a hot spot of current research. The
general way to deposit a coating on laser cladding is by
heating and melting it as powder or wire through a sub-
strate. As a result, LC offers a diverse range of coating
options for a substrate, including new materials and repair
work, i.e., tools, shafts, and turbine blades. Fig. 2 shown
coating over the substrate with the help of a laser head and
laser beam. Compared to other coating techniques, LC has
very strong bonding, less heat absorption, and strong adhe-
sion. The outcomes are controllability and reproducibility
[8].
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Fig. 2. The schematic diagram of laser cladding [9]. Reuse
with Journal Permission. Copyrights 2023, Elsevier.

The initial temperature is applied to the substrate on
processing routes to exchange energy. Followed by no
additional phases are created. This stage is also called sen-
sible heat. The next stage is the melting of the substrate
to form a molten state. The final stage is substrate cooling
and solidification. This solidification behavior depends on
the cooling rate (r) versus temperature gradients (t). Mi-
crostructure was evaluated with the help of these results.
The high % promotes a planar structure, and the low %
promotes a dendritic structure [10]. Achieving a superior
coating through LC requires consideration of several key
parameters namely laser power, scanning speed, and beam
size. In the metal coating process, coating aims to enhance
the substrate life from the functional (wear) and natural
hazards (environment). Compared to crystalline materi-
als, the amorphous phases are better based on the wear
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resistance applications. High amorphous phases have high
hardness and wear resistance, but they affect a high-power
source. Increasing binding energy is one of the primary
key factors in improving coating performance. In that way,
with the help of adding alloying elements like boron and
carbides into reinforcement, CoCrFeNixCug 7Sig 1 alloy sys-
tem to prove that to increase the percentage of boron in
that coating to increase the microhardness up to 502HV in
the FCC phase. Reduce the amount of enthalpy needed
to form a strong binding energy. Fe-B values are —37 kJ
mol- 1, B- Cois —34 k] mol- 1, B-Ni is —32 k] mol-1, B-Cr
is —45 k] mol~! and B — Cu are +1.76 kJ mol~!. Positive
mixing enthalpy of copper between other elements results
in more segregation [11]. Based on mechanical performance
and lifetime of the coating surface, laser cladding is best
compared to cast sample [12].

2.1.2. Laser Remelting (LR)

LR is part of surface treatment methods. Fig. 3 shows that
LR will be preferred over improving the coating’s micro-
hardness compared to the non-remelted substrate.

Advantageous for wear resistance. As the name implies,
remelting obtains homogeneity between the alloying sys-
tem to improve the reheat of the billets six times [13]. This is
proof that the sintered component has been reheated with
the help of a laser source to obtain a more homogenous
surface that results in improved hardness.

a)

Map Data 2

Fig. 3. Effects of LR on sintered component [14]. Reuse
with Journal Permission. Copyrights 2023, Elsevier.

Based on the Marangoni effect, the heavy convective
current passes the molten pool, producing rapid solidifi-
cation and cooling. In XRD plots, narrow or major peaks

denote a single-phase BCC or B, to form a dendritic region;
moreover, intermetallic phases include an interdendritic
region. Dendritic regions are less hard (334 + 7HVN) than
inter-dendritic regions (409 £9HVN) [13].

2.1.3. Laser Surface Alloying (LSA)

In LSA, the laser beam (heat source) is directly focused on
the planning zone with Ar, Ni, He, etc. Nitrogen is highly
resistant to wear and enhances its hardness compared to
argon. Recently, laser surface alloying has become more
attractive due to high efficiency, fast heating speed, and
higher cost-saving reasons [15, 16]. Fig. 4 shows an im-
provement in the surface of the coating with the help of
a laser beam via optical fiber. The effect of fast heating
speed in TibA14V by fabrication of LSA coating to improve
corrosion and high wear resistance [16].
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Fig. 4. The schematic diagram of laser surface alloying [17].
Reuse with Journal Permission. Copyrights 2023, Elsevier.

Nowadays, ceramic reinforcement is mainly used for
alloying elements for metals such as Fe, Ti, Co, Cr, Al, and
Cu. Ceramic reinforcement like TiC and Al,O3. The ce-
ramic reinforcement is added to improve the modulus of
elasticity and the uptrained low-density substrate and im-
prove the Wt.% of TiC in the alloy system [18]. Coating
of Fe-based CoCrCuAl HEAs system on Q235 substrate
among them, Aluminium is higher atomic size difference
(0.143nm) for Co(0.125nm)Cr(0.130 nm)Cu(0.128 nm)
and Fe(0.126 nm) the effect of atomic size different higher
to form a solid solution strengthening. In the above
Febased CoCrCuAl system, copper has more positive en-
thalpy, so Cu has to create elemental segregation [18].
Rapid solid solution strengthening has to reduce grain
growth, ultrahigh strengthening formation and grain
boundary strengthening [19]. Intergranular phases in
Co-based coating in HEAs enhance the grain boundary
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strengthening result, which was prone to surface fracture
[20]. Table 1 Shows more results of laser deposition tech-
niques.

2.2. Electroless Coating Techniques

The coating process for electroless is a chemical process.
Reduction of metal ions in a solution bath and deposition
coating on the substrate. Through oxidation carried out in
the same solution bath without the help of aquae-medium,
there is no need for external current. Fig. 5 shows the
experimental procedure for electroless coating process.

Electroless plating (silvering) bath solution based on var-
ious process parameters: 1) soluble salt of coating metals,
2) Reduction agents, 3) complexing agents, 4) Stabilizers, 5)
Buffer agents, 6) Wetting agents, and 7) Controlled temper-
ature. The bath preparation is based on acidic and alkaline
( pH range 8 -10) ranges. But nowadays, from an indus-
trial perspective, it is based on acidic baths because of the
higher rate of chemical stability and the tendency for baths
to decompose. Metal ions have the primary function of
being the source of metals.

Reduction agents reduce the metal irons and get oxi-
dized, i.e., 1) sodium hypophosphite- which has higher
corrosion resistance as well as a low cost and common effi-
ciency of 37% [29] . Amino boranes are used for Cu, Au, Co,
nonmetals, and plastics. Sodium borohydride is mainly
used for nickel plating and not for the aluminium sub-
strate. Hydrazine is not applicable for high-temperature
baths. Complexing agents must improve the coating qual-
ity (deposition rate) and preclude chemical bath decom-
position, i.e., succinates and phosphates [30]. Exhaltants
must enhance the plating rate, i.e., fluorides, succinates,
and glycinates. Stabilizers have to minimize the decompo-
sition rate and improve the life of the chemical bath, i.e.,
thiourea, cations, thulium, lead, and calcium. Buffer agents
control the pH for the required period and improve the
uniform plating rate of sodium acetate and sodium hydrox-
ide rochelle salts. In this method, most metals, like nickel,
copper, aluminium, silver, cobalt, palladium, gold, etc., are
to be deposited. It focuses on electroless coating techniques
and industrial usage based on developing unique proper-
ties. In this way, a coating based on nickel-phosphorus has
to be achieved. In the acidic bath behavior of phospho-
rus, more attention is paid to enhanced wear and corrosive
resistance.

The corrosion-prevention nature of multicomponent
coating is superior to single-component coating [32]. The
electroless process of nickel-based bath solution is followed
by two methods: 1) Isothermal and non-isothermal. Non-
isothermal approaches achieved a higher coating deposi-
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Fig. 5. Electroless coating process. Source from [31]. Reuse
with Journal Permission. Copyrights 2023, Elsevier.

tion rate at more than 180°C. This process deposition rate
depends on the substrate and bath temperature. Higher
substrate temperature increases deposition rate and coating
hardness [33]. Corrosion for an upcoming research-based
electroless coating based on a multicomponent alloy and its
property improvement. The alternative of Ni — P to Ni — Fe
coating to improve the wettability of some reinforcements
like copper and graphite have very negative wettability [2].

2.3. Plasma cladding

Plasma cladding methods are the most recent utilization
methods for industrial applications. Because of minimizing
manufacturing defects, low cost, suitable controllable ma-
chining parameters, and quality of coating [34]. Fig. 6
shows the working nature of the plasma cladding pro-
cess. The quality of coating depends on raw material
usage, but the limitation is its higher cost, and it is not
suitable for industrial applications. It has to be replaced
by using HEAs wires. Trible wire (TW) plasma cladding
has recently been used because of its high efficiency at
low coat. TW — FeNiCr — Tiy the percentage of x varies
from 0,0.5,0.8, and 1.0. The achieved hardness values are
137,443,769, and 873HV.

Higher Ti content achieved a higher hardness but an
unstable friction coefficient [36]. The coating is based on
the AICoCrFeNiCuSnn, over 35CrMo substrate. Increase
the gradual percentage (tin(x) = 0,0.03,0.05,0.1, and 0.2)
of 5n in the HEACs system to increase the microhardness
level and enhance the hardness and toughness result, rep-
resenting better resistance to wear. But the opposite is like
plasticity effects [37]. For that comparison of coating layers,
microhardness is relatively higher than substrate. Because
the outside layer of coating materials is to be performed to
a higher degree of supercooling, that perspective enhances
the fine-grain strengthening effects [38]. Table 2 shows
more results of plasma cladding techniques.
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Table 1. Some results of LDT
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. . Coating Hardness
LDT Alloying elements Phases Substrate Microstructure thickness (HVN) Ref
LC | Co34Crp9 B14FegNigSiy FCC + FeAls 45# Steel Dendrite - - [21]
LC FeCoCrBNiSi fg‘é’épho“s H13 steel Equiaxed 0.2 mm 700 — 850 | [22]
LC AlCoCrFeNi/NbC EE(C:—:— NbC Q235steel | Blocky + Equiaxed 1.2 mm 525 [23]
LC AlysFeCugy7NiCoCr FCC + BCC 5083Al Equiaxed+Columar 600pum 750 [24]
LC 6FeNiCoSiCrAlTi BCC 35315 Equiaxed+Columar 1.2 mm 780 [25]
LSA FeCoCrAlCu BCC 32315 Dendrite 800um 826 [26]
LSA FeCoCrAINi BCC 304 S.S. Equiaxed 0.6 mm 509 [27]
LSA AlFeCrCoNi BCC+ Al11100 Columnar Dendrite 0.3 mm - [5]
Al3Ni+
FeAl3
LSA FeCoCrAlCuNix Dendrite Pure Cu FCC 4 BCC 500um 522 — 636 [28]
Table 2. Some results of HEACs on various Plasma cladding methods.
. . Coating Hardness
Alloying elements Phases Substrate | Microstructure thickness (HVN) Ref
FeCoNiAlICu FCC + BCC | 1045 steel Equiaxed+ 1.0 mm - [39]
Plasma Columnar

Tadding CrCuFexNiTi FCC+ Q235 Columnar 2.5 mm 650 — 730 [40]

AlCoCrFeNiCuSny | BCC +FCC | 35CrMn Dendrite - - [37]

FeCoCrNiNbx FCC 4+ BCC Pure Ti Dendrite 1.5 mm 500 — 600 [41]

Tungsten electrode

Cooling water

‘Water pump

Fig. 6. The schematic diagram of the plasma cladding
process [35]. Reuse with Journal Permission. Copyrights
2023, Elsevier.

2.4. Thermal spray coating

Thermal spray or thermal barrier coating is a novel method
for preparing HEACs. The coatings are primarily used in
high-temperature applications, such as gas turbine blades
and engine exhaust zones. It includes two ways: 1) Plasma
spray, 2) Oxy-fuel spray, and 3) Cold spray coating.

2.4.1. Plasma spray coating (PS)

Plasma spray techniques are one of the thermal spray coat-
ing methods. The coating was applied to a substrate using
powder at the desired plasma jet velocity. The coating is
applied to metal, ceramics, and cermet. These coatings are
intended to offer functional qualities like thermal insula-
tion and biocompatibility. It also supported enhanced wear
and corrosion protection. Application perspectives: bioce-
ramics coatings of zirconia-titania-silica used in implant ap-
plications coating over liquid metal battery surfaces and to
prevent fretting wear, seal ring grooves in the compressor
area of aero-engine turbines with tungsten carbide or cobalt.
The coating efficiency depends on parameters like arc cur-
rent, arc voltage, gas flow rate, standoff distance, vacuum
atmosphere, and powder feed rate. Stand-off distance is re-
lated to the efficiency of the coating. To increase the plasma
spray coating efficiency, decrease the standoff distance. The
effect of coating performance under oxygen enhanced the
mechanical characteristics. The oxygen-supplied condi-
tions have to vary from 1) stationary or inert and 2) spread
at the time of coating, resulting in the bumping of oxygen
into metal powder. Nisy — Tisg at% coating is based on
NiCoCrAl bond coat powder following these conditions.
Evaluation of Oxygen spread type coating higher oxygen
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affinity for Ti [42]. Ti plays a significant role in the biomedi-
cal field in replacing hip and bone orthopedic applications.
Bioceramics coating was preferred over Ti substrate with
the help of plasma spray methods [43]. An inspection point
of view in plasma spray coating in X-ray micro CT scans
is used nowadays. Followed by liquid metal barrier coat-
ing, which mainly eliminates the corrosion rate to evaluate
using a CT scan.

2.4.2. High-velocity Oxy-fuel spray coating (HVOF)

An oxygen and fuel mixture is injected into a combustion
chamber and ignited using a thermal spray method called
high-velocity oxygen fuel (HVOF) coating. The combustion
chamber’s output gas is ejected out a nozzle at supersonic
speeds while being produced at an extraordinarily low tem-
perature, high pressure, and velocity (> 1000 m/s) [44].
Spraying fuels are mainly used for hydrogen, acetylene,
kerosene, natural gas, methane, etc. Strong wear resistance,
thick or thin coating, and high gas velocity to improve a
higher bonding, low permeability in nature, and micro-
hardness are the causes of metal powder sprinkled over a
substrate at a high temperature. HVOF quality depends on
the following:

1. The particles added to the gas stream must be acceler-
ated to impact the target at high speed.

2. Heat must be transmitted for the particles from the
gas stream to melt before colliding [44].

2.4.3. Cold spray coating (CS)

Cold spray coating is additionally known as a cold-gas
dynamic spray. The basic work of the CS coating is that
the high velocity of the powder is adhered to the sub-
strate under perfect plastically deformed conditions at high-
pressure gas jets to move faster, bonding the coating at
supersonic speed. Applying coatings to the surface of bulk
material is primarily expected to enhance the flexibility of
coating on the substrate, increase its affordability, and pro-
vide an efficient way to improve the material’s properties,
primarily to increase its usefulness and prolong its useful
life. Based on this, cold spray coating should be satisfied
under low temperatures and below the melting point of
the base powder so no phase transformation occurs in bulk
materials. Kinetic energy and supersonic velocity attract
powder particles to the substrate at lower temperatures.
Thermal spraying methods also reduce the residual
stress acting on a surface [45]. The coating quality mainly
depends on eliminating defects from the surface, so poros-
ity is one of the major contributions to creating defects
in the coated surface. Recent days in failure analysis of

HEACs based on elimination porous in the coating are fo-
cused, which means low porous to enhance the mechanical
properties. CS coating over the substrate in the form of
pure elements and composite form. Composite coating
forms minimize the porous level, enhancing surface adhe-
sion strength compared to pure element coating. Moreover,
CS methods form some microvoids over the coated sur-
face [46]. Coating over soft aluminium AA6060 and hard
1.0037 steel substrate in Tip AIC coating to consider micro-
hardness and standard deviations in this literature work.
The microhardness values of the substrate AA6060 were
90.9 £ 5.1HV(g5 and 1.0037 steel 197.5 + 7.4HV o5. After
coating, microhardness increases from 608.4 to 118.5HV o5
and 786.7 to 130.7HV( 5. The result delivered based on
coating substrate hardness is an important criterion for the
final result [45].

From that perspective, it eliminates oxidation and re-
duces the residual stress at lower temperatures. Cold spray
coating of AINiCoFeCr equiatomic ratio reinforced with
TiB, between the various temperature limits of 200,300 ,
and 450°C among these levels to achieve microhardness
of 5.3£+0.3,6.1 +0.2,6.9 £ 0.2GPa and to achieve a frac-
ture toughness of 300°C specimen 2.6 & 0.3 and 450°C in
3.8 + 0.1MPam® solid state coating at 450°C has higher
possible result achieved [45]. The common limitations ob-
tained in CS coating are lowtemperature functioning and
plastic deformation, which are essential for CS. So, CS is
not suitable for ceramics-based coating. It revealed ceramic-
based CS coating over the substrate compared to pure Al
blended Al + TiC and satellite Al 4 TiC. Pure Al was less
porous than the satellited powder process (mixing 88wt%
of Al and 12wt% of TiC ), meaning pure Al has high plastic-
ity and does not rebound over the substrate. Furthermore,
Al 4 TiC was added to a ceramic with less plasticity to
achieve more particle rebound and a highly porous surface
[4]. The particles rebound, and one of the reasons is an
improper flattening ratio (FR). However, the FR has been
associated with predicting the performance of wear and
fracture toughness. A comparative study of the Ti-6Al-4V
matrix over varying wt% like 6Al — 10Al— 50Al must be
used because Al has an FCC crystal structure with low yield
and higher plasticity. FR has Ti-6Al-4V-6 wt.% Al attained
1.76, Ti-6Al-4V- 10Wt% Al attained 1.97 , and Ti-6Al-4V- 50
wt. %Al attained 1.94. The result showed that this alloy
system with increasing FR had poor wear resistance and
good fracture toughness [46].

Conclude over three types of thermal spray coating.
HVOF coating is less porous to the coating surface and has
higher microhardness, wear resistance, and higher density.
Majorly, higher-density materials have higher mechanical
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properties like hardness and toughness. CS is the best
choice for FCC-based materials. Plasma spray coating has
a high deposition rate to achieve more wear resistance.
Table 3 shows more results of plasma cladding techniques.

2.5. Powder metallurgy (PM)

HEACs made of powder metallurgy are the easiest and
least cost-consuming methods, and there is no need for
temperature, which results in minimizing the phase sep-
aration behavior. There are two methods: 1) Mechanical
alloying (MA) and 2) Hot press sintering. MA is a solid-
dry milling and semi-solid state-wet milling process in
equilibrium and nonequilibrium composition. The critical
consideration of MA is to add more than two elements in
different particle sizes after MA to get fine and homoge-
nous mixtures. MA’s effects change the particle from micro
to nano size. The nano-size particles are visible to address
the mechanical properties improvement like wear resis-
tance, reduce the friction coefficient, and also reduce the
corrosion rate to improve the electromagnetic properties.
Also, other perspectives about MA enhance bonding dur-
ing metal compaction.

Based on the material’s crystal structure, for the higher
time of MA, the crystal structure has to change from BCC
to FCC and FCC to BCC or form intermetallic compounds
based on alloying additions. To study the Al and Mn be-
havior of HEACs of FeCoNiCrAl and FeCoNiCrMn after
atmospheric plasma spray coating to evaluate microhard-
ness from particle changes from micro to nano size trans-
formation to enhance the hardness from Al based HEAs
to be achieved from 550.1 HVjgogf and Mn-based HEAs
440.9HV1gqgt- The binding nature of Al and Mn with oxy-
gen is low and easy to form in oxide [53]. The study focused
on electromagnetic wave absorption behavior after MA on
FeCoNiCrAl HEACs for 10 to 70 hrs. Frequency ranges
from 2 to 18 GHz and is based on reflection loss to decide
whether HEAs are suitable for these applications or not.
The test is carried out in a vibrating sample magnetometer.
The stability of MA is to be achieved on 60 to 70 hours of
milling, which means that after 70 hours, no changes hap-
pened in the metal powder. The resulting point of view is
to achieve minimum reflection loss (RL) to attain maximum
microwave absorption capacity. Based on this statement,
the preparation of FeCoNiCrAl alloying elements will per-
form an RL of —35.3 dB at 10.35GHz.

These results are compared to TiC/Tip RL of —18.9 dB
and graphene/ BaFe ,019/CoFe;O4 of RL of —32.4 dB. All
the results address the HEAs coating/powders to absorb
the microwaves [54]. During MA, the effect of oxidation is
essential for property evaluation. Ti-4Al-6V substrate over

Cr — AlSijp coating fabrication routs on MA at different
weight ratios like 70:30, 65:35, 60:40, and 55:45. Purpose of
selection of AlSij; is quickly homogenized with the help
of MA. Results have to improve the restriction of micro-
hole formation on the top surface, and AlSi; is also called
silumins. Cr is located over the inner layers and eliminates
its formability because it is brittle.

The purpose of the surface coating is to minimize the oxi-
dation rate on the substrate. Ti quickly affects the oxidation
over 600°C [55]. For the above study, 60wt%Cr — 40wt%
of AlSij, achieved a lower oxidation rate [56]. Routs of PM
on another method are vacuum hot press sintering (VHPS),
which has a controllable temperature utilized to make a
sintering process. Under vacuum conditions, the sintering
process is carried out to reduce the oxidation level. Ef-
fects of copper addition on CoCrFeNi and CoCrFeNi — Cu
HEACs over on Q235 substrate. Adding copper to the high
entropy alloying system minimizes the redox reaction at
lower vacuum conditions. Also, comparative results have
been visible to address the effect of Cu with HEAs to im-
prove the bonding behavior to the Q-234 substrate, but
the limitation part is compared to without the addition of
Cu have to achieve higher microhardness because Cu has
FCC crystal structure [57]. Based on PM, which will be
developed daily in this PM-HEA, this is one of the broad
opportunities for additively manufactured HEAs compo-
nents, followed by characteristic thermodynamic modeling
and analysis techniques. Another feature is the oxidedis-
persed strengthening of HEAs components. Table 4 shows
more results of powder Metallurgy techniques.

3. Mechanical characterization of HEACs

3.1. Friction and Wear Behaviour of HEACs

Modern material processing techniques enhance wear and
minimize friction between the matching parts. From that
perspective, HEACs perform better than conventional coat-
ings to improve the wear resistance rate in automotive and
industrial applications. 1) Hard coating, i.e., the substrate
has TiN coating over different substrates on TiAIN, TiNbN,
and TiCN; among them, TiCN coating has a lower friction
coefficient and high wear resistance because C and N en-
hances the solid solution in interstitial form. These types of
hard coating are primarily applicable for high-temperature
applications like cutting tools, engines, and cogwheels [62].
2) Solid lubricant coating - used for low-friction applica-
tions.

The wear behavior is evaluated with the help of SEM,
Raman spectroscopy, and EDS. In recent metal matrix
composite processing techniques, reinforcement (RF) was
added to the matrix to enhance the wear property behavior,
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Table 3. HEACs on various Plasma cladding methods.

Spra Micro Coating
pray Alloying elements Phases Substrate thickness HVN Ref.
techniques Structure (4m)
. FCC 4 BCC+ .
PS AlCoCrFeNi Aly(Cr, Fe)O, Mild steel Lamellar - 413 [47]
PS MnCoCrFeNi F C%;gfu Mild steel | Lamellar . 42 | [47]
PS AlCoCrCuFeNi BCC + FCC Pure Mg Lamellar 275 - [48]
PS AlCOCﬂ;%NITI/ Ni FCC + BCC 31655 Lamellar ; 195 | [48]
Nig»Cog ¢FegoCrSi . Incoloy Pancake B
HVOF AT BCC + Cr3Si S00H layer 1500 400 — 800 | [49]
HVOF Alp ¢ TiCrFeCoNi BCC ﬁg?g/l Lamellar 300 850 [40]
HVOF AlCoCrFeNiTi BCC 5235 steel Lamellar 210 810 [50]
CS FeCoNiCrMn FCC 6082Al1 - 1500 368 [51]
Cs FeCoNiCrMn FCC 304SS - 1500 258 — 302 | [52]
Table 4. HEACs on Powder Metallurgy
. Coating Surface .
PM Alloying Phases Substrate thickness Hardness FHCFK.)H Ref
elements Coefficient
(pm) (HVN)
VHPS CuZrAlTiNi FCC + BCC + AlNiyZr T10 steel 900 0.70 [58]
or Amorphous
. Q235
VHPS CoCrFeNi FCC steel 700 450 0.38 [59]
. Q235
VHPS CoCrFeNiCu FCC steel 700 400 0.60 [59]
MA | AICuNiFeCr FCC :Izgl‘;ess 10 — 40 803 [60]
MA | Cryx% of AlSij, - Ti-6Al-4V 150 305 — 465 [57]
MA | CrMnFeCoNi FCC gﬁg’f 180 ; [61]

followed by RF in metal, carbides, boride, nitride silicide,
etc. Comparative study of with and without the addition
of 0.5wt% of sulfur (S) to CoCrFeNi alloying system with
S achieved an average friction efficiency of 0.41 and wear
rate of 5 x 1072 mm3Nm ! and without S, the average fric-
tion coefficient 0.6 and wear 24 x 107> mm3Nm ™! at 800°C.
The result shows good wear resistance and hard materials
have a lower friction coefficient [63].

The RF has a significant role in improving mechanical
properties. In that way, the same crystal structure between
the matrix and RF has strong metal bonding at the interface
because of the reduced wear rate. Meanwhile, ceramic RF
in MMCs has high strength and wear resistance but lower
toughness [64]. Effects of aluminium on the copper RF
in various wt% from 0, 6,15, and 27 from solid solution
(SS) and T3 heat conditions. Increased wt% copper also
rose agglomeration and enhanced the uniform powder
particle distribution in both SS and T3 conditions. SS and
T3 conditions improve the wt. % of Cu in SS rods and

have a higher wear rate than T3 conditions [65]. Adding
elements’ effects to the HEAs fine-grained structure has
high wear resistance compared to a coarse structure [65].

The impact of tungsten (W) addition for CoCrFeNiWx
on AISI 1045 substrate on the production of HEAs coat-
ings in the laser cladding method examination of wear
behavior on the percentage of W(0,0.25,0.50,1.0) ad-
dition and temperature differences (room temperature,
200,400, 600,800°C ). CoCrFeNiWX addition increases
hardness up to 374.4 HV and CoCrFeNi 182.7HV through
the coating effect. 200°C is the optimum temperature for
minimizing the wear achieved for 2.7 x 107> mm3/N - m.
With the help of this optimum temperature, it minimizes
the microcrack formation and reduces the wear debris [66].
Singlephase HEAs coating is inferior to dual-phase HEAs
coating in high-temperature applications. Furthermore,
dual-phase coating performs worse at room temperature
than single-phase HEAs coating [67]. Additionally, the
wear mechanism uses the Pilling Bedworth Ratio (PBR) to
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identify the oxides present across the coating’s volume vari-
ation. Better coating wear resistance under 1 < PBR < 2
conditions. Mo, Nb < 2PBR[68].

3.2. Effect of Toughness on HEACs Surface

All the working conditions of the alloy system have to im-
prove the lifetime of a substrate, followed by the externally
hard and internally toughness nature. Fig. 7 Illustrate ef-
fects of elastic strain limit to fracture toughness. Based on
the strengthening mechanism followed by HEACs. The
major considerable factors for the improvement of strength
and toughness were stress intensity factor K, % elastic
strain limit, resistance to plastic deformation (H— hard-
ness, and E- elastics modulus), and plasticity index (®)

[67]
E (0o 2
*=x (B) @

o = surface roughness and B = asperity radius.

The high plasticity index is a small contact stress in-
dices. The & is inversely proportional to the % values. The
material behaves with no plastic deformation. It has to
obey high toughness in nature. Another one is the Coat-
ing hardness analysis method, which is correlated with
sphere-on-flat hertzian contact analysis (Pmax) [67]

1 1
1 6NE2\ 2 NE2\3
Pmax = pos X ( R ) =0.578 (F) (2)

Pmax < oy in this condition, no plastic deformation oc-
curred. Higher Ig—; value, less plasticity, and more tough-
ness [67]. The uncoated substrate’s fracture toughness val-
ues were determined by observing specific deflection dur-
ing the bending test, which allowed for the development
of surface fractures to be evaluated qualitatively. Also,
fracture toughness values vary between different layers of
coating, i.e., single and multilayer coating.

Temperature is one of the influencing factors for func-
tioning fracture toughness in metal coating. They are us-
ing some techniques to find the fracture toughness. 1)
Nanoindentation- highly preferable for BCC phases, 2)
scratch test, 3) micro cantilever bending method, 4) focused
ion beam methods, etc. This was followed by an evaluation
of fracture toughness in the addition of 4.5 at.% of silica
in the single-layer hard coating on CrAIN and CrAlSiN in
high-temperature applications (metal cutting operations)
using magnetron sputtering methods. Coating thickness
from 3.6um of CrAIN and 4.5um of CrAISiN Influence of
Si into the alloying system to form a new crystal growth
in columnar form and enhance mechanical properties and

crystal structure in nanocrystalline form. Also, low disloca-
tion density was achieved [68].
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Fig. 7. Effects of fracture toughness on A) aluminosilicate
and B) VC, W [67]. Reuse with Journal Permission.
Copyrights 2023, Elsevier.

For multilayer composite coating of metal and ceram-
ics to attain a high toughness and considerable amount of
hardness in Fe/VC coating in 550 nm thickness in various
thickness fractions 0.6 to 0.9 . Evaluate the fracture tough-
ness Fepg/VCp4 attained 1.7MPam > and Fepo/VCy1
attained 3.2 MPam™? increase the Fe thickness to im-
prove the toughness [69]. Effect of various boride lay-
ers ((CoFe); B, (Feg4Mng) B, (Crg4Mng) B, (CraNiz) B)
in Co121Cry g2Fe; 44Mny 3;Nip 12 A8 Boor HEAs sub-
strate. For fracture toughness evaluation under nanoin-
dentation crack-based methods K. [70],

K. = /G.E 3)

The boride coatings were subtracted under different
temperature conditions to increase the temperature to
900°C, 950°C, and 1000°C. Increased temperature values
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also increase the boride thickness. Increasing the boride
thickness also increases the hardness of the coated substrate
[70].

3.3. Effect of Corrosion Resistance in HEACs

The performance of a surface coating is to prevent envi-
ronmental hazards (aqua, acid, temperature, pressure) to
the substrate. It also enhances the tribological and anti-
corrosion properties. The effect of corrosion changes in the
phase structure, segregation among the elements, reduction
of the passive film nature, and dissolution kinetics [71].

In HEACSs, elements such as Co, Cr, Ni, Ti, Al, Cu, and
Mn have non-negative corrosive collaboration among the
multiple components in different alloying elements. Vari-
ous methods are used to test and evaluate the coated sur-
face, like the potentiodynamic polarization test, to obtain
parameters 1) corrosion current density (iof,2) corrosion
potential (E ) ,3) pitting potential (Ep) or breakdown
potential (Ey),4) passive current density (ipass ) was done
on 3.5 wt.% of NaCl solution [72]. Cu and Mo to reduce
the pitting corrosion. The coating of FeCoCrCuAlSig 5 has
a similar microstructure, and no pitting corrosion was ab-
sorbed in the effect of the addition of Cu [38]. Coating
made on electroless methods, In the comparative study of
the addition of Cu to CoCrFeNi and AlCoCrFeNi in this
alloying system, corrosion rate (CR) of Cu — CoCrFeNi at-
tained 0.297 to 1.84 mm~! year ~! and Cu — AICoCrFeNi
attained 0.03 to 0.093 mm~! year ~! in addition of Cu to
the Al, reduce the CR. Because of the highly passive re-
gion (which impedes the progression of corrosion), the
form of Cr is transferred into Cr,Oj3 to reduce the CR,Cu
nanoparticles are distributed uniformly, and the BCC phase
has better CR than FCC in electroless coating conditions
[31]. Different fabrication routes of CrCuFeNiA1j 5 made of
sintering techniques and CrCuFeNij(5Sip 5 made of laser
remelting

(LR), and to evaluate corrosion rates and their types.
In sintered components, corrosion occurs along the edges
of the grains, so for this reason, the sintering substrate
forms intergranular corrosion. LR of CrCuFeNiAlj55ig 5
The grain boundaries should be removed or invisible to
the grains because of the more homogenous distribution of
particles with the help of a laser source. Therefore, the LR
substrate forms a pitting-type corrosion, and oxide layers
are on the surface. Compared to the sintering method,
LR has a lower corrosion rate. The effect of single crystal
structure BCC, FCC, and amorphous structure is a more
uniform microstructure and decreases the pace of corrosion
[73].

4. Future scope:

In HEACs, the behavior of fatigue failure analysis and
residual stress analysis are not yet addressed significantly
which can be focussed in future.

5. Conclusion

Despite the abundant work in conventional coating and its
improvement, HEACs have had an essential place in the
218t century. There has been significant progress, and it con-
tinues to generate substantial new scientific concepts and
new research challenges identified by this work; various
types of coating and its effects and various reinforcements
used in coated surfaces, mechanical characterization, and
favourable and unfavourable cases are discussed in this

manner.
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