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Abstract: Material corrosion is a common phenomenon. Severe corrosion not only causes material
failure, but may also lead to unexpected catastrophic accidents. Therefore, reducing the loss caused
by corrosion has become a problem faced by countries around the world. As a surface modification
technology, laser cladding (LC) can be used to prepare coatings that can achieve metallurgical bonding
with the substrate. High-entropy alloys (HEAs) are a new material with superior anti-corrosion
ability. Therefore, HEA coatings prepared by LC have become a research hotspot to improve the
anti-corrosive ability of material surfaces. In this work, the effects of LC process parameters, post-
processing, and the HEA material system on the anti-corrosion ability of HEA coatings and their
mechanisms are reviewed. Among them, the LC process parameters influence the anti-corrosion
ability by affecting the macroscopic quality, dilution rate, and uniformity of the coatings. The post-
processing enhances the anti-corrosion ability of the coatings by improving the internal defects
and refining the grain structure. The anti-corrosion ability of the coatings can be improved by
appropriately adding transition metal elements such as Ni, Cr, Co, and rare earth elements such as Ce
and Y. However, the lattice distortion, diversification of phase composition, and uneven distribution
caused by excess elements will weaken the corrosion protection of the coatings. We reviewed the
impact of corrosion medium on the anti-corrosion ability of coatings, in which the temperature and
pH value of the corrosion medium affect the quality of the passive film on the surface of the coatings,
thereby affecting the anti-corrosion ability of the coatings. Finally, to provide references for future
research, the development trend of preparing HEA coatings by LC technology is prospected.

Keywords: laser cladding; high-entropy alloys; corrosion resistance; coating preparation

1. Introduction

With the progress of society, more and more countries have realized the importance
of marine economy. However, equipment is prone to corrosion in seawater environments.
Severe corrosion will not only lead to material failure and economic loss, but may even
endanger human life. Therefore, corrosion protection is related to safety, economy, people’s
livelihood, ecology, and conservation. As early as the last century, the total direct cost
of corrosion in the United States was estimated to be USD 276 billion per year [1]. It is
thus urgent to improve the anti-corrosion ability of materials. Surface technology is the
use of chemical and physical technologies to modify the surface structure or composition
of materials. It can prolong the service life of components and enhance their surface
properties, while reducing corrosion costs. As a new star in the material field, high-
entropy alloys (HEAs) are also called multi-principal alloys. Compared with traditional
alloys, HEAs have four core characteristics [2]: a thermodynamically high entropy effect,
a structural lattice distortion effect, a kinetics slow diffusion effect, and a performance
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“cocktail” effect. Therefore, HEAs have exceptional properties such as good strength [3],
wearability [4], anti-corrosion [5], and resistance to oxidation at high temperatures [6].
HEAs are frequently employed in aerospace, nuclear fusion, and other industries [7].
Scholars typically favor HEAs as surface modification materials. Physical vapor deposition,
chemical vapor deposition, laser surface alloying, and laser cladding are some of the current
techniques used to prepare HEA coatings. High energy density, adjustable dilution rate,
quick processing speed, good metallurgical bonding with the matrix, high solidification
rate, and a variety of cladding materials are all advantages of LC over previous preparation
techniques [8,9]. LC is frequently employed in functional coating preparation [10] and part
repair [11].

Generally, the uniformity of element distribution of materials has a significant influ-
ence on the anti-corrosion ability of coatings, and LC technology has the advantage that the
coating material can be uniformly clad on the surface of the substrate, and the segregation
of elements in the coatings can be easily avoided. The choice of coating material is also one
of the factors affecting the anti-corrosion of the coatings, and one of the HEAs’ characteris-
tics is that several kinds of elements can be selected as the main element of the alloy. Due
to the high entropy effect of HEAs, their phase composition is relatively simple, and it is
not easy to form intermetallic compounds [12,13], and due to its “cocktail” effect, elements
with exceptional anti-corrosion ability can be selected to match each other and improve
the anti-corrosion ability of the alloys. Using LC technology to prepare HEA coatings can
organically combine both advantages and significantly enhance the anti-corrosion ability
of the coatings.

At present, the research and application of laser cladding high-entropy alloy coatings
(LC-HEACS) in the field of corrosion protection are still in the early stage. In this paper,
taking LC-HEAC:s as the research object, the research status of LC-HEACs in the field of
corrosion protection is reviewed and the current research insufficiency and future develop-
ment trends are pointed out, providing a certain reference for the future development of
LC-HEAC S in the field of corrosion protection.

2. Influence of LC Process Parameters

Regardless of the production process, it is crucial to optimize the process parameters to
achieve the best performance [14,15]. In the LC process, high-energy laser beam radiation is
used to melt cladding materials and deposit them on the substrate. To obtain coatings with
no macroscopic defects, uniform composition distribution, and exceptional mechanical
properties, it is necessary to select appropriate LC process parameters. At present, the
effects of laser power, scanning speed, and laser energy density on the anti-corrosion of
HEA coatings have been reported.

In general, a smaller molten pool is easily formed by a smaller laser power, which will
lead to surface coatings that are melted but substrate that is not melted, so the metallurgical
bonding between the substrate and the coatings cannot be achieved. At the same time,
too small of a laser power will also lead to many pores in the cladding layer and a large
number of cracks between the coatings and the substrate, as shown in Figure 1a. However,
the molten pool will be too big if the laser power is too high. In this way, as shown in
Figure 1b, the dilution rate will increase, and a large number of elements in the matrix will
enter the coatings, decreasing the coatings’ properties as a result.

Qiu et al. [16] successfully prepared Al,-Co-Cr-Cu-Fe-Ni-Ti HEA coatings with differ-
ent laser powers by LC technology. The anti-corrosion ability of HEA coatings is the best
when the laser power is 2500 W in the corrosive medium of 1 mol/L NaCl solution. When
the laser power is low (2000 W), the HEAs are not melted, the cladding layer is not well
combined with the substrate, and the corrosion resistance of the HEA coatings decreases.
However, when the laser power is higher (3000 W), the matrix is seriously diluted, and
a large amount of Fe in the matrix enters the coatings, which weakens the anti-corrosion
ability of the coatings.



Coatings 2022, 12, 1669

30f17

(a) (b)

Laser beam E— Laser beam —
Scanning Scanning
direction direction
HEAs Small Preset HEAs Large  Preset
Coatings Pore melt pool powder Coatings melt pool powder

0°L %570 o2 ."/\.o S

Substrate
element

Small
dilution
rate

Large
dilution

Pore

rate

.

i Laser .
Seanning or Laser Scanning

speed power power r speed
Figure 1. Influence mechanism of laser power and scanning speed on the preparation of HEA
coatings: (a) laser power is too small or scanning speed is too fast; (b) laser power is too large or
scanning speed is too slow.

The scanning speed has a similar effect to laser power. If the scanning speed is too fast,
the coating materials cannot be completely melted, and the effect of cladding cannot be
achieved. Meanwhile, with a faster scanning speed, the coatings solidify rapidly, resulting
in a large number of structural defects such as pores and cracks in the coatings. However,
the molten pool will exist for too long if the scanning speed is too slow, which will lead to
the loss of alloy elements due to over-sintering of the coating materials. The increase in
heat input is accompanied by the increase in dilution rate and a large number of elements
in the matrix will enter the coatings, which will weaken the properties of the coatings.

Qiu et al. [17] prepared Al-Cr-Fe-Cu-Co HEA coatings with different scanning speeds.
XRD results demonstrated that the HEA coatings are composed of BCC and FCC phases.
Meanwhile, in solutions of 0.5 mol/L H,SO4 and 1 mol/L NaCl, electrochemical experi-
ments were conducted. The results show that with the rise in scanning speed, the corrosion
potential of the coatings will increase and then decrease, and the corrosion current will
decrease and then increase. The reason is that with the increase in scanning speed and
when it is appropriate, the time for the laser beam to irradiate the coatings becomes shorter,
and the molten pool cools rapidly and produces fine dendrites, which is conducive to
grain refinement. This will be beneficial to the improvement of corrosion performance.
However, if the scanning speed is too quick, the molten pool is too small, the convection
in the molten pool increases, the surface of the coatings is rough, and the anti-corrosion
ability is weakened.

Laser energy density (E) is not a direct parameter in LC process parameters, and
can be obtained by the formula E = P/(DV). In this formula, P represents laser power,
V represents scanning speed, and D represents laser spot size. He et al. [18] prepared a
series of Fe-Cr-Ni-Mn-Al HEA coatings by changing the value of E (50~70 ] /mm?). The
results show that the macro appearance of the coatings changes with the increase in E,
and the anti-corrosion ability of the coatings increases first and then decreases. The reason
is that the appropriate E value (65 ]/mm?) can effectively improve the structural defects
and optimize the grain structure in the coatings, thereby enhancing the anti-corrosion
ability of the coatings. In addition to laser power, scanning speed, and laser energy density,
the LC process also includes important process parameters such as shielding gas rate,
defocus distance, powder feeding rate, laser spot size, and overlap ratio. The selection
of these process parameters also affects the structure and properties of the HEA coatings.
However, there are few reports on the relevant research in this field at present. Therefore,
in future study, it is necessary to fully reveal the influence of LC process parameters on the
HEA coatings.
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3. Influence of Post-Processing Technology

By selecting appropriate process parameters, the defects of the HEA coatings can be
effectively reduced, and the anti-corrosion ability of the HEA coatings can be improved.
Recently, numerous scholars have also prepared HEA coatings with better properties by
combining post-processing technology.

Ultrasonic surface mechanical rolling treatment (USMRT) can form gradient nanos-
tructures in the surface layer, refine grains, and generate compressive residual stress.
Cui et al. [19] prepared Fe-Co-Ni-Cr-Mn HEA coatings by LC technology, and applied
USMRT to the coatings. The process of LC-HEACs and USMRT was described in Figure 2.
After USMT, the grain of the coatings is refined, and the internal stress that inhibits the
growth of the coatings’ oxide film is effectively reduced by generating compressive residual
stress, which greatly enhances the stability of the oxide film and improves the anti-corrosion
ability of the coatings.

Feed direction

WC/Co ball

= o

/ \
Cladding head direction f T \

Substrate

Figure 2. (a) Schematic of LC-HEACs and (b) ultrasonic surface mechanical rolling treatment.
Reprinted with permission from [19] 2020 Elsevier.

Ultrasonic impact treatment (UIT) is also a post-processing technology that forms
nanocrystals and a work-hardened layer through high strain rate compressive plastic
deformation. Figure 3 shows a schematic diagram of the comparison between LC-HEACs
and UIT layers. Due to the high strain rate produced by the UIT, the matrix’s plastic
deformation causes the grain borders and gaps to close and the size of the precipitates
between the grain boundaries to shrink, effectively inhibiting intergranular corrosion of
the coatings [20]. Li et al. [21] performed UIT on the cladding layer after preparing the
Aly5-Co-Cr-Fe-Mn-Ni HEA coatings. The experimental results show that the coatings
after UIT have exceptional anti-corrosion ability. The reason is that the precipitation at the
grain boundary of the cladding layer after UIT will be broken into fine precipitates, and
at the same time, due to the high strain rate produced by the UIT, the cladding layer’s
plastic deformation causes the narrowing of the gaps, the grain boundaries to close, and
the further reduction in the size of the precipitates, thereby improving the anti-corrosion
ability of the coatings.
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Figure 3. Diagrammatic comparison of the UIT layers and HEA coatings. (a) Surface of HEA coatings;
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(b) surface of UIT layers; (c) HEA coating is corroded; (d) fractured precipitations and narrower grain
boundaries; (e) substantial intergranular corrosion of HEA coatings; (f) mild intergranular corrosion
of UIT layers. Reprinted with permission from [21] 2021 Elsevier.

4. Influence of Alloying Elements

As described in Section 2, after selecting appropriate LC process parameters, HEA
coatings with a defect-free macrostructure, uniform microstructure, and exceptional anti-
corrosion ability can be prepared. The requirements for anti-corrosion of the coatings cannot
be fully met only by optimizing LC process parameters, so a large number of scholars
improve the anti-corrosion of the coatings by adjusting the types of HEAs in LC-HEACs.
Initially, scholars usually studied the corrosion resistance of LC-HEACs with equal or
approximate equal molar ratio, such as the Fe-Co-Ni-Cr system composed of transition
elements [22] and the Ti-Nb-Zr-Mo system composed of high melting point elements [23],
and found that the coatings have adequate anti-corrosion ability. The influence of different
material systems on the anti-corrosion ability of the coatings is shown in Table 1. With
the development of LC-HEACs, more LC-HEACs with unequal molar ratios have been
discovered and reported, and many scholars have begun to research the influence of
different elements on the anti-corrosion ability of coatings. This section summarizes the
influence of different elements on the anti-corrosion ability of LC-HEACs, which is intended
to provide reference for future research.

4.1. Chromium

One of the best components for improving anti-corrosion ability is Cr, which can
create a thick layer of Cr,O3 oxide on the surface of coatings. Jiang et al. [40] investigated
the influence of different Cr additions on the anti-corrosion ability of Al-Co-Cryx-Fe-Ni
(x=0.5,0.75,1.0, 1.5, 2.0) LC-HEACs. The findings of the experiments demonstrate that
as the amount of Cr added increases, coatings’ anti-corrosion ability initially rises and
then falls. Adding the appropriate amount of Cr element is conducive to the formation of
continuous and uniform passivation film of the coatings, effectively protecting the coatings
from corrosion. However, the excess Cr element leads to the dispersion of the oxide layer,
which reduces the anti-corrosion ability of the coatings.
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Table 1. Effects of different material systems on the corrosion resistance of LC-HEACs.

HEAs Substrate %}Eﬁ’iﬂ;e Electro;l:ﬁmiscallj Parameters Electrofclﬁﬁ;;icgl Pa}rameters Ref.
Solution of the Substrate o oatings
- - - Ecorr V) Icorr (A/sz) Ecorr V) Icorr (A/sz) -
CugsNiAICoCrFeSi AZ91D 3.5 wt % NaCl —1.46 6.20 x 10~* —0.76 33 x 1074 [24]
CuggNiAlCoCrFe AZ91D 3.5 wt % NaCl —1.46 6.20 x 10~ —1.40 2.56 x 10~8 [25]
Aly5CoCrCuFeNi AZ91D 3.5 wt % NaCl —~1.46 6.20 x 107* —0.998 1.60 x 104 [26]
AlCrFeNiCuCo Aluminum alloy 1 mol/L H,SOy4 —0.596 8.056 x 10~° —0.493 5.253 x 10~° [27]
AlCoCrFeNiTi AISI1045 steel 1 mol/L NaCl —0.793 2.98 x 1070 —0.470 7.09 x 10~7 [28]
Al,CoCrFe; 7MoNi Pure iron 3.5 wt % NaCl N/A N/A 0.586 2.762 x 1079 [29]
AlCrFeNiCu+5 at % Nb 316 SS 0.5 M H,SOy4 N/A N/A —0.020 9.58 x 107> [30]
AlCoCrFeNiCu Q235 steel 3.5 wt % NaCl —0.825 2482 x 10°° —0.061 2.56 x 1077 [31]
FeCrNiMnAl 17-4PH stainless steel 3.5 wt % NaCl —0.860 1.082 x 10~* —0.688 1.156 x 107> [18]
CoCrFeNiTi 40CrNiMoA alloy steel 1 mol/L NaCl —-0.70 212 x 107 —-0.37 1.62 x 107° [32]
AlCoCrFeNiSi AISI 304 stainless steel 3.5% NaCl —0.482 7 x 1076 —0.326 6.48 x 107 [33]
Tig g CrFeCoNiCu Aluminum alloy 3.5% NaCl —1.296 1.93 x 1075 —0.432 512 x 1077 [34]
Al,CoCrCuFeNiTiy Q235 steel 0.5 mol/L HCI —-0.41 2.1 x 107 —-0.35 1.7 x 1077 [35]
Al,CrFeCo, CuNiTi Q235 steel 0.5 mol/L HNO;3 —0.35 24 x 1074 —0.05 29 % 10°° [5]
Co-Cr-Fe-Ni-Moyg » Ti6Al4V 3.5 wt % NaCl —0.594 99 x 1078 —0.329 9.87 x 108 [36]
AlCoCrFeNiCu N/A 3.5 wt % NaCl N/A N/A —0.7019 7.21 x 10~8 [37]
AlCoCrFeNiTi N/A 3.5 wt % NaCl N/A N/A —0.4654 7.63 x 108 [37]
CrFeNiNbTi 40CrNiMoA alloy steel 3.5 wt % NaCl —0.702 212 x 1076 —0.555 3.58 x 1076 [38]
CoCrFeMnTi » 15CrMn Steel 1 mol/L NaCl —0.6705 4.889 x 10~° —0.4720 3.408 x 10~° [39]
4.2. Nickel

Ni element is also one of the most effective elements for improving the anti-corrosion
ability of alloys. Usually, Ni element and Cr element cooperate with each other, which can
significantly improve the anti-corrosion ability of the coatings. In 1 mol/L NaOH solution
and 3.5 wt % NaCl solution, Qiu et al. [41] investigated the corrosion characteristics of
Alp-Cr-Fe-Co-Cu-Ti-Niy (x =0, 0.5, 1, 1.5, 2.0) LC-HEACs. The anti-corrosion ability of
the coatings increased initially and then dropped as Ni content increased. Despite the
anti-corrosion ability of the Ni element, when the Ni content is high, the alloy suffers from
significant lattice distortion, which has an impact on the microstructure and reduces the
coatings” anti-corrosion ability.

4.3. Molybdenum

As one of the most effective elements to improve corrosion resistance, Mo is usu-
ally combined with Ni and Cr elements [42,43], which are beneficial to improving the
anti-corrosion ability of coatings. Fu et al. [44] investigated the influence of different Mo
additions on Co-Cry-Fe-Ni-Moy (x =0, 0.1, 0.2, 0.3, 0.4) LC-HEACs. The findings demon-
strate that adding the right amount of Mo can increase the coatings’ anti-corrosion ability,
but adding too much Mo encourages the development of inter-dendritic structures and the
0-CrMo phase, which speeds up galvanic corrosion and lowers the coatings” anti-corrosion
ability. Meanwhile, to further investigate the actual anti-corrosion ability of coatings, a
6-month immersion test was carried out on HEA coating samples and 2605 N duplex stain-
less steel (stainless steel specially developed for chlorine-containing solutions) in an acidic
solution of pH = 2. The surface of 2605 N duplex stainless steel is covered in numerous
pits, and after the Mo element was added, the HEACs were able to efficiently control the
size of the pits.

4.4. Aluminum

The density of Al is light, and the Al element can form a dense oxide film to improve
the corrosion resistance of the material. As a result, many researchers have chosen the Al
element as the central component of HEAs [45,46]. Sun et al. [47] used LC technology to
prepare Co-Cr-Fe-Ni-Alx-Mn(;_, (x =0, 0.2, 0.4, 0.6, 0.8, 1.0) HEA coatings with different
ratios of Al and Mn elements. The phase structure of the HEA coatings changes with
the addition of the Al element from a single FCC phase to a dual phase made up of FCC
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and BCC, and lastly into a single BCC phase. With an increase in Al concentration, the
anti-corrosion ability of the HEA coatings initially declined suddenly and then slowly
increased. The coatings only have one FCC phase when no additional Al element is present,
and microstructures with uniform phase structures often have superior anti-corrosion
ability. The coatings contain FCC and BCC dual phases when a tiny amount of Al element
(0.2 at %) is applied. Corrosion micro-cells are created as a result of the equilibrium potential
difference between the FCC phase and the BCC phase, which lowers anti-corrosion ability.
The possibility of the Al,O3 passivation film forming on the surface of the HEA coatings
grows as the addition of Al element increases, which leads to a gradual improvement in
the coatings’ anti-corrosion ability. When the addition amount of Al element is 1.0 at %, the
HEA coatings have a single BCC phase composition. At this time, due to the uniform and
single microstructure and the existence of the Al;O3 oxide film, the anti-corrosion ability of
the coatings is the best.

4.5. Titanium

Ti element has strong passivation ability and exceptional corrosion resistance. There-
fore, it has been widely studied by scholars. Table 2 summarizes the influence of different
Ti additions on the anti-corrosion ability of LC-HEACs.

Table 2. Effects of different Ti additions on the corrosion resistance of LC-HEACs.

HEAs Substrate ?\jl):ioiilr‘;f Electrochemiscall) Parameters of the Electrochemical Pz}rameters of HEA Ref.
Solution ubstrate Coatings
- - - Ecorr V) Leorr (A/sz) Ecorr V) Leorr (A/sz) -
,2 .
—0.18 for Tiy 23.28 ><1100 ) fforj:F.lo
i i —0.30 for Tip 5 .2 X 107“ tor lip 5
A_lzCrFeN1CoCuT1X Q235 steel 0.5 mol/L 035 24 % 10-1 033 for T 73 % 10- for T, (48]
x=0,05,1.0,1.5,2.0 HNO; ~033 for Ti - i
032 for Tu.s 4.4 x 1073 for Tiy 5
—Uotor tizo 2.7 x 1073 for Tip
—0.32 for Tig 4.2 % 107° for Tiy
ALCoCrCuFeNiTi 0.5 mol/L _ s —0.40 for Tigs 3.1 x 107 for Tigs )
x=0,0510,15  Qsteel H,S04 038 3.6 x 10 —052for Tirg 2.3 x 10~ for Tiy (]
—0.37 for Tiy5 1.1 x 107 for Tiy 5
-7 .
—0.58 for Tip 6.3 x 10~/ for Tig
Al,CoCrCuFeNiTi 0 B s —0.45 for Tigs 6.7 x 107 for Tig5 )
o Uiy Q235 steel 3.5% NaCl 0.57 7.1 % 10 0260 Ty X105 T [49]
—0.63 for Tiy 5 5.4 x 107 for Ti; 5
—0.848 for Tiy 3.66 x 107 for Tiy
iTi —0.792 for Tigp > 1.99 x 10~° for Tig»
x = g %?21" F(ﬁh({lé 0.8 45 steel 3.5 wt % NaCl N/A N/A —0.650 for Tipy ~ 8.13 x 107 for Tig4 [50]
T 020 forTios 422 % 1077 for Tios
—Horetor Lo 5.76 x 107 for Tipg
,6 .
—1.18 for Tig4 5.64 x 10~° for Tig1
CoCrFeNiTix o —1.16 for Tip 3 4.23 x 107 for Tig 3
x=01,030507 ~ Qsteel 35wt Nacl N/A N/A Sl3forTos  381x10 0 forTos
—hitor oz 1.04 x 107° for Tigy
Simulated . -15 -
i Ti —0.714 for Tig 3.648 x 1015 for Tig
CoCr steNiz Tix Q235 steel saturated salty ~0.902 4531 x 1074 —0578forTigs 4892 x 10 B for Tigs ~ [52]
o mud solution —0228for TiLg  1.386 x 1015 for Tiy o

It can be seen from Table 2 that in different corrosive media and HEA material systems,
the appropriate addition of Ti element can improve the anti-corrosion ability of HEA
coatings. Liu et al. [53] reported the influence of Ti element content on the anti-corrosion
ability of Al-Co-Cr-Fe-Ni-Tiy (x =0, 0.2, 0.4, 0.6, 0.8, 1.0) LC-HEACs. The experimental
results demonstrated that in the HEA coatings, the distribution of each element is uniform
and the phase structure composition is relatively single, which inhibits the formation of
corrosion micro-cells, and the coatings exhibit exceptional anti-corrosion ability.

4.6. Copper

The Cu element helps FCC solid solution develop and it aggregates readily in the inter-
granular space to produce a Cu-rich phase, which gives HEAs their favorable characteristics.
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Li et al. [54] reported the influence of Cu addition on the microstructure and anti-corrosion
ability of Al g-Cr-Fe-Co-Ni-Cuyx LC-HEACs. The experimental results demonstrated that
with the increase in Cu addition, the phase structure of the coatings changes from two
BCC phases to two BCC phases and one FCC phase. The anti-corrosion ability of the
coatings decreases with the increase in Cu addition. The reason is that the additional Cu
element added causes an increase in the Cu-rich phase, which in turn causes a rise in the
intergranular corrosion area, which causes the contact area between the corrosion solution
and the coating surface to continuously grow. As a result, the electrode reaction’s coating
corrosion rate is accelerated, and the coatings’ corrosion resistance is decreased.

4.7. Tantalum

Zhang et al. [55] reported the influence of Ta amount on the microstructure and anti-
corrosion ability of Ni-Ti-Cr-Nb-Tax (x = 0.1, 0.3, 0.5, 1) LC-HEACs. The results show that the
formation of BCC phase and the precipitation of Laves phase (Cr,Nb) are promoted with the
increase in Ta element content. In 3.5 wt % NaCl solution, the HEA coatings exhibit exceptional
anti-corrosion ability, especially the Ni-Ti-Cr-Nb-Tag 5 and Ni-Ti-Cr-Nb-Ta coatings, which
have a wider passivation zone and show better pitting corrosion resistance.

4.8. Carbon

To report the influence of C on the anti-corrosion of LC-HEACs, Shang et al. [56]
prepared Alg 25-Mo0g 25-Ting 2-Z129 ,-Nbog» + xC at % (x = 0, 0.4, 0.8) LC-HEACSs on the
surface of pure titanium alloy. The distribution of the elements in the HEA coatings
becomes more uniform with the proper addition of C, which significantly increases the
coatings’ anti-corrosion ability. However, when the amount of C is too high, the HEACs
are made of BCC solid solution, MC carbide, and HCP-« phase, which speeds up corrosion
by causing the development of micro-cells and decreases the anti-corrosion ability of the
HEA coatings.

4.9. Ceramic Reinforcement

Many scholars have found that the anti-corrosion ability of LC-HEACs can be ef-
fectively improved by introducing reinforcing phases. Table 3 summarizes the effect of
enhancing the anti-corrosion ability of relative LC-HEACs. Guo et al. [57] prepared in
situ TiN ceramic particles which improved Co-Crp-Fe-Ni-Tix (x = 0, 0.5, 1) LC-HEACs.
According to the experimental findings, the HEA coatings’ phase structure is composed
primarily of FCC + TiN with a trace amount of Laves phase. The appropriate addition of
Ti element, which can dissolve in the FCC phase to improve the anti-corrosion ability of
the HEA coatings, results in the higher positive corrosion potential and lower corrosion
current density of the HEA coatings. However, an excessive amount of Ti will result in
TiN particles and Laves phase, which will create corrosion micro-cells and heighten the
susceptibility to corrode. Liu et al. [58] prepared Fe-Co-Ni-Cr-Mn-Tix (x =0, 0.5, 1.0, 1.5)
HEA coatings by LC technology under the protection of nitrogen. Electrochemical exper-
iments show that the coating corrosion potential is high and its corrosion current is low
when the addition amount of Ti is 0. With the increase in Ti addition, TiN ceramic particles
and Laves phase were formed in situ in the HEA coatings. Due to the different electrode
potentials, micro-cells will appear between both the TiN particles and the Laves phase and
Y-phase, resulting in galvanic corrosion and weakening the anti-corrosion ability of the
HEA coatings.
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Table 3. Effect of enhanced relative LC-HEACs’ corrosion resistance.

Electrochemical

Enhancement Corrosive Electrochemical Parameters
Substrate HEAs Phase Medium It’l?;aé?x f:i;rr Sa?ef of HEA Coatings Ref.
- - - - Ecorr (V) Lo (Alem?)  Ecorr (V) Leorr (Alcm?) -
45 steel FeCoCrNiCu cf 5% H,S0, 0437 2317x102  —0.087 2371 x 104 [59]
CoCrNiMo 35wt % 7 7
304SS +1 at %B,C B4C NaCl —0.289 221 x 10 —0.255 1.86 x 10 [60]
CoCrNiMo 35wt % 7 7
304SS +2 at %B,C B,C NaCl —0.289 221 x 10 —0.292 1.82 x 10 [60]
CoCrNiMo 3.5 wt % - _7 o _7
304SS +3 at %B,C B,C NaCl 0.289 2.21 x 10 0.265 222 x 10 [60]
CoCrNiMo 35wt % - _7 _ _7
304SS +42 at %B,C B,C NaCl 0.289 221 x 10 0.199 2.84 x 10 [60]
TiSUZI'ZSAllsculo 35wt % _ —4 _ -6
AZ91D 32 Wt %LaBg LaBs NaCl 1.37 531 x 10 0.42 1.48 x 10 [61]
TiSUZI'ZSAllsculo 35wt % _ —4 _ -7
AZ91D T4 wt %LaBg LaBs NaCl 1.37 531 x 10 0.34 8.52 x 10 [61]
TiSUZI'ZSAllsculo 35wt % _ 4 _ -5
AZ91D 78wt %LaBg LaBs NaCl 1.37 531 x 10 0.65 1.14 x 10 [61]
AlQASCOCI‘FeNiTiO‘S . 35wt % _ -8
AISI1045 steel 2 at %SiC SiC NaCl N/A N/A 0.787 2.116 x 10 [62]
Al()AgCOCI‘FeNiTiO‘Z B 35wt % _ -8
AISI1045 steel 42 at %SiC SiC NaCl N/A N/A 0.573 1.005 x 10 [62]
304SS FeCoNiCrMnTig 5 In situ TiN 3.5% NaCl —-0.217 5.45 x 10~ —0.209 1.15 x 1010 [58]
304SS FeCoNiCrMnTi In situ TiN 3.5% NaCl —0.217 5.45 x 107 —0.247 3.18 x 10710 [58]
304SS FeCoNiCrMnTiy 5 In situ TiN 3.5% NaCl -0.217 5.45 x 10~ —0.412 3.965 x 108 [58]
Simulated
. - o phosphoric _ 7 - _10 =
904L stainless steel CoCr;,FeNiTig 5 In situ TiN acid reactor 0.213 33 x 10 0.307 3.3 x 10 [57]
solution
Simulated
. - e phosphoric _ _7 _ -8 =
904L stainless steel CoCr,FeNiTi In situ TIN acid reactor 0.213 3.3 x 10 0.231 2.7 x 10 [57]
solution

4.10. Rare Earth Elements

As beneficial chemical and physical modifiers, rare earth elements and their oxides
are referred to as the “vitamins of metals”. Cui et al. [63] successfully prepared Fe-Co-Ni-
Cr-Mo LC-HEACs with an appropriate amount of CeO, on the surface of titanium alloys.
Electrochemical studies in a solution of 3.5% NaCl revealed that the addition of CeO,
increased the corrosion protection of the HEA coatings. The electrochemical corrosion
mechanism of HEA coatings and those augmented with CeO, in 3.5% NaCl solution is
shown in Figure 4. A higher density and more stable passivation film is formed as a result
of the addition of CeO, powder, which also refines the coating’s grain structure, adds more
nucleation points for the passivation film to form, and improves the passivation film’s
uniformity and formation rate. This increases the coatings’ resistance to corrosion.

Due to Ce element’s exceptional qualities, Y element, another rare earth element, has
also captured the interest of academics. The corrosion protection of Mg-Mo-Nb-Fe-Ti,-Yx
(x=0,04, 0.8, 1.2) LC-HEACs was examined by Gu et al. [64] in relation to the effects of
various Y element levels. The results demonstrated that the added Y element improves the
corrosion resistance of the HEA coatings, as evidenced by the higher corrosion potential
and lower corrosion current density compared to the HEA coatings without the addition of
Y element. When Y element is added, structural flaws such microcracks in HEA coatings
are somewhat reduced, and CI~ ion entry into the coatings is blocked, which significantly
increases HEA coatings’ corrosion protection. The amount of Y supplied does not, however,
positively correlate with the anti-corrosion ability of HEA coatings. The alloying of Ti
and Mo elements, increased lattice distortion, and decreased corrosion protection of HEA
coatings are all effects of adding too much Y.
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Figure 4. Schematic diagram of corrosion in 3.5% NaCl solution. Reprinted with permission from [63]
2021 Elsevier.

5. Influence of Corrosive Environment

In general, the coating material system, microstructure, and external environment
coming into contact with the coatings are the elements that influence the corrosion of metal
coatings. Among these, the impact of the coating’s microstructure and material system
on its anti-corrosion ability has been thoroughly discussed. The corrosion environment,
including temperature, humidity, and pH, greatly affects the corrosion performance of the
coating. According to current reports, the influence of acid, alkaline, salt solution, room
temperature environment, and non-room temperature environment on the performance
of HEAs has been reported by scholars. The effects of salt environment (pH = 7) and acid
environment (pH < 7) at different temperatures on the corrosion resistance of HEA coatings
are shown in Tables 4 and 5, respectively.

The pH value of the corrosive liquid has a considerable influence on the corrosion
resistance of the coatings. Qiu et al. [65,66] discussed the effects of acidic environment
(pH < 7), alkaline environment (pH > 7), and salt environment (pH = 7) on the corrosion
properties of Aly-Cr-Fe-Cox-Cu-Ni-Ti HEA coatings. It was found that the corrosion
potential and corrosion current of the same HEA coatings were greatly affected under the
corrosion environment with different pH values. At the same time, the report also found
that there were some differences in corrosion resistance of different HEA material systems
under the same corrosion solution, which also confirmed the content of the Section 4 of
this paper. Therefore, the pH value of the corrosion solution and the material composition
of HEAs significantly affect the corrosion performance of the coatings. Hao et al. [67]
explained why it is difficult to form a passive film on the surface of Co-Cr-Fe-Mn-Ni HEAs
in a chloride containing salt environment, and proposed an effective method to solve this
problem. The alloys are given a nitriding treatment to cause N to react with H" ions in
the corrosion medium, with H* ions preventing Mn and Co elements from creating the
passive film, thus improving the alloy’s capacity to produce the passive film and boosting
its anti-corrosion ability.

The temperature of the corrosion medium also affects the corrosion resistance of the
alloy. Wang et al. [68] reported the influence of different corrosion solutions (3.5 wt % NaCl
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and 0.5 M H,50,) and the external environment at different temperatures on the corrosion
performance of Cr-Fe-Co-Ni HEA coatings. The results show that the corrosion potential
and corrosion current of the coating worsen and the corrosion resistance of the coating is
weakened to a certain extent with the increase in temperature under the same corrosion
solution. At the same time, the report also found that the influence of temperature on
the corrosion performance of the coating was different in different corrosion solutions.
Xue et al. [69] reported the corrosion behavior of Aly-Crs-Cus-Fes3-Nigs HEAs at different
temperatures and chloride solution concentrations. The report pointed out that at low
temperatures (<25 °C), the coating has exceptional corrosion resistance due to the existence
of the oxide film. However, with the increase in temperature, the passive film of the coating
is damaged, resulting in accelerated corrosion of the coating. Similarly, higher chloride
concentration solutions will considerably weaken the corrosion resistance of the coating

At present, more and more engineering structural materials need to be used in complex
working conditions. Therefore, in addition to the corrosion performance of LC-HEACs
in standard acidic, alkali, and salt environments, the corrosion resistance of LC-HEACs
in simulated actual working conditions is more valuable. The 20 G steel used in the
boiler water-cooling environment is often used in a high-temperature and H,S-containing
environment, which will lead to serious corrosion of the 20 G steel and even a tube burst
accident. To solve this problem, Liu et al. [70] prepared Ni-Cr-Mo-W-Six LC-HEACs with
different Si additions on the surface of 20 G steel, and corrosion experiments were carried
out on the HEA coatings in a simulated high-temperature (500-600 °C) H,S environment.
The experimental findings demonstrate the superior anti-corrosion ability of HEA coatings,
and particularly when the Si concentration is 1.0 wt %, a protective oxide film forms on
the coating’s surface to further increase the anti-corrosion ability. However, if Si is added
in excess, it can result in large cracks along grain boundaries and poor anti-corrosion
ability. Low-carbon steel is widely used in engineering due to its low price. However, the
poor corrosion resistance of low-carbon steel seriously affects its service life. Andri Isak
Thorhallsson et al. [71] successfully prepared Co-Cr-F-eNi-Mog g5 and Al 5-Co-Cr-Fe-Ni
HEA coatings on the surface of low-carbon steel, and tested the anti-corrosion ability
of the coatings under three actual geothermal environments. The results show that the
corrosion environment has a significant impact on the anti-corrosion ability of the coatings,
especially when the HEA coatings have manufacturing defects, as it will further aggravate
the corrosion of the coatings. X70 pipeline steel has suitable strength and toughness, as
well as weldability, and is widely used in the petroleum industry. However, in the long-
term service process, it is easily corroded, resulting in oil leakage, economic losses, and
even endangering the personal safety of workers. Therefore, Wan et al. [72] successfully
prepared Alj 4-Co-Cug ¢-Ni-Sig »-Tig 25 LC-HEACs on the X70 pipeline steel substrate. The
anti-corrosion ability of HEA coatings in challenging sulfur-containing conditions was
investigated in order to prolong the useful life of X70 pipeline steel. The findings reveal
that HEA coatings have higher impedance and impedance modulus than X70 steel, which
indicates that HEA coatings have significantly superior anti-corrosion ability than X70 steel.
HEA coatings also have a more accurate corrosion potential and lower current density. The
thorough results demonstrate that HEA coatings have much greater resistance to corrosion
than X70 steel.
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Table 4. The effects of 3.5 wt % NaCl (pH = 7) at different temperatures on the corrosion resistance of

HEA coatings.
HEAs Temperature Electrochemical Parameters of HEA Corrosion Mechanism Ref
Q) Coatings :
- - Ecorr (V) Icorr (A/cmz) - -
Cr-Fe-Co-Ni 20 —0.166 7.15 x 1078 N/A [68]
Cr-Fe-Co-Ni 40 —0.190 1.33 x 1077 N/A [68]
Cr-Fe-Co-Ni 60 —-0.133 299 x 1077 N/A [68]
Cr-Fe-Co-Ni-Moy » N/A —0.192 1.84 x 1079 N/A [73]
Fe-Co-Cr-Ni-Al N/A —0.485 1.29 x 107° N/A [74]
Fe-Co-Cry 5-Ni-Al N/A —-0.297 2.56 x 107° N/A [74]
Fe-Co-Cr, o-Ni-Al N/A —0.423 6.983 x 1076 N/A [74]
i-Ti Pitti
Alg5-Co-Cr-Fe-Ni-Tig 5 27 —0.610 9.91 x 10~ corrosion [62]
Aly5-Co-Cr-Fe-Ni-Tig 542 at % Si 27 —0.787 211 x 10-8 C ({’;;g;gn [62]
T _ Pittin

Aly g-Co-Cr-Fe-Ni-Tig 27 —0.509 1.37 x 10~8 Cor_rqsign [62]
Al g-Co-Cr-Fe-Ni-Tig 42 at % Si 27 ~0573 1.00 x 10-8 oiting [62]
Fe-Ni-Co-Cr 22~28 —0.188 8.77 x 10~° Intergranular corrosion [43]
Fe-Ni-Co-Cr-Mog 15 22~28 —0.161 7.63 x 1072 Intergranular corrosion [43]
Fe-Ni-Co-Cr-Mog » 22~28 —0.142 3.68 x 1072 Intergranular corrosion [43]
Fe-Ni-Co-Cr-Mog 25 22~28 —0.192 5.37 x 107? Intergranular corrosion [43]

. e Cr TN ~ —0.294~ _7 Pitting
Alp3-Cug3-Co-Cr-Fe-Ni 20~24 0980 2.42~3.04 x 10 and galvanic corrosion [75]

N -Co-Cr-Fe-Ni - —-0.271~ _7 Pitting
Alg3-Cug4-Co-Cr-Fe-Ni 20~24 —0.251 2.92~3.88 x 10 and galvanic corrosion (75]

. ~ —0.263~ - Pitting
Alg3-Cug5-Co-Cr-Fe-Ni 20~24 0045 6.90~7.96 x 10 and galvanic corrosion [75]

P ~ —0.255~ ,7 Pitting
Alg3-Cug6-Co-Cr-Fe-Ni 20~24 —0.241 9.53~9.99 x 10 and galvanic corrosion 751

Table 5. The effects of acidic environment (pH < 7) at different temperatures on the corrosion

resistance of HEA coatings.

. Temperature Electrochemical Parameters

HEAs Medium ?"C) of HEA Coatings Ref.

- - - Ecorr (V) Icorr (A/sz) -
Cr-Fe-Co-Ni 0.5 M H,SO4 20 —0.737 7.07 x 1075 [68]
Cr-Fe-Co-Ni 0.5 M H,SOy4 40 —0.767 497 x 1074 [68]
Cr-Fe-Co-Ni 0.5 M H,SO4 60 —0.759 1.26 x 1073 [68]
Cr-Fe-Co-Ni 0.5 M H,SO4 80 —0.758 3.32 x 1073 [68]
Cr-Fe-Co-Ni-Moyg » 1 M H,SOy4 N/A —0.406 2.28 x 10~ [73]
Cr-Mn-Fe-Co-Ni 0.1 M HpSOy4 25 —0.509 6.21 x 1074 [76]

6. Corrosion Resistance Enhancement Mechanism

The factors affecting metal corrosion include metal material itself and external envi-
ronment. The metal material itself includes the composition of the metal and the surface
finish of the metal material, while the external environment includes the temperature, hu-
midity, and pH value of the contact environment [77-79]. When the external environment
cannot be changed, the alloy can be formed by improving the metal structure and selecting
elements with exceptional anti-corrosion ability. In fact, LC-HEACs have a suitable coating
structure and a flexible selection of coating materials, thus significantly improving the
anti-corrosion ability of the substrate surface. The following three reasons (as shown in
Figure 5) are primarily responsible for the superior corrosion resistance of LC-HEACs:
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Figure 5. Schematic representation of corrosion resistance mechanism: (a) bare substrate; (b) LC-HEACs.

(1) From the perspective of LC technology: LC technology can produce coatings with
exceptional microstructures. Generally, coatings with fine microstructures perform well
in anti-corrosion, because this not only reduces the impurity concentration at the grain
boundary, but also reduces the component segregation during rapid cooling (Figure 5b).

(2) From the perspective of HEAs: HEAs are composed of a variety of main elements,
some of which can react with oxygen in the air, such as Cr, Al, and Mo, to produce a dense
Cr,03, Al;,03, and MoO; passivation film on the surface of the HEA coatings (Figure 5b),
so that under the protection of passive film, it can effectively prevent corrosion ions from
entering and corroding the coatings, which greatly inhibits the damage of the corrosion
ions to the coatings and the substrate.

(3) From the perspective of LC-HEACs: LC-HEACs frequently form simple FCC or
BCC phase under the circumstances of high mixing entropy impact of various primary
components and quick solidification of LC [66,80], which further lessens the development
of corroded galvanic cells and reduces the coating’s propensity for corrosion.

7. Conclusions

In this work, the influence rule and mechanism of anti-corrosion of LC-HEACSs are sum-
marized from four aspects: laser cladding process parameters, post-processing technology,
high-entropy alloy material system, and service environment. The corrosion behavior of
LC-HEACs was studied in the following ways: (1) electrochemical tests, (2) characterizing
and analyzing passive film, and (3) analysis of corrosion morphology and corrosion mecha-
nism. At present, with the research of many scholars, the influence laws and mechanisms
of different elements on the anti-corrosion of LC-HEACs have been gradually clarified,
and HEA material systems with exceptional corrosion resistance have been discovered.
At the same time, various workable approaches to enhance the anti-corrosion ability of
LC-HEAC:s are also proposed. However, it is important to prepare LC-HEACs with greater
anti-corrosion ability in order to increase the application range of LC-HEACs in the field of
anti-corrosion. The following aspects may be the focus of future investigations.

(1) For different complex engineering practical application environments, design
corresponding LC-HEACs as needed, and carry out the corrosion resistance test in the
simulated actual service environment to study the anti-corrosion ability of the coatings in
the corrosive environment.

(2) Develop a new LC-HEACs material system, e.g., a lightweight LC-HEACs material
system composed of light elements such as Al, Mg, or Sc, which is more in line with
the trend of lightweight design and manufacturing. To reduce the preparation cost of
LC-HEAUC S, focus on the research of affordable elements to realize the industrialization
of LC-HEACs. At the same time, when developing a corrosion-resistant LC-HEACs, it is
necessary to take into account the wearability and hardness of the HEA coatings.

(3) At present, there are a few studies on the influence of LC process parameters such
as laser power, scanning speed, and laser spot size on the anti-corrosion ability of HEA
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coatings. Moreover, the lack of a theoretical model for the primary selection of process
parameters leads to unnecessary waste of materials in the process of seeking the best
process parameters. Therefore, a general theoretical model for selecting appropriate process
parameters should be established in future studies.

(4) Many types of equipment are used in harsh environments. The surface of the
equipment is not affected by corrosion alone, but rather the coupling effect of wear and
corrosion. Therefore, the exacerbation of corrosion due to wear should be considered in
future studies.
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