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Abstract: To improve the surface properties of 5083 aluminum, Al0.8FeCrCoNiCu0.5Yx (x = 0, 0.05,
0.1, and 0.2) high-entropy alloy coatings were prepared by laser cladding. The phase structure and
microstructure of the Al0.8FeCrCoNiCu0.5Yx coatings were characterized by XRD and SEM. The
tribological properties of the coating were tested by a friction and wear tester. An electrochemical
workstation tested the corrosion resistance of the coating. The results show that when Y content is less
than 0.2, the Al0.8FeCrCoNiCu0.5Yx coating is in the FCC1, BCC1, and BCC2 phases. When Y is added
to 0.2, the coating appears rich in the Y phase. With the increased Y content, the hardness of the coating
can increase. The average hardness of Y0, Y0.05, Y0.1, and Y0.2 are 479HV0.2, 517HV0.2, 532HV0.2, and
544HV0.2, respectively. Microstructure evolution leads to an increase in the hardness of the coating.
The effect of Y on the wear resistance of the Al0.8FeCrCoNiCu0.5Yx coatings is consistent with the
hardness. Al0.8FeCrCoNiCu0.5Y0.2 coating has the lowest wear rate, at is 8.65 × 10−6 mm3/Nm. The
corrosion current density of Al0.8FeCrCoNiCu0.5Y0.05 and Al0.8FeCrCoNiCu0.5Y0.1 coatings is in the
order of 10−8, which is less than Al0.8FeCrCoNiCu0.5Y0.2 and Al0.8FeCrCoNiCu0.5. The performance
of each component coating is superior to that of the substrate.

Keywords: laser cladding; high entropy alloy; microstructure; wear and corrosion

1. Introduction

Since 2004, the design idea of high entropy alloys (HEA) has broken the traditional
alloy concept’s bottleneck and broadened the multi-principal alloy application field [1].
Due to the high entropy effect of HEAs, their phase is usually composed of body-centered
cubic (BCC) and face-centered cubic (FCC) solid solutions, which are less prone to com-
plex intermetallic compounds [2–5]. Given the effects of solution strengthening, lattice
distortion, and slow diffusion, HEAs can display excellent properties, such as high strength
and hardness, good ductility, and wear resistance, which gives them broad development
potential and application prospects in necessary engineering fields such as vehicles, ships,
aerospace, etc. [6,7].

Block high-entropy alloys and high-entropy alloy coatings are the two most common
ways to prepare high-entropy alloys. Research on high-entropy alloy blocks has been
mainly focused on melt-casting and powder metallurgy. However, because the main
elements that make up high-entropy alloys often include Ni, Co, Ti, and other precious
metal elements, the cost of high entropy alloy block prepared by the above method is higher.
In addition, bulk high-entropy alloys prepared using a vacuum electric arc furnace are
small and simple in shape, making it difficult to meet the industry’s needs for preparing
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large-sized and complex-shaped parts, thereby hindering the application of simple high-
entropy alloy blocks in industrial production. The coating technology has come into being
to compensate for the high cost, non-uniform composition, and size limitation of preparing
block high entropy alloys. Traditional coating preparation techniques include mechanical
alloying, magnetron sputtering, thermal spraying, and deposition methods.

Laser cladding (LD) is the ordinary method of coating preparation because of its
fast cooling rate and low heat output. Some institutions have carried out the practice of
HEA coatings by LD [8]. Among the many high-entropy alloy material systems, Fe, Co,
Cr, and Ni have small differences in mixing enthalpy and atomic size, and easily form
a homogeneous solid solution in the process of preparing high-entropy alloy coatings.
Hence, the FeCoCrNi system of high-entropy alloy coatings is a current research hotspot.
Furthermore, adding non-metallic elements, hard ceramic phases, and heat treatment to the
above material system helps improve the wear resistance of the high-entropy alloy coating.

Sha et al. prepared AlxCoCrFe2.7MoNi (x = 0, 0.5, 1.0, 1.5, 2.0) high-entropy alloy
coatings on a pure iron surface by laser melting, and found that the increase in Al element
content promoted the release of Mo from the Mo-rich BCC phase to form a (Mo, Cr)-rich σ

phase, which led to the increase in hardness and wear resistance of the coatings [9]. Liu et al.
prepared CoCrFeNiTi high-entropy alloy coatings by laser melting and showed that the
hardness of CoCrFeNiTi coatings could be increased to 700 HV0.3, and the wear resistance
was significantly improved [10]. Zhang et al. found that the corrosion resistance of
AlCoCrFeNi HEA coatings was 7.6 times higher than that of 304 stainless steel. In addition,
the component composition significantly modulates the organization and performance
of the HEA coatings [11]. Martin et al. investigated the impact of Ti on the structure
and properties of AlCoCrFeNi HEA. As the Ti content rises, the coating’s microstructure
becomes more heterogeneous, and its hardness and wear resistance increase [12]. Zhang
et al. doped B element in FeCrNiCo high entropy alloy coating, indicating that FeCrNiCoBx
coating is mainly a simple FCC solid solution containing boride precipitation. When
0.5 ≤ x ≤ 1.0, the hardness and corrosion resistance of the high entropy alloy coating
increase with the increase of boron content; When x is close to 1.25, the corrosion resistance
of the coating becomes poor [13]. Ma et al. found that Nb can promote the evolution of the
structure of AlCoCrFeNi HEA from hypo eutectic to hyper eutectic and reduce the yield
strength and hardness [14]. He et al. prepared a AlxCu0.7Si0.1By high entropy alloy coating
on Q235 steel surface by using a laser melting technique and investigated the effect of B
addition on the solid solution, strengthening the ability of the coating, and found that the
addition of B content could improve the hardness of the coating. The Al2.3Cu0.7Si0.1B0.6
coating showed ultra-high hardness and wear resistance [15]. Cai investigated the effect of
TiC high entropy alloy coating properties and found that the addition of TiC resulted in the
refinement of the coating grains and the increase of dislocation density, which made the
coating more resistant to potential plastic deformation and thus showed better performance.
However, too many large grains also became more sources of cracking, and the coating had
better friction and wear resistance when the TiC content was 10%. The coating has better
friction and wear resistance when the TiC content is 10% [16].

Rare earth elements are known as “industrial vitamins”. Some scholars have prepared
nickel-based coatings containing rare earth elements or rare earth oxide on aluminium
using laser technology [17–20]. The addition of rare earth can significantly improve the
coating’s forming quality and mechanical properties. Some scholars also studied the effect
of adding rare earth on the structure and properties of HEAs [21–23]. However, the research
on laser cladding of high entropy alloy containing rare earth on 5083 aluminum alloy is
still lacking [24–26].

The melting point of Y is 1522 ◦C, which is lower than other frequently-used rare earth
elements or rare earth oxides, such as Y2O3 (2410 ◦C) and CeO2 (2397 ◦C). Furthermore, its
melting point is less than the boiling point of aluminum (2372 ◦C), which can also avoid
excessive substrate dilution due to the high melting point of added elements during LD.
It was discovered in previous research that the melting point of aluminum is much lower
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than that of conventional coating materials, such as iron-based alloys and nickel-based
alloy, which causes aluminum to float to the molten pool in large quantities during laser
processing. The reaction of materials easily generates intermetallic compounds, which lead
to defects such as porosity and cracks. In this study, using the unique high-entropy effect
of high-entropy alloys, an Al0.8FeCrCoNiCu0.5Yx (x = 0, 0.05, 0.1, 0.2) high-entropy alloy
coating was prepared on the surface of aluminum alloy by laser cladding.

Our research group has prepared Al0.8FeCrCoNiCu0.5 coating, which can improve
the substrate’s wear resistance and corrosion resistance [27]. In this research, to improve
the coating properties and investigate the mechanism of the effect of Y elements on the
properties of HEAs, the characteristics of Al0.8FeCrCoNiCu0.5Yx (x = 0, 0.05, 0.1, 0.2) HEA
coating was studied.

2. Materials and Methods

The coaxial powder feeding method was used to carry out the laser cladding experi-
ment, and the CO2 laser was selected. The laser adopts the DC050 type, and the output
wavelength is 1063 um, the maximum output power is 5000 W, and the output beam mode
is quasi-basic mode Gaussian beam. The output beam mode of the laser is quasi-basic
mode Gaussian beam, and the beam quality factor is greater than 0.9, which can realize
continuous and pulse laser output modes. The pulse mode is a rectangular pulse laser
formed by the electronic shutter timing switch. The motion apparatus was a CNC machine.
Al, Cr, Fe, Co, Ni, Cu, B, and Si powders produced by atomization or reduction methods
were selected, all with purity greater than 99.5% and a particle size of 200–325 mesh. Before
the laser deposition preparation, the mixed powders were fully stirred and dried using a
planetary ball mill (QM-QX) to ensure the powder’s continuity, fluidity, and homogeneity
during the powder-feeding process. Ball milling is carried out in a non-metallic ZrO2 ce-
ramic ball mill tank filled with argon gas to prevent the introduction of additional metallic
elements. Due to the low melting point of Al, it is necessary to control the milling speed
and time to prevent explosion during milling. After ball milling, the powder is dried in a
vacuum drying oven to avoid the formation of hydrogen pores in the coating due to the
adsorption of moisture by the powder. Finally, the sealing equipment is used. Figure 1
depicts the laser cladding schematic diagram.
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Figure 1. The schematic diagram of coaxial laser cladding.

For the substrate, 5083 aluminium was selected. After extensive process tests, the
following parameters were selected: laser power 1850 W, scanning speed 120 mm/min,
powder feeding rate 5.6 g/min, pulse frequency 50 Hz, duty cycle 70%. The metallographic
samples were cut by wire cutting according to the characterization requirements. Grind
and polish the sample section. Configure the aqua regia corrosion section for about the
30 s, and clean it with ethanol. The tissue observation of the high-entropy alloy coating
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was carried out using a mixed solution of hydrochloric acid and nitric acid (volume ratio
3:1) for corrosion, and the corrosion time was controlled within 20~120 s for different alloy
compositions. The specimens are cleaned with alcohol and then air-dried. Avoid residual
corrosion solution on the surface of the specimen.

The physical phase analysis of the coating was performed using an Empyrean X-ray
diffractometer (Empyrean, Malvern Panalytical, Almelo, Netherlands) with a Cu target, a
tube voltage of 40 kV, a scanning speed of 4 ◦/min, and a scanning angle step of 0.05◦. The
JSM-6510LA SEM was selected for micro-structure observation. An MH-60 microhardness
tester was used to test the coating hardness. The load was 200 g, the loading time was
10 s, and the average value of three specimens was taken. MM200 friction was selected
for dry-sliding wear testing; the load loading was 98 N, and the test time was 30 min. The
friction block was a GCr15 steel ring with a hardness of 61 HRC. Frictional wear data were
recorded during the frictional wear test, and the test was repeated three times to obtain the
average value. The test load was 98 N, the speed was 400 r/min, and the permitted time
was 30 min. The material’s wear rate was determined by calculating the volume of wear.
Figure 2 shows the schematic diagram of the wear test.
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Figure 2. Schematic diagram of the wear test.

The dynamic potential polarization curve is currently one of the most convincing
measurements in the field of material corrosion resistance evaluation, which can be used to
characterize the electrochemical corrosion behavior of materials by the relationship curve
between electrode potential and current density. Zaner’s electrochemical workstation was
selected for the polarization test. The polarization test uses an electrochemical workstation
(Zennium Pro, Zahner, Kronach, Germany). The experiment was carried out at room
temperature. A three-electrode working system was used: the working electrode was the
experimental sample (WE), the counter electrode (CE) was platinum, and the reference
electrode (RE) was a saturated KCl solution. Select 3.5% NaCl solution for the corrosion
solution. The scanning range of the polarization curve test is −2~1 V. The scan rate was
5 mV/s. Al0.8FeCrCoNiCu0.5Yx (x = 0, 0.05, 0.1, 0.2) HEA coatings were designed, and the
nominal composition was shown in Table 1.
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Table 1. Nominal components of Al0.8FeCoNiCrCu0.5Yx (at%).

Alloy Abbreviation Al Cr Fe Co Ni Cu Y

Al0.8FeCrCoNiCu0.5 Y0 15.84 19.80 19.80 19.80 19.80 4.95 0
Al0.8FeCrCoNiCu0.5Y0.05 Y0.05 14.95 18.69 18.69 18.69 18.69 9.34 0.93
Al0.8FeCrCoNiCu0.5Y0.1 Y0.1 14.81 18.51 18.51 18.51 18.51 9.25 1.85
Al0.8FeCrCoNiCu0.5Y0.2 Y0.2 14.54 18.18 18.18 18.18 18.18 9.09 3.63

3. Results and Discussion
3.1. XRD Analysis

Figure 3 displays the XRD of the Al0.8FeCrCoNiCu0.5Yx HEA coatings, and the coating
consists of BCC, FCC, and Y-rich phases. The BCC1 phase was a disordered BCC solid solu-
tion whose diffraction peak was 44.5◦, 65.0◦, and 82◦, similar to α-(Fe,Cr). The diffraction
peaks nearby proved that the BCC2 phase was an ordered BCC phase (B2 phase) that is
close to the AlNi phase. The FCC1 diffraction peak position was 44.0◦, 51.6◦, 74.5◦, similar
to α-Cu. [28]. No new phase is generated when the Y range is from 0.05 to 0.1. The Y-rich
phase appeared at Y0.2, indicating that excessive Y cannot be dissolved.
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Figure 3. XRD of Al0.8FeCrCoNiCu0.5Yx coating.

3.2. Microstructure

Figure 4 displays the microstructure of the Al0.8FeCrCoNiCu0.5Yx HEA coatings, and
all samples showed a dendritic structure after metallographic corrosion. Compared with
the Y0, the structure of the coating containing rare earth elements is more refined, and the
reason is that Y belongs to the surface active element, which can reduce the surface tension
of the melt pool, reduce the work required for nucleation of critical size, increase the amount
of nucleation, and improve the number of crystallites in the tissue per unit area [18,21,29].
Rare earth elements can act as non-autonomous crystallization cores and hinder grain
growth [29,30]. When Y is increased to 0.2, the grain size is further refined, but significant
differences in the scale between grains appear, and the uniformity deteriorates, as in
Figure 4d. The Al0.8FeCrCoNiCu0.5Yx HEA coatings are more sensitive to Y. A moderate
amount of Y will refine the organization of the coating, while an excessive amount of Y is
not conducive to the homogeneity of the organization.
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of Y0.2).

3.3. Hardness

Figure 5 displays the average hardness of Al0.8FeCrCoNiCu0.5Yx HEAs coatings. The
average hardness of Y0, Y0.05, Y0.1, and Y0.2 are 479HV0.2, 517HV0.2, 532HV0.2, and 544HV0.2,
respectively. The addition of Y increases the hardness of the coating. On one hand, although
the addition of Y does not change the phase structure of the solid solution, the Y element
with a large atomic radius can increase the lattice distortion of the reliable solution, and
the solution strengthening effect can improve the hardness of the coating. On the other
hand, adding Y refines the grains and plays a role in the fine-grain strengthening of the
coating. The combined effect of the two increases the hardness of the coatings. For high
entropy alloy coatings, the variety of solid solution elements is high, which leads to a large
lattice distortion of the alloy. The interaction of the stress field generated by the lattice
distortion and the elastic stress field will have a strong pegging effect on the dislocation
slip inside the alloy. The pegging effect increases the resistance to dislocation movement.
Solid solution and dislocation strengthening make the high entropy alloy exhibit high
hardness characteristics. The hardness of each coating is much higher than that of the
substrate [31,32].
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3.4. Friction and Wear Properties

Figure 6 shows the friction coefficient of Al0.8FeCrCoNiCu0.5Yx HEA coatings. Table 2
shows the measured and calculated results of wear length, wear width and wear rate. In
the initial wear stage, the GCr15 steel ring is mainly in point and line contact with the wear
surface, resulting in an unstable friction coefficient. The specimen is in a stable wear stage
after about 10 min. The friction coefficient curves of the samples showed a decreasing trend.
When the friction coefficient region was stabilized, the friction coefficient of Y0.05 was close
to that of Y0.1. The friction coefficients of Y0 and Y0.2 were slightly higher than the former.
The friction coefficient of each coating is 0.551~0.561, which is smaller than the substrate.
The wear rate of Al0.8FeCrCoNiCu0.5Yx HEA coatings is significantly smaller than that of
the substrate, the wear rate of Y0.05 and Y0.1 is not much different, and the wear rate of Y0.2
is slightly higher. Compared to Al, Y content added to 0.1 reduces the wear rate by 25.8%.
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Figure 6. Comparison of friction coefficient of the Al0.8FeCrCoNiCu0.5Yx HEA coatings.

Table 2. The measured results of wear scar and the calculation results of the wear coefficient.

Alloy Length
(mm)

Width
(mm)

Wear Coefficient
(mm3/Nm)

Substrate 7.00 14.00 3.50 × 10−4

Al0.8FeCrCoNiCu0.5 6.72 4.82 5.45 × 10−6

Al0.8FeCrCoNiCu0.5Y0.05 6.72 3.49 3.95 × 10−6

Al0.8FeCrCoNiCu0.5Y0.1 6.68 3.52 4.04 × 10−6

Al0.8FeCrCoNiCu0.5Y0.2 7.00 4.32 8.65 × 10−6

Figure 7 shows the worn surface morphology of the coatings and substrate. The wear
surface of each coating is smoother than that of the substrate. The stepped shape and
dimple occur on the aluminium, and the wear forms are plastic deformation and fatigue
wear, as shown in Figure 7a. On the step-like wear surface, a large number of tough nests
appear for the following reasons: on the aluminum alloy surface in the friction and wear
process, along the friction block shear stress direction, a large degree of ductile deformation
occurred, and the material fractured under continuous shear. Part of the elongated ductile
surface was torn shrinkage, forming tough nests. The newly generated surface and friction
block contact, continued to cycle the above process, forming step-like fracture.

Y0 showed scratches and spalling, as shown in Figure 7b. This means that the coating
surface experienced adhesive wear and, simultaneously, a delamination fracture occurred.
The formation of delamination fracture is caused by the material strength is less than
the friction sub-shear strength. As the test proceeds, cracks appear on the surface of the
specimen under the action of shear, leading to the accumulation of internal dislocations in
the material. At this time, the cracks extend along the surface of the test piece gradually
appear, and finally in the whole piece off. The large pieces that fall off will significantly
increase the wear rate of the material.
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The wear surface of Y0.05 has abrasive particles and furrows, which are adhesive wear
and abrasive wear, as shown in Figure 7c. This is due to the local stress that causes the
welding of the contact area between the counter-abrasive and the micro-bump, and the
weld area is torn under the shear stress and reciprocal motion to form spalling pits. The
flaking metal particles produce micro-cutting to the coating forming grooves and furrows,
indicating that the wear mechanism of the coating is adhesive wear and abrasive wear.
Because the Y0 surface hardness is lower, the friction force is most concentrated at the center
of the cross-section during the wear process, and the abrasive particles formed during the
wear process are easily pressed into the coating surface, leading to material loss and plastic
deformation on the coating surface.

As shown in Figure 7d, there is a small peeling surface on the surface of Y0.1, but the
furrow is shallow, and the wear mechanism is the same as that of Y0.05. This indicates a
higher stacking layer error performance of the Y0.1 [33]. As shown in Figure 7e, Y0.2 has
a large welding area. Under the repeated action of the friction pair pressure, the edge of
the wear surface of the coating appears to be tilted to a certain extent, the wear groove has
undergone plastic deformation, and the appearance of the flocculent structure indicates
that the alloy has experienced an oxidation reaction during the wear process. The wear
surface of Y0.2 is rougher than that of Y0.1.

3.5. Corrosion Resistance

Figure 8 shows the polarization curve of coatings and substrate in 3.5% NaCl solution.
The coating polarization curve consists of four parts: a cathodic polarization zone, an
anodic dissolution zone, a passivation zone, and an over-passivation zone. The passivation
zone appears in each specimen, indicating that as the electrochemical corrosion process
proceeds, a passivation film will appear on the electrode surface, which can slow down the
erosion of Cl ions on the working electrode surface during the electrochemical corrosion
process. In the activation-passivation stage, the current density of the sample gradually
decreases with the potential increase because the adhesion of corrosion products in this
stage hinders the further reaction of the matrix. In the passivation stage, the current density
decreases to a very small value and tends to be stable, which indicates that the sample
forms a passivation film in the corrosion solution. It is generally believed that the passive
film formed by metal in the medium is an oxide or hydroxide, which can keep the anodic
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dissolution rate of metal at a small value. The protective effect of the passive film on the
substrate is related to the integrity, compactness, and uniformity of the passive film.
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Figure 8. Potentiodynamic polarization curves of the Al0.8FeCrCoNiCu0.5Yx HEA coating and
substrate in 3.5% NaCl solution.

The polarization curves of all coatings show passivation intervals. Y0.1 has the widest
passivation range and Y0.2 has the narrowest passivation range, indicating that the integrity
of the passivation film increases first and then decreases with the increase of Y. Table 3
shows the polarization parameters of each sample after Tafel extrapolation fitted the
polarization curves. The corrosion current density represents the corrosion resistance
rate of the materials. The greater the corrosion current density of materials, the faster the
corrosion rate [34]. The corrosion current densities of Y0.05 and Y0.1 s are 6.70 × 10−8 A/cm2,
9.33 × 10−7 A/cm2, respectively, at an order of 10−8, smaller than that of Y0.2 and Y0,
indicating that the corrosion resistance of Y0.05 and Y0.1 is superior to that of Y0.2 and Y0.
As depicted in Figure 8, the corrosion morphology of Al0.8FeCrCoNiCu0.5Yx HEA was
examined to investigate its corrosion behavior further.

Table 3. The electrochemical parameters of coatings and substrate in 3.5% NaCl solution.

Solution Samples Ecorr
(V)

Icorr
(A/cm2)

Substrate [35] −1.32 4.12 × 10−5

3.5% NaCl

Al0.8FeCrCoNiCu0.5 −0.361 1.67 × 10−7

Al0.8FeCrCoNiCu0.5Y0.05 −0.336 8.70 × 10−8

Al0.8FeCrCoNiCu0.5Y0.1 −0.328 6.33 × 10−8

Al0.8FeCrCoNiCu0.5Y0.2 −0.298 1.54 × 10−7

Figure 9 shows the corrosion morphology of Al0.8FeCrCoNiCu0.5Yx after the dynamic
potential polarization test in 3.5% NaCl. In NaCl solution, the corrosion behavior of the
alloy is due to the extremely strong penetration of Cl ions in the solution, which tends
to adsorb in the weakest region of the passivation film formation, making the corrosion
process occur in the occlusion cell effect and causing the concentrated corrosion of the
coating. If the alloy is corroded, it will form corrosion products that can be attached to the
alloy surface or in corrosion pits. From Figure 9a,b, it can be seen that the corrosion spots
of Y0 and Y0.05 tend to be distributed along the intergranular, but no apparent significant
corrosion is formed. Figure 9c is the corrosion morphology of Y0.1. Compared with Y0.05,
the corrosion spots are smaller and more dispersed. It is speculated that the increase of Y
refines the grains and the refined grain boundary makes the copper-rich phase sparsely
distributed, which makes it difficult to form large corrosion pits. From Figure 9d, the
corrosion spot area of Y0.2 can be seen to be more significant than that of Y0.1, and the
corrosion trajectory of some regions is connected to form intergranular corrosion in a small
space. It is speculated that the uneven structure distribution of the coating is caused by the
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excessive addition of Y, indicating that the excessive addition of Y reduces the corrosion
resistance of the coating.
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Figure 9. SEM images of coatings after potentiodynamic polarization:in 3.5% NaCl solution. (a) is the
corrosion morphology of Y0; (b) is the corrosion morphology of Y0.05; (c) is the corrosion morphology
of Y0.1; (d) is the corrosion morphology of Y0.2.

4. Conclusions

(1) When Y content is less than 2, Al0.8FeCrCoNiCu0.5Yx coating presents FCC1, BCC1
and BCC2 phases. When Y is added to 0.2, the coating appears rich in the Y phase. The Y0.05
and Y0.1 coating has finer organization compared to Y0. When Y is increased to 0.2, some
grains are further refined, but large solidified grains also appear with grain size uniformity.

(2) The average hardness of Y0.1, Y0.2, and Y0.3 are 517 HV0.2, 532 HV0.2, and 544 HV0.2,
respectively. The mechanism of hardness improvement is mainly fine-grain strengthening
and solid solution strengthening.

(3) The corrosion surfaces of Y0.05 and Y0.1 have a small number of corrosion spots
distributed along the crystal; the corrosion resistance is improved mainly because of the
refinement of grain boundaries, reducing the concentration of corrosion-prone phases
in the intergranular distribution, but the further addition of Y is not conducive to the
improvement of the corrosion resistance of the coating.
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