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Abstract: Cavitation corrosion resistant coatings are an excellent solution to the cavitation corrosion
problem. High entropy alloys provide a new possibility for cavitation resistant coatings due to their
excellent comprehensive performance. Laser cladding was employed to synthesize AlCoCrxCuFe
(x represents the Cr concentration, x = 0.5, 1.0, 1.5, 2.0) high entropy alloy coatings (HECs) on AISI
304 steel. The phase transformation, microstructure, micro-mechanical properties, and cavitation
erosion performance of HECs were studied. Results showed that AlCoCrxCuFe HECs were composed
of BCC and FCC duplex phase. The microstructure of HECs showed a typical dendritic structure.
The composition segregation of interdendrite structures was observed. Cavitation erosion resistance
represented by 20 h volume loss was decreased with the increase in Cr content. AlCoCrxCuFe HECs
with the lowest chromium content (AlCoCr0.5CuFe) showed the best cavitation erosion resistance
among all samples. The cavitation resistance of AlCoCrxCuFe HECs has good correlation with the
mechanical parameter Hn

3/Er
2 (Hn is nanohardness, Er is elastic modulus) and phase formation

parameter δ (δ is atomic radius difference). The surface after 20 h of cavitation erosion testing exposed
the dendritic structure of BCC phase, which was caused by the destruction of the interdendrite
structure by cavitation impact.
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1. Introduction

Cavitation is a common phenomenon in ship propellers, rudder blades, turbine impellers, pumps,
and other hydraulic machinery [1]. Water flow will cause serious vibration, noise, and material damage
in hydraulic machinery during operation due to cavitation erosion. In the flow system, the static
pressure at any position lower than the vapor pressure of the liquid will cause cavitation in the water.
When the bubble pressure returns to higher than the steam pressure, the generated steam bubbles
will be transported by the fluid and collapse accordingly. If bubbles continue to burst near the solid
boundary, it will lead to surface material damage and component failure [2–4].

The coatings can not only provide effective protection for the parts prone to cavitation damage,
but also save valuable materials. In the research of cavitation erosion resistant materials, different
technologies have been used to synthesize cavitation erosion resistant materials or cavitation erosion
resistant coatings. Chiu K Y et al. [5] reported Ni–Ti coatings were synthesized by laser cladding
using relatively economical Ni–Ti strips. The results show that Ni–Ti coatings have the characteristics
of high hardness, high pressure mark recovery rate (unloading recovery displacement to maximum
displacement), no cracks and no pores, which lead to the high erosion resistance of Ni–Ti coatings.
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Singh R et al. [6] has synthesized a novel coating named Stellite 6 on 13Cr-4Ni stainless steel with laser
cladding. Correlation between the laser power and cavitation erosion resistance of the coatings has also
been studied. In their work, a high velocity oxygen fuel (HVOF) spraying process was used by Taillon
G et al. [7] to synthesize WC-CoCr and Cr3C2-NiCr HVOF metal-ceramic coatings. These coatings
showed obviously lower erosion rates than the substrate. In addition, Wang Y et al. [8] concluded that
the mean erosion depth of CoMoCrSi coatings synthesized by atmospheric plasma spraying (APS) was
significantly reduced.

High entropy alloys (HEAs) were first proposed by Jien-Wei Yeh of Taiwan Tsinghua University in
1995 on the basis of research on amorphous alloys [9]. HEAs have attracted more and more attention due
to its multi-component solid solution structure and excellent comprehensive performance [10]. Excellent
properties of HEAs have been observed. In most HEAs, very high strength and high plasticity [11]
are commonly observed. Some HEAs showed high corrosion resistance [12], low temperature
resistance [13], and high temperature oxidation resistance [14]. High fatigue resistance and high
wear resistance were observed in the research of Hemphill M A et al. [15] and Zhang H X et al. [16],
respectively. Therefore, HEAs will have a wide application prospect in cavitation corrosion resistant
materials [17]. HEAs, previously known as multiple principal element alloys, are generally formed
by five or more principal elements. The molar content of HEAs constituent elements is equal or
approximate. Now, broadening design scope has allowed the content of the principal element in HEAs
to vary between 5% and 35% (atomic fraction). Amongst all of the characteristics, the high entropy
effect is the most essential one. The reason is because only a single-phase or duplex-phase solid solution
can be formed in most of the HEAs believed to be governed by the high entropy effect [18].

The atoms of each kind of element in the HEAs occupy the lattice position of the crystal randomly
and each atom is surrounded by the atoms of other elements. However, due to different atomic sizes
and different properties, severe lattice distortion will occur in solid solutions [19,20]. Formation of
the second phase will be reduced due to the lower diffusion rate of atoms in HEAs caused by severe
lattice distortion. Another unique effect is called the “cocktail effect”, which means that there will be a
complex interaction between the principal elements that leads to new characteristics in HEAs [21,22].

In recent years, the research into HEAs has received extensive attention, however, only a few
have concentrated on their cavitation erosion resistance. Wu C L et al. [23] prepared FeCoCrAlNiTix
high entropy alloy cavitation erosion resistant coatings using laser cladding. They studied the
influences of Ti content on the cavitation erosion behavior of their HEAs and concluded that with
the increase in Ti content, FeCoCrAlNiTi2 showed the best cavitation resistance in distilled water,
which was due to the hard intermetallic phases Ti2Ni and NiAl in FeCoCrAlNiTi2. Nair R B et
al. [24] investigated the difference of cavitation erosion resistance between Al0.1CoCrFeNi high entropy
alloys and 316 L stainless steel. Results show that the cavitation erosion rate of Al0.1CoCrFeNi high
entropy alloys is about 1/4 that of 316 L stainless steel. In the present work, AlCoCrxCuFe HECs
were prepared on an AISI 304 steel substrate using the laser cladding technique. The effect of Cr
content on microstructure, micro-mechanical properties, and cavitation erosion performance was
investigated. Effect of the micro-mechanical properties (nanohardness, elastic modulus) and phase
formation parameter (mixing entropy, atomic radius difference) were attempted to develop a further
understanding of the cavitation erosion resistance of HECs.

2. Materials and Methods

2.1. Coatings Preparation

The substrate used in the current study was an AISI 304 steel plate. The sample size was
60 mm × 60 mm × 10 mm. Fabrication of AlCoCrxCuFe HECs was performed using the LDM-6000 type
laser machine (Laserline, Australia). The prepared AlCoCrxCuFe coatings were denoted Crx where
x corresponded to the molar ratio of Cr to each of additional elements multiplied by a factor of ten.
The nominal composition of AISI 304 steel in this work is listed in Table 1. Al, Co, Cr, Cu, and Fe
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powders were used for laser cladding and the powders’ particle size was 150 µm. The laser cladding
parameters are shown in Table 2. All powders were spherical powders with a purity higher than 99.9%.
The mixed powder was ball milled with a rotation speed of 60 r/min for 8 h under argon protection.
Before the experiment, the mixed powder was oven dried at 70 ◦C for 2 h.

Table 1. The nominal composition of AISI 304 steel used in current study.

C Si Cr Mn Ni P S Fe

0.08 1.0 19.0 2.0 11.0 0.035 0.03 bal.

Table 2. Laser cladding parameters used in current study.

Laser Power Powder
Feeding Speed

Scanning
Speed Spot Diameter Shielding Gas and

Its Flow Rate
Overlapping

Ratio

1400 w 20 g/min 350 mm/min 4 mm Ar 3.5 NL/min 50%

2.2. Microstructural Characterization

After the laser cladding process, AlCoCrxCuFe HECs specimens were sectioned into
10 mm × 10 mm × 10 mm pieces perpendicular to the laser cladding path. The cross section of
the specimens was ground with 2000 grit sandpaper, polished to a scratch free mirror surface,
and subjected to 10% oxalic acid (beilianchem, 99.5%) solution electrolytic corrosion for 30 s. Specimens
after oxalic acid electrolytic corrosion surfaces were observed using a scanning electron microscope
(SEM) (JEOL JSM-7800F, Tokyo, Japan) with energy dispersive spectroscopy (EDS) (JEOL JSM-7800F,
Tokyo, Japan). X-ray diffraction (XRD) (Bruker D8 Advance, Billerica, MA, USA) was used to
analyze the phase structure of HECs at a scanning speed of 4◦ min−1, ranging from 20◦ to 100◦.
The nanoindentation characteristics of the AlCoCrxCuFe HECs were studied by a nanoindentation
tester (Keysight Nanoindenter G200, Santa Rosa, CA, USA). The measurements were carried out using
a Berkovich indenter with the load of 300 mN and loading time of 25 s. Nanoindentation tests were
performed for each sample five times.

2.3. Cavitation Erosion Test

Ultrasonic cavitation equipment conforming to the ASTM G-32 standard [25] was adopted.
The vibration frequency was 20 kHz and the amplitude was 50 µm peak-to-peak. The schematic
diagram of the cavitation erosion device used in the current work is shown in Figure 1.
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The surface of the laser cladding sample was ground with 2000 grit sand paper before the
experiment. During the experiment, the sample was immersed in a container filled with distilled
water. The vibrating head was 10 mm under the liquid surface, and the diameter of the vibrating head
was 16 mm. The sample surface was 0.5 mm below the vibrating head surface. The cooling system
including a beaker and water-cooler kept the water temperature at 25 ◦C. The accumulated time of
the ultrasonic cavitation erosion experiment was 20 h, and mass loss (ML) was measured every hour
with a balance with the sensitivity of 0.1 mg. Mass loss (ML) was converted to volume loss (VL) to
eliminate the density effect. The surface of AlCoCrxCuFe HECs after the cavitation erosion test (20 h)
was observed with a scanning electron microscope (JEOL JSM-7800F, Tokyo, Japan).

3. Results

3.1. Phase Formation

Phase formation analysis was carried out. Results of the XRD patterns of AlCoCrxCuFe HECs
including different Cr content is shown in Figure 2. As can be clearly seen, Cr05, Cr10, Cr15, and Cr20
HECs all showed FCC and BCC duplex phase structures. According to a previous report by [26] of
AlCoCrCuFe HEA, the disordered BCC phase and FCC phase was identified, which was consistent
with the results of the current study. The strongest diffraction peak of BCC phase was at about 43◦.
With the addition of Cr content, the strongest diffraction peak of BCC decreased. As the alloy was
composed of two phases and no intermetallic compound phase was obviously formed. It can be judged
that with the increase in the Cr element, the content of the BCC phase decreased gradually. In addition,
a significantly enhanced BCC peak was generated at 65◦ due to Cr aggregation between the dendrites
at x = 2.0 [27].
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The mixing entropy (∆Smix) of the AlCoCrxCuFe HECs was positive and mixing enthalpy (∆Hmix)
was negative. The Gibbs free energy of HECs was negative, as shown by the Equation (1), which was
beneficial to form the solid solution phase. Related research [28,29] has shown that the formation
of the HEAs phase is influenced by properties such as ∆Smix, ∆Hmix, atomic radius difference (δ),
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electronegativity difference (∆χ), valence electron concentration (VEC), and Ω. These parameters can
be expressed as Equations (2)–(7):

∆Gmix = ∆Hmix − T∆Smix (1)

∆Smix = Rlnn (2)

∆Hmix =
n∑

i=1,i,j

4∆Hmix
ij cic j (3)

δ =

√√ n∑
i=1

ci(1− ri/r)2 (4)

∆χ =

√√ n∑
i=1

ci(χi − χ)
2 (5)

VEC =
n∑

i=1

ci(VEC)i (6)

Ω(T) =
Tm∆Smix

|∆Hmix|
(7)

The meaning of the parameters in the equation is as follows:
∆Gmix—Gibbs free energy.
R = 8.314 J/(mol·K)—gas constant.
n—the number of element types.
∆Hmix

ij —the mixing enthalpy of the i principal element and the j principal element in
regular solution.

ci and c j—the atomic contents of the i principal element or the i principal element.
r—the average radius of the alloy element atoms.
ri—the radius of the i element.
χ—the average electronegativity of the elements.
χi—the electronegativity of the i element.
Tm—the melting point of the alloy.
The calculation results of the parameters of the laser cladding AlCoCrxCuFe HECs in this study such

as the ∆Smix, ∆Hmix, δ, ∆χ, VEC, and Ω are shown in the Table 3. The physical chemical/thermodynamic
parameters of the alloy elements used in this study are shown in Tables 4 and 5.

Table 3. Parameters of ∆Smix, ∆Hmix, δ, ∆χ, VEC, and Ω for the AlCoCrxCuFe HECs (high entropy alloy coatings).

HECs ∆Smix J/(mol·K) ∆Hmix kJ/mol δ ∆χ VEC Ω

Cr05 13.14 −2.86 5.23% 0.118683 7.55 5.82
Cr10 13.38 −2.56 4.98% 0.118423 7.40 6.93
Cr15 13.25 −2.31 4.78% 0.118199 7.27 7.88
Cr20 12.97 −2.11 4.60% 0.118005 7.16 8.69

Table 4. Mixing enthalpies between the elements used in the current study [30].

∆Hmix kJ/mol AL Co Cr Fe Cu

Al - −19 −10 −11 −1
Co - - −4 −1 6
Cr - - - −1 12
Fe - - - - 13
Cu - - - - -
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Table 5. The atomic radius, electronegativity, and VEC used in the current study.

Al Co Cr Fe Cu

Electronegativity 1.61 1.88 1.66 1.83 1.9
Atomic Radius (nm) 0.143 0.125 0.128 0.127 0.128

VEC 3 9 6 8 11

Zhang Yong et al. [31] believed that the formation range of the solid solution phase was δ < 6.5%,
−15 kJ/mol < ∆Smix < 5 kJ/mol, 12 J/(K·mol) < ∆Hmix< 17.5 J/(K·mol). Guo et al. [32] concluded that FCC
solid solutions would be relatively stable when VEC ≥ 8.6, and BCC solid solutions will be relatively
stable when VEC < 6.87. Moreover, Zhang Yong et al. [33] indicated that the ∆Hmix and T∆Smix can
both affect the ∆Gmix of the solid solution and the formation of the solid solution. Ω represents the
effect of the interaction of ∆Smix and ∆Hmix on the phase formation. They believe that when Ω ≥ 1.1,
δ ≤ 6.6%, the solid solution phase of HEAs will be stable. It can be pointed out in Table 3, that with the
increase in Cr content, the δ, ∆χ, and VEC of the AlCoCrxCuFe HECs decreased, while Ω increased.
However, the ∆Smix value was not in direct or inverse proportion with the Cr content. The parameters
of ∆Smix, ∆Hmix, δ, ∆χ, and Ω for the Cr05, Cr10, Cr15, and Cr20 HECs were consistent with previous
studies. The VEC for the AlCoCrxCuFe HECs in this study were all between 6.87 and 8.6. The XRD
results showed that AlCoCrxCuFe HECs had a FCC and BCC two-phase solid solution, which was
in line with the results of related research [31]. The above-mentioned parameters were often used
to predict the phase formation of fused and cast HEAs blocks. Laser cladding is characterized by
concentrated heat, fast heating, fast cooling, and a small heat affected zone. The special heating and
cooling process of AlCoCrxCuFe HECs may force its phase formation to be different from that of the
block HEAs. However, the relationship between the phase composition of AlCoCrxCuFe HECs in this
study and the parameters of ∆Smix, ∆Hmix, δ, ∆χ, VEC, and Ω were in good agreement with the phase
formation range in existing research [31–33].

3.2. Microstructure Characterization

As shown in Figure 3, the microstructure of HECs was composed of dendrite (DR) structures and
interdendrite (ID) structures. Laser cladding technology has the characteristics of high cooling rate
(106 K/s), and the solidification process of molten pool is non-equilibrium solidification [34]. The atoms
do not have enough time for complete diffusion and composition homogenization, which makes the
microstructure of the cladding layer show a dendrite structure [35]. Combined with EDS mapping and
XRD results, the DR structures of the BCC phase were rich in Al, Fe, Cr, and Co elements, while Cu
was concentrated in ID to form a copper-rich FCC structure. The enthalpy of mixing between Al and
Co was very negative (Table 4), which made them well mutually soluble. Cr and Fe were little different
in atomic radius and similar properties, therefore, they were mainly concentrated in the DR region to
form BCC phases. A large number of Cu elements were enriched between the ID region because of the
high enthalpy of mixing between Cu and other elements, which prevented Cu from existing in the DR
region. Moreover, the poor binding ability with other elements of Cu led to its segregation in the ID
region during solidification. In addition, with the increase in Cr content, the peak of BCC decreased,
indicating that the content of BCC decreased accordingly.

3.3. Cavitation Erosion Performance and Mechanism

The curve in Figure 4a exhibits the cumulative volume loss of test samples during the 20 h
cavitation erosion test. Volume loss (VL) was used to characterize the cavitation resistance of HECs.
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Figure 4. (a) Cumulative volume loss; (b) erosion rate of AlCoCrxCuFe HECs with the 20 h cavitation erosion test.

It can be clearly seen that the change in the curve can be divided into three different cavitation
erosion periods [7]: one is the incubation period with little material loss, the other is the period with
severe material loss; and another stationary period with stable material loss. Cr05 HEC exhibited the
lowest cumulative volume loss in all samples. With the increase in Cr content, the 20 h cumulative
volume loss increased. This indicated that the cavitation erosion resistance of AlCoCrxCuFe HECs was
decreased with the addition of Cr content, reaching its worst at Cr20 HEC. Figure 4b shows the erosion
rate curves of the AlCoCrxCuFe HECs. The incubation period of Cr05 HEC was about 4 h. However,
Cr10, Cr15, and Cr20 HECs only experienced about 2 h of the incubation period. Unlike from the
stable growth of Cr05 HEC and AISI 304 steel in the accumulation period, the growth of Cr10 and Cr15
was very rapid, and they only experienced about 1 h of rapid growth. With the increase in Cr content,
the erosion rate of HECs during the cavitation stationary period increased, which was consistent with
their 20 h cavitation cumulative volume loss results.
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Figure 5 shows the nanoindentation characteristics of the AlCoCrxCuFe HECs and AISI 304 steel.
The Oliver-Pharr method was used [36] for calculating the nanoindentation hardness and reduced
elastic modulus of AlCoCrxCuFe HECs. The equations used for calculation were (8)–(10).

hc = hmax − ε
Pmax

S
(8)

S =
dP
dh

(9)

Ac = 24.5(hc + 12.3)2 (10)

Hn =
Pmax

Ac
(11)

Er =
S
√
π

2
√

Ac
(12)

where hc, hmax, ε, S, Ac, P, h, Hn, Er represent the contact depth, displacement with maximum load,
correction constant (ε = 0.75), unloading stiffness with maximum load, contact area, applied load in
the process of nanoindentation, indentation depth, nanoindentation hardness, and reduced elastic
modulus, respectively.
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Figure 5. Load-displacement curves in nanoindentation test for AlCoCrxCuFe HECs and AISI 304 steel.

The research of H. Attar et al. [37] indicated that the reduced elastic modulus of the nano
indentation test was load dependent. In this study, the maximum load of the nano-indentation test was
selected as 300 mN, aiming to make the indentation depth and cavitation erosion depth in the same
order of magnitude. Hardness and modulus of elasticity are often regarded as mechanical parameters
related to the cavitation resistance of a material [2]. The micro-mechanical performance parameters,
drawn from the nano-indentation tests, are shown in Table 6. Figure 6 shows the relationship between
Hn, Er, Hn/Er, Hn

3/Er
2, and cumulative volume loss, respectively. The Er and VL correlation coefficient

was only R2 = 0.19, Hn and the VL correlation coefficient was R2 = 0.81. This indicates that Er and
Hn cannot affect the cavitation performance of HECs alone. Hn/Er is described as the elastic strain to
failure [38] and is widely considered as a valuable measure to determine the elastic behavior limit of
the contact surface. The Hn/Er and VL correlation coefficient was R2 = 0.88. This indicates that the
proper combination of hardness and elasticity is an important reason for the improvement of cavitation
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erosion performance. However, an over high Hn/Er will weaken the shear strength and reduce the
wear resistance [39]. Another parameter, Hn

3/Er
2, was more related to VL (R2 = 0.96). A higher

Hn
3/Er

2 usually corresponds to a higher resistance to plastic deformation [40]. This indicates that the
appropriate plastic deformation resistance was sufficient to bear the cavitation impacts. Cr05 HEC
obtained an excellent combination of hardness and elasticity, which made a great contribution to the
improvement in cavitation erosion resistance.

Table 6. Various mechanical parameters of the AlCoCrxCuFe HECs.

HEC Er (GPa) Hn (GPa) Hn/Er Hn
3/Er

2

AISI 304 174.1 ± 9.6 5.19 ± 0.14 0.0298 0.00002658
Cr05 201.4 ± 6.4 4.54 ± 0.21 0.0225 0.00001143
Cr10 168.4 ± 6.1 5.78 ± 0.13 0.0343 0.00004040
Cr15 235.6 ± 12.7 9.01 ± 0.44 0.0382 0.00005582
Cr20 202.8 ± 8.5 8.30 ± 0.17 0.0409 0.00006856
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Figure 7 exhibits the surfaces of the AlCoCrxCuFe HECs with the 20 h cavitation erosion test.
The DR structure can be clearly observed on the surface of Cr05 and Cr10, where it can be inferred
that the DR structure is more difficult to damage in the cavitation erosion test. The BCC phase of
the DR structure can make it work hardening when it is impacted by cavitation erosion, which can
prevent further damage to the material caused by cavitation impact [41]. FCC structures rich in
copper tend to have a higher stacking fault energy [42]. Higher stacking fault energy can result in
poor cavitation resistance [43], which makes the ID structure more vulnerable to cavitation impact.
The relatively undamaged DR structure in Cr05 proves this point. Figure 8 shows the XRD pattern of
the AlCoCrxCuFe HECs after the 20 h cavitation erosion test. Compared with the XRD patterns of
HECs with different Cr contents before the cavitation erosion test, it can be found that the characteristic
peak of the FCC phase decreased significantly near 50◦, especially in Cr05 HEC. This also coincides
with the surface morphology after the cavitation erosion test in Figure 7. The exposed DR structure
was caused by the damage of the ID structure by cavitation impact.
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The parameters ∆Smix, and δ influence the properties of high entropy alloys by influencing the
phase formation process, so it is necessary to discuss the relationship between these parameters and the
cavitation erosion resistance (expressed in VL). As shown in Figure 9, there was no obvious correlation
between ∆Smix and VL (correlation coefficient R2 = 0.241), while there was a strong correlation between
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δ and VL (correlation coefficient R2 = 0.991). The parameter ∆Smix can represent the driving force of the
formation of the solid solution [44]. High ∆Smix will increase the degree of entropy chaos in the alloy
system and significantly reduce the free energy of the alloy. The disordered distribution of different
alloying elements in the crystal lattice promotes the formation of a solid solution. However, in Figure 9a,
VL and ∆Smix did not show a strong correlation. At the same time, δ showed a strong correlation
with VL. The collapse of cavitation in water can produce high temperatures of 2300 k–5100 k [45].
The heat conduction in solid is realized by phonons and free electrons. With the decrease in Cr content,
the difference in atomic radius increases. The serious lattice distortion of high entropy alloys leads to
the scattering of phonons and lattice, which reduces the thermal conductivity [46]. This also makes the
high entropy alloy have certain advantages in the face of cavitation heat.
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4. Conclusions

(1) The AlCoCrxCuFe HECs with different Cr contents were FCC and BCC duplex solid solution
phase. With the increase in Cr content, the FCC phase content increased gradually. The phase formation
of HECs were the result of competition among ∆Smix, ∆Hmix, δ, ∆χ, VEC, and Ω.

(2) The microstructure of the AlCoCrxCuFe HECs was dendrite in the BCC phase and interdendrite
structures in the FCC phase. With the increase in Cr content, copper segregation occurred in dendritic
regions, especially in the Cr15 and Cr20 HECs.

(3) Cavitation erosion resistance expressed by 20 h volume loss was decreased with the addition
of the Cr element. Cr05 HEC revealed the best cavitation erosion resistance among all samples.
The surface after 20 h cavitation erosion tests exposed the dendritic structure of the BCC phase,
which was caused by the destruction of ID structure by the cavitation impact. The cavitation resistance
of the AlCoCrxCuFe HECs had good correlation with the mechanical parameter Hn

3/Er
2 and phase

formation parameter δ. The cavitation corrosion resistance of Cr05 was significantly better than that
of AISI 304 steel, which provides a new possibility for the preparation of cavitation erosion resistant
coatings by laser cladding.

Author Contributions: Conceptualization, D.Y.; Methodology, D.Y.; Software, G.L.; Validation, D.Y. and G.L.;
Formal analysis, S.F.; Investigation, D.Y.; Resources, S.F.; Data curation, G.L.; Writing—original draft preparation,
G.L.; Writing—review and editing, D.Y.; Visualization, G.L.; Supervision, S.L.; Project administration, D.Y.;
Funding acquisition, D.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant U1904185.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2020, 13, 4067 13 of 14

References

1. Luo, X.; Ji, B.; Tsujimoto, Y. A review of cavitation in hydraulic machinery. J. Hydrodyn. 2016, 28, 335–358.
[CrossRef]

2. Sreedhar, B.K.; Albert, S.K.; Pandit, A.B. Cavitation damage: Theory and measurements-A review. Wear
2017, 372, 177–196. [CrossRef]

3. Szkodo, M. Mathematical description and evaluation of cavitation erosion resistance of materials. J. Mater.
Process. Technol. 2005, 164, 1631–1636. [CrossRef]

4. Escaler, X.; Egusquiza, E.; Farhat, M.; Avellan, F.; Coussirat, N. Detection of cavitation in hydraulic turbines.
Mech. Syst. Signal Process. 2006, 20, 983–1007. [CrossRef]

5. Chiu, K.Y.; Cheng, F.T.; Man, H.C. Laser cladding of austenitic stainless steel using NiTi strips for resisting
cavitation erosion. Mater. Sci. Eng. A 2005, 402, 126–134. [CrossRef]

6. Singh, R.; Kumar, D.; Mishra, S.K.; Tiwari, S.K. Laser cladding of Stellite 6 on stainless steel to enhance solid
particle erosion and cavitation resistance. Surf. Coat. Technol. 2014, 251, 87–97. [CrossRef]

7. Taillon, G.; Pougoum, F.; Lavigne, S.; Ton-That, L.; Schulz, R.; Bousser, E.; Savoie, S.; Martinu, L.;
Klemberg-Sapieha, J.E. Cavitation erosion mechanisms in stainless steels and in composite metal-ceramic
HVOF coatings. Wear 2016, 364, 201–210. [CrossRef]

8. Wang, Y.; Liu, J.; Kang, N.; Darut, G.; Poirier, T.; Stella, J.; Liao, H.; Planche, M.P. Cavitation erosion of
plasma-sprayed CoMoCrSi coatings. Tribol. Int. 2016, 102, 429–435. [CrossRef]

9. Tsai, M.H.; Yeh, J.W. High-entropy alloys: A critical review. Mater. Res. Lett. 2014, 2, 107–123. [CrossRef]
10. Gao, M.C.; Yeh, J.W.; Liaw, P.K.; Zhang, Y. High-Entropy Alloys; Springer International Publishing:

Cham, Germany, 2016. [CrossRef]
11. Zhou, Y.J.; Zhang, Y.; Wang, Y.L.; Chen, G.L. Solid solution alloys of Al Co Cr Fe Ni Ti x with excellent

room-temperature mechanical properties. Appl. Phys. Lett. 2007, 90, 181904. [CrossRef]
12. Tang, Z.; Huang, L.; He, W.; Liaw, P.K. Alloying and processing effects on the aqueous corrosion behavior of

high-entropy alloys. Entropy 2014, 16, 895–911. [CrossRef]
13. Laktionova, M.A.; Tabchnikova, E.D.; Tang, Z.; Liaw, P.K. Mechanical properties of the high-entropy alloy

Ag0. 5CoCrCuFeNi at temperatures of 4.2–300 K. Low Temp. Phys. 2013, 39, 630–632. [CrossRef]
14. Gorr, B.; Azim, M.; Christ, H.J.; Mueller, T.; Schliephake, D.; Heilmaier, M. Phase equilibria, microstructure,

and high temperature oxidation resistance of novel refractory high-entropy alloys. J. Alloy Compd. 2015, 624,
270–278. [CrossRef]

15. Hemphill, M.A.; Yuan, T.; Wang, G.Y.; Yeh, J.W.; Tsai, C.W.; Chuang, A.; Liaw, P.K. Fatigue behavior of Al0.
5CoCrCuFeNi high entropy alloys. Acta Mater. 2012, 60, 5723–5734. [CrossRef]

16. Zhang, H.X.; Dai, J.J.; Sun, C.X.; Li, S.Y. Microstructure and wear resistance of TiAlNiSiV high-entropy laser
cladding coating on Ti-6Al-4V. J. Mater. Process. Technol. 2020, 116671. [CrossRef]

17. Li, Z.; Pradeep, K.G.; Deng, Y.; Raabe, D.; Tasan, C.C. Metastable high-entropy dual-phase alloys overcome
the strength–ductility trade-off. Nature 2016, 534, 227. [CrossRef]

18. Yeh, J.W.; Chang, S.Y.; Hong, Y.D.; Chen, S.K.; Lin, S.J. Anomalous decrease in X-ray diffraction intensities of
Cu–Ni–Al–Co–Cr–Fe–Si alloy systems with multi-principal elements. Mater. Chem. Phys. 2007, 103, 41–46.
[CrossRef]

19. Jien-Wei, Y. Recent progress in high entropy alloys. Ann. Chim. Sci. Mat. 2006, 31, 633–648. [CrossRef]
20. Tsai, K.Y.; Tsai, M.H.; Yeh, J.W. Sluggish diffusion in Co–Cr–Fe–Mn–Ni high-entropy alloys. Acta Mater. 2013,

61, 4887–4897. [CrossRef]
21. Kao, Y.F.; Chen, T.J.; Chen, S.K.; Yeh, J.W. Microstructure and mechanical property of as-cast,-homogenized,

and-deformed AlxCoCrFeNi (0 ≤ x ≤ 2) high-entropy alloys. J. Alloy Compd. 2009, 488, 57–64. [CrossRef]
22. Zhang, Y.; Zuo, T.T.; Tang, Z.; Gao, M.C.; Dahmen, K.A.; Liaw, P.K.; Lu, Z.P. Microstructures and properties

of high-entropy alloys. Prog. Mater. Sci. 2014, 61, 1–93. [CrossRef]
23. Wu, C.L.; Zhang, S.; Zhang, C.H.; Zhang, H.; Dong, S.Y. Phase evolution and cavitation erosion-corrosion

behavior of FeCoCrAlNiTix high entropy alloy coatings on SS304 stainless steel by laser surface alloying.
J. Alloy Compd. 2017, 698, 761–770. [CrossRef]

24. Nair, R.B.; Arora, H.S.; Mukherjee, S.; Singh, S.; Singh, H.; Grewal, H.S. Exceptionally high cavitation erosion
and corrosion resistance of a high entropy alloy. Ultrason. Sonochem. 2018, 41, 252–260. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1001-6058(16)60638-8
http://dx.doi.org/10.1016/j.wear.2016.12.009
http://dx.doi.org/10.1016/j.jmatprotec.2005.01.006
http://dx.doi.org/10.1016/j.ymssp.2004.08.006
http://dx.doi.org/10.1016/j.msea.2005.04.013
http://dx.doi.org/10.1016/j.surfcoat.2014.04.008
http://dx.doi.org/10.1016/j.wear.2016.07.015
http://dx.doi.org/10.1016/j.triboint.2016.06.014
http://dx.doi.org/10.1080/21663831.2014.912690
http://dx.doi.org/10.1007/978-3-319-27013-5
http://dx.doi.org/10.1063/1.2734517
http://dx.doi.org/10.3390/e16020895
http://dx.doi.org/10.1063/1.4813688
http://dx.doi.org/10.1016/j.jallcom.2014.11.012
http://dx.doi.org/10.1016/j.actamat.2012.06.046
http://dx.doi.org/10.1016/j.jmatprotec.2020.116671
http://dx.doi.org/10.1038/nature17981
http://dx.doi.org/10.1016/j.matchemphys.2007.01.003
http://dx.doi.org/10.3166/acsm.31.633-648
http://dx.doi.org/10.1016/j.actamat.2013.04.058
http://dx.doi.org/10.1016/j.jallcom.2009.08.090
http://dx.doi.org/10.1016/j.pmatsci.2013.10.001
http://dx.doi.org/10.1016/j.jallcom.2016.12.196
http://dx.doi.org/10.1016/j.ultsonch.2017.09.044
http://www.ncbi.nlm.nih.gov/pubmed/29137749


Materials 2020, 13, 4067 14 of 14

25. Standard Test Method for Cavitation Erosion Using Vibratory Apparatus; ASTM G32-16; ASTM International:
West Conshohocken, PA, USA, 2016.

26. Yeh, J.W.; Chen, S.K.; Lin, S.J.; Gan, J.Y.; Chin, T.S.; Shun, T.T.; Tsau, C.H.; Chang, S.Y. Nanostructured
high-entropy alloys with multiple principal elements: Novel alloy design concepts and outcomes.
Adv. Eng. Mater. 2004, 6, 299–303. [CrossRef]

27. Praveen, S.; Murty, B.S.; Kottada, R.S. Alloying behavior in multi-component AlCoCrCuFe and NiCoCrCuFe
high entropy alloys. Mater. Sci. Eng. A 2012, 534, 83–89. [CrossRef]

28. Fang, S.; Xiao, X.; Xia, L.; Li, W.; Dong, Y. Relationship between the widths of supercooled liquid regions and
bond parameters of Mg-based bulk metallic glasses. J. Non-Cryst. Solids 2003, 321, 120–125. [CrossRef]

29. Dong, Y.; Lu, Y.; Jiang, L.; Wang, T.; Li, T. Effects of electro-negativity on the stability of topologically
close-packed phase in high entropy alloys. Intermetallics 2014, 52, 105–109. [CrossRef]

30. Zhang, Y.; Zhou, Y.J.; Lin, J.P.; Chen, G.L.; Liaw, P.K. Solid-solution phase formation rules for multi-component
alloys. Adv. Eng. Mater. 2008, 10, 534–538. [CrossRef]

31. Guo, S.; Ng, C.; Lu, J.; Liu, C.T. Effect of valence electron concentration on stability of fcc or bcc phase in high
entropy alloys. J. Appl. Phys. 2011, 109, 103505. [CrossRef]

32. Zhang, Y.; Lu, Z.P.; Ma, S.G.; Liaw, P.K.; Tang, Z.; Cheng, Y.Q.; Gao, M.C. Guidelines in predicting phase
formation of high-entropy alloys. Mrs Commun. 2014, 4, 57–62. [CrossRef]

33. Sheng, G.; Liu, C.T. Phase stability in high entropy alloys: Formation of solid-solution phase or amorphous
phase. Prog. Nat. Sci. Mater. Int. 2011, 21, 433–446. [CrossRef]

34. Ma, M.; Wang, Z.; Zeng, X. A comparison on metallurgical behaviors of 316L stainless steel by selective laser
melting and laser cladding deposition. Mater. Sci. Eng. A 2017, 685, 265–273. [CrossRef]

35. Munitz, A.; Venkert, A.; Landau, P.; Kaufman, M.J.; Abbaschian, R. Microstructure and phase selection in
supercooled copper alloys exhibiting metastable liquid miscibility gaps. J. Mater. Sci. 2012, 47, 7955–7970.
[CrossRef]

36. Oliver, W.C.; Pharr, G.M. An improved technique for determining hardness and elastic modulus using load
and displacement sensing indentation experiments. J. Mater. Res. 1992, 7, 1564–1583. [CrossRef]

37. Attar, H.; Ehtemam-Haghighi, S.; Kent, D.; Okulov, I.V.; Wendrock, H.; Bönisch, M.; Volegov, A.S.; Calin, M.;
Eckert, J.; Dargusch, M.S. Nanoindentation and wear properties of Ti and Ti-TiB composite materials
produced by selective laser melting. Mater. Sci. Eng. A 2017, 688, 20–26. [CrossRef]

38. Heuer, C.J.; Cardoso, R.P.; Brunatto, S.F. Cavitation erosion resistance enhancement of martensitic stainless
steel via low-temperature plasma carburizing. Wear 2019, 428, 162–166. [CrossRef]

39. Beake, B.D.; Vishnyakov, V.M.; Harris, A.J. Relationship between mechanical properties of thin nitride-based
films and their behaviour in nano-scratch tests. Tribol. Int. 2011, 44, 468–475. [CrossRef]

40. Oláh, N.; Fogarassy, Z.; Sulyok, A.; Szívós, J.; Csanádi, T.; Balázsi, K. Ceramic TiC/a: C protective
nanocomposite coatings: Structure and composition versus mechanical properties and tribology. Ceram. Int.
2016, 42, 12215–12220. [CrossRef]

41. Gangireddy, S.; Gwalani, B.; Soni, V.; Banerjee, R.; Mishra, R.S. Contrasting mechanical behavior in
precipitation hardenable AlXCoCrFeNi high entropy alloy microstructures: Single phase FCC vs. dual phase
FCC-BCC. Mater. Sci. Eng. A 2019, 739, 158–166. [CrossRef]

42. Liu, S.F.; Wu, Y.; Wang, H.T.; He, J.Y.; Liu, J.B.; Chen, C.X.; Liu, X.J.; Wang, H.; Lu, Z.P. Stacking fault energy
of face-centered-cubic high entropy alloys. Intermetallics 2018, 93, 269–273. [CrossRef]

43. Sreedhar, B.K.; Albert, S.K.; Pandit, A.B. Improving cavitation erosion resistance of austenitic stainless steel
in liquid sodium by hardfacing–comparison of Ni and Co based deposits. Wear 2015, 342, 92–99. [CrossRef]

44. George, E.P.; Raabe, D.; Ritchie, R.O. High-entropy alloys. Nat. Rev. Mater. 2019, 4, 515–534. [CrossRef]
45. McNamara, W.B.; Didenko, Y.T.; Suslick, K.S. Sonoluminescence temperatures during multi-bubble cavitation.

Nature 1999, 401, 772–775. [CrossRef]
46. Mu, S.; Pei, Z.; Liu, X.; Stocks, G.M. Electronic transport and phonon properties of maximally disordered

alloys: From binaries to high-entropy alloys. J. Mater. Res. 2018, 33, 2857–2880. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/adem.200300567
http://dx.doi.org/10.1016/j.msea.2011.11.044
http://dx.doi.org/10.1016/S0022-3093(03)00155-8
http://dx.doi.org/10.1016/j.intermet.2014.04.001
http://dx.doi.org/10.1002/adem.200700240
http://dx.doi.org/10.1063/1.3587228
http://dx.doi.org/10.1557/mrc.2014.11
http://dx.doi.org/10.1016/S1002-0071(12)60080-X
http://dx.doi.org/10.1016/j.msea.2016.12.112
http://dx.doi.org/10.1007/s10853-012-6354-x
http://dx.doi.org/10.1557/JMR.1992.1564
http://dx.doi.org/10.1016/j.msea.2017.01.096
http://dx.doi.org/10.1016/j.wear.2019.03.009
http://dx.doi.org/10.1016/j.triboint.2010.12.002
http://dx.doi.org/10.1016/j.ceramint.2016.04.164
http://dx.doi.org/10.1016/j.msea.2018.10.021
http://dx.doi.org/10.1016/j.intermet.2017.10.004
http://dx.doi.org/10.1016/j.wear.2015.08.009
http://dx.doi.org/10.1038/s41578-019-0121-4
http://dx.doi.org/10.1038/44536
http://dx.doi.org/10.1557/jmr.2018.300
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Coatings Preparation 
	Microstructural Characterization 
	Cavitation Erosion Test 

	Results 
	Phase Formation 
	Microstructure Characterization 
	Cavitation Erosion Performance and Mechanism 

	Conclusions 
	References

