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Abstract 

The excellent corrosion resistance of high-entropy alloys (HEAs) has attracted widespread attention in recent 
years. The focus of research is gradually shifting from the performance characterization to the composition design 
and application that balance multiple performance. In this study, the AlCrVTi light-weight HEA has been chosen 
to investigate the corrosion behavior in the electrochemical and salt spray environment. The results show that HEA 
coating prepared by plasma spray followed laser re-melting present a homogeneous single-phase microstructure. 
The active Ti and V elements promote the formation of passive film during corrosion, which improves the corrosion 
resistance of HEA coating. Therefore, the HEA presents a higher corrosion resistance compared with 304 stainless steel 
(SS304), which is reflected in the lower corrosion current density. In the salt spray environment, the coating still pre-
sents the pitting corrosion, which is same as in the electrochemical environments. It is demonstrated that the AlCrVTi 
HEA has the potential that balancing the corrosion resistance and mechanical properties.
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1  Introduction
The research on the corrosion resistance of HEAs is rap-
idly developing, and a large number of reports and out-
standing work have emerged [1–5]. HEAs, also known as 
multi-principle element alloys (MPEAs), is a popular alloy 
design concept [6]. Its unique multi-principle element 
feature, as well as the concomitant high-entropy, lattice 
distortion, sluggish diffusion, and “cocktail” effects, bring 
a more homogeneous microstructure, slower dynamics, 
and synergistic effects between elements, which is benefit 
to improve corrosion resistance [7]. There are two main 
systems of corrosion-resistant HEAs, transition metal 
HEA represented by CoCrFeNi [8, 9] and lightweight 

HEA represented by AlCrVTi [10]. Other elements are 
also used in composition design, transition metal repre-
sented by Mo and Mn [11–13], and non-metallic element 
represented by Si [14]. The AlCrVTi has been confirmed 
that have excellent mechanical properties [15, 16], which 
can be applied to industrial production. However, the 
environment such as oxidation or corrosion in the prac-
tical applications should also be considered for protec-
tion. Therefore, the corrosion resistance of AlCrVTi HEA 
should be investigated, especially in the specific corro-
sion environment. On the other hand, an effective pro-
cessing method should be developed to prepare the HEA 
with high performance.

Currently, some methods have been carried out to pre-
pare the HEA. Fu et al. [17] prepared FeCoCrNiAl0.3 HEA 
by vacuum arc melting. The HEA shows a higher corro-
sion resistance than the SS 304. However, with the addi-
tion of the Al element, numerous twin boundaries appear 
on the surface, inducing the pitting corrosion. Xu et  al. 
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[18] prepared CoCrFeMnNi HEA with a more uniform 
microstructure by selective laser melting (SLM). The 
SLMed HEA has the lower corrosion current density and 
the more noble corrosion potential, compared with the 
as-cast HEA. However, there are some processing defects 
on the working surface. In these studies, some common 
patterns were found, where the element segregation and 
grain boundaries greatly affect the corrosion resistance 
of the alloy. Meanwhile, the cost, efficiency, convenience, 
and other factors of processing method should also be 
considered. In our previous study, the plasma spray has 
been demonstrated as a feasible method [19]. However, 
there are some defects and oxides on the sprayed coat-
ing surface, which damaged the corrosion resistance. 
To approach this problem, a laser assisted re-melting is 
employed to form a more homogeneous surface. As con-
firmed by Jin et al. [20], the laser re-melting is an effective 
method to solve the defects on the surface and in-flight 
oxidation of the coatings. In addition, the performance of 
the HEA coatings in the specific corrosion environment 
other than electrochemical system is lacking in reports.

To sum up, in this work, we investigate the corrosion 
behavior of the plasma sprayed AlCrVTi HEA coating 
in 3.5 wt.% NaCl solution, 0.5 M H2SO4 solution, 0.5 M 
HCl solution, and 3.5 wt.% NaCl salt spray environment. 
The microstructure of the HEA coating and post-cor-
rosion surface are characterized. The present work thus 
unmasks a high-performance HEA system, which may 
further develop to the industrial applications.

2 � Experimental
2.1 � Materials and preparation
The plasma spraying was carried out to prepare the 
AlCrVTi HEA coatings, wherein the feedstock powder 
was synthesized by atomization method. After spray-
ing, the laser re-melting was carried out to optimize the 
microstructure. The parameters of the spraying and re-
melting are listed in Table 1. The samples were cut into 
a 10  mm × 10  mm working surface with a thickness of 
2 mm and were polished to 5000# with the silicon carbide 
paper for the subsequent characterization and tests.

2.2 � Characterization method
Microstructure was analyzed by field emission scanning 
electron microscope (FESEM, ZEISS EVO 10), equipped 

with energy dispersive spectroscopy (EDS). The phase 
composition was detected by X-ray diffraction (XRD, 
Shimadzu 7000) with Cu Kα radiation, wherein the scan-
ning angle is 20–100° and the scanning rate is 8°/min.

2.3 � Electrochemical tests
The electrochemical tests were performed on a Chi604e 
workstation at room temperature. The three-electrode 
system was employed, which the sample was the work-
ing electrode, the Pt sheet (10 × 10  mm) was the coun-
ter electrode, and the saturated calomel electrode (SCE) 
was the reference electrode. The working electrodes are 
hand-making, with the back of the working surface con-
nected to a copper wire and then sealed with epoxy resin. 
All the tests are repeated at least three times to ensure 
the accuracy.

Prior to the tests, an open circuit potential (OCP) was 
recorded after the electrochemical systems reached stabi-
lization, at least 3600 s. The electrochemical impedance 
spectroscopy (EIS) tests were performed at a frequency 
range of 100  kHz ~ 10  mHz and a amplitude of 10  mV. 
The potentiodynamic polarization tests were performed 
at a potentials range from -0.25  V vs. OCP to the final 
potential corresponding to a current density of 1  mA/
cm2, and the scanning rate is 1 mV/s.

2.4 � Salt spray corrosion and immersion tests
Neuter salt spray tests were carried out in YWX/Q-150 
salt spray machine in 3.5 wt.% NaCl solution. The pH 
value is 6.5 ~ 7.2, the temperature is 33 ~ 35 ℃, and the 
spray volume is 1.5 ml/(cm2·h). The immersion tests were 
carried out in 0.5 M H2SO4 and 0.5 M HCl solution for 
150 h.

3 � Results and discussion
3.1 � Bulk properties of HEA coating
Figure  1a and b show the surface and cross-sectional 
morphology of the AlCrVTi HEA coating, respec-
tively. The coating is compact with a thickness of about 
878 μm. There are no obvious pore or defect on the sur-
face. Each element in the alloy compose in nearly equal 
molar ratios and distribute uniformly. In particular, the 
content of O elements is about 10.79 at. %, which origi-
nate from the in-flight oxidation during spraying [21]. As 
shown in Fig.  1c, the alloy presents a single bcc phase, 

Table 1  Operation parameters of atmospheric plasma spraying and laser remelting

Working 
current, A

Wording 
voltage, V

Protective gas, 
psi

Powder feed rate, 
g/min

Scanning speed, 
mm/min

Working 
distance, mm

Lapping 
rate, %

APS 650 40 50 54 2000 150 -

Remelting 100 20 50 - 420 10 30
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corresponding to the (110), (200), (211), and (220) crys-
tal plane. This homogeneous microstructure without ele-
mental segregation and second phase is expected to avoid 
the galvanic and pitting corrosion.

3.2 � Electrochemical corrosion behavior of HEA coating
Figure 2 shows corrosion behavior of HEA coating and 
304 stainless steel (SS304, as a control) in three dif-
ferent corrosion environment. In all three solutions, 
HEA exhibits the lower corrosion current density cor-
responding the higher corrosion resistance, the specific 
parameter is shown in Table  2. Meanwhile, the more 
negative corrosion potential of HEA is attributed to the 
activity of the Al and Ti elements, which makes it easier 
to form a passive film on the surface. The HEA coat-
ing passivates spontaneously when the applied poten-
tial noble than the corrosion potential. The passive film 
constructed of the oxides provides the higher corrosion 
resistance than the alloy itself, which can be confirmed 
in EIS results. Taking the results in NaCl solution as an 

example, the equivalent circuit can be fitted in three 
parts, including solution resistance (Rs), passive film 
resistance (Rf ), and charge transfer resistance (Rct), 
corresponding to the part of solution, passive film, and 
double layer, respectively. As shown in Table  3, the 
passive film contributes the largest impedance among 
these three parts. And the impedance of the passive 
film formed on the surface of the HEA coating is larger 
than that on the surface of SS304. Figure 2d and e, the 
Nyquist and Bode plots, also revealed the larger imped-
ance of HEA coating corresponding to the larger radius 
of capacitance arc and impedance modulus.

Figure 3 shows the post-corrosion morphology of the 
HEA coatings. The pitting corrosion present in all three 
corrosion environment, and is more severe in acidic 
environment. The corrosion is most severe in 0.5  M 
HCl solution, that expanding from pitting to strip-
shaped corrosion pits. There is a small amount of oxide 
products on the corrosion surface, corresponding to 

Fig. 1  The bulk properties of the AlCrVTi HEA coating, (a) the cross-sectional morphology, (b) the morphology and composition of the surface, (c) 
the phase composition of the surface
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the segregation of Ti and Al elements and the increase 
of O element content detected by EDS.

3.3 � Corrosion behavior of HEA coating in the salt spray 
environment

Figure 4 shows the morphology of post-corrosion surface 
in the salt spray environment. The pitting presents on the 
surface after about 30  h of corrosion. As the corrosion 

time increased, the number of pitting continued to 
increase. After the corrosion time approaches 150  h, a 
large number of oxidation products presented on the 
corrosion surface. As shown in the mapping analysis, the 
corrosion products are more complex compared with the 
electrochemical corrosion. There is only a small amount 
of Ti and Al oxides that are similar to electrochemical 
corrosion. More importantly, the oxides of V and V-Ti 

Fig. 2  Electrochemical corrosion behavior of the AlCrVTi HEA coating and SS304 in different corrosion environment. The potentiodynamic 
polarization curves tested (a) in the 3.5 wt. % NaCl solution, (b) in the 0.5 M H2SO4 solution, (c) in the 0.5 M HCl solution, EIS tested in the 3.5 wt. % 
NaCl solution (d) the Nyquist plot, (e) the Bode plot, and (f) the equivalent circuit

Table 2  The corrosion current density (icorr) and corrosion potential (Pcorr) fitted from potentiodynamic polarization curves

3.5 wt.% NaCl 0.5 M H2SO4 0.5 M HCl

HEA SS304 HEA SS304 HEA SS304

icorr
(A/cm2)

1.023 × 10–7 9.772 × 10–7 3.945 × 10–6 2.512 × 10–5 3.162 × 10–6 2.630 × 10–5

Pcorr
(VSCE)

-0.365 -0.297 -0.540 -0.404 -0.285 -0.274

Table 3  The EIS fitted parameters of HEA and SS 304

Rs
(Ω·cm2)

Rct
(Ω·cm2)

Rf
(Ω·cm2)

CPE1
(μF·cm−2)

CPE2
(μF·cm−2)

n1 n2

HEA 10.41 2.75 × 105 4.19 × 105 55.8 32.1 0.51 0.80

SS304 9.68 1.97 × 105 2.82 × 105 47.3 47.5 0.64 0.77
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elements appeared on the corrosion surface. These oxides 
may form galvanic corrosion with the HEA coating, 
which may cause further corrosion. However, as men-
tioned earlier, the uniform oxidation film provides the 
high corrosion resistance. Therefore, avoiding the segre-
gation of the oxides plays a key role in optimizing cor-
rosion resistance, wherein the high-entropy effect makes 
the major contributions.

Figure 5 shows the weightlessness curves of the AlCrVTi 
HEA during the salt spray corrosion. The corrosion rate 
firstly increases and then decreases, corresponding to 

the dissolution and deposition process during the forma-
tion of the passive film, respectively. It is demonstrated 
that the passive film formed after about 60 h corrosion in 
the salt spray environment. As the corrosion beginning, 
the alloying elements, especially the active Al and Ti ele-
ments, dissolved in the electrolyte. Then, the content of 
this metal cations in the electrolyte increases gradually, 
until it exceeds the solubility. Finally, these metal cations 
deposit on the corrosion surface in the form of oxides and 
hydroxides, which can improve the corrosion resistance 
significantly.

Fig. 3  Post-corrosion surface of the HEA coatings in different corrosion environment

Fig. 4  The surface morphology of the HEA coating after (a) 30 h, (b) 60 h, (c) 90 h, and (d) 150 h salt spray corrosion
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3.4 � Immersion corrosion behavior in the acidic 
environment

Immersion corrosion is employed to simulate the cor-
rosion behavior of coatings in real service environment 
and confirm the corrosion mechanism inferred previ-
ously. Figure  6 shows the post-corrosion morphology 

of the HEA coating in two acidic solutions, and the 
composition detected from the enlarged image are 
listed in Table 4. There are a large number of the cor-
rosion products on the post-corrosion surface in the 
0.5  M H2SO4 solution. In the enlarged image, these 
oxides are loose and porous and may be a damaged 

Fig. 5  The weight loss of the AlCrVTi HEA during the salt spray corrosion

Fig. 6  The post-corrosion morphology of the HEA coating in (a) (b) the 0.5 M H2SO4 solution and (c) (d) 0.5 M HCl solution
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passive film. As a contrast, the coating in the 0.5  M 
HCl solution is attached a little corrosion product and 
contains a large number of Fe element, which is attrib-
uted to the dissolution of the coating and the exposure 
of the Q235 substrate. This phenomenon of generating 
more oxides in sulfuric acid and more severe corrosion 
in hydrochloric acid is the same as the results of elec-
trochemical tests.

4 � Conclusion
The AlCrVTi HEA coating with a thickness of about 
878.87 μm was prepared by plasma spray followed laser 
re-melting. The HEA coating presents a typical single 
bcc phase and a homogeneous microstructure with-
out element segregation and second phase. The cor-
rosion current density of the HEA coating in the 3.5 
wt.% NaCl, 0.5  M H2SO4, and 0.5  M HCl solution is 
1.023 × 10–7 A/cm2, 3.945 × 10–6 A/cm2, and 3.162 × 10–6 
A/cm2, respectively, which is lower than that of the 
SS304 in the same solution. This higher corrosion resist-
ance is attributed to the formation of passive film with 
the highest impedance between the electrochemical 
system. The impedance modulus of the passive film 
formed on the HEA is 4.19 × 10–5 Ω·cm2, which is larger 
than that formed on the SS304, 2.82 × 10–5 Ω·cm2. The 
coating mainly presents pitting after electrochemi-
cal and salt spray corrosion. The oxides present on the 
corrosion surface that composed of Ti and V elements, 
which causes the galvanic corrosion with the alloy. 
Therefore, the homogeneous microstructure induced by 
high-entropy effect plays an important role in improv-
ing corrosion resistance.
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