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The corrosion behavior of Al CrFeCoNiCu, Si_(x=0, 0.2, 0.3) high-entropy alloy laser cladding
coatings in a 3.5% NaCl solution was investigated using polarization tests, impedance spectroscopy,
scanning electron microscopy, and energy dispersive spectroscopy. As the Si content increased, the
over-passivation potential and the width of the passivation zone for the Al CrFeCoNiCu, Six coating
expanded, while the corrosion current density tended to decrease, enhancing the stability of the
passivation film and the corrosion resistance of the coating. The Al ,CrFeCoNiCu,, coating underwent
selective corrosion, with some pitting corrosion distribution showing no apparent regularity. The
Al ,CrFeCoNiCu, Si , coating exhibited a distinct grain profile with a tendency towards intergranular
corrosion. The aggregation of Cu-rich and Al-Ni intergranular phases in the eutectic structure led to
preferential erosion at the grain boundaries by corrosion ions in the Al  CrFeCoNiCu, Si , coating.
The Al CrFeCoNiCu, Si , coating presented corrosion pits, although their distribution did not display
apparent regularity. The Al CrFeCoNiCuSi_high-entropy alloy coating demonstrates superior
corrosion resistance in solution compared to 5083 aluminum alloy.
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1. Introduction

Laser cladding, as an efficient and environmentally
friendly technology, has been widely applied in material
surface modification due to its advantages, such as low dilution
rate, rapid cooling, and minimal thermal deformation'-.
High-entropy alloys (HEAs) are a new type of alloy
material, first proposed by Yeh et al.? in 2004, defined as
alloy systems composed of 5 to 13 elements in equiatomic
or near-equiatomic ratios. Compared with traditional alloys,
high-entropy alloys exhibit a high-entropy effect, sluggish
diffusion effect, and lattice distortion effect, which can
suppress the formation of ordered intermetallic compounds
during the solidification process, favoring the formation of
simple solid-solution structures. By reasonably adjusting the
element ratios, high-entropy alloys can demonstrate excellent
properties such as high hardness*, high strength®, corrosion
resistance®, and outstanding wear resistance. Therefore,
high-entropy alloys hold great potential for application in
laser cladding materials.

The Al-Cr-Fe-Co-Ni-Cu system is a typical example of
transition group HEAs. Scholars have studied its structure
and properties. Tong et al.” prepared AICoCrCuFeNi
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(x = 0 ~ 3.0) HEAs using the arc melting method, and the
alloys exhibited a simple fcc/bee structure. With lower
aluminum content, the alloy has a single fcc solid-solution
structure. When x = 0.8, the alloy shows a composite
structure of fcc eutectic phase and bee eutectic. When x >
1.0, the alloy undergoes Spinodal decomposition, forming a
modulated lamellar structure. When x > 2.8, a single-phase
ordered bcec structure is obtained, the high mixing entropy
and slow synergistic diffusion can promote the formation of
simple phases and sub-micron and nanoscale precipitates in
the alloy. Zhou et al.* found that as-cast Al ,CoCrCuFeNi
HEA exhibits FCC1 phase and FCC2 phase, and it has sound
antibacterial effects in the biocorrosion environment containing
gram-negative Pseudomonas aeruginosa and gram-positive
Bacillus subtilis. At the same time, its mechanical properties
are better than 304 stainless steel. Chen et al.” discovered
that increased Cu content reduces the corrosion resistance
and passivation film protection, but passivation treatment
in 30wt% HNO3 and 1wt% NaOH can increase the Cr**
range in the passivation film of Al ,CuxCoCrFeNi HEA,
reducing the pitting tendency. However, excessive Cu content
promotes the competition between the alloy containing Al
and the Cu-rich phase, weakening the passivation treatment
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effect, destroying the uniformity of the passivation film, and
leading to severe galvanic corrosion.

In addition to changing the content of metallic elements
in the alloy system, there are relevant studies on the structure
and properties of alloys by adding non-metallic elements.
Zhu et al.' varied the content of Si in AICoCrFeNi alloy and
investigated its structure and properties. The results show
that the AICoCrFeNiSi_alloy system mainly comprises BCC
solid solutions, with silicon replacing other elements in the
solid solution. The improvement of mechanical properties
can be attributed to the solid-solution strengthening of silicon
and the precipitation strengthening of nano-celled structures.
Zhu et al." analyzed that Si promotes the grain refinement
strengthening of FeCoCrNiSi_HEAs, with coating wear rates
0f0.19 and 0.677x10*mm?/N-m, significantly improving the
wear resistance of the coating. The tribological properties
of HEA coatings were studied at room temperature and
600°C when rubbed against Si3N4 balls, showing good
wear resistance and anti-friction performance. Our study'? on
laser cladding Al CrFeCoNiCu,,Si (X=0,1~0,5) HEA
coatings on aluminum alloy surfaces found that the coatings
exhibited simple FCC and BCC phase structures, and the
increase of Si content would cause the coating hardness first
to increase and then decrease. The eutectic structure in the
Al CrFeCoNiCu, Si , coating can increase the hardness
of coating.

The above research findings show that the Al-Cr-Fe-
Co-Ni-Cu system HEA has excellent wear and corrosion
resistance. Meanwhile, non-metallic elements can potentially
strengthen the performance of HEA coatings. Furthermore,
the as-cladding Al CrFeCoNiCu, Si HEA has demonstrated
feasibility in improving the mechanical properties of aluminum
alloy surfaces. However, the influence of Si content on the
corrosion resistance of Al CrFeCoNiCu , HEA needs to
be further clarified. In this study, Si atoms were doped in
Al CrFeCoNiCu ; HEA, and the effects of different Si
contents on the corrosion resistance of HEA were studied
using polarization tests and impedance spectroscopy analysis.

2. Experimental Details

The substrate used in the laser cladding process is a
5083 aluminum alloy, dimensioned at 50x30x10 mm. Prior to
cladding, its oxide film is mechanically removed. The alloy’s
composition and content details are provided in Table 1.

Al Fe, Cr, Ni, Co, Cu, and Si powders are selected and
produced through atomization or reduction. This ensures
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a purity level of at least 99.5% and particle sizes between
200 and 325 mesh. The specific composition ratios can
be seen in Table 2. The powders are thoroughly mixed
and homogenized using a QM-QX planetary ball mill for
dry grinding over 15 hours, the milling speed of 200 rpm.
To ensure cladding layer quality, preheat the substrate to
200°C, using high-purity argon gas as shielding gas in coaxial
powder feeding at 5 L/min.The laser cladding process utilizes
a 1500 W laser power, a 2.5 mm spot diameter, a scanning
speed of 5 mm/s, and a 3 g/min powder feeding speed. After
the coating is completed, it is encased in insulating cotton
and allowed to cool gradually to prevent crack formation.

The electrochemical test sample preparation method is
as follows: prepare the sample into a 10 mm x 10 mm testing
surface, then polish it step by step using SiC sandpaper
(with a maximum grit of 2000). Subsequently, thoroughly
clean it with deionized water and anhydrous ethanol, and
seal it with epoxy resin before connecting it to the working
electrode. Polarization curves and impedance spectra tests are
conducted on the Zennium Pro electrochemical workstation.

The testing employs a three-electrode system, which
includes a saturated calomel electrode (SCE) as the reference
electrode, a platinum (Pt) electrode with an electrode area of
1000 mm? as the counter electrode, and the prepared sample
as the working electrode (WE) with an electrode area of
100 mm?. Before initiating the electrochemical tests, the sample
is immersed in the testing solution for one hour to achieve a
relatively stable surface state. This procedure is commonly
adopted to minimize distortions and oscillations during testing.
Throughout this stage, the open-circuit potential (OCP) curves
are observed, ensuring no variation exceeds 5 mV per second.

Electrochemical Impedance Spectroscopy (EIS) experiments
are conducted prior to the potentiodynamic polarization
techniques. For the EIS measurements, a potential amplitude
of 10 mV, peak-to-peak (AC signal), is applied in an open-
circuit setting, with data points logged every ten points per
decade. The frequency range for EIS testing extends from
100 mHz to 10 kHz. The ZView software is utilized to
propose equivalent circuits and process the data, with the
EIS data being fitted and analyzed across a frequency range
of 100 mHz to 10 kHz.

In the potentiodynamic polarization measurements, a
scan rate of 0.3 mV/s is employed. The initial potential set
for the potentiodynamic polarization curve test is -1.5 V,
while the final potential reaches 1.5 V. Althougha 0.3 mV/s is
adopted in this stage of the experimentations, it is remarkable

Table 1. Elemental composition and content of 5083 aluminum alloy for experiments.

Element Si Cu Mg Zn Mn Ti Cr Fe Al
Wt/% <0.4 <0.1 4.0~4.9 <0.25 0.4~1 <0.15 0.05~0.25 0~0.4 Bal.
Table 2. Nominal component of Al CrFeCoNiCu Si_
Alloy Abbreviation Al Cr Fe Co Ni Cu Si
Al CrFeCoNiCu, Si0 15.09 18.86 18.86 18.86 18.86 9.43 0
Al CrFeCoNiCuSi, Si0.2 14.54 18.18 18.18 18.18 18.18 9.09 3.63
Al CrFeCoNiCu Si , Si0.3 14.28 17.85 17.85 17.85 17.85 8.92 5.35
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that this selection has no provided substantial distortions in
the polarization curves obtained. In this sense, it is worth
noted that potential scan rate has an important role in order
to minimize the effects of distortion in Tafel slopes and
corrosion current density analyses, as previously reported''®.

3. Results and Discussion

3.1. Potentiodynamic polarization curve analysis

Figure 1 displays the polarization curves of
Al ,CrFeCoNiCu, Si_coatings in a 3.5% NaCl solution,
while Figure 2 provides in-depth Tafel extrapolations for
these coatings. All samples exhibit a passivation range, which
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Figure 1. Polarization curves of Al ,CrFeCoNiCu Si_coatings.
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means that during the electrochemical corrosion process, a
passivation film is formed on the electrode surface, which helps
to slow down the erosion of Cl ions on the working electrode
surface. During anodic polarization, the passivation potential
begins at the passivation potential (Ep). The passivation
film ruptures when the trans passivation potential (Etp)is
exceeded in the polarization test. The width of the passivation
range(AE) is the difference between the passivation potential
and the trans passivation potential, which reflects the stability
of the passivation film'”. The passivation ranges of various
HEA coatings are shown in the magnified view of Figure 1,
with the passivation characteristic parameters listed in
Table 3. As the Si content increases, Etp and AE increase,
indicating that adding Si elements makes the passivation
film of the Al CrFeCoNiCu, Si HEA coating more stable.
It is observed that the passivation range of Si0 presents a
sawtooth shape, indicating that the passivation film formed
during the polarization process does not entirely cover the
sample surface, leading to localized corrosion in some areas.

The polarization curves were analyzed using the Tafel
extrapolation method, as shown in Table 3. E_represents
the corrosion potential, and icorr represents the corrosion
current density. The corrosion current densities for Si0 and
Si0.2 are similar; however, Si0.3 exhibits a corrosion
current density that is an order of magnitude lower than
both Si0 and Si0.2. The addition of Si shows a decreasing
trend in corrosion current density, indicating that Si
helps to improve the corrosion resistance of the coating.
SEM observations were carried out on the corroded coating
surfaces further to analyze the corrosion mechanisms of
the different component coatings.

= 4 @ = _4,(b)
3 5
N N
Z 5 z 5
Z z
5 S
a =)
- -
5 -6 g -6
= 1l
= =l
= =
) Q
o0 50
-7+ -7
2 =
-8+ -8
| | L . I L 1 I
-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential E/V Potential E/V
~ 4 ©
£
S
2
Z
s
3
a
T -6-
S
£
E
&}
g 7
-
8-
I . I I . N
-1.0 -0.5 0.0 0.5 1.0 15
Potential E/V

Figure 2. Detailed Tafel extrapolations of the polarization curves for Al CrFeCoNiCu Si_coatings from Figure 1. (a) Al  CrFeCoNiCu,;

(b) Al ,CrFeCoNiCu,,Si ,; (c) Al ,CrFeCoNiCu,,Si ,
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3.2. Corrosion behavior of coatings and
substrates

Figure 3 displays the corrosion morphology of the
5083 aluminum alloy and Al  CrFeCoNiCu, Si coatings in
a3.5% NaCl solution. As evident in Figure 3a, the substrate
has undergone extensive corrosion, whereas the HEA
coating surfaces, shown in Figures 3b-d, remain relatively
intact with visible corrosion products. Figure 3b reveals
selective corrosion patterns on the Si0 coating, characterized
by irregularly distributed pitting. These pits exhibit some
traces of intergranular corrosion but do not appear to spread
or expand significantly. In Figures 3¢ and 3d, the Si0.2 and
Si0.3 coatings show clear grain boundaries, indicating a
tendency towards intergranular corrosion, no pronounced
intergranular corrosion is observed. The Si0.3 coating surface
features corrosion pits without a clear distribution pattern.
Energy-dispersive X-ray spectroscopy (EDS) analysis of the
corrosion products from each coating indicates they primarily
consist of copper oxides and chlorides. This suggests that the
Cu-rich phase is the most susceptible to corrosion.

Materials Research

Figure 4 shows the corrosion mechanism diagram of
the A10.8CrFeCoNiCu0.5Six system coating. Figure 4a and
Figure 4b show the electrode particle distribution states in
the electrolyte solution and the formation of the passivation
film, respectively, before and during the polarization test.
Our Early research showed that Al CrFeCoNiCu, ,Si_coatings
mainly comprise Cu-rich FCC1, BCC1, and BCC2 phases,
without forming complex intermetallic compound structures.
The FCC1 is Cu-rich and mainly exists in the intergranular
structure. BCC1 is Fe-, Cr-rich, BCC2 is Al-, Ni-rich, and Si
exists in the system as a solid solution. Due to the potential
difference between grain boundaries and intergranular regions
with different chemical compositions during the electrolyte
solution corrosion process, the coating will experience
galvanic corrosion effects during the electrochemical corrosion
process'®. The grain boundaries of the coating is enriched
in Al, Ni, and Cu elements, and the grains are enriched in
Fe and Cr elements. The dissolution process of the anode
involves the metal entering the corrosive solution in the
form of ions while the electrons remain in the metal matrix.
In electrolyte solutions, Al, Cu, and Ni react with chloride

Table 3. The electrochemical parameters of Al  CrFeCoNiCu Si_coating.

Samples Ecorr/V icorr/(nAscm™) Ep/V Etp/V AE/V
Si0 0.361(+0.0045) 0.167(+0.0085) -0.181(%0.0095) 0.270(x0.004) 0.451(£0.008)
Si0.2 -0.378(%0.0092) 0.141(%0.0017) -0.157(+0.0043) 0.538(%0.011) 0.695(=0.006)
Si0.3 -0.355(+0.019) 0.087(0.0009) -0.226(+0.0046) 0.556(+0.019) 0.782(+0.009)

Figure 3. Corrosion morphology of the Al  CrFeCoNiCu Si_coating andsubstrate. (a) Substrate; (b) Al  CrFeCoNiCu ; ()

Al, CrFeCoNiCu, Si, ,; (d) Al, CrFeCoNiCu, Si,

0.2°
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Figure 4. The corrosion mechanism diagram of Al CrFeCoNiCu, Si_coatings. (a) Before polarization test (b) During the polarization test.

ions according to the reactions detailed in Equations 1, 2 and
3, respectively. The equation is as follows:

AH2H,0+CI" — AP 2H,0+Cl+ 3¢” )
Cut2H,0+CI™ - Cu?" - 2H,0+Cl+ 2¢” 2
Ni+2H,0+CI” — Ni2" - 2H,0+Cl + 2¢” 3)

The dissolution process of the anode involves the metal entering
the corrosive solution in the form of ions while the electrons
remain in the metal matrix. The equation is as follows:

0y +4e” +2H,0 — 40H" 4)

The dissolution process of the anode involves the metal
entering the corrosive solution in the form of ions while
the electrons remain in the metal matrix. The reactions for
Al cations, Cu cations, and Ni cations in this process are
represented by Equations 5 and 6 for Al, Equations 7 and
8 for Cu, and Equations 9 and 10 for Ni. The equation is
as follows:

AP +2H,043CI" - AlC1-2H,0 ®)
APT+30H" - Al(OH); (6)
Cu?" +2H,0+3CI" - CuCl, - 2H,0 (7)
Cu>*+20H"  Cu(OH), (®)
Ni%" +2H,0+3CI" - NiCl, -2H,0 )

Ni2*+20H" - Ni(OH), (10)

From the perspective of polarization passivation,
the passivation film formed by the Cr-rich BCC1 phase

provides better protection, resulting in a complete corrosion
morphology for the HEA coating than the substrate. At the
same time, with the addition of Si, the microstructure of
HEA coating evolves from a dendritic structure (x=0) to a
dendritic structure with secondary dendrite arms (x=0.2) and
finally to a eutectic structure (x=0.3)'2. Due to the presence
of secondary dendrite arms in the Si0.2, the dendrite network
formed by the FCC structure in the unit area is denser, making
its polarization morphology exhibit the most significant
intergranular corrosion characteristics. From the polarization
curve test and corrosion analysis, Si0.3 has enhanced corrosion
resistance compared to Si0.1. It is speculated that adding Si
lowers Cu content. This decrease in Cu-rich phase content
leads to an overall enhancement in the coating’s corrosion
resistance performance.

3.3. Impedance spectrum testing of coatings and
substrates

Figure 5 presents the Nyquist plots for both the substrate
and the coatings. The plots show that all coatings have single
capacitive semicircles in the high-frequency range, which
reveals that charge transfer occurs between the working
electrode surface and the solution, forming a double-layer
capacitance. The capacitive arc radius of HEA coatings is
significantly larger than that of the substrate, indicating superior
corrosion resistance compared to the substrate for the HEAs.
Comparing the capacitive arc radii among the coatings, an
increase in Si content results in a larger capacitive arc radius,
suggesting that the passive film formed is more stable. This
trend is in agreement with the polarization curve results.

Table 4 presents the equivalent circuit model of the
coatings. The equivalent circuit consists of the solution
resistance(Rs), charge transfer resistance(Rc), and the
constant phase element CPE. Since an equivalent circuit is
used in order to determine the simulated values and compare
with experimental data, a CNLS (complex non-linear
least squares) simulation is adopted in order to fitting the
experimental and simulated data, as previously reported was
carried out'!'*122. The constant phase element formation
occurs for the following reasons: During the electrochemical
reaction process, the electrolyte solution causes metal ions
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Table 4. Equivalent circuit parameters of HEA coatings.
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R_/(Q-cm?) CPEI R /(kQ-cm?)
* Y/(uF-cm?) n ¢

Si0 5.7(0.062) 29.9(£0.507) 0.920 232.3(£6.23)

Si0.2 2.2(20.015) 17.5(20.475) 0.916 225.9(+8.954)

Si0.3 0.7(0.0094) 13.3(20.475) 0.931 317.3(220.63)
represents a purely resistive circuit; when 4=-1, it means a
140000 T Rg CPE1 strictly inductive circuit. The closer the value of 4 is to 1,
120000 Re the more uniform and compact the electrode surface; the
further it deviates from 1, the more the porous structure

10T affects the electrode surface.

s 80000 - — Using Zview software to fit the impedance spectrum data,
<] —r.\'\ \. the results are shown in Table 4. The n values of Si0, Si0.2,
&; 60000 . " and Si0.3 coatings are 0.920,0.916, and 0.931, respectively,
" 40000 - between 0.7 and 1, demonstrating that the coating surface is

—u8—Al, 3CrFeCoNiCu, 5
—u— Al 4CrFeCoNiCu, sSi, ,
—=— Al, sCrFeCoNiCu, sSi 5
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Figure 5. Nyquist plots of Al ,CrFeCoNiCu, Si_coatings and
substrate.

to leave the working electrode surface, leading to a negative
potential as the metal loses positive ions. Metal ions in the
solution are attracted to anions or electrons on the metal
electrode surface and re-adsorb onto the metal surface.
Anions (Cl-, OH-) in the electrolyte solution are attracted
to cations on the metal surface, where they gather and form
ionic precipitates through chemical reactions. When the
solution’s concentration reaches a specific value, the metal
dissolution and ionic precipitation processes reach a dynamic
equilibrium, including a double layer at the interface between
the metal and the solution, which consists of a compact
layer and a diffusion layer. Considering the non-uniform
smoothness of the electrode surface, the electrode’s double-
layer capacitance and solid capacitance respond differently to
the time response frequency during EIS testing. Using pure
rather than double-layer capacitance can lead to a dispersion
effect, resulting in a deviation of the impedance spectrum
test results from the actual results. Therefore, the constant
phase angle element CPE is used as a replacement for the
equivalent circuit parameter element, with the impedance
Z,..;, calculation expression as follows?:

ZepE = Yo’l (jm)_" =Yoo " cos%+ jYgo" sin% (11)

Y, is the proportionality factor, j is the imaginary unit, o is
the test current angular frequency, and n is the dispersion
coefficient. The n represents the degree of dispersion of the
equivalent circuit capacitance, the degree of uneven current
distribution, with calculated results ranging from -1 to 1%,
When 4=1, it represents an ideal capacitive circuit; when
4=0.7, it represents a porous electrode circuit; when n=0.5,
it represents Warburg diffusion impedance; when 4=0, it

relatively uniform and dense and not susceptible to overall
corrosion in a 3.5% NaCl solution. Before the addition of Si,
the charge transfer resistance Rc is 232.3 kQ-cm. After adding
0.3 Si, the charge transfer resistance Rc increases, indicating
that the Si0.3 coating has a weaker charge transfer ability
between the surface and the electrochemical corrosion medium.

4. Conclusions

1. Adding Si elements to the Al  CrFeCoNiCu, Si_
coating can improve its passivation corrosion resistance
in a 3.5% NaCl solution. With the increase of Si
content, the transmissive potential (Etp) and the
width of the passivation region increase while the
corrosion current density decreases. The corrosion
resistance of the Al CrFeCoNiCu, Si HEA coating
in the solution is better than that of the substrate.

2. The addition of Si causes the corrosion of the coating
to affect the corrosion behavior and polarization
morphology of the alloy. Si0.2 exhibits selective
corrosion, with some pitting distributed irregularly.
Si0.2 shows an intergranular corrosion tendency
with distinct grain boundaries. The Si0.3 coating
surface has corrosion pits, but the distribution
pattern is not apparent.

3. During the EIS process, a double-layer structure
forms between the sample, the metal surface, and the
solution. The sample capacitive arc radius enlarges
with increased Si content, while passivation film
stability on the coating improves.
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