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Abstract: In this study, FeCoNiCrAl high-entropy alloy (HEA) coatings were fabricated
on Q235 steel surfaces using laser cladding (LC) to enhance corrosion resistance in harsh
environments. The laser processing parameters (laser power, defocus distance, and scan-
ning speed) were optimized using response surface methodology (RSM), establishing a
mathematical model to guide the process. The optimized coatings demonstrated strong met-
allurgical bonding to the substrate, with a microstructure comprising Al-Ni-rich B2 phases
and Cr-Fe-rich BCC phases. Elemental segregation was effectively mitigated as energy
density decreased, leading to significant improvements in corrosion resistance. Electro-
chemical tests in 3.5 wt.% NaCl and 0.5 mol/L H,;SO4 solutions showed that the optimized
coating (laser power: 800 W, scanning speed: 450 mm/min, defocus: —15 mm) exhibited ex-
ceptionally low corrosion current densities of 1.78 x 1077 A/cm? and 1.07 x 107> A/cm?,
respectively. The passive film on the optimized coating surface consisted of stable oxides,
with low oxygen vacancy densities of 1.937 x 10?> cm~3 in NaCl and 4.967 x 10?! cm~3 in
H,S0y, significantly enhancing its resistance to localized and uniform corrosion. These re-
sults demonstrate the effectiveness of RSM-based optimization in producing HEA coatings
with superior corrosion resistance suitable for applications in highly corrosive environments.

Keywords: laser cladding; high-entropy alloy; response surface methodology; passivation
behavior; corrosion resistance

1. Introduction

Q235 steel is widely used in modern industrial fields such as bridges, ships, and
machinery manufacturing due to its low cost and excellent machinability. However, its
application is limited under harsh conditions, such as corrosive wear and immersion
corrosion, necessitating the use of coating technologies to enhance its surface performance.

High entropy alloys (HEAs) represent a novel class of alloy systems composed of
five or more metallic elements, yielding a high configurational entropy [1-3]. Due to
the pronounced atomic disorder within these alloys, HEAs achieve elevated entropy
levels and predominantly form simple solid solution structures, such as face-centered
cubic (FCC) and body-centered cubic (BCC) phases [4-6]. Thermodynamically, HEAs
exhibit significant high-entropy effects [7]; structurally, they undergo pronounced lattice
distortion; and kinetically, they display sluggish diffusion behavior [8]. Furthermore, the
“cocktail effect” arising from the multiple elemental combinations markedly influences
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their physical and chemical properties [9]. As an emerging alloy material, HEAs leverage
unique compositional design and a multicomponent alloy system to achieve remarkable
mechanical properties, wear resistance, and corrosion resistance. These exceptional
attributes position HEAs as ideal protective coating materials for critical applications in
advanced engineering alloys [10].

Laser cladding (LC) is an advanced surface modification technology that utilizes a
high-energy laser beam to melt and deposit specific materials onto a substrate, enhancing
its surface properties [11,12]. Compared to traditional coating techniques, such as mag-
netron sputtering [13], plasma spraying [14], and physical vapor deposition [15], laser
cladding offers the capability to produce large-scale coatings while also enabling partial
remelting of the substrate, promoting robust metallurgical bonding between the substrate
and coating [16,17]. For instance, Ren et al. [18] applied laser cladding to fabricate a highly
wear-resistant NbMoTaWTi refractory HEA coating on TC4 alloy surfaces. Similarly, Liu
et al. [19] developed a corrosion-resistant AICoCrFeNiTi HEA coating on AISI 1045 steel,
featuring a combination of disordered solid solution (Fe-Cr) and ordered solid solution
(Al-Ni) phases. Laser cladding has gained traction as a research tool due to its advantages,
including high cooling rates, minimal heat-affected zones, strong bonding strength, and
reduced environmental impact. It is well established that processing parameters—such as
laser power, scanning speed, powder feed rate, and gas flow rate—significantly influence
the geometry and properties of the cladding layer. Through optimized parameter combi-
nations, coatings with controllable microstructures and performance characteristics can
be achieved [20]. For example, Ma et al. [21] established a regression model correlating
processing parameters with response variables, optimizing these parameters via a multi-
objective particle swarm optimization algorithm. Their findings highlighted scanning speed
as the most critical factor affecting coating width, height, dilution rate, and microhardness
ratio. Khorram et al. [22] employed response surface methodology (RSM) to investigate the
influence of process parameters—laser frequency, pulse width, and scanning speed—on the
macroscopic morphology (width, height, contact angle), dilution rate, and microhardness
of the cladding layer. Their results demonstrated that pulse width had the most significant
impact on all responses. Additionally, Gao et al. [23] employed LC to fabricate a novel
MoNDbZrTi refractory HEA coating on a Ti6Al4V substrate. Using RSM, they developed a
predictive model for dilution, porosity, and microhardness, further analyzing the effects
of individual parameters (laser power, scanning speed, and powder feed rate) on coating
geometry, dilution, porosity, and microhardness.

Itis evident that optimizing laser processing parameters to achieve high-performance
high-entropy alloy (HEA) coatings through response surface methodology (RSM) has
become a widely adopted approach. Compared to orthogonal experiments, neural net-
works, and other optimization methods, RSM provides a more intuitive analysis of
variance (ANOVA) for established mathematical models and achieves greater accuracy
in predicting objective responses. In laser cladding, dilution is almost inevitable as
the powder filler and substrate partially mix in the laser-induced melt pool, forming
a metallurgical bond. However, dilution can adversely impact coating properties, in-
cluding hardness, corrosion resistance, and the solid-solution forming ability of the
HEA. Thus, effectively controlling the dilution rate during the laser cladding process
is crucial for fabricating HEA coatings with strong metallurgical bonding and superior
mechanical properties.

Based on this, the present study utilizes RSM to establish a mathematical model
correlating laser power, scanning speed, defocus distance, and dilution rate. A multi-
objective parameter optimization approach is employed to minimize dilution, optimizing
the laser processing parameters accordingly. Using laser cladding, an FeCoNiCrAl HEA
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coating was designed and fabricated on the surface of Q235 steel, with the electrochemical
corrosion behavior of the coating investigated under different environmental conditions.
X-ray photoelectron spectroscopy (XPS) was employed to analyze the influence of elemental
composition on the passivation film characteristics formed on the HEA surface, elucidating
the corrosion mechanisms of the HEA in both neutral and acidic media. The study evaluates
the corrosion resistance of the HEA coating across varied environments and explores its
corrosion mechanism in neutral and acidic media.

2. Experimental Procedure
2.1. Material and Coating Preparation

A Q235 steel plate (Jiangsu Shagang Group Co., Ltd., Zhangjiagang, China) with
dimensions of 50 mm x 50 mm x 10 mm was selected as the substrate (chemical com-
position: C < 0.22%, Si < 0.35%, Mn 0.30-0.70%, P < 0.045%, S < 0.045%). Before the
experiment, the substrate surface was polished using a grinding wheel to remove the
oxide layer, followed by cleaning with anhydrous ethanol to eliminate any surface oil
residues. The cleaned substrate was then placed in a drying oven for 30 min to ensure
a fully dry surface. Commercial FeCoNiCrAl HEA powder (Jiangsu Shagang Group
Co., Ltd., Zhangjiagang, China) with nominal composition was used as the coating
material, featuring an average particle size of 48.6 pm. The particle morphology and
size distribution of the powder are illustrated in Figure 1. Prior to the laser cladding
process, the alloy powder was pre-placed on the substrate surface using a mold. The
powder was mixed with a certain amount of alcohol, which was added dropwise using a
dropper, and stirred with a glass rod to ensure an even distribution. Once the mixture
was thoroughly prepared, it was applied to the substrate surface. The entire assembly
was then preheated to 200 °C, and, after the alcohol evaporated, the laser cladding ex-
periment was conducted. The LC process was performed on an RFL-C3300W-type fiber
laser machine (Wuhan Raycus Fiber Laser Technologies Co., Ltd., Wuhan, China), as
shown in Figure 1c. To prevent oxidation of the powder during the cladding process, an
argon gas shield was applied throughout. The laser system, infrared sensors, and work
platform were activated to maintain a controlled environment, ensuring the integrity of
the powder and promoting high-quality coating formation.

Average Particle size: 48.6 um

Particle size (pm)

Figure 1. Cont.
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Figure 1. (a) SEM image of FeCoNiCrAl powder; (b) powder particle size distribution map; (c) the
experimental process with LC processing of FeCoNiCrAl HEA.

2.2. Phase Composition and Microstructure

The samples were polished with SiC sandpaper, followed by diamond spray pol-
ishing on a P-2G metallographic polishing machine (Suzhou Huanair Automation Tech-
nology Co., Ltd. (Suzhou, China)) to achieve a mirror-like finish. The microstructure
of the samples was observed using a JSM-6510LA scanning electron microscope (SEM)
(JEOL Ltd., Tokyo, Japan). Phase composition analysis was conducted with an X-ray
diffractometer (XRD, Thermo Scientific K-Alpha), with a diffraction angle range from
20° to 80° and a scanning speed of 5° /min. EBSD tests on the HEA coatings were per-
formed using an Apreo S Hivac field emission scanning electron microscope (FE-SEM)
(Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped with a C-Swift EBSD unit
in steps of 1 um. To investigate the composition of the surface film and the chemical
states of alloy elements that directly influence electrochemical performance, the samples
were immersed in NaCl and H,;SO4 solutions under potentiostatic polarization at the
passivation potential. High-resolution X-ray photoelectron spectroscopy (XPS, Thermo
Scientific K-Alpha X (Thermo Fisher Scientific Inc., Waltham, MA, USA)) was employed
to analyze the surface film composition and to determine the chemical states of the
alloying elements.

2.3. Electrochemical Test

To evaluate the corrosion resistance of the coating, the coated substrate was cut into
rectangular samples measuring 10 mm X 10 mm X 10 mm, and the coating surface was
polished. Electrochemical performance testing of the FeCoNiCrAl high-entropy alloy
(HEA) coating was conducted using a three-electrode system on a DH7003-2 electrochem-
ical workstation (Hangzhou Donghua Testing Technology Co., Ltd., Hangzhou, China)
at room temperature. In this setup, a platinum electrode with a working area of 1 cm?
served as the counter electrode, while a saturated calomel electrode (SCE) was used as
the reference electrode. The electrochemical tests began with an open-circuit potential
(OCP) measurement of the samples, which was conducted for 900 s. The parameters for
Tafel polarization testing were as follows: a scan rate of 0.1 mV /s and a potential range
from —0.5 V to 2 V (vs. OCP). To prevent the passivation phenomenon of the material
during Tafel polarization testing, we set the current density limit to below 0.1 A/cm?.
Electrochemical impedance spectroscopy (EIS) was performed with an amplitude of
1 mV over a frequency range from 0.01 Hz to 100 kHz. To ensure data accuracy, each
test was repeated three times per sample group. For Mott-Schottky testing, the initial
potential was set at —0.8 V (vs. SCE), terminating at 0 V (vs. SCE), with a scan rate
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of 0.05 mV/s. The measurement was conducted at a frequency of 1000 Hz with an
amplitude of 10 mV.

2.4. Experimental Design and Analysis Method

In this experiment, laser power (LP), scanning speed (SS), and defocus amount (DA)
were selected as adjustable parameters, with appropriate parameter ranges established
based on preliminary experiments. The initial stage focused on optimizing the macroscopic
morphology of the coating, and a series of experiments were conducted within initial
parameter ranges to identify suitable values: laser power between 600 and 800 W, scanning
speed between 200 and 400 mm/min, and defocus amount from —15 mm to 10 mm.
Coatings prepared using these laser processing parameters showed no significant signs
of balling (incomplete melting) or surface burn-through (excessive overheating). Using
these parameter ranges, response surface methodology (RSM) was employed to establish
an empirical model correlating laser power, scanning speed, and defocus amount with the
optimization target—the dilution rate. Here, the defocus amount is used to control the
laser spot diameter, defined as the distance between the laser emission lens and the focal
point. The laser-induced dilution rate refers to the degree of compositional change in the
cladding layer caused by elemental mixing from the substrate due to substrate melting
during laser cladding. A cross-sectional view of a single-pass cladding layer is shown in
Figure 2. Typically, the dilution rate is calculated using a geometric method, as outlined in
the following formula.

__Mm
~ hy+hy

In the dilution rate calculation, h; represents the substrate penetration depth, while

U (1)

hy indicates the height of the cladding layer. To ensure a metallurgical bond between
the cladding layer and the substrate, a certain degree of substrate melting is necessary,
leading to the inevitable mixing of substrate elements into the cladding layer. Generally, it
is recommended that the dilution rate be maintained between 8% and 15% to achieve an
optimal balance [24].

—@—

substrate

Figure 2. Cross-section of single-pass cladding layer.

Response surface methodology (RSM) employs multivariate regression equations
to approximate the relationship between input factors and response values, providing a
close approximation to the actual function. Following the Box-Behnken design principles,
three levels were assigned to each of the three laser processing parameters, as shown
in Tables 1 and 2. By measuring the dilution rate of a single-pass cladding layer, the
functional relationship between process parameters and dilution rate was established, and
the model’s accuracy was verified using variance analysis. The process parameter scheme
that meets the target dilution rate was identified. Coatings were then prepared based
on these optimized parameters, and by analyzing the coating morphology and element
distribution, the optimal process parameters were determined.



Metals 2025, 15, 406 6 of 27
Table 1. Response surface experimental design.
Level
Factor
-1 0 1

Laser Power/W 600 700 800

Scanning Speed/(mm/min) 200 350 500

Defocus Amount/mm —15 —-125 -10

Laser Spot Diameter (mm) 5 4.5 4
Table 2. Laser process parameter design and results.
Process Variable Optimization Object
Scheme Laser Power  Scanning Speed  Defocus Amount Laser Spot Dilution Rate
P (W) V (mm/min) D (mm) Diameter (mm) u (%)

1 800 350 -10 4 20
2 650 350 —12.5 45 14
3 650 350 —125 45 13
4 650 350 —12.5 4.5 14
5 500 500 —12.5 4.5 10
6 650 200 —10 4 18
7 650 200 -10 4 11
8 650 500 -10 4 14
9 800 350 -15 5 12
10 800 200 —12.5 4.5 15
11 650 500 -15 5 9
12 650 350 —12.5 45 14
13 500 350 -10 4 16
14 800 500 —12.5 4.5 13
15 650 350 —12.5 4.5 14
16 500 350 -15 5 8
17 500 200 —12.5 45 12

By employing response surface methodology (RSM) to design the experiments, a
relationship was established between the laser processing parameters and the response
variable, namely, the dilution rate. This relationship was represented using a second-order
polynomial equation as follows:

k k k k
y=A+ Z BiX; + Z Bii X2 + 2 Z Binin +e
i=1 i=1 i=1j=1 i

n
X @)
=1
In the equation, y represents the response target to be optimized, A is a constant, and X;
and X; are the processing parameters. The terms B;, B;;, and B;; denote the linear, quadratic,
and interaction regression coefficients, respectively, while ¢ represents the statistical error
term. The results of the analysis of variance (ANOVA) for the experimental data are shown
in Table 3. Using ANOVA, the F- and p-values provide insights into the significance of the
model and its coefficients. A larger F-value and a smaller p-value indicate a more reliable
model. As seen in the table, the F-value of the experimental model is 78.21, and the p-value
is less than 0.0001, indicating the model’s high significance. Additionally, the p-values for
each laser processing parameter are all below 0.05, confirming that each parameter has a
statistically significant effect on the experiment’s outcome.
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Table 3. Variance analysis of the effect of laser process parameters on dilution rate.
Sum of df Root Mean F-Value p-Value
Squares Square
Model 140.49 4 35.12 78.21 <0.0001 Significant
P 22.50 1 24.50 54.56 <0.0001
v 13.50 1 12.50 27.84 0.0002
d 97.00 1 98.00 218.23 <0.0001
V2 549 1 5.49 12.23 0.0044
Residual 5.39 12 0.45
Lack of fit 4.59 8 0.57 Not significant
Pure error 0.80 4 0.20 2.87
Total 145.88 16
Std. dev. 0.67 R? 0.9631
Mean 13.35 Adjusted R? 0.9445
C.V.% 5.02 PredictedR? 0.9067
Press 12.57

From the table, it can be observed that the model’s precision value is 12.57, which

represents the signal-to-noise ratio. A precision value greater than 4 generally indicates
a well-constructed model. Additionally, the difference between R? and adjusted R? is
less than 0.2, suggesting a good fit of the model to the experimental data. The impact of
each processing parameter on the dilution rate of the high-entropy alloy (HEA) coating
is significant, with laser power and defocus amount having the most pronounced effects.

Using DesignExpert software 10.0, a functional model was established, as expressed by the
following formula:

y = 17.43673 + 0.012500P + 0.018735V + 1.2D — 3.2716E — 5V2 3

Figure 3 illustrates the relationship between the normal probability distribution and
the internally studentized residuals. In this plot, all data points are closely distributed
around the fitted line, which verifies the model’s stability. Additionally, the predicted
values and experimental values are evenly distributed along the 45° line, indicating that
the established model accurately represents the relationship between process parameters
and the dilution rate. This alignment of predicted and experimental values confirms the
model’s reliability and predictive capability, supporting the model’s use for optimizing laser
cladding parameters to control the dilution rate effectively in high-entropy alloy coatings.

Normal Plot of Residuals Predicted vs. Actual
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Figure 3. The relationship between normal probability distribution and internalized T residuals.

As shown in Figure 4, the perturbation plot of each laser processing parameter’s influ-
ence on the dilution rate indicates that both scanning speed and defocus amount contribute
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to an increase in dilution rate. The defocus amount controls the laser’s effective radius:
a larger defocus amount corresponds to a larger laser radius, resulting in a greater laser
interaction area. Conversely, a smaller defocus amount reduces the laser interaction area.
Under a constant laser power, differences in the laser interaction area lead to variations
in laser energy density, which, in turn, significantly affect the coating dilution rate. When
the scanning speed reaches 350 mm/min, there is a marked change in the dilution rate of
the coating. During the cladding process, due to the high cooling rates and large thermal
gradients, localized heating of the coating is complex. This impacts the temperature distri-
bution and element diffusion within the melt pool, potentially resulting in the formation of
some metastable phases, which, in turn, can affect the phase stability of the coating [25].
Specifically, coating preparation is primarily influenced by the specific energy density.
Although a low dilution rate in the coating is desirable, a high specific energy density
may cause substrate elements to diffuse into the coating, altering its alloy composition
and diminishing coating quality and performance. If the specific energy density is too
low, weak bonding between the substrate and coating is likely, and a small amount of
amorphous phase may even form [25]. The specific energy density is closely related to the
parameters used in the cladding process, as shown in the following equation [26]:

P
K=_— 4)
Dv
Perturbation Dilution rate(%)
20 -
. 18 — c
X
RS A
b= -
c
o B E
c 14 - E
2 E
ER =
(=)
10
8 -
T B | ) | b | i |
-1.000 -0.600 0.000 0.600 1.000
Deviation from Reference Point (Coded Units) P W)
Dilution ratie(%) Dilution rate(%)
3 £
3 £
[a) [a)
P (W) B: V (mm/min)

Figure 4. Perturbation diagram of laser process parameters with respect to dilution rate (A: laser
power; B: scanning speed; C: defocus amount).

In this context, P represents the laser power during the cladding process, D is the
laser spot diameter, and v is the scanning speed. By setting a target range for the dilution
rate, the optimization process aimed to minimize dilution, resulting in three experimental



Metals 2025, 15, 406

9 of 27

schemes with a dilution rate of 12% each, as determined using DesignExpert software,
as shown in Table 4. These three schemes were used to perform multi-pass cladding on
the substrate surface, with a 30% overlap rate between passes. For ease of analysis, these
schemes were designated as S-600, S-700, and S-800, corresponding to the three respective
parameter sets. Each cladding scheme was evaluated based on its effect on coating quality,
microstructure, and elemental distribution, allowing for a comparative analysis of how
variations in laser power and other parameters influenced the final coating properties.

Table 4. Laser process plan with coating dilution rate of 12%.

Scanning Speed Defocus Laser Spot 2
Laser Power (w) (mm/min) Amount (mm) Diameter (mm) K (J/mm?)
Scheme 1 600 250 —10 4 36
Scheme 2 700 400 —13 4.6 22.82
Scheme 3 800 450 —15 5 21.33

3. Results and Discussion
3.1. Phase Structure of Coating

To determine the phase composition of the HEA coating optimized through multi-
objective response surface methodology, XRD analysis was conducted on the prepared HEA
coatings. Figure 5 shows the XRD diffraction patterns for coatings produced under the three
sets of process parameters. Valence electron concentration (VEC) is a factor influencing the
stability of binary solid solutions [27]. Guo et al. [5] used VEC as a criterion for the stability
of BCC or FCC phases, concluding that higher VEC values (>8) favor the formation of FCC
solid solutions, while lower VEC values (<6.87) support BCC solid solutions. According to
the Hume-Rothery rules [28], the VEC of the FeCoNiCrAl high-entropy alloy coating is
calculated to be 7.2, which falls between 6.87 and 8, suggesting a tendency toward forming
a BCC phase.

—S-600
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¢ B2 ——S-800
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Figure 5. XRD diffraction.

The CoCrFeNi alloy itself exhibits a single-phase FCC structure; however, the addition
of Al alters the crystal structure to a BCC configuration. As shown in Figure 5, diffraction
peaks associated with the BCC solid solution appear at approximately 26 = 44.68°, 65.02°,
and 82.33°, aligning with the diffraction peaks of Fe (PDF 99-0064). Due to the larger
atomic radius of Al, its incorporation into the lattice results in significant lattice distortion
and expansion, shifting the BCC diffraction peaks in the AlCoCrFeNi cladding layer
slightly to the left. Additionally, the presence of Al promotes the formation of nanoscale
B2 phases. The extra diffraction peaks indicated by black arrows in Figure 5 are assigned
to the (100) and (111) lattice planes of the BCC superlattice (B2). The high-temperature
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melting process of the HEA powder during coating preparation preserves the typical
phase characteristics of high-entropy alloys, demonstrating the stability of the HEA’s
BCC-dominated phase structure.

To further investigate the grain orientation and arrangement in the HEA coatings
prepared under different processing conditions, electron backscatter diffraction (EBSD)
analysis was conducted along the normal direction (ND) of the coating surface. The results
are shown in Figure 6(al-a3), where it is evident that the FeCoNiCrAl high-entropy alloy
coatings primarily consist of the BCC phase (accounting for over 95%), consistent with the
XRD results. Quantitative analysis yielded average grain sizes of 11.03 pum, 24.48 um, and
12.24 um for S-600, S-700, and S-800, respectively. Among these, the grain size distribution
in the 5-800 coating follows a more normal distribution, with a more uniform grain size.
Figure 6(b1-b3) display the inverse pole figure (IPF) maps for 5-600, S-700, and S-800
coatings in the <001>, <101>, and <111> crystal orientations. The surfaces of the S-600 and S-
700 coatings are composed of both equiaxed and columnar grains, with the columnar grains
in the cladding layer aligning vertically to the substrate, reflecting a consistent orientation
with the cladding direction. In contrast, the S-800 coating predominantly consists of
equiaxed grains with no pronounced texture orientation. The cooling rate is a critical factor
influencing the formation of columnar versus equiaxed grains [29]. Faster cooling rates
typically promote the formation of columnar grains, while slower rates favor equiaxed
grains. The more uniform grain structure and absence of strong texture in the S-800 coating
suggest a relatively slower cooling rate, resulting in a more homogenous microstructure
that may enhance coating properties. A lower cooling rate favors the formation of columnar
grains, while a higher cooling rate promotes the formation of finer and equiaxed grains.
Laser power and scanning speed have contrasting effects on the cooling rate. In this
study, S-600 used low power and low scanning speed, S-700 applied moderate power
and speed, and S-800 employed high power and high scanning speed. By effectively
balancing laser power and scanning speed, it is possible to control the microstructure
of the coating and thus optimize the properties of the cladding layer. Figure 6(c1—c3)
shows the inverse pole figures (IPFs) for the three HEA coatings, illustrating the grain
orientation and random distribution of BCC phase polycrystalline grains, representing
the texture state of the coatings. The results indicate that only a relatively small amount
of hybrid texture forms in each of the three HEA coatings. The volume energy density
(VED) has a significant effect on the preferred orientation of grains [30]. For instance,
5-600 displays a distinct preferred orientation in the <001> direction along the Y-axis
projection, indicating a strong alignment in this crystallographic direction, while other
orientations are relatively weaker. In contrast, S-700 and S-800 exhibit a more dispersed
crystal orientation, with no clear preferred orientation, resulting in a higher degree of
randomness and disorder in their microstructures. This variation in grain orientation
and distribution highlights the influence of VED and cooling rates on microstructural
development, where higher power and scanning speed (as in S-800) contribute to a more
random, isotropic grain orientation, potentially enhancing the uniformity of mechanical
properties across the coating. Figure 6(d1-d3) displays the pole figures (PFs) for the S-600,
5-700, and S-800 coatings, respectively. In all three HEA coating samples, the maximum
texture index is observed along the {111} crystal axis. This indicates that, compared to the
{110} and {100} crystal axes, the {111} orientation serves as the preferred growth direction
for grain aggregation within the HEA coating, exhibiting a stronger growth texture. This
preferred orientation suggests that multiple grains are more likely to align and cluster
along the {111} crystal axis, resulting in a somewhat statistically uneven distribution. The
maximum texture indices for the {111} orientation in the coatings prepared with S-600,
5-700, and S-800 are 2.09, 4.64, and 1.91, respectively. This variation implies that the S-700
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coating exhibits the highest degree of preferential orientation along {111}, while S-600
and S-800 show comparatively lower levels of texture alignment. This enhanced {111}
alignment in the S-700 coating could result in unique mechanical or physical properties,
as crystallographic texture often influences hardness, strength, and wear resistance. The
observed differences in texture intensity among the three coatings are likely due to the
specific process parameters, such as power and scanning speed, which affect the cooling
rate and microstructural evolution during the cladding process.

Figure 6. EBSD analysis of the coatings: (al-d1) phase image, IPF maps, IPFs and PF of S-600;
(a2-d2) phase image, IPF maps, IPFs and PF of S-700; (a3—d3) phase image, IPF maps, IPFs and PF
of S-800.

3.2. Microstructure of Coating

Figure 7 shows the cross-sectional morphology of the laser cladding layer under an
optical microscope. A distinct bonding line can be observed between the coating and the
substrate, indicating a strong metallurgical bond. The coating base is primarily composed
of planar crystals, which gradually transition into columnar crystals as the distance from
the substrate increases. In the middle region of the coating, the structure predominantly
consists of columnar and cellular crystals, while the top of the coating layer is mainly
composed of columnar and equiaxed crystals. Figure 8 presents the surface morphology
of the coating, where grains on the coating surface exhibit a dendritic distribution. The
main crystal structure along the dendrite stems comprises elongated plate-like crystals and
needle-like crystals, while finer, scale-like grains are distributed away from the dendrite
regions. The elongated plate-like crystals contain a relatively low concentration of Al,
whereas the scale-like grains show a higher Al content.
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Columnar Crystals

Figure 7. Cross-sectional microstructure of the coating: (a) midsection of the coating; (b) top section
of the coating.

KK 50.00um)

Figure 8. Microstructure and morphology of coating surface.

Figure 9 shows the cross-sectional views of the coatings prepared under three
different sets of process parameters: (a) S-600, (b) S-700, and (c) S-800. The coatings
are divided into three distinct regions: top layer (A), middle layer (B), and bottom
layer (C). No significant defects, such as cracks or pores, are visible on the surface
or in the cross-section of the cladding layers. A clear fusion line can be observed
between the cladding layer and the substrate, indicating a strong metallurgical bond.
The coatings prepared using the S5-700 and S-800 parameter sets show distinct multi-pass
cladding contours at the bonding interface with the substrate, whereas the S-600 coating
exhibits a more merged interface contour, suggesting a greater thermal effect from the
laser. Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted on the top,
middle, and bottom regions of each coating to examine the elemental composition across
different layers. The EDS results are summarized in Table 5, providing insights into the
distribution of key elements within the cladding layer.
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Figure 9. Cross-sectional morphology of coatings prepared by different schemes: (a) S-600, (b) S-700,
(c) S-800. The coatings are divided into three distinct regions: top layer (A), middle layer (B), and
bottom layer (C).

Table 5. EDS analysis of coating cross-section.

Area Fe Co Ni Cr Al
A 34.13 13.53 17.77 19.42 15.15
S-600 B 36.41 16.25 13.8 16.8 15.74
C 38.23 15.62 17.82 17.71 10.62
A 32.53 18.16 19.34 16.76 13.21
S-700 B 33.72 14.01 12.74 23.08 16.45
C 34.61 16.23 13.2 24.83 11.13
A 25.31 17.51 18.84 20.62 17.72
S-800 B 30.51 15.35 17.43 20.01 16.7
C 31.2 12.14 15.74 19.56 21.36

Table 5 reveals a noticeable increase in the Fe content in the lower region of the coating,
with corresponding decreases in the other four elements’ concentrations. The closer the
layer is to the substrate, the higher the Fe content, which is largely unavoidable. This
occurs for two main reasons. First, Fe has a relatively low enthalpy of mixing with the other
four elements in the HEA coating, making it less likely to form intermetallic compounds
and more prone to segregate at grain boundaries, resulting in a higher mass proportion
of Fe [31]. Second, due to the substantial Fe content in the Q235 steel substrate, the
coating is influenced by melt pool convection during the cladding process. Consequently, a
significant amount of Fe from the Q235 steel diffuses into the coating, resulting in higher
Fe concentrations near the substrate.

The closer the coating is to the substrate, the greater the effect of melt pool convection,
leading to an increased proportion of Fe. Aside from Fe, the proportions of Co, Ni, Cr,
and Al remain relatively consistent across the coating. In the S-800 coating, Fe content is
comparatively lower, and the distribution of elements is more balanced. This is attributed to
the lower specific energy density in the 5-800 process, which reduces elemental segregation.
As a result, the 5-800 coating exhibits a more uniform elemental distribution, enhancing its
structural and performance consistency.

3.3. Analysis of Dynamic Potential Polarization Test Results

To evaluate the corrosion resistance of the FeCoNiCrAl high-entropy alloy coatings
in different environments, the coatings prepared under the three parameter sets were im-
mersed in 3.5 wt.% NaCl solution and 0.5 M H,SO; solution for testing. Figure 10 shows
the potentiodynamic polarization curves for the three samples. The polarization curve is
segmented into four distinct regions: active dissolution, transitional passivation, stable
passivation, and transpassive regions. As shown in Figure 10, the key electrochemical
parameters, summarized in Table 6, are derived from the polarization curves. The corro-
sion potential Ecorr represents the potential at which the polarization current density is
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zero, marking the onset of corrosion. The corrosion current density icorr, corresponding
to the current density at the corrosion potential, serves as an indicator of the overall
corrosion rate. The passive current density I,;, denotes the critical current density during
the active dissolution—passivation transition, while the passivation potential Ep,;, marks
the potential at which passivation initiates. Additionally, the breakdown potential E},
represents the potential at which the polarization curve transitions from the passivation
to the transpassive region, where the passive film begins to dissolve, resulting in a sharp
increase in current density. The range of the passivation region potential, denoted as
AE, provides an indication of the stability of the passivation layer. A higher corrosion
potential combined with a lower corrosion current density typically indicates enhanced
corrosion resistance, while a wider passivation potential range (AE) suggests greater
stability of the passivation layer. These electrochemical parameters allow for a com-
prehensive comparison of each coating’s corrosion resistance under neutral (NaCl) and
acidic (H,SOy4) conditions, elucidating the effect of various processing parameters on the
HEA coatings’ corrosion behavior.
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Figure 10. Corrosion resistance of S-600, S-700, and S-800 HEA coatings in 3.5 wt.% NaCl solutions (a)
and in 0.5 M H,SOy solutions (b).

Table 6. Electrochemical parameters of 5-600, S-700, and S-800 HEA coatings from the polariza-
tion curves.

3.5 wt.% NaCl 0.5mol-L-1 H,SO4

S-600 S-700 S-800 S-600 S-700 S-800

Ecorr (V) —476 —360 —242 —373 —335 —319
icorr (Acem™2)  2.45 x 107 52 x 1077 1.78 x 1077 3.02 x 107° 2.84 x 107° 1.07 x 10>

Epp (mV) / / / —252.5 —236.5 —203
Ipp (A-cm™2) / / / 607 x107* 183 x107*  889x107°

Ep, (mV) 154.37 109 101 913.75 951 939
AE (mV) 70.88 71.15 74.12 792.75 811 837.75

The potentiodynamic polarization curve in Figure 10a illustrates that the FeCoN-
iCrAl high-entropy alloy (HEA) exhibits activation—passivation—transpassivation be-
havior in the 3.5 wt.% NaCl solution without showing a distinct activation—passivation
transition region. This suggests that the FeCoNiCrAl HEA can spontaneously form a
passivation film in 3.5 wt.% NaCl solution. The breakdown potential E, among the
three process schemes shows little variation; yet, the passivation range AE for 5-800 is
broader than that of the other schemes, indicating a higher stability of the passivation
film formed under the S-800 conditions. In contrast, Figure 10b shows that in 0.5 M
H,50; solution, the FeCoNiCrAl HEA demonstrates a prominent passivation range
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approaching nearly 1V, indicating that the passivation film generated in H,SO4 solution
is more stable. The breakdown potential E;, and passivation range AE follow a similar
trend to those observed in the NaCl solution, with 5-800 exhibiting superior passivation
stability. The passivation behavior of FeCoNiCrAl HEA differs significantly between
the two solutions. Compared to the behavior in 0.5 M H,SO4 solution, the passivation
range in 3.5 wt.% NaCl solution is notably narrower, and the breakdown potential E},
decreases, indicating that the passivation film is more susceptible to degradation in
chloride-containing environments. This suggests that the presence of C1~ ions in NaCl
solution compromises the integrity of the passivation film, making it more prone to
localized corrosion.

In potentiodynamic polarization curves, the corrosion potential Eor generally corre-
lates positively with corrosion resistance, while the corrosion current density icorr correlates
negatively. Table 6 presents the electrochemical parameters corresponding to the polariza-
tion curves of the coatings in both solutions. In 3.5 wt.% NaCl solution, the Ecorr for S-800
is —242 mV, showing a positive shift of 234 mV and 118 mV compared to S-600 and S-700,
respectively, and its icorr is an order of magnitude lower than that of S-600. Similarly, in
0.5 M H,SO; solution, S-800 exhibits superior corrosion resistance with more favorable
Ecorr and icorr values, indicating its enhanced ability to resist corrosion in both neutral and
acidic environments.

Relevant literature suggests that the susceptibility of surfaces to pitting corrosion
is largely influenced by the crystal orientation of planes parallel to the surface [32-34].
Different preferred orientations within grains exhibit distinct electrochemical potentials,
resulting in varied corrosion performance. As shown in Figure 11 and Table 7, statistical
analysis of grain orientations—(100), (101), and (111)—indicates that the alloy with the
best corrosion resistance (S-800) has the smallest proportion of the (111) orientation plane,
at 6.39%, while the alloy with the poorest electrochemical performance (5-600) has the
largest (111) orientation plane proportion, at 11.91%. For the BCC-structured FeCoNiCrAl
high-entropy alloy, corrosion resistance in both neutral and acidic environments appears to
correlate with the proportion of the (100) orientation plane.

EDS analysis further reveals that the Fe content within the S-800 coating is relatively
low compared to the other coatings, while Cr is distributed uniformly throughout the
coating. According to high-entropy alloy design strategies, the inclusion of Cr enhances
corrosion resistance, implying that the proportion of Cr significantly influences the coating’s
corrosion performance. Thus, the S-800’s improved corrosion resistance can be attributed
to its lower Fe content and the uniform distribution of Cr, which promotes the formation of
a stable, protective oxide layer.

Table 7. Grain statistics of 5-600, S-700, and S-800 HEA coatings with (100), (101), and (111) orientations.

S-600 S-700 $-800
100 3.88% 3.44% 5.31%
101 7.76% 14.11% 14.11%

111 11.91% 8.62% 6.39%
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Figure 11. Inverse pole figure (IPF) mapping of grains in different orientations of S-600, S-700, and
5-800 HEA coatings.

3.4. Constant Potential Polarization Analysis

Figure 12a,b show the i-t curves of the FeCoNiCrAl high-entropy alloy under potentio-
static polarization at 0 V (vs. SCE) for 30 min in 3.5 wt.% NaCl and 0.5 M H,5SO; solutions,
respectively. At the onset of potentiostatic polarization, the current density decreases
rapidly with time due to the rapid formation of a passive film. Subsequently, the current
density gradually stabilizes, indicating that the dissolution and formation of the passive
film on the alloy have nearly reached an equilibrium state, resulting in a stable passivation
layer. In Figure 12b, the curve displays small peaks, suggesting slight irregularities likely
due to the initiation, growth, and subsequent repassivation of unstable corrosion pits. This
indicates that the protective capability of the passive film on the metal surface during
corrosion is influenced by the film’s density and integrity.

According to previous studies, the decay kinetics of the passive film formed on the
metal surface follow the Macdonald model [35]. The relationship between current density
and time can be described by the following equation [36]:

logi = logA — nlogT ®)

In this model, i represents the current density, A is a constant, n is the passivation index,
and T is time. The passivation index n is determined by linear fitting of the logi-logT plot
and indirectly reflects the passivation rate of the passive film [37]. As shown in Figure 13,
in 3.5 wt.% NaCl solution, the passivation indices for S-600, S-700, and S-800 are 0.424,
0.478, and 0.548, respectively. In 0.5 M H»SO4 solution, the passivation indices for S-600,
5-700, and S-800 are 0.313, 0.308, and 0.526, respectively. A passivation index n closer to
1 indicates a denser passive film. Thus, in both neutral and acidic environments, the S-800
sample exhibits the densest and most protective passive film, followed by S-700, while



Metals 2025, 15, 406

17 of 27

5-600 shows the least protective film. This trend suggests that the S-800 coating’s passive
film provides superior corrosion protection, likely due to a more stable and compact passive

layer formation, enhancing its durability and resistance to environmental degradation.
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Figure 12. Current-time curves of S-600, S-700, and S-800 HEA coatings in 3.5 wt.% NaCl solutions
(a) and in 0.5 M H,SOy solutions (b) at 0 V vs. SCE.
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Figure 13. logi-logT curves of 5-600, S-700, and S-800 HEA coatings in different solutions and linear
fitted line: (a) 3.5 wt.% NaCl solutions; (b) 0.5 M H,SOj solutions.

3.5. Analysis of the Composition and Structure of Passive Films

The passive film formed on the alloy surface plays a crucial role in enhancing the
alloy’s corrosion resistance, with the composition and structure of the passive film directly
determining its protective capability in corrosive media. To further investigate the compo-
sition of the passive films on FeCoNiCrAl high-entropy alloy (HEA) coatings in different
environments, two sets of coating samples were subjected to potentiostatic polarization
at 0 V (vs. SCE) for 30 min in 3.5 wt.% NaCl solution and 0.5 M H,SOy solution, respec-
tively. XPS analysis was then performed on the coating surfaces to identify the passive
film components. The results are shown in Figure 14, with Figure 14a—f illustrating the
deconvoluted XPS spectra for Fe 2p3/2, Co 2p3/2, Ni 2p3/2, Cr 2p3/2, Al 2p, and O 1s.
The XPS spectrum for Al 2p reveals two peaks corresponding to metallic Al (Al%) and
Al,O3, with Al,O3 being the predominant form of Al in the passive film, indicating its role
in enhancing film stability. In NaCl solution, the XPS spectrum for Co 2p3/2 is divided into
four component peaks—metallic Co (Co?), CoO, Co304, and Co(OH),—while in H,SO4
solution, Co is present primarily as Co® and Co(OH)O. This suggests that Co oxides and
hydroxides constitute the main forms of Co in the passive films in both environments. Fe
appears in several forms within the passive film, including Fe,O3, Fe304, Fe(OH),, and
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Fe(OH)O, with hydroxides being the predominant species in the S-800 coating, further
contributing to passivation stability.
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Figure 14. XPS test results of passivation film composition of FeCoNiCrAl HEA coatings in different
environments: (a) Fe2p3/2, (b) Co2p3/2, (c) Ni2p3/2, (d) Cr2p3/2, (e) Al2p, (f) Ols. (g) The atomic
ratio of each metal element in the passivation film formed by FeCoNiCrAl HEA coatings in 3.5 wt.%
NaCl solution and 0.5 M H,SOy solution.

The XPS spectrum for Ni 2p3/2, as shown in Figure 14c, includes peaks corresponding
to metallic Ni (Ni?), Ni(OH),, and a satellite peak (Nisar). Previous studies often over-
looked Ni due to its typically low content in alloy systems; however, in FeCoNiCrAl HEAs,
Ni is present in substantial amounts. Research has shown that metallic Ni often localizes at
the metal-passive film interface, where it contributes to corrosion resistance. The Cr 2p3/2
XPS spectrum, shown in Figure 14d, reveals three peaks associated with metallic Cr (CrO),
Cr03, and Cr(OH)3. CryO3 and Cr(OH);3 are the primary forms of Cr in the passive film,
consistent with previous studies on high-entropy alloy passivation films [38,39]. In the O 1s
spectrum of the coating surface, three component peaks are observed: one associated with
O? in metal oxides on the passive and corrosion product films, a second peak indicating
the formation of metal hydroxides, and a third peak corresponding to bound water within
the passive and corrosion product films. The relative intensities of these component peaks
suggest that metal oxides and hydroxides are the main constituents of the passive film on
the coating surface, providing robust protection against corrosion.

A combined analysis of the high-resolution spectra in Figure 14a—f and the relative
compound distribution in Figure 14g indicates that in 3.5 wt.% NaCl solution, the passive
film is primarily composed of Cr oxides and hydroxides, followed by Ni oxides, with the
smallest proportion being Al compounds. Similarly, in 0.5 M H,SOy solution, Cr oxides and
hydroxides again dominate the passive film, while Al compounds are the least prevalent.
The high stability of Cr,O3 contributes to the film’s density and integrity, enhancing its
protective ability. In contrast, the porous nature of Al,O3 can increase the passivation
film’s porosity, potentially reducing its corrosion resistance. The FeCoNiCrAl HEA coating
produced under S-800 conditions exhibits a passive film with a high Cr and low Al content
in both neutral and acidic media. This high Cr and low Al characteristic of the passive film
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likely accounts for the superior corrosion resistance of the S-800 coating, as the Cr-rich layer
provides a robust barrier against corrosive agents, while minimized Al content reduces
structural porosity in the protective layer.

3.6. Analysis of EIS Test and Mott-Schottky Test of Passive Films

In corrosive media, the passive film formed on the alloy surface isolates the alloy
substrate from the environment, thereby protecting it from corrosion. Figure 15a,b shows
the Nyquist plots for the passive films formed on the FeCoNiCrAl high-entropy alloy in
different environments, specifically in 3.5 wt.% NaCl and 0.5 M H;S0, solutions. Both
Nyquist curves display semicircular shapes, indicating charge transfer processes occur-
ring at the heterogeneous interface between the corrosive solution and the electrode [40].
The size of the capacitive arc in the Nyquist plot reflects the impedance of the alloy’s
passive film, with the capacitive arc radius of the S-800 coating being significantly larger
than that of the S-600 coating. A larger capacitive arc diameter corresponds to higher
passive film impedance, suggesting superior corrosion resistance of the passive film in
corrosive media [41,42]. In the Bode plots, the high-frequency region (10° Hz) represents
the impedance of the test solution, while the low-frequency region (10~2 Hz) indicates
the impedance of the corrosion reaction [43]. As shown in Figure 15¢,d, the impedance
values for S-800 in the low-frequency region are consistently higher than those of the other
samples, indicating that this coating offers better corrosion resistance in both solutions. In
the phase-frequency curves of the Bode plots, the peak value of the phase angle correlates
with the quality of the passive film. A larger phase angle peak indicates a higher voltage
required to break down the passive film, signifying the stronger protective capability of the
passive film on the coating surface [44]. To further interpret the electrochemical impedance
spectroscopy (EIS) data, equivalent circuit fitting was performed, and the fitted equivalent
circuit diagram is displayed in Figure 16. In the equivalent circuit diagram, R, represents
the solution resistance, while R; and R; correspond to the outer and inner layer resistances
of the passive film, respectively. The constant phase element (CPE) is used in place of an
ideal capacitor Q to account for the inhomogeneity of the electrode surface. The parameter
Y denotes the admittance of the CPE, where a high Y value implies an increased rate of
charge exchange at the electrode surface, thus accelerating the dissolution of the passive
film. The exponents nj and n; represent the dispersion coefficients for CPE; and CPE,,
respectively; the closer n is to 1, the more the CPE resembles an ideal capacitor. Fitting
data are presented in Table 8. Studies have shown that the effective capacitance Ceg of
the passive film, and, consequently, its thickness 5, can be estimated using the Helmholtz
model [45]. The effective capacitance Ceff can be calculated as follows:

Copf = QiR T ©6)

where Q represents the impedance of the CPE and R represents the resistance of the passive
film. The relationship between passive film capacitance and thickness is given as follows:

Coff = €20A/0 )

where ¢ is the vacuum permittivity (8.854 x 10~!4 F-cm™1), g is the dielectric constant of
the passive film (15.6 for this material), A is the effective surface area of the sample, and
d is the thickness of the passive film. By combining the equations, the thickness d of the
passive film can be expressed as follows:

gepA
b= 2t (8)
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Figure 15. Nyquist and Bode plots of FeCoNiCrAl HEA coatings in 3.5 % NaCl solution (a,c) and
0.5 M H,SOy solution (b,d).
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Figure 16. Equivalent circuit diagram.
Table 8. Equivalent circuit fitting results for the passive films of 5-600, S-700, and S-800 HEA coatings.
CPE; CPE;
Solution Sample R, (Q-cm?) Y1 n R; (Q-cm?) Y2 n R, (Q-cm?) A (nm)
(Q-1.cm—2.S") 1 (Q-1.¢cm~2.8") 2
— S-600 2.38 1.26 x 107* 0.886  4.82 x 10* 344 x 1074 0.782 141 x 10* 10.962
'N;Vd ¢ S-700 1.01 1.02 x 1073 0.885 5.27 x 10* 241 x 1072 0.608 1.57 x 10 1.354
S-800 14.3 3.44 x 107° 0.783 7.4 x 10° 6.13 x 107° 0.782 4.86 x 10° 40.151
05M S-600 3.23 1.28 x 1074 0.879 1.43 x 10° 1.04 x 1074 0.58 1.74 10.79
H.SO S-700 3.12 1.83 x 1074 0.761 1.54 x 10° 1.39 x 1074 0.785 33.3 7.547
2o 5-800 4.86 1.57 x 104 0.785  1.44 x 10* 245 x 1074 0.782 811 8.797

The thickness of the passive film is a critical factor in determining its corrosion
resistance. Table 8 indicates that, in a neutral environment, the passive film thickness
for 5-800 is significantly greater than that of the other samples, whereas in an acidic
environment, the passive film thicknesses are relatively similar. Generally, a larger
charge transfer resistance R corresponds to a slower reaction rate at the alloy/solution
interface, suggesting that electron or ion transfer across the passive film and metal
surface is impeded. The charge transfer resistance Ry for S-800 is an order of magnitude
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higher than that of the other samples in both neutral and acidic environments, indicating
the formation of a highly protective and stable passive film on the alloy surface. This film
effectively impedes the penetration of corrosive ions, preventing them from reaching
the metal substrate, a finding that aligns with the results obtained from polarization
curve testing.

Studies have suggested that the pitting resistance of coatings may be related to the
electronic structure of the surface passive film, as the formation and dissolution of the
passive film are influenced by the accumulation and migration of point defects, which
are themselves dependent on the electronic properties of the passive film [46]. In other
words, the passive film on the coating surface exhibits semiconductor characteristics, which
affect charge transfer in the solution. It is, therefore, essential to study semiconductor
behavior on the passive film surface. As shown in Figure 17, the Mott-Schottky plots for
the FeCoNiCrAl high-entropy alloy in different potentials and solutions display similar
patterns, each consisting of two distinct regions. The region with a positive slope represents
the n-type semiconductor nature of the passive film, indicating that the main defects within
the film are cation interstitials or oxygen vacancies, corresponding to the donor density
Np of charge carriers. The region with a negative slope represents p-type semiconductor
characteristics, indicating that cation vacancies are the primary defects, and the charge
carrier density, in this case, is the acceptor density N 4. The presence of a p-n junction in
the passive film helps to block the diffusion of metal cations from the substrate into the
corrosive medium while simultaneously hindering the infiltration of corrosive ions from
the solution into the metal substrate. The appearance of regions with both positive and
negative slopes indicates that the passive film exhibits p-n heterojunction semiconductor
characteristics. The donor density Np can be calculated from the slope of the linear region
in the Mott-Schottky plot using Equation (8), with the results presented in Table 9. This
p-n heterojunction structure within the passive film plays a crucial role in enhancing the
coating’s resistance to corrosion by effectively controlling ion transport, thus maintaining a
stable protective barrier on the alloy surface.
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Figure 17. (a) Mott-Schottky curve of FeCoNiCrAl HEA coating in 3.5 wt.% NaCl solution; (b) Mott-
Schottky curve of FeCoNiCrAl HEA coating in 0.5 mol/L H;SO; solution.
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Table 9. Donor densities in passive films of 5-600, S-700, S-800 FeCoNiCrAl HEA coating.
3.5 w.t% NaCl 0.5 M H,S0,
S-600 S-700 S-800 5-600 S-700 5-800

Np (cm_3)

3.321 x 10%3 2.223 x 102 1.937 x 1023 9.221 x 10%2 1.001 x 10?2 4967 x 102

In the Mott-Schottky analysis, e represents the elementary charge of an electron
(1.602 x 1071 Q), ¢ is the permittivity of free space (8.854 x 10~ F.cm™1), ¢ is the
dielectric constant of the passive film (taken as 15.6 for this material), A is the effective
surface area of the sample, and Eg, is the flat-band potential, which can be determined by
extrapolating the slope of the Mott-Schottky plot. T and k represent the thermodynamic
temperature and Boltzmann constant (1.38 x 1022 J/K), respectively. The donor density
Np reflects the defect concentration within the passive film; a higher Np value corresponds
to an increased accumulation in oxygen vacancies, indicating a higher defect concentra-
tion within the passive film. This higher defect density generally correlates with poorer
protective performance, making the film more vulnerable to attack by corrosive ions. In
3.5 wt.% NaCl solution, the Np values for the three samples are relatively similar, all on
the order of 102 cm 3. However, in 0.5 M H,SO, solution, the N value for the S-800
sample is an order of magnitude lower than those of S-600 and S-700. This suggests that,
in a neutral environment, the passive film formed on the FeCoNiCrAl HEA coatings is
comparatively less dense, leading to higher defect density and greater susceptibility to
localized corrosion. By contrast, in an acidic environment, the S-800 coating exhibits a much
lower oxygen vacancy density, resulting in fewer surface defects, a reduced likelihood of
pitting, and enhanced corrosion resistance. This lower Np value indicates a more stable,
defect-free passive layer, which significantly improves the durability of the S-800 coating
under acidic conditions.

3.7. Experimental Analysis of Corrosion Immersion

The corrosion morphology of high-entropy alloys provides a clear and direct indication
of their corrosion resistance. Figure 18 shows the morphology of the S-800 FeCoNiCrAl
HEA after immersion for 15 days at room temperature in 3.5 wt.% NaCl and 0.5 M H,SO4
solutions. As illustrated in Figure 18a, the surface of the coating immersed in NaCl
solution displays random pits and voids on a delaminated outer layer, with parts of the
“surface layer” peeling off, revealing an underlying porous surface. In a sulfuric acid
solution, the alloy experiences severe corrosion after 15 days, as evidenced by visible grain
boundaries and corrosion pits, suggesting selective corrosion on the surface. A similar
selective dissolution pattern may also occur in NaCl solution. Comparative point EDS
analyses of areas inside and outside the corrosion pits, as shown in Figure 18b,c,e f, are
summarized in Table 10. In 3.5 wt.% NaCl solution, the selective dissolution of Ni, Fe, and
Al was more pronounced, whereas Co and Cr showed significantly less dissolution. The
coating primarily consists of a Cr-Fe-rich BCC phase with a minor Al-Ni-rich B2 phase,
suggesting that the B2 phase corrodes preferentially to the BCC phase [35]. In the H,SO4
solution, the selective dissolution of Al and Ni is more pronounced, while Cr maintains a
stable concentration, and the increase in O content suggests the formation of substantial
Cr-based oxides. These observations confirm the hypothesis of a selective dissolution of
elements, where the stable Cr oxides contribute to enhanced passivation, particularly in
acidic environments, effectively inhibiting further corrosion of the alloy.
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Figure 18. (a—c) Surface morphology of S-800 HEA coating after 15 days of immersion in 3.5 wt.%
NaCl solution; (d—f) surface morphology of S-800 HEA coating after 15 days of immersion in 0.5 M
H,SO4 solution.

Table 10. EDS analysis of the surface of samples.

Area Al (wt%) Co (wt%) Cr (wt%) Fe (wt%) Ni (wt%) O (wt%)

A 17.31 11.33 28.07 20.65 12.09 10.55

3.5 wt.% B 12.31 13.94 27.21 15.98 8.97 21.59
NaCl C 15.57 14.45 28.08 17.28 14.42 10.22
D 11.53 12.32 27.38 13.79 10.41 24.57

E 8.61 22.84 26.6 20.98 22.68 18.29

0.5M F 1.16 16.87 25.76 17.63 8.37 30.21
H,S0, G 5.91 20.49 25.38 20.94 18.74 8.54
H 0.98 15.94 23.95 18.42 14.43 36.29

3.8. Corrosion Mechanism Analysis

The FeCoNiCrAl high-entropy alloy (HEA) cladding layer forms a passive film spon-
taneously in 3.5 wt.% NaCl solution; however, the presence of C1~ ions compromises the
integrity of this film, hindering its self-healing ability and promoting pitting, as shown
in Figure 19a. In neutral chloride environments, the B2 and BCC phases exhibit different
corrosion behaviors, primarily due to their distinct atomic structures and electronic prop-
erties. The Al-Ni-rich B2 phase, characterized by a higher level of atomic ordering and
the presence of larger Al atoms, experiences significant lattice distortion, which impacts
both internal stress distribution and passive film stability. While such lattice distortions can
help form more robust amorphous oxide layers that potentially slow down the corrosion
process, they also make the B2 phase more susceptible to localized C1™ attacks, leading to
micro-pitting. Additionally, the B2 phase’s relatively lower electron density makes it easier
for aggressive ions to disrupt its passive film.

In contrast, the Cr-rich BCC phase has a more uniform lattice structure, which is
conducive to forming stable Cr-based oxides, particularly Cr,Os, that significantly enhance
the passive film’s durability and corrosion resistance. Chromium’s strong affinity for
oxygen allows it to form dense and adherent oxide layers that are less prone to localized
pitting than the Al-rich B2 phase. The differential behaviors of these phases are further
influenced by micro-galvanic interactions between the Cr-rich BCC regions and the Al-Ni-
rich B2 regions. The Cr-rich regions act as cathodic sites, while the Al-rich regions are anodic,
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leading to the accelerated corrosion of the B2 phase due to galvanic coupling. This effect is
particularly pronounced in chloride environments, where local concentration cells can form,
further enhancing the anodic dissolution of the B2 phase. These mechanisms collectively
result in the preferential corrosion of the B2 phase, as CI~ ions accumulate in these areas,
forming interconnected micro-pits that eventually cause cracking and delamination of the
coating surface, thereby exposing deeper metal layers.
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Figure 19. A schematic diagram of the corrosion processes of FeCoNiCrAl HEA coatings in 3.5 wt.%
NaCl solution (a) and 0.5 M H,SOy4 solution (b) at room temperature.

As shown in Figure 19a, in acidic environments, such as 0.5 M H,SO, solution, a
different corrosion mechanism is observed, largely driven by the formation of Al and
Ni complexes with (OH)~ and SO42~ ions, which lead to the rapid dissolution of the B2
phase [47]. The B2 phase is particularly susceptible to initial attacks by H* ions due to its
lower electron density and the weaker bonding strength of its oxide film compared to the
BCC phase. As corrosion progresses, the passive film on the B2 phase undergoes uniform
degradation. The Cr-rich BCC phase, on the other hand, maintains greater stability due
to its strong Cr-based oxides, which serve as a cathodic barrier, thus accelerating anodic
dissolution of the adjacent Al-rich B2 phase. This selective corrosion mechanism highlights
the vulnerability of the B2 phase, while the BCC phase acts as a more stable passive barrier
that significantly contributes to the alloy’s overall corrosion resistance.

Furthermore, the electronic properties of the passive films play a critical role in deter-
mining corrosion behavior. The BCC phase forms a passive film with a p-n heterojunction
structure, which effectively impedes the migration of aggressive ions, thereby creating
a more stable passivation layer compared to that of the B2 phase. This semiconductor
characteristic of the passive film is particularly important in acidic environments, where
fewer defects and enhanced stability are necessary to prevent corrosion. The literature
has consistently supported these findings, indicating that Cr-rich phases exhibit superior
corrosion resistance due to their ability to form continuous and protective Cr,O3 layers,
which are highly effective in blocking the penetration of aggressive ions. In summary,
the differential performance between the B2 and BCC phases in both neutral and acidic
environments can be attributed to differences in lattice distortion, atomic structure, and the
formation of stable oxide films, which collectively influence the corrosion resistance of the
FeCoNiCrAl HEA coatings.
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4. Conclusions

Using laser cladding technology, FeCoNiCrAl high-entropy alloy (HEA) coatings
were successfully fabricated on Q235 steel. Process parameters were optimized through
a response surface methodology (RSM), yielding FeCoNiCrAl HEA coatings with robust
metallurgical bonding to the substrate, low dilution rates, and excellent corrosion resistance.
This study further investigates the corrosion mechanisms of these coatings in various
corrosive media, with key findings summarized as follows:

1. The RSM-optimized laser cladding process produced FeCoNiCrAl HEA coatings with
a multi-phase solid solution structure, primarily composed of an Al-Ni-rich disordered
B2 phase and a Cr-Fe-enriched ordered BCC phase.

2. The cooling rate emerged as the critical factor affecting phase transformation and
grain refinement, with laser power and scanning speed having the most substantial
influence on the cooling rate. A balanced adjustment of laser power and scanning
speed facilitated the formation of equiaxed grains and promoted grain refinement. Ad-
ditionally, reducing specific energy density effectively mitigated elemental segregation,
contributing to enhanced corrosion resistance.

3. Under conditions of 12% dilution, high laser power, high scanning speed, and low
specific energy density, the S-800 HEA coating displayed a fine, uniformly distributed
equiaxed grain structure with minimal elemental segregation, exhibiting optimal
corrosion resistance, which may be attributed to a higher proportion of (100)-oriented
planes in the coating.

4. Inneutral and acidic corrosive environments, FeCoNiCrAl HEA coatings developed
a dense, stable passive film via electrochemical passivation, significantly enhancing
corrosion resistance. XPS analysis revealed that the passive film primarily comprised
Cr oxides and hydroxides, while the resultant p-n heterojunction semiconductor
characteristics of the film effectively blocked the migration of corrosive ions, further
stabilizing the passive layer. The high Cr and low Al content in the S-800 coating con-
tributed to reduced defect and oxygen vacancy densities in the passive film, effectively
inhibiting pitting and uniform corrosion in acidic environments, thus playing a pivotal
role in its superior corrosion resistance.

5. In immersion tests, FeCoNiCrAl HEA coatings showed selective dissolution of Al
and Ni. In neutral environments, the Al-Ni-rich B2 phase was preferentially corroded
due to CI™ accumulation, leading to localized pitting. In acidic media, the B2 phase
experienced uniform corrosion, while micro-galvanic interactions between the Cr-rich
BCC and B2 phases further accelerated B2 dissolution.

These findings demonstrate that RSM-optimized laser cladding significantly enhances
the microstructure and corrosion resistance of FeCoNiCrAl HEA coatings, offering a reliable
strategy for high-entropy alloy coatings in corrosive environments.
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