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Abstract: This study examines the microstructure and corrosion resistance of FeCrNiAly 7Cug 3Six
(x=0,0.1, 0.3, and 0.5) high-entropy alloys (HEAs) in a 3.5% NaCl solution. X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive spectroscopy (EDS), and elec-
trochemical testing were employed to systematically analyze the alloys” microstructures and
corrosion behavior. The XRD results indicate that the addition of Si affects the phase structure of
the alloy. At Si = 0, the alloy exhibits a single BCC phase. By increasing the Si content to 0.1 and
0.3, a BCC; phase appears. At Si = 0.5, Si-containing intermetallic compounds form. SEM obser-
vations reveal that as the Si content increases, the alloy develops a distinct dendritic structure.
Polarization tests in the 3.5% NaCl solution show that the corrosion current density first decreases
and then increases with increasing Si content. At Si contents of 0.1, 0.3, and 0.5, the corrosion
current densities are 4.275 x 1070 A-cm~2, 4.841 x 10~7 A-cm~2, and 2.137 x 10~ A-cm 2,
respectively. FeCrNiAly7Cug 353 HEA exhibits the lowest corrosion current density, indicating a
lower corrosion rate. Electrochemical impedance spectroscopy (EIS) tests show that at Si = 0.3, the
alloy has the largest capacitive arc radius. The charge-transfer resistance (RCT) for the alloys with
the Si contents of 0.1, 0.3, and 0.5 are 2.532 x 10° Q2-cm?, 4.088 x 10° (2-cm?, 4484 x 10° Q2-cm?,
and 2.083 x 10° Q-cm?, respectively. FeCrNiAly7Cug3Sig3 HEA has the highest RCT, which
indicates a more stable passivation film and better resistance to chloride ion intrusion. The corro-
sion morphology observed after polarization testing shows that all alloys exhibit intergranular
corrosion characteristics. The Si content alters the distribution of passivation film-forming ele-
ments, Cr and Ni. Compared to other alloys, the corrosion morphology of FeCrNiAly7Cug35ip3
HEA is more complete. Combining the polarization, EIS, and corrosion morphology results, it
can be concluded that FeCrNiAlj7Cug3Sip3 HEA exhibits the best corrosion resistance in the
3.5% NaCl solution.

Keywords: FeCrNiAlj yCuy 35ix; microstructure; corrosion resistance; high-entropy alloy

1. Introduction

High-entropy alloys (HEAs) are a new type of alloy system developed in recent
years, based on multi-element design [1,2]. These alloys are composed of five or more
metals, with each metal’s atomic fraction ranging from 5% to 35% [3,4]. Unlike traditional
alloys, which rely on one or a few base elements, HEAs use the “high-entropy effect” to
prevent the formation of complex intermetallic compounds. This allows them to form
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simple solid solution structures, such as BCC, FCC, or HCP phases [5-7]. As a result,
HEAs offer improved mechanical properties, corrosion resistance, and high-temperature
performance [8-11].

Due to their comprehensive properties, HEAs show promising application prospects
across various fields. In practical applications, the safety and service life of materials are
determined by both their corrosion resistance and mechanical properties. Therefore, consid-
ering the complex environments that materials may encounter, improving their corrosion
resistance is crucial. Significant research has been conducted on the corrosion resistance of
HEAs. For instance, Qiu et al. [12] tested nearly 20 HEAs in a 0.6 mol/L NaCl solution and
found that their corrosion resistance was superior to that of carbon steel and aluminum
alloys. Shi et al. [13] studied AINiLaCe amorphous HEAs and found that increasing the
Al and Ni contents raised the corrosion current density, thereby reducing their corrosion
resistance. Hsu et al. [14] investigated the electrochemical behavior of FeCoNiCrCux HEAs
and revealed that Cu segregation in the interdendritic region led to passive film breakdown
and aggravated localized corrosion. Santos et al. [15] investigated the effect of chromium
(Cr) content on the corrosion resistance of WC-Ni-Cr-Mo composites in chloride environ-
ments. They found that as the Cr content increased, the corrosion current density of the
alloys decreased significantly. Specifically, when the Cr content was 11%, the corrosion
current density was 18.60 x 10> A/cm?; at 13% Cr, it decreased to 3.65 x 1072 A/cm?;
and at 18% Cr, it further decreased to 1.10 x 10~ A/cm?. This indicates that alloys with
higher Cr content exhibit better corrosion resistance. The improved corrosion resistance
with increased Cr content is primarily due to the formation of a denser protective oxide
film on the alloy surface, which reduces the penetration of corrosive media and thereby
lowers the corrosion current density.

In addition to the studies on traditional alloying elements, introducing nonmetallic
elements (e.g., B, C, N, Si) to regulate the microstructure and phase stability is another
active research area in the HEA field. For instance, in (VAITiCrMo)Nx HEAs [16], the addi-
tion of N not only changes phase composition and growth patterns but also significantly
increases hardness and wear resistance through interstitial solid solution strengthening.
Wan et al. [17] found that as C content increased, the alloy transitioned from a single
BCC phase to a BCC + FCC structure. Similarly, B has a notable effect on improving
high-temperature performance [18]. Regarding Si, altering phase stability or inducing
martensitic transformation has been experimentally confirmed to enhance both strength
and ductility. Hou et al. [19] added Si to Fe50Mn30C010Cr10 and observed a transfor-
mation from metastable FCC to martensite during deformation, achieving simultaneous
improvements in both strength and ductility. Yuan et al. [20] employed induction melting
to produce HfM00.5NbTiV0.55ix alloys and found that the introduction of Si generated
multiple silicides (Hf, Nb, Ti)ccSi3(Hf, Nb, Ti) 5 Si 3, accompanied by a sub-eutectic
— eutectic — hypereutectic structural evolution; this not only increased the alloys” hard-
ness and strength but also enhanced their wear resistance. Shen et al. [21] used gas
atomization to prepare AlICoCrCuFeNiSiyHEAs and reported that the Si addition low-
ered segregation while increasing hardness. Currently, vacuum arc melting is commonly
employed to synthesize HEAs, allowing the fabrication of high-melting-point, refractory
alloys under oxygen-free conditions to remove impurities.

In prior work [22-24], our research group studied HEAs based on Fe, Cr, Co, Al, and
Cu for laser cladding coatings on aluminum alloys, confirming their excellent wear and
corrosion resistance. To address cost and resource concerns associated with Co, this study
focuses on Fe, Cr, Ni, Al, and Cu to design a FeCrNiAlj yCug 3 HEA. Based on previous
findings and the literature on Si’s effect on phase structure and corrosion behavior, different
amounts of Si (x =0, 0.1, 0.3, 0.5) were introduced into the alloy via vacuum arc melting
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to produce FeCrNiAly7Cug3Six. This work investigates the impact of Si content on the
alloy’s microstructure and corrosion resistance, providing insights into the underlying
mechanisms and offering new perspectives for HEA designs and applications. The purpose
of this paper is to explore the influence of Si content on the alloy’s properties, focusing
on its effects on phase structure, microstructure, and corrosion resistance and to offer a
deeper understanding of the design principles for HEAs with enhanced performance in
harsh environments.

2. Materials and Methods

The metal raw materials used in this experiment include Fe, Ni, Cr, Al, Cu, and Sj, all
with a purity of 99.99%. First, the target compositions of each element are calculated based
on the alloy’s molar ratio. Fe, Ni, and Cr are set to have equal molar ratios, with Al having
a molar ratio of 0.7, Cu having a molar ratio of 0.3, and Si content varying at 0, 0.1, 0.3, and
0.5. These compositions result in the designations FeNiCrAlj ;Cug 3Six (Where x =0, 0.1,
0.3, and 0.5). For simplicity, these alloys are referred to as Si0, Sil, Si3, and Si5, respectively.

The alloy was melted using a vacuum arc furnace (MTDH-600 model, Shanghai
Mengting, China) with high-purity argon as the protective gas. The arc furnace allows
current regulation, enabling the arc temperature to exceed 1500 °C, thereby melting high-
melting-point elements and ensuring uniform mixing in the liquid state. This experiment
involved multiple metallic elements with significant differences in melting points and
densities. To minimize metal splashing during arc melting, a layered sample placement
strategy was adopted, prioritizing low-melting-point metals at the bottom of the crucible.
First, Al, the metal with the lowest melting point, was placed at the bottom, followed by
the other metals in ascending order of melting point, and the furnace chamber was sealed.

Subsequently, the furnace was evacuated to 6.0 x 1073 Pa, and argon was introduced
to 0.5 atm to prevent sample oxidation, maintaining this pressure throughout the melting
process. The initial arc ignition was used to remove residual oxygen, followed by melting
at a current of 20 A and a voltage of 350 V. To ensure compositional homogeneity, the alloy
was flipped five times during melting, ultimately forming button-shaped ingots.

First, the prepared high-entropy alloy ingot was cut using an electrical discharge
wire-cutting machine. Subsequently, the sample surface was progressively polished using
200#, 600#, 10004, 1500#, and 2000# silicon carbide sandpaper, from coarse to fine. After
completing the sandpaper polishing, the sample was further polished with diamond
polishing paste to enhance surface smoothness. Finally, the sample was placed in anhydrous
ethanol and ultrasonically cleaned for 10 min to remove residual contaminants from
the surface, ensuring it was prepared for subsequent microstructural observation and
performance testing.

The crystal structure of the alloy was characterized using an XRD7000S X-ray diffrac-
tometer (XRD) manufactured Shimadzu Corporation, Tokyo, Japan. The experimental
parameters included a Cu target with Ko radiation (wavelength of 0.154056 nm), an operat-
ing voltage of 40 kV, an operating current of 40 mA, a scanning range (26) of 10-90°, a scan
speed of 4° /min, and a step size of 0.02°. The microstructure was analyzed using an FEI
Quanta 650 FEG scanning electron microscope (SEM) from the FEI Company, Hillsboro, OR,
USA. The Netherlands, equipped with an Oxford energy-dispersive spectroscopy (EDS)
system for elemental analysis.

The sample preparation method for electrochemical corrosion testing is as follows:
First, the 10 mm x 10 mm X 3 mm corrosion test sample underwent metallographic
preparation, which included sequential grinding with 200#, 600#, 1000#, and 1500# silicon
carbide sandpaper, followed by polishing with a diamond polishing paste to ensure surface
smoothness. Then, a copper wire was soldered to the back of the sample using a soldering
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iron for electrical connection. After soldering, the sample was placed in a metallographic
mold and encapsulated with epoxy resin, leaving only the 10 mm x 10 mm unwelded test
surface exposed. The epoxy resin was fully cured, and the sample was removed, providing
a prepared specimen for subsequent electrochemical corrosion testing.

The electrochemical tests were conducted at room temperature using the CHI660E
electrochemical workstation manufactured by Shanghai Chenhua Instrument Co., Ltd.,
Shanghai, China. A three-electrode system was employed, with the working electrode
being the test sample with an exposed area of approximately 1 cm?, the reference electrode
being a saturated calomel electrode (SCE), and the counter electrode being a large-area
platinum sheet electrode. The corrosion medium was a 3.5% (mass fraction) NaCl solu-
tion, prepared using single-distilled water, with analytical-grade reagents. Prior to the
electrochemical tests, the open-circuit potential (OCP) was recorded for 400 s to ensure
better electrochemical stability of the entire system during testing. Once a stable OCP was
achieved, electrochemical impedance spectroscopy (EIS) testing was conducted using a
10 mV sinusoidal perturbation over a frequency range of 0.01 Hz to 10° Hz. The EIS data
were fitted and analyzed using Zsimpwin software (Version 3.30). To comprehensively
evaluate the EIS performance of the samples, two sets of experiments were conducted:
one without prior immersion and another after 24 h of immersion. For polarization curve
measurements, the potential range was set from —0.8 V (vs. SCE) to 1 V (vs. SCE), with a
scanning rate of 10 mV/s.

3. Results and Discussion
3.1. XRD Analysis

Figure 1 presents the XRD pattern of the alloy. At Si = 0, the alloy exhibits a solid
solution structure with a BCC phase. With the addition of Si, a new diffraction peak forms
at approximately 31°, suggesting the emergence of a BCC2 phase, which is identified as the
Al-Ni phase [25]. The emergence of the Al-Ni phase can be attributed to its more negative
enthalpy of mixing, which favors its thermodynamic stability. As the Si content reaches
0.3, the alloy retains both BCC1 and BCC2 phases. Si has an atomic radius similar to that
of other alloying elements, and its addition further increases the atomic radius difference
between the elements in the alloy. This increased atomic radius disparity facilitates the
easier insertion of Si into the interstitial spaces between different elements, leading to
lattice expansion and deformation, which induces lattice distortion [26]. Additionally, the
enhanced atomic radius difference also promotes the stability and formation of the BCC
phase [27].
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Figure 1. XRD patterns of FeCrNiAly ;Cug 3Six HEA with different Si contents.
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When the Si content reaches five, the addition of Si exceeds the solubility limit of the
BCC high-entropy phase, resulting in the formation of the Cr55i3 phase. The number of
phases observed after alloy melting is significantly lower than the predicted number of
phases according to the Gibbs phase rule [28]. This phenomenon is primarily related to the
combined effects of entropy and enthalpy. As the Si content increases, the mixing entropy
rises, and the mixing enthalpy becomes increasingly negative [29]. Consequently, when an
appropriate amount of 5i is added, the system tends to favor a simpler phase constitution,
predominantly stabilizing the existing high-entropy phases.

3.2. Microstructure Analysis

Figure 2 presents the backscattered electron images (BSIs) of the various specimens.
For the alloy, no apparent phase separation was observed in the microstructure, which
aligns with the XRD results indicating the presence of a single BCC phase, as shown in
Figure 2a. With the introduction of Si into the alloy, gray-white regions emerged within the
microstructure, and these regions did not exhibit a continuous distribution, as illustrated in
Figure 2b. As the Si content increased to 0.3, the microstructure displayed a continuous
dendritic gray-white region, accompanied by the formation of fine, dispersed precipitates
within the grains, exhibiting a typical multiphase morphology; Figure 2c. Upon further
increasing the Si content to 0.5, the dendritic structure became fragmented, the gray regions
thickened, and an island-like distribution was observed (Figure 2d). In conjunction with
the XRD analysis, it is evident that the Si addition promotes phase separation in the alloy;,
confirming its influence on the microstructural evolution. To gain deeper insights into
the effects of Si on the elemental distribution within the HEA, EDS mapping analysis was
performed on the representative region’s electrochemical stability.

Figure 2. The microstructure of FeCrNiAly ;Cug 3Six HEA in backscattered mode: (a) Si0, (b) Sil,
(c) Si3, and (d) Si5.
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Figure 3 displays the Si0, where the measured data closely match the nominal compo-
sition, indicating that no significant compositional evaporation losses occurred during the
alloy preparation process.

|
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Figure 3. SEM image of Si0 alloy with X-ray maps and EDS spectrum.

Figure 4a reveals that for the Sil alloy, the distribution of Fe is relatively uniform, with
the distribution patterns of Al and Ni showing consistency. However, these two elements
exhibit a distinct distribution compared to Cr. The distribution of Si and Cu is largely
consistent with that of Fe. In the gray-white regions, Al and Ni are enriched, while Cr
content is lower, indicating that the addition of Si promotes phase separation between Al,
Ni, and Cr. In Figure 4b, the distribution patterns of the elements in the Si3 alloy become
more pronounced. Al, Ni, and Cu are mainly concentrated in the gray-white regions, while
Fe, Cr, and Si are more localized in the gray regions. Si transitions from its initial solid
solution form to a compositional phase formed jointly by Fe and Cr. Figure 4c displays the
compositional distribution of the Si5 alloy, where the distribution of Al and Si is similar,
suggesting that Si participates in the distribution process of Al. Al, Ni, and Cu are enriched
in the gray-white regions, while Cr is concentrated in the gray regions. Compared to Si3,
the Si element in Si5 is more evenly distributed, indicating that the further addition of Si
exceeds the solubility limit of Fe and Cr in the phases while promoting a more uniform
distribution of Fe across the phases.

Figure 4. Cont.
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Figure 4. The compositional scan images of FeCrNiAlj ;Cug 3Six HEAs. (a) 5il; (b) Si3; (c) Si5.
3.3. Corrosion Resistance Analysis

The open-circuit potential curve changes in the FeCrNiAly ;Cug 3Six HEAs in the 3.5%
NaCl solution are shown in Figure 5. From the figure, it can be seen that the OCP values
differ under different Si contents. The magnitude of the OCP represents the tendency for
corrosion; the more negative the OCP value, the greater the tendency for corrosion, and
vice versa, the smaller the tendency for corrosion [30]. The OCP values of all samples
increase with the experimental time and eventually reach a stable state [31]. At Sil, the
OCP value is —0.285 V, and as the Si content increases, at Si5, the OCP value becomes
—0.365 V. The OCP of the high-entropy alloy first decreases and then increases, with the
material showing the greatest tendency for corrosion at Si5.

-0.2

—— Si0
—— Sil
—— Si3
L —— Si5

Potential(V)
&
w
T

04 1 1 1 1 1
0 100 200 300 400

Figure 5. The OCP FeCrNiAlj;Cug3Six HEAs in 3.5% NaCl solution.
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The four groups of specimens were subjected to potentiodynamic polarization scan-
ning, and electrochemical parameters such as corrosion potential (Ecorr) and corrosion
current density (Icorr) were derived through Tafel extrapolation, as shown in Table 1.
Figure 6 presents the polarization curves of the four FeCrNiAlj7Cug3Six HEA samples
in a 3.5% NaCl solution. The pitting potential (Ep;t) appeared in the anodic regions of
all the samples. A passive film formed on the material surface and began to enter the
passivation stage, where the current almost no longer increased until the voltage reached
the corresponding pitting potential, causing the passive film to break down. Above the
Epit point, the corrosion current increased sharply, and all four alloys showed significant
passivation behavior. The Si3 and Si5 alloys exhibited a characteristic wave feature, which
is related to secondary passivation. According to the electrochemical corrosion theory,
Ecorr and Icorr are two important indicators of the corrosion resistance of metals: Ecorr
indicates the difficulty of alloy corrosion, with higher potential meaning more difficult
corrosion and better corrosion resistance; .oy is a parameter that measures the corrosion
rate, with lower current density indicating better corrosion resistance [32,33]. The Icorr
of the Si3 material is the smallest, 4.841 x 10~7 A-cm~2, and its Eeoyr is —0.422 V. The
breakdown potential (E},) is 0.006 V, indicating good corrosion resistance; the I.orr values
of the Sil and Si4 alloys are 1.345 x 107 A-cm~2 and 2.137 x 10~® A-cm~2, respectively,
both greater than that of the Si3 alloy, and Si2alloy has the Ej, (0.131 V); the Icorr of Si0
is the largest at 4.275 x 107% A-cm 2. A moderate increase in Si content can enhance the
alloy’s corrosion resistance, as it exhibits more positive Ecorr and smaller Icorr. However,
the excessive addition of Si elements reduces these properties.

Table 1. Fitting values of polarization data for FeNiCrAly ;Cug 3Six HEA in 3.5% NaCl solution.

Ecorr Leorr Ep

v) (A-cm~2) (V)
Si0 —0.328 4275 x 1070 0.015
Sil —0.525 1.345 x 10~° 0.131
Si3 —0.422 4.841 x 1077 0.006
Si5 —0.376 2.137 x 10 0.004

0.8 |-
0.6 -
04
02
0.0

-02

Potential, E(Vgyp)

04

-0.6

-0.8

Current density,i(A/cm?)

Figure 6. The polarization curves of FeNiCrAlj yCug 3Six HEA in 3.5% NaCl solution.

In the early corrosion resistance tests [24] of FeCoNiCrAly 7Cup 3 and FeCoNiCrAlg 7Cug 3Sig 2
HEAs in a 3.5% NaCl solution, the Icorr values were found to be 3.25 x 10°8 A-em 2 and
3.61 x 1078 A-cm~2, respectively. These values are two orders of magnitude lower than those of
the Co-free FeNiCr Alj7Cug3Six HEAs, indicating that the Co-containing HEAs exhibit superior
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corrosion resistance. This improvement is attributed to the presence of Co, which may contribute
to the formation of a more stable BCC or FCC phase. Additionally, Co facilitates the development
of a more stable Cr and Ni oxide film, further enhancing the alloy’s corrosion resistance. There-
fore, in practical engineering applications, a comprehensive selection can be made by balancing
corrosion resistance and the lower cost characteristics of low-Co alloys.

For a deeper insight into the alloy’s corrosion mechanism, the morphology of
the corroded samples was studied. Figure 7 shows the corrosion morphology of
FeCrNiAly7Cug3Six HEAs. The results indicate that the Si content affects the corrosion
resistance of the alloy. With an increase in Si content, the corrosion behavior of the alloy
shows noticeable differences. The Si3 alloy exhibits a relatively smooth corrosion surface
with only localized corrosion. In contrast, the corrosion traces on the Si0 and Si4 alloys
are more prominent, with wider corrosion cracks forming at the grain boundaries. In all
samples, corrosion spreads from the grain boundaries to the grain interior, indicating that
the primary corrosion mechanism is intergranular corrosion.

Figure 7. Corrosion morphology of the alloys after polarization testing in 3.5% NaCl solution:
(a,e) Si0, (b,f) Sil, (c,g) Si3, and (d,h) Si5.

The corrosion morphology of the alloy was analyzed using EDS area scanning, and
the results are shown in Figure 8. Figure 8a presents the compositional analysis of the Si0,
where certain regions exhibit significant Cr and Fe depletion, while these areas show a high
Cl concentration. Based on the corrosion morphology characteristics, it can be inferred that
these regions mainly consist of Al-rich corrosion products, whereas Fe, Cr, and Ni elements
are distributed relatively uniformly. Figure 8b shows the compositional analysis of the
Si. Unlike Si0, Al and Ni exhibit a consistent distribution pattern. As shown in Figure 8c,
in the Si3, the elemental distribution trend is similar to that of the Sil. The Cl-enriched
regions correspond to corrosion pits, where Al and Ni are depleted, while Fe and Cr are
enriched. As depicted in Figure 8d, the Si5 also exhibits Al and Ni depletion in the Cl-rich
corrosion pits, further confirming that Al and Ni are the easily corroded phases. Moreover,
compared to Si3, the Si5 shows more voids in Cr distribution relative to Fe. XRD analysis
indicates the formation of intermetallic compounds such as CrSi5 in the Si5, which reduces
the corrosion resistance of Cr. This reduction is attributed to the increased heterogeneity of
the passive film due to the precipitation of intermetallic compounds, leading to a decline in
corrosion resistance in NaCl solution [34]. Additionally, the precipitation of intermetallic
compounds forms micro-galvanic cells, further exacerbating galvanic corrosion. Therefore,
the corrosion resistance of the Si5 alloy is lower than that of the Si3.
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Figure 8. Elemental mapping after polarization testing in 3.5% NaCl solution: (a) Si0, (b) Sil, (c) Si3,
and (d) Si5.

EIS is important for studying the corrosion properties and mechanisms of materials.
Analyzing the kinetic characteristics and polarization behavior during the electrochemical
reaction process can reveal the structural and compositional features of the electrode surface.
EIS tests were conducted to evaluate the corrosion process of the coating, and the EIS data
were analyzed using an equivalent circuit.

Figure 9 shows the EIS test results of the FeNiCrAly ;Cug 35ix HEA. Two sets of EIS
experiments were conducted on four samples: non-immersed samples (Figure 9) and
samples immersed in a 3.5% NaCl solution for 24 h (Figure 9). The non-immersed samples
were designated as the first group, while the samples immersed for 24 h were designated
as the second group. Table 2 presents the data fitting and results for each sample, including
5i0, 5il, Si3, and Si5, as well as Si0-24h, Sil1-24h, Si3-24h, and Si5-24h, which represent the
results after 24 h of immersion. The test results were analyzed using a circuit model for
the electrolyte solution resistance (Rg), the charge-transfer resistance (Rct), and the passive
film resistance (R¢) [35]. A constant phase element (CPE) is used to compensate for the
inhomogeneity of the system (surface roughness and surface defects), denoted as CPE¢ and
CPEgj, respectively [36]. The range of nis 0 <n < 1. When n = 1, the CPE behaves as an
ideal capacitor, and when n = 0, the CPE acts as a pure resistor.

(a) (b)
1.6x10° | —9—sil /grrr/’*’*"’"’”"l\\ 1.6x10° | Si0-24h
- o —@—Sil-24h
s s Si3-24h
1.4x10 1.4x10 5ot
1.2x10° 1.2x10° |
~
g 1.0x10° Ng 1.0x10°
& & o
N 8.0x10* N 8.0x10*
CPE; CPEr
6.0x10* 6.0x10*
Rs CPEa
4.0x10* 4.0x10*
2.0x10° 2.0x10* e
=
L 1 1 1 1 1
5.0%10°  1.0x10°  1.5x10°  2.0x10°  2.5¢10° 50%10°  1.0x10°  15x10°  2.0x10°  2.5x10°
Z/Q-cm? Z/Q-cm?

Figure 9. (a,b) EIS of FeNiCrAlj 7Cug 3Six HEAs in 3.5% NaCl solution.
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Table 2. Fitting parameters of EIS for FeNiCrAly 7Cug 3Six HEAs.
R, Cefr.a n R¢ Cef.ct n Ret Rp
(Q-cm?) (uF/cm?) d (Q-cm?) (uF/cm?) f (Q-cm?) (Q-cm?)
Si0 7.215 22.68 0.891 1.85 x 10* 30.44 0.790 253 x 10°  2.72 x 10°
Sil 7.388 6.172 0.673 4.42 x 10* 21.1 0.908 4.08 x 10° 4.35
Si3 7.311 16.49 0.87 5.44 x 10* 27.86 0.833 448 x 10° 5.03 x 10°
Si5 10.63 33.22 0.866 5.52 x 10* 51.71 0.615 2.08 x 10°  2.64 x 10°
Si0-24 h 3.01 6.603 0.5959 10.15 x 10* 2.879 0.8968  9.61 x 10* 1.98 x 10°
Si1-24 h 4.606 2.446 0.8908 7.91 x 10* 2.32 0.7046 1.88 x 10°  2.67 x 10°
Si3-24 h 3.57 5.68 0.6188 7.90 x 10* 2.523 09201  3.18 x 10° 3.97 x 10°
Si5-24 h 8.145 3.304 0.9007 5.01 x 10* 1.418 0.6984  3.05x 10* 0.80 x 10°

Based on the fitting results, all samples” Nyquist plots exhibited typical semicircular
shapes, with the center of the semicircle located below the x-axis, indicating that charge-
transfer occurs at the uneven interface [37]. In both the first and second groups of EIS test
results, among the four alloys with different Si contents, 5i3 exhibited the largest capacitive
arc radius, indicating that its surface passivation film was more compact and uniform,
leading to higher impedance values and improved corrosion resistance [38,39].

Polarization resistance (Rp), equal to the sum of R and R, is commonly used to eval-
uate the corrosion resistance of materials, with its value being inversely proportional to the
corrosion rate. A comparison of the polarization resistance of different samples reveals that
Si3 exhibits the highest polarization resistance (5.03 x 10° Q-cm?), indicating its superior
corrosion resistance. This trend is also confirmed across different immersion durations.

After immersion, the polarization resistance of all samples decreases. Specifically, Si0
decreases by 27.21%, while Si5 experiences a significant reduction of 69.47%, suggesting
that extended immersion has a greater impact on Si5, likely due to the lower stability and
higher dissolution rate of its passive film. It is important to note that Hajilou et al. [40]
studied the EIS behavior of AlICoCrFeNi-10wt% ZrO, high-entropy alloy composites after
24 h, 48 h, and 72 h of immersion. Their findings showed that after 48 h, Rt increased
from 1010 Q-cm? to 445,000 Q-cm?, and further to 116,400 Q-cm? after 72 h, indicating that
charge-transfer resistance increases with immersion time.

The researchers attributed this phenomenon to two factors: on the one hand, the high
surface roughness of the high-entropy alloy composite material, and on the other hand,
the formation of ZrO; or higher oxidation state metal oxides, which acted as secondary
passivation. As a result, after prolonged immersion, the R value of AICoCrFeNi-10wt%
ZrO; high-entropy alloy composites increased. Therefore, when analyzing the corrosion
behavior of high-entropy alloys under different EIS test conditions, it is essential to consider
the stability of the passive film, dissolution rate, surface roughness, and the evolution of
corrosion products to accurately assess the long-term corrosion performance of the alloy.

4. Conclusions

This study investigates the effect of Si content on the microstructure and corrosion
resistance of FeCrNiAly7Cug3Six HEAs in 3.5% NaCl solution. The main results are
as follows:

(1) At 0% Si, the alloy exhibited a single BCC phase. As the Si content increased, a
second BCC; phase appeared in the alloy. When the Si content reached 0.5, intermetallic
compounds began to form.



Coatings 2025, 15, 342 12 of 14

(2) Polarization tests in 3.5% NaCl solution indicate that the corrosion current density
of FeCrNiAlj yCu 3Six HEAs decreases and then increases with increasing Si content. Si0
has the highest corrosion current density of 4.275 x 10~® A-cm, while Si3 has the lowest
corrosion current density of 4.841 x 1077 A-cm. All alloys show intergranular corrosion
morphology, with Si0 and Si5 exhibiting deeper and wider corrosion grain boundaries. In
contrast, Si3 displays a more intact corrosion morphology.

(3) EIS tests indicated that Si3 has the highest charge-transfer resistance of
4.484 x 10° Q-cm? and film resistance of 5.447 x 10* Q-cm?, and its surface formed a
dense and stable passive film that effectively isolated the corrosive medium. The Si-free
FeCrNiAljp 7Cug s HEA exhibited a lower charge-transfer resistance of 2.532 x 105 Q-cm?
and a film resistance of 2.532 x 10* Q-cm?, with a thinner passive film that was more
susceptible to corrosion. FeCrNiAly 7Cug 35ip3 HEA exhibited better corrosion resistance
in 3.5% NaCl solution.
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