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Abstract: The electrochemical corrosion behavior of AlgsCoCrFeNig4 high-entropy alloy (HEA) in 3.5 wt.% NaCl
solution was investigated by electrochemical measurements coupled with comprehensive characterization of its surface
films. The results demonstrate that the AlypsCoCrFeNips HEA primarily consists of (ALNi)-rich B2 phase and
(Cr,Fe)-rich 42 phase. When subjected to electrochemical polarization, an ultrathin passive film rich in Cr is
homogeneously formed on the surface. As the applied potential increases, the protective film tends to break down at the
interface of two phases, followed by the preferential dissolution of B2 phase. Finally, the surface film with a triple-layer
structure is formed on the HEA surface. Specifically, the inner layer and the middle layer are enriched in Cr and Fe,
respectively, due to the high stability of Cr species and the selective dissolution of Fe. The (Al Ni)-rich corrosion
products are found to deposit at the outmost position ascribed to the dissolution of B2 phase.

Key words: high-entropy alloy; electrochemical corrosion behavior; selective corrosion; transpassivation; triple-layer
oxide film

stainless steel in various aggressive media [10,11].

1 Introduction

High-entropy alloys, a sort of multi-element
alloys with near equimolar proportions, have been
regarded as promising structural materials ascribed
to their exceptional service performances, such as
combined high strength and ductility [1-3],
enhanced fracture toughness [4,5] and excellent
corrosion resistance [6,7]. As a typical HEA
category, AlCoCrFeNi HEAs have attracted
extensive attention with favorable mechanical and
anti-corrosion properties [8,9]. Previous studies
demonstrated that AlICoCrFeNi HEAs even exhibit
superior corrosion resistance compared to 304

It is widely acknowledged that the corrosion
behavior of the alloys is highly dependent on their
microstructural features, such as the grain size [12],
phase distribution [13], crystalline orientation [14],
and grain boundary type [15]. According to the
relative studies [16—18], phase constitution is found
to be closely associated with the corrosion
resistance of AICoCrFeNi HEAs, which is mainly
determined by the molar ratios of the component
elements. Among the most common phases, the
face-centered cubic (FCC) phase exhibits slightly
superior anti-corrosion properties than the other
two body-centered cubic (BCC) phases, in which the
(Al Ni)-rich B2 phase is likely to be preferentially
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etched in aggressive media due to its higher
electrochemical activity than other phases [19,20].
According to Ref. [11], the galvanic effect between
B2 phase and surrounding FCC phase could lead to
the accelerating dissolution of the former and
produce severe localized corrosion. Moreover, YEN
et al [19] reported that B2 phase tends to be initially
corroded away due to its lower charge transfer
resistance and the poorer uniformity of the passive
film based on the first principle calculation.

As a promising corrosion resistance alloy,
AlCoCrFeNi HEAs will be inevitably applied
in some harsh environments like bleaching or
radiation, thus taking the high risk of transpassive
dissolution [10,21,22]. Nevertheless, there has still
been no study focusing on the transpassivation
behavior of high-entropy alloys so far. It is well-
known that the transpassivation process of stainless
steels is mainly due to the dissolution of Cr as
Cr(Ill) and Fe as Fe(IIl) through the transpassive
film [23,24], which is also considered to be a
pathway for the AICoCrFeNi HEAs. Actually, the
distinctive transpassivation behavior of these HEAs
has been noticed but not further studied [25].
Compared to stainless steels, the presence of Al
element and (AlNi)-rich B2 phase is believed to
greatly influence their transpassive dissolution
process at high anodic potentials.

In the present work, the AlosCoCrFeNig4 high-
entropy alloy was fabricated and went through
structural analysis and electrochemical corrosion
behavior investigation by means of multiple
characterization techniques. Initially, microstructural
and compositional features of the HEA were
analyzed by X-ray diffraction (XRD), electron back-
scattered diffraction (EBSD) and energy-dispersive
X-ray spectroscopy (EDX). Subsequently, the electro-
chemical corrosion behavior of the HEA in 3.5 wt.%
NaCl solution was evaluated by potentiodynamic
polarization curves, followed by the compre-
hensive transmission electron microscopy (TEM)
characterization of the oxide films formed in
passive and transpassive regions, respectively. Based
on the results above, the electrochemical corrosion
mechanism of AlypsCoCrFeNig4 high-entropy alloy
was proposed. The present study is beneficial to
strengthening the fundamental understanding of
the electrochemical corrosion behavior of multi-
phase HEAs and serving as references for the
corresponding corrosion control and alloy design.

2 Experimental

2.1 Materials

The non-equimolar AlysCoCrFeNio4 HEA was
fabricated by arc melting using commercially pure
Al Fe, Cr, Co, and Ni particles with the purity up to
99.99% under the high-purity argon atmosphere.
Melting and casting were subsequently carried out
in a vacuum of 1.013x10°Pa followed by purging
with argon three times. The alloy was repeatedly
melted and solidified six times to achieve high
chemical homogeneity. The chemical composition
of the as-cast alloy is shown in Table 1. The
specimens for electrochemical measurements were
cut into 10 mm x 10 mm x 2 mm plates and sealed
in epoxy resin with an exposure area of 1 cm? The
studied surfaces of specimens were mechanically
polished using a series of 400-2000* SiC grit
papers, polished with diamond suspensions, cleaned
with alcohol and deionized water and dried before
electrochemical measurements.

Table 1 Chemical composition of as-cast AlgsCoCrFe-
Nio 4 alloys (at.%)

Al Co Cr Fe Ni
6.62 28.93 25.52 27.41 11.52

2.2 Electrochemical measurements

The potentiodynamic polarization and EIS
measurements were carried out using the Autolab
Pastat 302N instrument via a three-electrode
electrochemical cell system, in which a saturated
calomel electrode (SCE) was used as the reference
electrode, a platinum foil as the counter electrode,
and a specimen as the working electrode. The
electrochemical measurements were undertaken in
3.5wt.% NaCl solution at room temperature.
Before the electrochemical test, the specimens were
cathodically polarized at —1 V (vs REF) for 10 min
to remove the air-formed oxide film on the surface.
Then, the sample was immersed in the solution for
1h to reach a stable value of the open circuit
potential (OCP). The EIS tests were performed
at the stable OCP with a sinusoidal potential
amplitude of 10 mV and the frequency range was
changed from 100 kHz to 10 mHz. The Zsimpwin
software was used to analyze the EIS data. The
potentiodynamic polarization curve was measured
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at a scan rate of 1 mV/s from —0.5 V (vs OCP) to
the final potential with a current density of
1 mA/cm?. All experiments were repeated at least
three times to confirm the reliability of data.
According to relevant research [26—28], constant
potential polarization measurements were carried
out in 3.5 wt.% NaCl solution at —0.15 and 0.75 V
for 1h, respectively, to ensure that sufficiently
stable films were formed on the samples.

2.3 Microstructure analysis

X-ray diffraction (XRD) analysis was
performed at 26 values from 20° and 90° at a
scanning rate of 5(°)/min wusing an X-ray
equipment with Cu K, radiation (STOE/2, 3 kW).
The EBSD analysis was conducted by a Tescan
mira 3 LMH scanning electron microscope
equipped with an Oxford Instrument Symmetry
EBSD detector. Scanning electron microscopy
(SEM, Regulus 8100) was employed to observe and
analyze the microstructure of the as-cast alloy. For
better observation, the surface of the samples was
slightly etched with a mixed solution of 30 mL
glycerol + 10 mL HNOs + 30 mL HCI. The scanning
transmission electron microscopy (STEM) images
and EDX mappings were obtained by transmission

electron microscope (TEM, Talos F200s). The
SKPFM  measurement (AFM, Bruker) was
conducted to measure the appearance and potential
on the surface of HEA. The contents of various
elements of the HEA dissolved in 3.5 wt.% NaCl
solution after constant potential polarization were
evaluated by inductively coupled plasma mass
spectrometry (ICP-MS). The cross-section images
and EDX mappings of samples after polarization
were observed through focused ion beam-SEM
(FIB-SEM) using a Helios 600i SEM (FEI, USA).
X-ray photoelectron spectroscopy (XPS) test was
performed on a Thermo ESCALAB Model 250X1
instrument to analyze the composition of the
surface film.

3 Results and discussion

3.1 Microstructure

Figure 1 shows the microstructural features of
the as-fabricated AlosCoCrFeNigs HEA. The low-
magnification SEM image (Fig. 1(a)) and inverse
pole figure (IPF) map (Fig. 1(b)) suggest that the
alloy possesses an anisotropic characteristic with an
average grain size exceeding 500 um. Upon further
inspection, the magnified SEM observation exhibits

40 50 60 70 80 90
20/(°)

Fig. 1 Low SEM image (a), IPF map (b), high magnification BSE image (c) and XRD pattern (d) of AlpsCoCrFeNig.4

HEA
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that the large-scale grain is composed of plentiful
nano-scale grains, which can be easily distinguished
from the z-contrast between the grains and the
intergranular regions, as shown in the back-
scattered electron (BSE) image of Fig. 1(c). The
XRD pattern in Fig. 1(d) demonstrates that the HEA
mainly consists of BCC phase (i.e. disordered 42
phase and ordered B2 phase) with trace amount of ¢
phase [29].

In order to further characterize the elemental
distribution of the nanostructured HEA, STEM
equipped with EDX was employed. As illustrated in
Fig. 2(a), the size of the nano-grains is measured to
be around 200 nm, which is consistent with the
BSE results mentioned above. Element distribution
maps in Figs. 2(c—f) clearly demonstrate the
composition difference between the grains and
intergranular regions. It is observed that the
nano-grains are mainly composed of Al and Ni
whilst the intergranular regions are rich in Fe and
Cr. In contrast, Co is homogeneously distributed in
both parts. According to the reported results, the
(Fe,Cr)-rich regions represent the 42 phase and the
(AlNi)-rich grains are the B2 phase [30,31]. As
listed in Table 2, the total content of Al and Ni is
merely ~6 at.% in 42 phase but it can reach almost
~50 at.% in B2 phase. By comparison, the molar
ratios of Fe to Cr exhibit an utterly different
situation. As for Co, it shows similar content in
the two phases. It is well-known that the
electrochemical stability of the material is highly
dependent on its chemical composition. Based on
the SKPFM measurement of the AlgsCoCrFeNig4

HEA, the B2 phase possesses a much lower volta
potential compared with the A2 phase (Fig. 2(h)), as
indicated by the darker contrast in Figs. 2(g) and (h),
which is attributed to the high content of Al in B2
phase.

3.2 Electrochemical corrosion behavior

Figure 3 shows the anodic potentiodynamic
polarization curves of the AlpsCoCrFeNips HEA in
3.5 wt.% NaCl solution, in which two plateaus are
included in the low and high potential ranges,
respectively. It is noted that the current density
experiences a rapid boost after the first plateau,
followed by a sharp decrease before reaching the
second plateau. In order to understand the
electrochemical process that occurred between
the HEA and the electrolyte, the electrochemical
impedance spectroscopy measurements were
carried out at —0.15 and 0.75 V located within the
two plateaus, respectively. As illustrated in Fig. 3(b),
the Nyquist plots at two potentials exhibit an
identical semicircle shape and the larger diameter of
the semicircle indicates better corrosion resistance.
Figure 3(c) shows the Bode plots of HEA after
polarization at —0.15 and 0.75 V, respectively. The
curves of both samples show a similar trend, but the
sample polarized at —0.15V possesses a larger
value of the maximum impedance modulus. In the
high frequency range, the sample possesses a
constant impedance modulus and a phase angle of
approximately 0°, indicating the existence of a pure
resistor (the solution resistance) [32]. Moreover,
in the medium and low frequency ranges, the lg |Z]

Fig. 2 STEM-EDX mappings (a—f) and SKPFM mappings (g, h) of phases in AlpsCoCrFeNios HEA
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Table 2 EDX results of two phases (42 and B2) in
AlpsCoCrFeNip4 HEA (at.%)

Phase Al Cr Fe Co Ni
A2 1.49 40.67 29.69 23.73 4.42
B2 24.20 5.68 16.60 29.42 24.10

and 1g f show the linear relationships and the phase
angles reach maximum values for both plots, which
is related to the capacitive-like response of passive
film [33,34]. As shown in Fig. 3(d), the electrical
equivalent circuit model with two-time constants is
used to fit the EIS results. In the equivalent circuit,
Ry is the solution resistance, () indicates the
constant phase element (CPE) related to the
capacitance of the surface film, R represents the
resistance of surface film, Q; reflects the interfacial
electric double-layer capacitance, and R, refers to
the charge transfer resistance [34]. The fitting
parameters are shown in Table 3. The value of R;
for the sample polarized at —0.15 V (2.72x10° Q-cm?)
is much higher than that of the sample polarized at
0.75 V (45.67 Q-cm?), indicating the alloy polarized
at —0.15 V exhibits slightly better corrosion resistance.
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Except for the electrochemical measurements,
microscopic characterizations were also employed
to further reveal the microstructural features
of the oxide films formed on the HEA surface
at the two potentials, respectively. Figure 4(a)
shows the current density—time (J—¢) curve of the
AlosCoCrFeNip4 HEA in 3.5 wt.% NaCl solution
measured at —0.15V, suggesting that the current
density undergoes an initial drop and then remains
stable. Figure 4(b) illustrates the inductively
coupled plasma mass spectrometry (ICP-MS)
results after the J—¢ measurement at —0.15 V for 1 h.
It can be witnessed that Al and Fe are dominant in
the solution due to their higher activities compared
to the other three elements, although the general
dissolution rate of the HEA is low. The surface
morphology of the HEA after J—f measurement was
observed under SEM and TEM, respectively. The
BSE image in Fig. 4(c) clearly shows the phase
contrast between A2 and B2 phases, which is
consistent with the alloy without constant potential
polarization measurement. Since no corrosion pits
or products were witnessed on the smooth surface
of HEA, TEM observation with a higher resolution
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Fig. 3 Potentiodynamic polarization curve (a), Nyquist plots (b) and Bode plots (c) of HEA, and electrical equivalent

circuit for fitting EIS data (d)
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Table 3 Fitting parameters of EIS measurements
Potential R/ Q]/ R/ Qz/ Ry/
(vs SCEYV  (Q-cm?) (Qcm 25" " (Qemd) (@ em s 2 (Q-cm?)
-0.15 5.05 7.71x107* 0.87 2.72x10° 1.42x10°° 0.91 42.46
0.75 4.81 0.24x107* 0.69 45.67 0.02x107° 0.58 2.31x10°

n, n1 and n2 are exponents of constant phase angle elements
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Fig. 4 Potentiostatic polarization curve of AlysCoCrFeNio4 HEA at —0.15 V (a), corresponding elemental concentrations

obtained by ICP analysis (b), top and cross-section view images of HEA after polarization at —0.15 V, respectively (c, d),

and EDX mappings of interface between passive film and substrate (e)

was adopted to further characterize the surface
condition details of the HEA. The cross-sectional
specimen of the HEA was prepared by using the
focused ion beam (FIB), as displayed in Fig. 4(d). It
is seen that an ultrathin passive film with a
thickness of ~3 nm is formed on the surface of the
HEA matrix, which could well explain the smooth
surface observed in the SEM (Fig. 4(c)). A carbon
coating was seen to be deposited on top of
the passive film for protection during sample
preparation by FIB. The magnified STEM image
and the interface and elemental maps are shown in
Fig. 4(e). The thin passive film could be identified
from its z-contrast, which is much brighter than the
matrix and slightly darker than the carbon coating.
It is noteworthy that a tiny pit is observed to be
initiated on the HEA surface. Compared with the
elemental mappings, it could be inferred that the
pit just locates at the grain boundary between
the (ALNi)-rich B2 phase grain and (Fe,Cr)-rich
A2 phase. This is probably ascribed to the micro-

galvanic effect between the two phases as well as
the slightly higher electrochemical activity of their
boundary [35]. Due to the ultrathin thickness of the
passive film as well as the intense signals from the
HEA substrate, the composition information cannot
be well reflected in the STEM maps.

In order to reveal the chemical composition of
oxide film formed on the surface, XPS was used to
characterize the AlgsCoCrFeNips HEA after the
polarization at —0.15 V. As shown in Fig. 5(a), the
XPS survey spectrum indicates the existence of Al,
Co, Cr, Fe, Ni and O elements in oxide film.
Figures 5(b—f) illustrate the high-resolution XPS
spectra of Al2p, Co 2p, Cr2p, Fe2p and Ni 2p,
respectively. It is seen that all detailed spectra of
HEA exhibit two main spin-orbit peaks, 2ps3» and
2pi12, which are separated by analogous binding
energies [36]. In detail, the Al 2p spectrum can
be fitted into three peaks at the binding
energies of 72.1, 73.3 and 74.3 eV, corresponding
to metallic Al 2psp, Al 2p12, ALOs and AI(OH)s (AP,
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Fig. 5 XPS spectra of sample polarized at —0.15 V: (a) Survey of all elements; (b—f) High-resolution spectra of Al, Co,

Cr, Fe and Ni, respectively

respectively [28,32,36]. The Co, Co*" and Co?"
peaks with binding energies of 777.8, 780.2 and
781.9 eV can be observed in the high-resolution
XPS spectrum of Co 2p3p», which may indicate the
presence of metallic Co, CoO, Co(OH), and Co030s4,
respectively [34,37]. It can be seen in Fig. 5(d) that
the Cr 2psp peak is separated into the peaks of the
Cr,0; and Cr(OH); (Cr*") at 577.2 ¢V and a weak
peak of metallic Cr at 573.9 ¢V [34]. Similar to

Co 2p3n, Fe2psn spectrum mainly contains three
constituent peaks, including metallic Fe (706.9 eV),
Fe** (709.6 e¢V) and Fe** (711.5 V), which can be
attributed to the presence of FeO, Fe,Os; and
FeOOH in the film, respectively [21,26,27]. The
Ni2ps, peak can be deconvoluted into three
components at the binding energies of 852.9, 855.7
and 860.9 eV, which are assigned to metallic Ni,
NiO and Ni(OH), (Ni*"), and Nisy, respectively [37].
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The fitting results of spin-orbit 2pi,, peaks of each
element show similar results with the 2ps» peaks
above. As such, the main composition of the
passive film formed on the surface of the
AlosCoCrFeNips HEA is a mixture of the metallic
oxides/hydroxides of each constituent element.

The electrochemical corrosion behavior of the
HEA was further investigated at an applied
potential of 0.75V at the second plateau. The
corresponding J—¢ profile is shown in Fig. 6(a).
Similar to the previous case, the current density
rapidly reached a flat level, indicating the
stabilization of the HEA surface at such a high
potential. As shown in the ICP results (Fig. 6(b)),
the content of Ni in the solution after being
polarized at 0.75 V is significantly higher than that
of other elements, which is closely associated with
a large amount of dissolution of the Ni-rich B2
phase. Figure 6(c) exhibits the surface morphology
of the HEA after being subjected to the
potentiostatic polarization above. Combined with
Fig. 2, it can be observed that serious corrosion
occurred on the surface of HEA. A large number of
B2 phase nano-grains have dissolved and plentiful
corrosion pits are left on the substrate, which is
consistent with the cross-section STEM image in
Figs. 6(d) and (e). It is seen that a porous oxide film
(~ 60 nm) is homogeneously covered on the
surface of HEA and the quasi-cubic B2 grains
are completely etched away. According to the

magnified view and EDX mappings in Fig. 6(e), the
surface film can be further divided into three layers,
in which O and Co are homogeneously distributed.
The strong enrichment of Cr is identified at the
film/metal interface as the inner layer. The layer
with Fe enrichment (middle layer) could be
detected on the Cr-rich layer, where other elements
are deficient, attributing to the passive film initially
formed on the surface of HEA. This bilayer
structure is identical to that of stainless steel, which
is due to the preferential dissolution caused by the
different oxide formation potentials of Cr and Fe
and the high diffusion rate of Fe in passive
film [38—43]. Similar to the mechanism above, once
the HEA sample is immersed in the solution, the Cr
element is preferentially oxidized while other
constituents gradually dissolve at low rates, leaving
Cr enriched in the film within a short time [44,45].
In general, the stable Cr species enriched in the
passive film could effectively isolate the contact
between corrosive medium and substrate to
improve corrosion resistance [34]. The enrichment
of Fe in the middle layer can be ascribed to the
selective dissolution of Fe to generate oxides/
hydroxides species on the surface [40,45]. After
being polarized at 0.75V, severe corrosion and
the massive dissolution of Fe from matrix lead to
the formation of a relatively thick layer. After
the protective film is destroyed, corrosion of the
alloy occurs and the (Al,Ni)-rich B2 phase dissolves
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Fig. 6 Potentiostatic polarization curve of AlosCoCrFeNio4 HEA at 0.75 V (a), corresponding elemental concentrations
obtained by ICP analysis (b), top and cross-section view images of HEA after polarization at 0.75 V, respectively (c, d),

and EDX mappings of interface between surface film and substrate (e)
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into the corrosive environment [46], which is in
agreement with the high content of Ni in the
solution after polarization (Fig. 6(b)). Al and Ni
oxide species redeposited in solution cover the
Fe-rich film as the outer layer with the abundance
of Al and Ni, as illustrated by the mapping results.
Different from the dense inner passive film, the
middle and outer layers of surface film exhibit
porous structures, which is due to the enrichment
of iron oxides/hydroxides and the original porous
structure of aluminum oxides/hydroxides [28,37,47,
48]. In order to further explore the specific

Bo-wei ZHANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1908—1921

compositions of the film formed on the surface of
HEA after polarization at 0.75V, XPS
measurements were also employed.

Figure 7 shows the survey spectra and high-
resolution spectra of Al, Co, Cr, Fe and Ni of the
HEA after being polarized at 0.75 V. The Al, Co, Cr,
Fe, Ni and O elements are detected in the oxide film
formed on the surface of HEA. Similar to Fig. 5,
two main spin-orbit peaks (2ps3> and 2pin) are
also identified in every detailed spectrum. The Al 2p
spectrum is separated into three constituent peaks
at the binding energies of 71.9, 72.3 and 74.3 eV,
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Fig. 7 XPS spectra of sample polarized at 0.75 V: (a) Survey of all elements; (b—f) High-resolution spectra of Al, Co, Cr,

Fe and Ni, respectively
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representing Al 2ps3n, Al 2pi12, Al,Os and Al(OH);
(APY), respectively [28,32,36]. The Co 2ps» spectrum
contains three decomposed peaks corresponding to
Co (7779 V), Co** (781.0 eV) and Co*"(783.7 €V),
which illustrates the presence of metallic Co, CoO,
Co(OH), and Co0304 in film [34,37]. As shown in Cr
2p3» spectrum, the deconvoluted peaks at the
binding energies of 574.0 and 577.2 eV indicate the
existence of metallic Cr, Cr,05 and Cr(OH); (Cr*),
respectively [34]. The peaks located at 707.2, 710.3
and 712.6 eV in Fe 2p spectrum are assigned to Fe,
Fe* and Fe**, representing the mixture of metallic
Fe and ferric compounds (including FeO, Fe,O;
and FeOOH) [21,26,27]. The spectrum of Ni 2p3»
could be well-fitted with components at 852.5 eV
corresponding to the metal (Ni) and at 856.3 eV
associated with NiO and Ni(OH), (Ni**) [37]. It is
similar in the composition of the two surface films
formed after polarization at different potentials by
comparing Figs. 5 and 7. Combining with Fig. 6, it
can be concluded that the main components in
the inner, middle and outer layers of the surface
film are Cr, Fe and AIl-Ni oxides/hydroxides,
respectively.

Based on the results above, it can be seen that
the morphology and composition of the surface
film change with the shift of applied potential.
According to the XPS results, the contents of
cationic and metallic species of Al, Co, Cr, Fe and
Ni elements in the surface film are shown in Fig. 8.
Overall, the contents of different elements in the
film formed on the sample after polarization at
—0.15V are 41.47 at.% for Al, 7.87 at.% for Co,
27.7 at.% for Cr, 18.65 at.% for Fe and 4.31 at.%
for Ni, and the contents of Al, Co, Cr, Fe and Ni
elements in film on the sample after polarization
at 0.75V account for 30.23 at.%, 18.96 at.%,
24.81 at.%, 23.46 at.% and 2.55 at.%, respectively.
All constituent elements of HEA are detected in
both films in the form of oxides/hydroxides and
metals, and the number of cations is higher than
respective metallic species. In detail, the amount of
metallic species decreases after being polarized at
higher potential due to the formation of the surface
film with bigger thickness. The high oxidation
resistance of Ni results in the low content of Ni in
the surface film and its large proportion of metallic
form [26]. When subjected to serious dissolution of
Al—-Ni phase, a large amount of Ni remains in the
solution and the Ni content is still low in surface
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Fig. 8 Cationic content in surface films of HEA at
different potentials based on XPS analysis

film. After being polarized at 0.75 V, the content of
Al decreases to a certain extent, while the content of
Co experiences a slight increase, which can be
attributed to the selective dissolution of B2 phase
and deposition of corrosion products. As for Cr and
Fe elements, there are minor fluctuations observed
in the content after different potential polarizations
due to the limited corrosion of the (CrFe)-rich
phase. Considering the fact that the composition
and structure of different layers in the surface film
are determined by the enriched elements, the effect
of various elements on the surface film deserves
further discussion. As reported in the previous
research [34,49,50], the compact chromium oxides/
hydroxides could effectively improve the stability
and protection of the surface films, while the
aluminum oxides/hydroxides easily form surface
film with porous structures and Fe species show
lower stability in comparison with Cr substances.
After being polarized at 0.75 V, the Cr-rich inner
film with the protective effect on the surface has
been broken and the porous Fe-rich middle and
Al-rich outer layers cannot effectively prevent the
invasion of corrosion media, resulting in the
inferior corrosion resistance even though a thicker
film (compared with the film on the sample
polarized at —0.15 V) is formed on the surface.

3.3 Corrosion mechanism

Figure 9 exhibits the electrochemical corrosion
behavior and surface film formation processes of
AlysCoCrFeNig4 HEA in 3.5 wt.% NaCl solution. It
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HEA in 3.5 wt.% NaCl solution: (a) Priginal state of HEA without corrosion; (b) Initial period of corrosion; (c) Period

of corrosion development

is generally accepted that the composition and
structure of the surface film show significant
influence on the corrosion resistance of metallic
alloys [26]. The complex composition of the HEA
results in a mixture of multiple oxides/hydroxides
species in the surface film. At the early stage of the
corrosion process, the ultrathin and continuous
passive film mainly consisting of Al, Cr, and Fe
oxides/hydroxides is formed on the surface. The
surface of Cr-rich (42) phase exhibits slightly better
corrosion resistant performance since a higher Cr
content in the local region contributes to the
stability and protectiveness of the film, while the
films formed on the Al-rich (B2) phase are more
susceptible to attack by CI” [28]. Driven by the
galvanic effect, the breakdown of the passive film
initiates at the interface between 42 and B2 phases,
followed by the localized corrosion. With further
development of corrosion, the weak B2 phase
continues to rapidly dissolve, thus leading to the
formation of plenty of corrosion pits. During this
period, the HEA has undergone severe corrosion
and the surface film is mainly composed of oxides/
hydroxides generated on the surface of HEA, which
can be divided into three layers: the Cr-rich inner
layer, the Fe-rich middle layer and the (AL Ni)-rich
outer layer. The enrichment of Cr in the inner layer
is due to the preferential oxidation of Cr and
high stability of the Cr oxides. The accumulation of
Fe in the middle layer is related to the selective
dissolution of Fe oxides with poorer stability and
higher diffusion rate in the film [51]. The deposition

of corrosion products of etched B2 phase gives rise
to the formation of (AlNi)-rich outer film layer.
The corrosion product layers formed subsequently
possess a porous structure, and the thickness is
significantly larger than that of the initial thin film.

4 Conclusions

(1) The AlpsCoCrFeNips HEA exhibits a single
BCC structure, which is mainly composed of
disordered A2 phase and ordered B2 phase. The B2
phase in the form of nano-scale grains is (Al,Ni)-
rich and the A2 phase existed in the intergranular
regions is rich in Cr and Fe, while Co is
homogeneously distributed in the alloy.

(2) The initially formed ultrathin passive film
tends to breakdown at the interface of 42 phase and
B2 phase due to their chemical composition and
stability differences. The anodic B2 phase would be
etched with the increase of applied potential.

(3) The oxide film formed after transpassive
dissolution shows a triple-layer structure, i.e. a
Cr-rich inner layer, a Fe-rich middle layer and an
(AlNi)-rich outer layer. The porous outer layer is
formed due to the re-deposition of oxide/hydroxide
species that are generated from dissolved B2 phase.
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