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a b s t r a c t

In the present study, the corrosion behavior of the AlxCoCrFeNi (x ¼ 0.3, 0.5, 0.7) high-entropy alloys
(HEAs) is investigated by an in-situ visualization system. Surface morphology changes on both micro-
spatial and temporal scales are monitored in the 3.5 wt% NaCl solution during the potentiodynamic
polarization. The microstructures of the AlxCoCrFeNi HEAs are characterized by SEM, EBSD, and EDS. The
results show that the microstructure evolves from singe face-centered cubic (FCC) phase to multi-phases
by increasing the Al content. The in-situ observations directly reveal the different localized corrosion
processes in the AlxCoCrFeNi HEAs. In the single FCC phase Al0.3CoCrFeNi HEA, localized corrosion shows
in the form of pitting. In the Al0.5CoCrFeNi and Al0.7CoCrFeNi alloys, which possess FCC and body-
centered cubic (BCC) phases, the localized corrosion initiates and propagates in the Cr-depleted BCC
phase. In addition, the in-situ visualization uncovers the evolution of current serration, which represents
the propagation and repassivation of metastable pit during the polarization. The frequent occurrence of
metastable pits indicates distinct repassivation ability of the Al0.3CoCrFeNi HEA.

© 2020 Published by Elsevier B.V.
1. Introduction

By breaking the traditional alloy-design principle, high-entropy
alloys (HEAs) that contain five or more principal elements in equal
or near-equal atomic percent (at.%) were developed [1,2]. Because
of the high mixing entropy effect, HEAs favor the formation of one
or more solid solutions instead of intermetallics [3e7]. HEAs are
being seen as potential candidates for a number of engineering
applications because that they have shown several attractive
properties, including good strength-ductility [8,9], high thermal-
stability [10], and good wear resistance [11]. Besides, HEAs
perform an outstanding corrosion resistance, due to the high con-
centration and homogeneous distribution of passivating elements,
especially for the HEAs that possess the single-solid solution phase
[12]. However, like other passive-film-forming alloys, which are
kmo@fudan.edu.cn (J. Mo),
(B. Yang), pliaw@utk.edu
designed to be corrosion-resistant, HEAs can nevertheless undergo
localized corrosion, which is one of the most detrimental and un-
detectable forms of corrosion and rapidly leads to the failure.

Due to the small size and the fact that it may be hidden under a
concealed area, localized corrosion is more destructive than general
corrosion. Localized corrosion usually occurs in the forms of pitting,
selective dissolution, crevice corrosion, etc. In the previous study,
the addition of Al to the CoCrFeNi alloy could improve the tensile
strength [13]. However, because of the formation AleNi rich sec-
ondary phase, the alloy is more susceptible to localized corrosion
[14]. Since the localized corrosion is more likely to nucleate at the
local site where the passive film is relatively weak, the morphology,
distribution, and volume fraction of the active sites are determinant
facts of the corrosion processes. Efforts have been made to study
the relationship between microstructure and localized corrosion
behavior of HEAs. For example, in the case of the as-cast AlCoCrFeNi
alloy [15], Cr segregation occurs in interdendritic regions. The Cr-
depleted dendrites suffer from the selective corrosion in a 0.6 M
NaCl solution. However, the localized corrosion processes are
usually speculated based on the surface morphologies afterwards.
Beside, during the potentiodynamic polarization of HEAs, current
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Fig. 1. Schematic diagram of in-situ visualization test system: (1) reference electrode,
(2) auxiliary electrode, (3) working electrode, (4) optical assembly, (5) high-speed
camera.
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serrations, which represent the formation and evolution of meta-
stable pits, have often been detected before reaching the break-
down potential [16,17]. As the precursor of pitting, metastable
pitting plays an important role in the corrosion process. Due to the
limitation of observation method, the real-time metastable pitting
process during the polarizations of HEAs remains unknown, thus,
calling for direct experimental evidence for an in-depth
understanding.

In the present study, the localized corrosion and metastable
pitting processes of AlxCoCrFeNi HEAs are firstly revealed in-situ by
an advanced visualization system coupled with electrochemical
polarization. The microstructure is characterized by scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), and electron back-scattered diffraction (EBSD). The surface
morphology changes of the AlxCoCrFeNi HEAs on both micro-
spatial and temporal scales under the electrochemical control are
monitored to provide direct experimental results for a better un-
derstanding of localized corrosion process and metastable pitting
behavior. This measurement opens up a new scope for under-
standing the corrosion mechanism through the in-situ observation
of localized corrosion and repassivation processes.

2. Material and methods

2.1. Test materials

Al, Co, Cr, Fe, and Nimetals of high purity (99.99 wt %) were used
as rawmaterials for the preparation of the as-cast AlxCoCrFeNi alloy
[atom ratios of Al/(CoCrFeNi) are x/(1 þ1 þ1 þ1), with x ¼ 0.3, 0.5,
and 0.7]. The raw materials were fabricated by repeated arc-
melting and casting under vacuum (0.01 atm) for at least 5 times
to improve the chemical homogeneity. The specimens for the SEM/
EBSD study were cut as cubic samples with a size of
10 mm � 10 mm � 5 mm, then wet ground with SiC papers up to
2000 grit and mechanically polished using a 0.5 mmdiamond paste.
The samples for the common potentiodynamic polarization tests
were cut as 10 mm � 10 mm � 5 mm cubic, and cold-mounted in
epoxy with copper lines spot-welded on the back for the electrical
contact. The test surface (with an area of 1 cm2) was wet ground
with SiC papers up to 2000 grit, cleaned thoroughly with acetone,
alcohol, and deionized water in sequence, and then dried with the
flowing compressed hot air.

2.2. Microstructure and chemical analysis

The microstructure of the AlxCoCrFeNi HEAs were observed
using a LEO Gemini 1525 field-emission scanning-electron micro-
scope (SEM, ZEISS SUPRA 55) operated at 20 kV, with the equipped
backscattering-electron detector (BSE, K. E. Developments Ltd.
Cambridge, UK). The phase compositions were detected by EDS
linked to the SEM system. Electron backscattered diffraction de-
tector (EBSD, Bruker) installed in the ZEISS Auriga system was
operated at 20 kV and analyzed by the TSL OIM Analysis software to
determine the crystal type of each phase.

2.3. Electrochemical measurements

The potentiodynamic polarizations were carried out using the
Potentiostat Workstation PARSTAT 2263, with a three-electrode
electrochemical cell. A saturated calomel electrode (SCE) was
used as the reference electrode. A platinum sheet was employed as
the auxiliary electrode, and a specimen as the working electrode.
The electrochemical measurements were performed at room
temperature (20 ± 2 �C) in the 3.5 wt% NaCl solution. Before the
potentiodynamic polarizations, the samples were immersed and
allowed to corrode freely for at least 30 min to reach a quasi-
stationary value of the open circuit potential (OCP). The
potentiodynamic-polarization tests were performed at a scan rate
of 1 mV/s from an initial potential of e 0.25 V vs. OCP. To confirm
data reproducibility, the polarization tests were performed at least
three times.
2.4. In-situ visualization test

Surface morphology observations were conducted using an in-
situ visualization system, which consisted of a high-speed camera
(Phantom V711) and in-house optical assembly [18]. The high-
speed camera can achieve a maximum speed of 7500 frames-per-
second at full resolution. The in-house optical assembly was
composed of a main zoom lens body and a series of objective and
eye-piece lenses, with a working distance of >70 mm even at high
resolution [19,20]. The visualization system continuously captured
images of the sample surface during the potentiodynamic polari-
zation tests at 0.01 s intervals. It should be noticed that the exposed
surface area of the working electrode for the in-situ visualization
test was smaller than that for the common electrochemical test,
whichwas necessary that the images captured by videomicroscope
contain the entire test area. The small test area also reduced the
frequency of occurrence of metastable pit nucleation, avoiding any
overlap of the current transients and allowing them to be separated
in time. The schematic diagram of the visualization system coupled
with the electrochemical measurement is shown in Fig. 1.
3. Results

3.1. Microstructure characterizations

The microstructures of the AlxCoCrFeNi HEAs are shown in
Fig. 2, as revealed by the back-scattered-electron (BSE) images and
EBSD phase map. The microstructure of the Al0.3CoCrFeNi alloy
appears as a single face-centered cubic (FCC) phase according to
Fig. 2a, d. No contrast variation is observed in BSE images (Fig. 2a),
indicating that elements are distributed homogeneously in the FCC
solid solution. The detailed compositions detected by EDS are listed
in Table 1. For the Al0.5CoCrFeNi alloy, the BSE image (Fig. 2b) shows
two phases with contrast variation. One is the light-graymatrix and
the other is the dark-gray precipitate which distributes dispersedly.
The EBSD phase map (Fig. 2e) indicates that the light-gray matrix is
FCC phase and the crystal-structure of the precipitate is BCC. The
EDS results shown in Table 1 reveal that the FCC phase is Fe and Cr-
rich. In contrasts, the BCC precipitate is enriched with Al and Ni.
With the further increase of Al content, the microstructure changes
significantly in the Al0.7CoCrFeNi HEA, as shown in Fig. 2c, f The



Fig. 2. Backscattered-electron (BSE) images (aec), and electron-backscattered diffraction (EBSD) phase maps (def) of Al0.3CoCrFeNi (a, d), Al0.5CoCrFeNi (b, e), and Al0.7CoCrFeNi (c,
f).

Table 1
EDS-analysis results for chemical compositions (at.%) of AlxCoCrFeNi alloys. Values within parenthesis are standard deviations.

Alloys Phases Al Co Cr Fe Ni

Al0.3CoCrFeNi FCC 7.0 (±0.1) 23.2 (±0.1) 23.4(±0.1) 23.4(±0.2) 23.0 (±0.2)
Al0.5CoCrFeNi FCC 10.6 (±0.7) 22.3 (±0.7) 22.9(±0.4) 22.7(±0.4) 21.4 (±0.8)

BCC 24.3 (±0.2) 18.5 (±0.1) 13.0 (±0.2) 14.7(±0.1) 29.5(±0.1)
Al0.7CoCrFeNi FCC 10.3(±0.1) 22.7 (±0.2) 22.4 (±0.2) 22.6 (±0.5) 19.0(±1.0)

BCC 21.9(±0.2) 19.5(±0.1) 16.9 (±0.1) 17.2 (±0.2) 24.3(±1.2)

Y. Shi et al. / Journal of Alloys and Compounds 844 (2020) 156014 3
volume fraction of the BCC phase has increased dramatically, and
the microstructure consists of dendrites (FCC phase) and inter-
dendrites (BCC phase). Similar to the Al0.5CoCrFeNi alloy, the FCC
phase is enriched with Fe and Cr, and the BCC phase is Al and Ni-
rich (Table 1). The formation of the Al-rich BCC phase with the
increased Al content is caused by the increased lattice distortion
energy induced by the Al addition in the closed-packed FCC
structure. Since the Al has a larger atomic radius than the other
elements, the transition from the FCC to BCC crystal-structure could
relax the lattice-distortion energy [13].
Fig. 3. Potentiodynamic-polarization curves of AlxCoCrFeNi (x ¼ 0.3, 0.5, and 0.7) HEAs
with a scan rate of 1 mV/s in the 3.5 wt% NaCl solution at room temperature. The
passive region and passive-film breakdown region of the Al0.3CoCrFeNi curve are
defined.
3.2. Potentiodynamic-polarization

The potentiodynamic-polarization curves of the AlxCoCrFeNi
HEAs samples detected in the 3.5 wt% NaCl solution at room tem-
perature with the scan rate of 1 mV/s are shown in Fig. 3. The
exposed areas of the samples are 1 cm2. The three curves show the
obviously passive region, indicating stable oxide films have formed.
The current density in the passive region (Ipass) is on the order of
10�4 mA/cm2, revealing that the ionic transport rate through the
oxide film is low, thus resisting the corrosion. With the increase of
applied potential, the passive film breaks after reaching the
breakdown potential (Eb), where the current density dramatically
increases. As shown in Fig. 3, the Eb decreases with the increased Al
content, demonstrating that the sustained breakdown of passive
film is easier to happen and the resistance to localized corrosion
decreases. Before reaching the Eb, current fluctuations occur, which
indicate the nucleation, growth, and repassivation of metastable
pits [21]. During the polarization, in-situ visualization tests are
performed to monitor morphology changes on both micro-spatial
and temporal scales. The localized dissolution behavior and meta-
stable pitting process of the AlxCoCrFeNi (x¼ 0.3, 0.5, and 0.7) HEAs
would be directly revealed. To be noticed, the metastable pitting
events often occur with high frequency. This frequency is naturally
reduced when the surface area is small. Therefore, during the in-
situ visualization test, to allow individual metastable pit to be
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identified, separated, and analyzed, the exposed area of the work-
ing electrode for the in-situ visualization test is much smaller than
the common test.

3.3. In-situ visualizations

The morphologies of the Al0.3CoCrFeNi sample surface exposed
in the 3.5 wt % NaCl solution at room temperature during the
potentiodynamic polarization test were captured in-situ by the
micro-scale visualization system. The video obtained during the
polarization test under the potential scan rate of 1 mV/s is provided
in the supplementary Video S1. Fig. 4a shows the potentiodynamic
polarization curve. A stable passive region can be clearly seen.
Before reaching the breakdown potential, the current serrations,
which represent the formation and repassivation of metastable pits
could be observed. Fig. 4b presents the enlarged current fluctua-
tions from 0.4 V to 0.6 V vs. SCE. Several current fluctuations could
be detected with the current peaks showing a slow rise and sudden
decay. Fig. 4c shows the surface morphology captured at OCP, the
surface is smooth without obvious defects. The image captured at
the potential of 0.6 V vs. SCE is shown in Fig. 4d. The semi-sphere
pits are sparsely formed in the single FCC phase. It reveals that
localized corrosion in the Al0.3CoCrFeNi HEA processes in the form
of pitting. The marked two pits in Fig. 4d can correspond to the
current serrations marked in Fig. 4b (metastable pits 1 and 2) ac-
cording to the in-situ observation. Due to the relatively small cur-
rent density of others current spikes and the limited resolution of
the visualization system, the metastable pitting behavior corre-
sponding to the relatively small fluctuations cannot be detected
clearly. The detailed evolution of the observedmetastable pits with
time would be analyzed in the section of discussion.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jallcom.2020.156014.
Fig. 4. Potentiodynamic-polarization curves and micrographs captured in-situ during the po
scan rate of 1 mV/s in the 3.5 wt% NaCl solution at room temperature; (b) Enlarged current fl
vs. SCE during the polarization test of Fig. 4a.
For the Al0.5CoCrFeNi HEA, Fig. 5a shows the potentiodynamic-
polarization curve obtained under the potential scan rate of 1 mV/s.
The changes of the surface morphology during the polarization test
were captured in-situ and provided in the supplementary Video S2.
The polarization curve in Fig. 5a indicates the formation of a stable
passive film. Current serrations can be seen as well before reaching
the breakdown potential. However, compared to the Al0.3CoCrFeNi
HEA, the number of the current spikes is less, as presented in
Fig. 5b. Moreover, the current densities of the serration peaks are
much small, which are on the order of 10�3 mA/cm2. Due to the
small current density, the surface morphology changes corre-
sponding to the current fluctuations cannot be detected in
Al0.5CoCrFeNi HEA. Fig. 5c shows the micrograph captured at OCP.
Due to the different mechanical properties between the FCC matrix
and the BCC precipitates, after polishing, these two phases are
distinguishable because of the different altitudes. The dark gray
BCC precipitates distribute dispersedly in the bright FCC matrix. At
the applied potential of 0.35 V vs. SCE, which locates above the Eb of
the Al0.5CoCrFeNi alloy, localized corrosion has happened. As pre-
sented in Fig. 5d, the metal dissolution starts at the BCC phase and
processes continually along the BCC precipitates nearby. As
revealed in our previous research [22], the passive film formed on
the Cr-depleted BCC phase is less protective than that formed on
the FCC matrix, therefore, the easier breakdown of the passive film
leads to the preferential dissolution of the BCC phase and the
decreased breakdown potential.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jallcom.2020.156014

Fig. 6a shows the potentiodynamic-polarization curve of the
Al0.7CoCrFeNi HEA. A stable passive region could be observed as
well. The changes of the surface morphology during the polariza-
tion were captured in-situ and provided in the supplementary
Video S3. Only one current fluctuationwith the peak value of about
larizations: (a) Potentiodynamic-polarization curve of the Al0.3CoCrFeNi HEA, with the
uctuation of Fig. 4a; (c) Micrograph captured at OCP; (d) Micrograph captured at 0.6 V

https://doi.org/10.1016/j.jallcom.2020.156014
https://doi.org/10.1016/j.jallcom.2020.156014


Fig. 5. Potentiodynamic-polarization curves and micrographs captured in-situ during the polarizations: (a) Potentiodynamic-polarization curve of the Al0.5CoCrFeNi HEA, with the
scan rate of 1 mV/s in the 3.5 wt% NaCl solution at room temperature; (b) enlarged current fluctuation of Fig. 5a; (c) micrograph captured at OCP; (d) micrograph captured at 0.35 V
vs. SCE during the polarization test of Fig. 5a.
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5� 10�5 mA/cm2 can be seen in the passive region (Fig. 6b). Similar
to the Al0.5CoCrFeNi alloy, because of the different mechanical
properties between the FCC and BCC phase, the dendrite and
interdendrite phases could be distinguished clearly under the
visualization system at the OCP (Fig. 6c). After reaching the
breakdown potential, a significant morphology change can be
found, as shown in Fig. 6d, which micrograph is captured at 0.25 V
vs. SCE. The localized corrosion initiates at the boundary between
the FCC and BCC phases, propagate preferentially over the BCC
interdendrite, and left the FCC phase unaffected.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jallcom.2020.156014

Ex-situ SEM observations of the surface morphology are con-
ducted after polarizations. In Al0.3CoCrFeNi alloy, the semi-sphere
pit is observed, as presented in Fig. 7a. For the Al0.5CoCrFeNi, as
shown in Fig. 7b, the BCC precipitates are dissolved selectively.
Fig. 7c indicates that localized corrosion occurs in the form of
dissolution along the phase boundaries and dissolution of the BCC
interdendrite. Overall, morphology changes of the AlxCoCrFeNi
(x ¼ 0.3, 0.5, 0.7) HEAs observed by the in-situ visualization system
during polarizations directly reveal the various corrosion processes
in the AlxCoCrFeNi HEAs. The localized corrosion mechanisms are
different for the three HEAs under the influence of microstructure
variation and chemical segregation.
4. Discussion

4.1. In-situ visualization of metastable pitting process

As the precursor of localized corrosion, metastable pitting plays
an important role in the corrosion process. However, due to the
limitation of observation method, the real-time metastable pitting
process during the polarizations of HEAs remains unknown. In the
present study, the metastable pitting processes of the Al0.3CoCrFeNi
HEA are firstly revealed in-situ by the advanced visualization sys-
tem coupled with electrochemical polarization. As described in
Section 3.3, the formation of the marked two pits in Fig. 4d can
correspond to the current serrations marked in Fig. 4b (metastable
pits 1 and 2) according to the in-situ observation. Fig. 8a plots the
current density against time to show the evolution of the current
transients of the metastable pit 1 and 2 during the polarization. All
the current peaks show a slow rise and sudden decay in the present
test. In previous studies, two types of anodic current transient have
been observed. The Type I is distinguished by a slow growth of the
current followed by a sudden cease of pit propagation [23]. On the
contrary, Type II displays a rapid growth of the current, followed by
a smooth decrease [24]. Some researchers considered that the
current transients of each type are characteristic of a particular
class of the metal. For instance, the Type I current transient is
considered to be characteristic of metastable pitting in stainless
steels of various types, whilst Type II is related tometastable pitting
of pure Ion, carbon steel, or steels in which the Cr content is blow
the limit of stainlessness [25]. Other authors [26] assumed that the
two types of current transients represent two distinct processes
before the formation of the stable pit, which are pit nucleation and
metastable pit propagation. When a pit is nucleated, the current
rises sharply above the background current, then decays continu-
ously and slowly to the background level. Therefore, the current
transient of Type II indicates the pit nucleation. The current tran-
sient caused bymetastable propagation is characterized by a slowly
rising current caused by the anodic dissolution of the inside surface
of the pit during the metastable growth. Then after the brief period
of propagation, the current suddenly decays when repassivation
happen. Therefore, the Type I current transient represents the

https://doi.org/10.1016/j.jallcom.2020.156014


Fig. 6. Potentiodynamic-polarization curves and micrographs captured in-situ during the polarizations: (a) Potentiodynamic-polarization curve of the Al0.7CoCrFeNi HEA, with the
scan rate of 1 mV/s in the 3.5 wt% NaCl solution at room temperature; (b) Enlarged current fluctuation of Fig. 6a; (c) Micrograph captured at OCP; (d) Micrograph captured at 0.25 V
vs. SCE during the polarization test of Fig. 6a.

Fig. 7. Ex-situ SEM observation of the surface of the (a) Al0.3CoCrFeNi, (b) Al0.5CoCrFeNi, and (c) Al0.7CoCrFeNi HEAs after polarizaiton in the 3.5 wt% NaCl solution.
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metastable pit processing [27,28]. In the present test, the current
spikes show a typical shape of the Type I current transient during
polarization, as can be seen in Fig. 8a, representing the formation
and repassivation processes of the metastable pit in the Al0.3CoCr-
FeNi HEA.

As exhibited in Fig. 8a, the general trend of the current is



Fig. 8. (a) Plots of the current density against time to show the evolution of the current transients of the metastable pits; (b) Growth rate, l, of the metastable pit generated on the
Al0.3CoCrFeNi HEA electrode in the 3.5 wt % NaCl solution during potentiodynamic-polarizations.
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approximately proportional to the square of time, indicating that
metastable pit growth might be controlled by the diffusion of
corrosion products [26,27]. To reveal the metastable pitting process
furthermore, the slope, l, of the rising part of a current spike, which
characterizes the growth speed of a pit is plotted against time and
shown in Fig. 7b. The l is given by:

l¼ In � In�1

tn � tn�1
(1)

where n � 1, I is the pitting current of a single pit, and t is the
growth time of a pit. The l value can be obtained by taking the first
derivative of I with respect to t. Fig. 8b shows the l values of the
metastable pits 1, 2 marked in Fig. 4b. Although the lifetimes are
different, the developments of the l values have the similar trend.
During the metastable pit growth, the general linear relationship
between the l and the time indicates that the metastable pitting
process is diffusion controlled [29]. To be noticed, the
potentiostatic-polarization was commonly used in the previous
study of metastable pitting instead of potentiodynamic-
polarization in the present study. However, as stated by Pistorius
and Burstein [28], the current density in a single metastably-
growing pit is independent of the applied potential, and the
diffusion control allows no direct effect of the potential on pit
growth. From Fig. 8b, the fluctuations of the l value are common
during the propagation process, which indicates that the metal
dissolution during pit metastable growth is not stable. The activa-
tion and passivation occurred alternatively depends on the local
anolyte condition in the pit. To be noticed, for the marked meta-
stable pits 2, which have relatively longer lifetimes, before the
repassivation (sharp decrease of the l value), the l increases sud-
denly in a very short period (about 0.5 s). This phenomenon in-
dicates that the metal dissolution at the end of the metastable pit
propagation is an accelerated process. The unstable metastable pit
propagation is influenced by formation and rupture of the cover
over the pit mouth, which process would be approved directly by
the geometry changes of the marked metastable pit 2 observed by
the in-situ visualization system.

The current serration and the corresponding in-situ observation
of the metastable pit 2 are shown in the supplementary Video S4.
Fig. 9 shows the in-situ photographs of the metastable pit 2 during
the polarization. The surface morphologies were captured by cut-
ting the video, and the photographs in Fig. 9 were selected with
0.5 s interval as examples to show the pit-morphological evolution.
The real-time changes of the radius of the observed pit 2 were
measured through the photographs with an interval of 0.25 s, and
the results are exhibited in Fig.10 (the red line). The radius of the pit
can also be calculated through the pitting current transient. Based
on the notion that the metal dissolution quantity is proportional to
the change quantity as follows:

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jallcom.2020.156014

Overall, during the potentiodynamic polarization of the
Al0.3CoCrFeNi alloy, the metastable pit ceases as a consequence of
the collapse of the pit cover. The real value of the pit mouth radius
for the covered pit would be less before the cover collapsed. After
the cover collapse, the measured pit radius would increase to reach
and even exceed the calculated one, assuming an open hemi-
spherical geometry. Repassivation would happen if the diluted
anolyte in the pit cannot sustain the continual metal dissolution. If
the pit has grown sufficiently for its own depth to act as the
diffusion barrier before the complete rupture of the pit cover, the
transition of the metastable pit to a stable one would occur.
4.2. Localized corrosion process

The in-situ visualization provides the direct information of the
localized corrosion processes of the AlxCoCrFeNi HEAs during po-
larizations, which is useful for understanding the influence of
microstructure and chemical segregation on the corrosion
behavior. Due to the high-entropy effect, HEAs could form a su-
persaturated solid solution with one or more corrosion resistant
elements. In the AlxCoCrFeNi HEAs, the formation of stable passive
films enables the corrosion-resistant property. In particular, the
high concentration of Cr, which possesses a high affinity to oxygen
and a high chemical stability in the oxidized state [31], promotes
the resistance of the protective passive film. However, with the
increased Al content, the microstructure changes from the single
FCC solid solution to FCC þ BCC phases. The FCC phase is (Cr, Co,
Fe)-rich, while the BCC phase is (Al, Ni)-rich. According to our
previous study, the passive film formed on the Al-rich phase con-
tains a higher fraction of the Al oxides/hydroxides, leading to the
decrease of the compactness and corrosion-resistant ability [17].
The passive films that form on the Al-rich phases become the weak
points preferentially attacked by Cl� during anodic polarization.
Therefore, the changes of microstructure from homogeneous to
heterogeneous with chemical segregations would greatly influence
the corrosion behavior, which are revealed by the local morphology

https://doi.org/10.1016/j.jallcom.2020.156014


Fig. 9. In-situ growth images of the observed metastable pit 2 with the growth time from 1 to 5 s generated on the Al0.3CoCrFeNi HEA electrode in the 3.5 wt % NaCl solution during
potentiodynamic polarization with the potential scan rate of 1 mV/s at room temperature.

Fig. 10. Pit mouth radius (the theoretically-calculated and measured values) of the
observed metastable pit 2 generated on the Al0.3CoCrFeNi HEA electrode in the 3.5 wt
% NaCl solution during potentiodynamic polarization with the potential scan rate of
1 mV/s at room temperature.
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changes during polarizations recorded by the in-situ visualization
system.

As indicated by the in-situ visualization results, the uniform FCC
Al0.3CoCrFeNi alloy possesses the best corrosion resistant ability.
The breakdown of the passive film exhibits in the form of randomly
distributed pits. The increase of the Al content leads to the
appearance of Cr-depleted BCC phase in the Al0.5CoCrFeNi alloy. The
preferential dissolution of the passive film formed on the BCC phase
results in the initial localized corrosion. At the same time, the
localized corrosion resistance becomes weak, indicated by the
decreased Eb. With the further increase of Al content, the volume
fraction of the BCC phase increases dramatically. No pit is observed
in the Al0.7CoCrFeNi alloy. Localized corrosion occurs in the form of
etching along the phase boundaries and the selective dissolution of
the BCC interdendrites. The Eb decreases furthermore. Overall, the
local morphology changes detected by the in-situ visualization
system during polarizations reveal different localized corrosion
processes of AlxCoCrFeNi HEAs. With the microstructure changes
from single phase to multi-phases, the dominated form of localized
corrosion changes form pitting to selectively dissolution of BCC
phase, leading to the decreased corrosion resistance.
5. Conclusions

The localized corrosion mechanism and metastable pitting
process of the AlxCoCrFeNi (x ¼ 0.3, 0.5, and 0.7) HEAs are revealed
in-situ by an advanced visualization system coupled with electro-
chemical polarization. Features of the surface could be monitored
on both micro-spatial and temporal scales during polarization. The
present study elaborates the influence of microstructure and
chemical segregation on localized corrosion. In addition, the in-situ
visualization uncovers the evolution of metastable pitting process
of the Al0.3CoCrFeNi alloy. The main conclusions could be drawn as
follows.
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(1) The Al0.3CoCrFeNi alloy possesses a single FCC solid solution
with elements homogeneously distributed. With the
increased aluminum content, Al0.5CoCrFeNi and Al0.7CoCr-
FeNi alloys consist of FCC and BCC phases. The multi-phase
microstructure leads to the elemental segregation. The FCC
phase is (Cr, Co, Fe)-rich, while the BCC phase is (Al, Ni)-rich.

(2) In the single FCC phase Al0.3CoCrFeNi HEA, localized corro-
sion shows in the form of pitting. In the Al0.5CoCrFeNi and
Al0.7CoCrFeNi alloys, the localized corrosion initiates and
propagates in the Cr-depleted BCC phase. The dominated
form of localized corrosion changes form pitting to selec-
tively dissolution of BCC phase, leading to the decreased
corrosion resistance.

(3) The current serrations observed during the polarization test
of the Al0.3CoCrFeNi HEA, which show a typical slow rise and
sudden decay, represent the formation and repassivation
processes of metastable pits. The metastable pit growth is
diffusion controlled. The metal dissolution during pit growth
is not stable as proved by the pit configuration changes. The
rupture of the pit cover leads to the openness of the pit, and
promotes the repassivation.
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