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Abstract

In order to study the accelerated electrochemical corrosion behavior under simulated acid
rain, CoCrNiAl high entropy alloy (HEA) was prepared. The electrochemical performance
of CoCrNiAl HEA and other typical metals (Q235 steel, AZ31 magnesium alloy, and 1060
aluminum alloy) in simulated acid rain solution with different pH (3.5, 4.0, 4.5, and 5.0) were
studied. The results show that the microstructure of CoCrNiAl HEA is mainly composed of
dendrites (DR). The alloy exhibits the diffraction patterns of the disordered A2-bcc phase with
the ordered B2-bcc phase. Ni-Alis rich in dendrites, and Cr is rich in interdendritic (ID) regions
that consist of the A2/B2. The CoCrNiAl HEA has excellent corrosion resistance in simulated
acid rain solution with pH = 3.5, 4.0, 4.5, and 5.0. The self-corrosion current is reduced by
1-2 orders of magnitude compared with other typical metals. The self-corrosion potential is
higher than for other typical metals except in a solution with pH = 5. The CoCrNiAl HEA has
excellent pitting corrosion resistance. The corrosion resistance of CoCrNiAl HEA is related
to the uniformity and compactness of the microstructure, passive surface film, and corrosion
resistant elements in the alloy. The dense corrosion products on the surface also play a role
in reducing the corrosion rate. The corrosion mechanism of the prepared CoCrNiAl alloy is
intergranular corrosion when it comes into contact with a simulated acid rain solution, and
then with the extension of time, the corrosion mechanism changes to uniform corrosion.
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1. Introduction

Atmospheric precipitation with a pH of less than
5.60 is called acid rain. Acid rain pollution and envi-
ronmental acidification are significant environmental
problems of common concern worldwide. The acid rain
damage is much more significant than that of ordi-
nary rain [1-3]. Acid rain accelerates the corrosion rate
of materials, especially metal materials [4-6]; it will
invalidate various protective coatings, damage build-
ings and bridges, and cause severe damage. On the
other hand, acid rain washes and collects heavy metal
ions into nature through the corrosion and scouring
of materials. It also releases metal ions such as alu-
minum, cadmium, lead, and mercury in the soil and
enters the human body through the food chain, such
as food and fish, which seriously harms human and bi-

ological health. Many investigations and studies have
shown that the harmful effects of acid rain on mate-
rials and cultural relics, and historic sites have been
widespread [7-9].

Multicomponent alloys include medium entropy al-
loys (MEAs) [10-15] and high entropy alloys (HEAs)
[16-19]. HEAs and MEAs have attracted more and
more attention from experts and scholars [20-26].
CoCrNi MEA has attracted much attention because
of its excellent mechanical properties. B. Gludovatz et
al. [27] found that the CrCoNi alloy displays strength-
toughness properties that exceed those of all high-
entropy and most multi-phase alloys. At room tem-
perature, the alloy shows a tensile strength of almost
1 GPa and a failure strain of ~70%. The corrosion
behavior of some HEAs and MEAs in various lig-
uids has been investigated. H. Luo et al. [28] stud-
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ied the corrosion resistance and passive film proper-
ties of CoCrFeMnNi in 0.1 M H>SOy4 solution com-
pared with the 304 L stainless steel. It is found that
the in-situ element-resolved corrosion analysis shows
that selective dissolution of elements in the HEA is
not evident compared to 304 L stainless steel during
passivation. The passive film formed on the HEA is
enriched in Fe and Mn but depleted in Cr. The low
content of Cr and the extensive formation of metal
hydroxide in the passive film are responsible for the
lower anti-corrosion performance of the HEA. H. Feng
et al. [29] investigated the corrosion behavior of the
nitrogen-doped CrCoNiN in 3.5 wt.% NaCl solution.
It was found that the nitrogen existed in the form of
Cr2N precipitates and uniformly distributed N atoms,
and nitrogen alloying significantly refined the grain
size. The significantly improved corrosion resistance
of CrCoNiN was attributed to the lower metastable
pitting susceptibility and thicker, less defective, and
more compact passive film. H. Gerengi et al. [5] inves-
tigated the corrosion behavior of aluminum 6060 and
6082 alloys by dynamic electrochemical impedance
spectroscopy (DEIS) after exposure to simulated acid
rain for 1, 5, 24, and 48 h. The results showed that
DEIS is a sensitive technique detecting even very
moderate changes in charge-transfer resistance; it ex-
hibits an excellent correlation with surface morpho-
logical changes in relation to the exposure time. W.
Q. Zhou et al. [9] studied the corrosion behavior of
AZ91 magnesium alloy in simulating acid rain un-
der wet-dry cyclic conditions. The results show that
corrosion potential shifts positively, and the corrosion
current density decreases at low wet-dry cyclic time.
Further increase of the cyclic time results in the neg-
ative movement of corrosion potential and increased
current density. SEM observation indicates that cor-
rosion occurs only in the a phase, the 8 phase is
inert in the corrosive medium, and the corrosion of
AZ91 magnesium appears in uniform characteristics.
XPS analysis suggests that the corrosion product is
mainly composed of oxide and hydroxide of magne-
sium and aluminum, and a small amount of sulfate
is also contained in the film. A. K. Al-Harbi et al.
[8] investigated the electrochemical behavior of two
Metal-Metal glassy alloys FersCogCripMogAll (VX9)
and Feq9CosoVa (VX50) (at.%) at different immer-
sion times in artificial acid rain using electrochemical
techniques. VX9 alloy has higher corrosion resistance
than VX50 due to good protective elements such as
Cr 10% that create chromium oxide. Immersion mea-
surements during (0.5-12 h) reveal the critical time for
VX9 alloy is about 3h to begin corrosion resistance,
while the VX50 alloy takes longer to form a protective
film. K. M. Saurabh et al. [33] investigated the effect
of acid rain on the polished surface of as-cast Al6061
alloy through a simulated acid rain environment. The
effect of surface roughness on the corrosion rate was

also investigated. It was observed that the corrosion
rate decreases as the surface finish of the specimen
increases.

The excellent corrosion resistance of the HEA is a
very critical factor affecting its service life for long-
-term engineering applications. In this study, Al was
added to design and prepare equimolar CoCrNiAl
HEA to improve the corrosion resistance of the alloy.

The method of investigating the harm degree of
acid rain to materials usually adopts the full outdoor
exposure test, but this mode requires a long time.
Therefore, this study uses artificial simulated acid rain
to accelerate electrochemical corrosion. The advan-
tage is that the qualitative and quantitative results of
various materials simulating the impact of acid rain
corrosion in outdoor atmospheric environments can
be obtained quickly. Furthermore, studying the elec-
trochemical corrosion behavior of metals in simulated
acid rain solution will provide a basis for taking ap-
propriate measures to reduce the corrosion rate. The
available research is to study the corrosion of typical
metals such as carbon steel, copper, aluminum, and
zinc in acid rain. In this study, the prepared CoCrNiAl
HEA was placed in a simulated acid rain solution to
study the corrosion behavior of the alloy in the simu-
lated acid rain environment and lay a foundation for
the practical application of the alloy, especially under
specific conditions.

2. Experimental

The experimental flow chart is shown in Fig. 1.
High purity (> 99.5%) Co, Cr, Ni, and Al powders
were used as powder materials. The CoCrNiAl HEA
was prepared by vacuum arc melting and suction cast-
ing system (DHL300); the total mass of each alloy in-
got is 45 g. Considering the different melting points of
metals, they were placed so that the melting point de-
creased from top to bottom. When the vacuum degree
reached 4.5 x 1073 Pa, high-purity argon was intro-
duced to ensure that the alloy would not be oxidized
and reduce element burning loss during smelting. Dur-
ing smelting, the alloy liquid was thoroughly stirred
through induction magnetism. The alloy ingot was re-
peatedly melted 5 times to ensure uniformity. The ob-
tained button ingot alloy was suction cast into a sheet
with a thickness of 3 mm by the suction casting de-
vice. The microstructure of the HEA was observed by
a metallographic microscope (9XF). The phase struc-
ture of the alloy was confirmed using X-ray diffraction
(XRD-6000) measurement with a Cu target, the tube
voltage was 40kV, and the current was 45 mA. The
range of diffraction scanning angle was 20°-90°, and
the scanning speed was 5° min~—!.

To study the corrosion behavior of different met-
als under simulated acid rain, the widely used typical
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Fig. 1. Experimental flow chart.

Table 1. Chemical composition of Q235 steel

Table 4. Composition of simulated acid rain (mgL™")

C Si  Mn P S Cr Ni Fe

0.22 0.35 140 <0.045 <0.05 0.01 0.01 balance

Table 2. Chemical composition of AZ31 magnesium al-
loy

Fe Si  Zn Mn Al Cu Ni Mg

0.003 0.16 0.61 0.32 3.05 0.006 0.001 balance

Table 3. Chemical composition of 1060 aluminum alloy

Fe Si Zn Mn Cu Mg Ti Al

0.15 0.13 0.02 0.01 0.03 0.01 0.01 balance

metals Q235 steel, AZ31 magnesium alloy, and 1060
aluminum alloy were selected for comparison. The
composition of the three typical metals is shown in
Tables 1-3. The thickness of the three metal samples
is 2 mm. Before the experiment, all samples were pol-
ished with SiC sandpaper, washed with acetone and
distilled water, dried, and stored in a dryer. CoCrNiAl

SO3~ NO; Ca** NHf Mg*" CI© K' Na't F-

20.5 4.7 5.4 3.0 04 18 1.0 05 04

HEA suction cast samples used for microstructure ob-
servation were polished and corroded with aqua re-
gia. All samples used for the electrochemical test were
coated with epoxy resin to expose one side as the work-
ing surface; the effective working area of the research
electrode is 1cm?. A scanning electron microscope
(KYKY-EM3200) was used to observe the corrosion
morphology of CoCrNiAl HEA, and the composition
of the corrosion product was measured by the energy
dispersive spectrometer (EDS) attached to it.

The simulated rainwater was prepared with dis-
tilled water and pure analytical reagent according to
the analysis results of the actual rainfall components
in Sichuan Province; the composition is shown in Ta-
ble 4. According to the national standard of the Peo-
ple’s Republic of China Specifications for acid rain
monitoring (GB/T 19117-2017), the acidity of simu-
lated acid rain solution with sulfuric acid was adjusted
to make pH = 3.5, 4.0, 4.5, and 5.0, respectively.

The polarization curves and cyclic polarization
curves of samples in simulated rainwater with pH =
3.5, 4.0, 4.5, and 5.0 were measured by an electro-
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Fig. 2. Microstructure of CoCrNiAl HEAs.

chemical workstation (CS310M) at room temperature.
The three-electrode system was adopted: the reference
electrode was a saturated calomel electrode, the auxil-
iary electrode was a platinum electrode, and the work-
ing electrode was a metal sample. The sample was
placed in the solution for 20 min and tested until it
was stable; the scanning speed was 1mV s™!

3. Results and discussion
3.1. Microstructure and XRD

The microstructure of the CoCrNiAl HEA is
mainly composed of dendrites, as shown in Fig. 2,
which are closely arranged. Dendrite is a kind of crys-
tal that can retain its branches at a particular stage
in the growth process. The dendrite growth process
first forms the main branch and then divides the sec-
ondary branch on it until the branches at all levels
are connected and joined with each other. If the sup-
ply of mother liquor is interrupted in the process, dif-
ferent forms of dendrites can be obtained directly. In
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Fig. 3. XRD pattern of CoCrNiAl HEA.

Table 5. Chemical composition of the dendritic and the
interdendritic regions of the AlICoCrNi HEA (at.%)

Region Al Co Cr Ni

Dendrite 27.6 24.2 19.6 28.6

Interdendrite 16.8 28.7 33.1 21.4

addition, due to the different growth order of all den-
drites, the metal dendrites can be displayed by erosion
with an appropriate solution. The long-axis direction
of the main branch is primarily consistent with a spe-
cific crystal direction.

To analyze the phase structure of the prepared
CoCrNiAl HEA, an XRD test was performed, and
the results are shown in Fig. 3. The CoCrNiAl al-
loy exhibits the diffraction patterns of the disordered
A2-bee phase with the ordered B2-bec phase. The mi-
crostructural features, i.e., the formation of the A2/B2
dual-phase structure, have also been identified in the
AlCoFeCrNi alloy [30-33]. The cross-sectional micro-
graph of the prepared AICoCrNi HEA in Fig. 1b re-
veals a typical microstructure of dual-phase HEAs
consisting of dendrites and interdendritic regions. The
chemical composition of both regions measured by
EDS is listed in Table 5.

The DR region exhibits a higher concentration
of Al and Ni and a lower amount of Cr than the
ID region, which indicates that the solute segrega-
tion into the Ni-Al-rich and Cr-rich regions occurred
during the dendritic solidification. The segregation of
the Cr content during the solidification has also been
reported in other studies on AlCoCrFeNi alloy [31,
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Fig. 4. Polarization curves of CoCrNiAl HEAs and other typical metals in simulated acid rain solutions (a) pH = 3.5,
(b) pH = 4.0, (c) pH = 4.5, and (d) pH = 5.0.

Table 6. Corrosion dynamics parameters of CoCrNiAl HEA and other typical metals in simulated acid rain solutions

pH =35 pH = 4.0 pH =45 pH = 5.0
Samples

ECOI‘I‘ ICOI‘I‘ ECOH‘ ICOI‘I‘ Ecorr Icorr Ecorr Icorr

(V) (Aem™) (V)  (Aem™®) (V) (Aem?) (V) (Aem?)
CoCrNiAl HEA -0.39 75x1077 -046 7.8 x 107° 0.01 61x1077 -052 9.5x 1077
Q235 steel -0.61 69 x10° -145 58x10° 077 39x10°% 097 1.4x10°°
AZ31 magnesium alloy -0.49 6.8 x 107° -0.56 6.6 x 107° 043 4.0 x 10°° 041 1.5 x10°°
1060 aluminum alloy -0.42 73 x107% 049 62x107° 046 42x10% 046 7.3 x10°°

32]. Based on these results, it is confirmed that the
AlCoCrNi HEA designed by excluding the Fe content
from the AlCoCrFeNi alloy solidifies into the Ni-Al
rich DR and Cr-rich ID regions that consist of the
A2/B2 dual-phase structure, which is very similar to
the microstructural morphologies of the AlCoCrFeNi
alloy.

3.2. Electrochemical performance

Figure 4 shows the polarization curves of CoCr-
NiAl HEA and other typical metals in simulated acid
rain solutions with pH = 3.5, 4.0, 4.5, and 5.0.

Table 6 illustrates the corrosion kinetic parameters
obtained by linear fitting. Combined with Fig. 4 and
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Fig. 5. Circular polarization curve of CoCrNiAl HEAs in simulated acid rain solutions: (a) pH = 3.5, (b) pH = 4.0, (c)
pH = 4.5, and (d) pH = 5.0.

Table 6, the self-corrosion current of CoCrNiAl HEA is
lower than that of Q235 steel, AZ31 magnesium alloy,
and 1060 aluminum alloy, with a reduced range of 1-
2 orders of magnitude. The self-corrosion potential is
positive except in a solution with pH = 5.0. Accord-
ing to electrochemical theory, the self-corrosion cur-
rent is the main factor affecting corrosion resistance,
followed by self-corrosion potential. The smaller the
self-corrosion current, the higher the self-corrosion po-
tential and the better the corrosion resistance.

Although the self-potential of CoCrNiAl alloy is
lower than that of AZ31 magnesium alloy and 1060
aluminum alloy in simulated acid rain solution with
pH = 5.0, the self-corrosion current is two orders of
magnitude lower. Co and Ni elements in CoCrNiAl
alloy coating have excellent corrosion resistance, which
is easy to passivate to improve corrosion resistance.
The dense dendrite structure of the alloy also provides
a guarantee for excellent corrosion resistance.

With the increase in pH, the self-corrosion cur-
rent of Q235 steel decreases gradually, because the
cathodic process of Q235 steel corrosion in simulated
acid rain solution is mainly the depolarization reac-
tion of H* and O,. Under the condition of low pH,
H* concentration plays a decisive role in the corro-
sion rate of steel. With the increase of acidity, the
cathodic reaction rate dominated by H reduction in-
creases, which enhances the dissolution of steel and
the corrosion rate.

With the increase in pH, the self-corrosion current
of an AZ31 magnesium alloy becomes smaller. Under
the same corrosion potential, the anode polarization
current density increases with the decrease in pH, and
the corrosion rate increases. The change in pH has a
significant impact on the anode process. This is be-
cause the anodic reaction of magnesium alloy in a
simulated acid rain solution is the dissolution process
of magnesium. The pH of the solution decreases, the
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corresponding hydrogen equilibrium potential moves
forward, the thermodynamic trend of corrosion reac-
tion increases, and the dissolution rate of magnesium
increases.

Aluminum is a relatively active metal, which is eas-
ily oxidized in the air to form a dense and solid oxide
film (Al;03). The corrosion resistance of aluminum
alloy depends on the integrity and self-healing ability
of this oxide film. Ions in the simulated solution, such
as Cl—, SO?{, H*, and dissolved oxygen, are compet-
itively adsorbed on the oxide film, and the adsorption
mainly occurs at the defects of the oxide film, which
forms a pitting source of local corrosion. The adsorbed
ions react with the oxide film, thinning the local ox-
ide film, exposing the active aluminum matrix, and
dissolving to produce aluminum ions. Aluminum and
adsorbed ions form intermediate products, which sep-
arate from the matrix and enter the solution or form
stable corrosion products and deposit on the surface of
the matrix. In the acidic environment, the oxide film
dissolves and thins due to the interaction of HT in the
solution, resulting in more pitting sources on the sur-
face. At the same time, it reduces the resistance of ions
and electrons adsorbed on the surface to pass through
the oxide film, accelerates the erosion of active anions
to the matrix, and accelerates the dissolution of alu-
minum alloy.

To evaluate the uniformity of CoCrNiAl alloy, the
pitting corrosion resistance in simulated acid rain solu-
tion with different pH was tested by cyclic polarization
curve; Fig. 5 shows the results.

It is generally believed that the presence of a pos-
itive hysteresis loop on the cyclic polarization curve
indicates that pitting corrosion is easy to occur, and
the absence of a hysteresis loop or negative hystere-
sis loop on the cyclic polarization curve indicates that
pitting corrosion will not occur.

Negative hysteresis loops appear in all cyclic po-
larization curves, indicating that CoCrNiAl alloy is
uniform and resistant to pitting corrosion. Due to the
existence of Al in the alloy, it is easy to form a passive
film on the alloy surface, which plays a protective role.
According to the corrosion parameters in Table 6, the
corrosion current is relatively low. Therefore, it has
excellent pitting corrosion resistance.

The corrosion mechanism of the prepared CoCr-
NiAl alloy is intergranular corrosion when it comes
into contact with a simulated acid rain solution. Lo-
cal corrosion occurs because the dissolution rate of
the grain boundary components in the metal in the
medium is much higher than that of the grain body.
Due to the high energy at the grain boundary, the
atoms are unstable, and the impurity atoms are en-
riched at the grain boundary; the corrosion rate at
this position is faster. With the extension of time, the
alloy surface gradually appears to have extensive cor-
rosion, and the corrosion mechanism changes to uni-

' {10 um
LY o ‘\_ j

Fig. 6. Surface corrosion morphology of CoCrNiAl HEAs
in simulated acid rain solutions (a) pH = 4.0 and (b) pH =
5.0.

form corrosion. Comparing Fig. 6a with Fig. 6b, it can
be seen that the corrosion degree is more serious when
pH = 4.0, mainly because the sulfate ion concentra-
tion in the simulated acid rain solution is higher after
corrosion, little remains of the original grain boundary
(OGB), that is, the black part and the corrode grain
boundary (CGB) is still faintly visible. With the fur-
ther extension of time, since the prepared simulated
acid rain solution adopts H3SO4 to adjust the pH,
the easily passivated metal can quickly generate corro-
sion products (CP) on the surface of the sample, thus
slowing down the corrosion rate and playing a spe-
cific protective role. As shown in Fig. 6, the prepared
CoCrNiAl HEAs generate sulfate and oxides such as
MSO4 and M50 on the alloy surface in the simulated
acid rain solution, and the corrosion products adhere
to the alloy surface tightly to protect the internal al-
loy and slow down the corrosion of the alloy surface.
EDS analysis is carried out on the corrosion products.
The results are shown in Table 7. The analysis shows
that the corrosion products mainly contain O and S,
indicating the formation of sulfate and oxide.
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Table 7. Energy Disperse Spectroscopy (EDS) of the
AlCoCrNi HEA in simulated acid rain solutions (a) pH =
4.0 and (b) pH = 5.0 (at.%)

pH Al Co Cr Ni (0) S

4.0 4.9 6.3 7.2 8.6 60.2 12.8
5.0 3.8 8.7 9.4 9.8 57.6 10.7

4. Conclusions

This study investigated the corrosion behavior of
CoCrNiAl HEA under simulated acid rain conditions
and compared it with other typical metals. The follow-
ing conclusions can be drawn from the results herein:

1. The microstructure of CoCrNiAl HEA is mainly
composed of dendrites. The CoCrNiAl alloy comprises
disordered BCC (A2) and ordered BCC (B2) phases.

2. The CoCrNiAl HEA has excellent corrosion re-
sistance in simulated acid rain solution with pH = 3.5,
4.0, 4.5, and 5.0. The self-corrosion current is reduced
by 1-2 orders of magnitude compared with Q235 steel,
AZ31 magnesium alloy, and 1060 aluminum alloy. The
self-corrosion potential is improved except in simu-
lated acid rain solution with pH = 5. Negative hys-
teresis loops appear in the cyclic polarization curves,
showing that the CoCrNiAl HEA has excellent pitting
corrosion resistance in a simulated acid rain environ-
ment.

3. The corrosion resistance of CoCrNiAl HEA
is related to the uniformity and compactness of
microstructure, passive film, corrosion-resistant ele-
ments, and dense corrosion products.

4. With the extension of time, the corrosion mech-
anism of the CoCrNiAl alloy in the simulated acid
rain solution was changed from the initial intergranu-
lar corrosion to the uniform corrosion.
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