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Abstract

We study the graphene (Gr)-strengthened CoCrFeNiMog o high-entropy alloys (HEAs) prepared by
laser cladding. The corrosion properties of the alloys under simulated acid rain conditions are studied
through rainfall experiments, electrochemical experiments, and immersion experiments. The ex-
perimental results show that the microstructure of the Gr-strengthened CoCrFeNiMog o HEAs mainly
including three morphologies. Mo element occurs segregation. Gr concentrates on the alloy surface
during melting. The alloy has a face centered cubic (FCC) single-phase structure. With increase in the
rainfall and immersion period, the corrosion resistance of the Gr-strengthened HEAs decreases. With
increase in the pH, the corrosion resistance of the alloys increase. The corrosion current densities of
Gr-strengthened CoCrFeNiMog o HEAs are small, indicating that the alloys have excellent corrosion
resistance. Electrochemical impedance spectroscopy (EIS) shows that as the pH increases, the capaci-
tance arc radius, impedance modulus, and phase angle show increasing trend. The reason for excellent
corrosion resistance are as follows: the Gr enriched on the surface plays a shielding role during alloy
melting, Gr reacts with alloy elements to form a passive film on the alloy surface, the lattice distortion
and grain refinement are caused by Gr, providing the single-phase structure of the alloy.

Keywords: graphene, high-entropy alloy coating, simulated acid rain, microstructure, laser cladding,
corrosion performance.

1. Introduction

The impact of human activities on the environment is becoming increasingly prominent. Burning
fossil fuels such as coal, oil, and natural gas with high Sulfur content cause acidification of rainfall,
and acid rain is formed when pH < 5.6 [1]. In metals exposed to the atmosphere corrode under the
influence of the environment, the acidification of rainwater significantly accelerates the corrosion rate of
metals [2,3]. Traditional research on the corrosion behavior of metals in acid rain usually uses the outdoor
hanging method [4], which processes the metal into a specified size and hangs it outdoors. By collecting
data, the corrosion situation of metals under acid rain conditions is calculated and compared with the
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corrosion situation of metals in ordinary rainwater environments. Although this method is intuitive,
the disadvantage is that it requires a long time for materials to complete the experiment and wastes
manpower. Therefore, in this article, we study the composition of acid rain and manually simulates acid
rain, using chemicals to prepare acidic rainwater.

Ordinary metals have a high corrosion rate in acid rain environments, but the working environment
of some devices (such as rain gauges) determines that they must be exposed to the natural environment.
Therefore, it will directly affect its service life. In order to improve its corrosion resistance in acid rain, it
is necessary to strictly select its constituent materials. HEAs is a new type of metal material [5-12]. Its
excellent properties [13-24] have attracted extensive attention of experts and scholars in recent years [25—
33]. In this study, we prepare HEAs strengthened by Gr, with the aim of exhibiting excellent corrosion
resistance in acid rain environments.

2. Experimental

We select Co, Cr, Fe, Ni, Mo metal powders with element purity > 99.9% as cladding materials and
use Gr as the reinforcement material with a content of 0.40 wt.%. The mixed powder is ball milled in
a planetary mill for 4 h. at a rotating speed of 300 r/min. 40 Cr steel is used as a substrate, where the
powder is grounded, and oil stains are removed from the surface to ensure cleanliness. Then, we utilize a
complete set of COq laser cladding equipment (LSJG-GQ-6000) for laser cladding treatment, use powder
presetting method, place the mixed powder on the surface of the substrate in advance, and perform laser
scanning. The laser processing parameters are as follows: the laser power P = 2500 W, the scanning
speed V' =5 mm/s, and the laser spot diameter D = 3.5 mm.

We analyze the composition of natu-
ral acid rain in Sichuan province, China Table 1. Composition of Simulated Acid Rain [mg/L].

and prepa're simulated a<.:id rain solution, Mg+ | Nat SOi_ NHI K+t | NO; | F- Ca2t
as shown in Table 1. Using standard sul- 561 | 725 | 1353 | 421 1218 | 516 | 1361 7.63
furic acid solution, we regulate the pH of - - - . - i : :
simulated acid rain solution.

We use scanning electron microscope (KYKY-EM3200) to analyze the microstructure of the Gr-
strengthened CoCrFeNiMogs HEAs and its attached energy spectrometer to analyze the micro-area
composition. X-ray diffraction (DX-2600) is used to analyze the crystal structure of the alloy. The test
conditions are: Cu target, radiation at 40 kV and 25 mA, the scanning ranges from 20° to 100°, with
a scan speed of 4°/min. The corrosion performance of alloys in simulated acid rain environments with
pH = 3.8, 4.3, 4.8, and 5.3 is tested by simulated rainfall equipment (KLD-IP1.2-400). The equipment
can adjust the rain intensity, raindrop size, and rainfall time. During testing, the samples are placed on
the sample table in the rainfall chamber, the sample table speed is adjusted to truly simulate natural
rainfall conditions; in the experiment, the rainfall time for each cycle is set to 30 min. After being
exposed to rain, we take the samples out of the rainfall chamber and dry them; also, we measure the
mass of the samples before and after each cycle. Then, the samples are placed in the rainfall chamber
again for 30 min. of rainfall. This is repeated, and the samples are tested for 10 cycles in simulated
acid rain solutions of each pH condition. The electrochemical corrosion performance of Gr-strengthened
CoCrFeNiMog o2 HEAs in simulated acid rain environments with pH= 3.8, 4.3, 4.8, and 5.3 are tested,
using electrochemical workstation (CS310M). The polarization curves, cyclic polarization curves, and EIS
of the alloys are measured. The comprehensive corrosion behavior of the alloys in simulated acid rain
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environments with pH = 3.8, 4.3, 4.8, and 5.3 are tested, using the immersion method. The immersion
time is once every 24 h., and the sample mass is measured before and after immersion, a total of 10 cycles
are tested under each pH condition.

3. Results and Discussion

3.1. Microstructure and XRD

In Fig. 1, we illustrate the microstructure of Gr-strengthened CoCrFeNiMogs HEAs, where three
morphologies marked as A, B and C| respectively, are shown. The formation of alloy structure is closely
related to the content of each element and melting point, as well as the cooling rate during laser cladding.
Element area scanning is performed on the microstructure in Fig. 1a, b, and the results are shown in
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Fig. 1. Microstructure of Gr-strengthened CoCrFeNiMog o HEAs.
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Fig. 2a b. The Mo element exhibits uneven distribution, which is mainly distributed in the grains of A
and B, this is related to its mixing enthalpy between Mo and other elements.

In Fig. 3, we present the X-ray diffraction pattern of Gr-strengthened CoCrFeNiMog o HEA. From
the analysis, one can see that the alloy phase has a simple FCC structure. The alloy has five elements and
six elements after the addition of Gr-strengthened phase. The multi-element effect inhibits the emergence
of complex intermetallic compounds, making the alloy to show a single FCC structure.
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Fig. 3. XRD pattern of Gr-strengthened Fig. 4. Mass loss of Gr-strengthened CoCrFeNiMog o

HEAs in rainfall experiments. Here, pH= 3.8 (1d), pH=
4.3 (A), pH=4.8 (®), and pH= 5.3 (%).

CoCrFeNiMog o HEA.

3.2.

In Fig. 4, we show the mass loss results of Gr-strengthened HEAs after simulated acid rain rainfall

experiments.
After 10 cycles rainfall experiments, the mass loss is very small, in-

Corrosion Behavior

Table 2. Corrosion Dynamics

dicating excellent corrosion resistance. Due to the low melting point,
the Gr is easy to float on the alloy surface during melting, which is
beneficial to the corrosion resistance of the alloy surface. The two-
dimensional lamellar structure of Gr is easy to stack, forming a dense
physical insulation layer. It is difficult for corrosive medium to pass
through the dense insulating layer, and Gr, as a good shielding agent,
insulates the metal matrix from the surrounding environment. In
addition, the surface effect of Gr makes the contact angle between
Gr and corrosive liquid very large, which makes it difficult for liquid
molecules to spread on the surface of Gr, thus, playing the role of
anti-corrosion.

Parameters of Gr-Strengthened
CoCrFeNiMog s HEAs in Simu-
lated Acid Rain Solutions.

pH | Ecorrs V | Leorrs A-cm™2
3.8 | -0.40 2.5.1073
43| —0.58 6.8-1074
48| —0.56 6.7-1074
5.3 | —0.46 6.5-1074

As the rainfall cycle increases, the mass loss of the alloys under different pH conditions shows an
increasing trend, which is due to the exacerbation of corrosion degree with increase in the cycle. As the
pH increases, the mass loss of the alloy shows a decreasing trend under the same cycle conditions. This
is because the higher the pH, the lower the H' concentration, and the lower the degree of corrosion.
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In Fig. 5, we display the polarization curves
of Gr-strengthened CoCrFeNiMogs HEAs in simu-
lated acid rain solution with different pH condi-
tions. In Table 2, we show the corrosion kinetics
parameters obtained through linear fitting. The low
corrosion current density of the alloys in simulated
acid rain indicates excellent corrosion resistance.

As the pH increases, the corrosion current den-
sity shows a decreasing trend, indicating an en-
hanced corrosion resistance. The excellent corro-
sion resistance is due to the following factors: first,
the formation of a passivation film on the surface of
the alloy, which protects the internal alloy and ef-
fectively prevents the immersion of H*. Second,
both Mo element and Gr-strengthening phase in
the alloys play a role in refining grains, reducing
intergranular corrosion and improving the overall
corrosion resistance of the alloy. Third, the alloy’s
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Fig. 5. Polarization curves of Gr-strengthened
CoCrFeNiMog o HEAs in simulated acid rain solutions
with pH= 3.8 (the gray curve), pH= 4.3 (the solid
curve), pH= 4.8 (the dashed curve), and pH= 5.3 (the
dotted curve).
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Fig. 6. Circular polarization curves of Gr-strengthened CoCrFeNiMog o HEAs in simulated acid rain solutions

when pH= 3.8 (a), 4.3 (b), 4.8 (c), and 5.3 (d).
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structure is a single FCC structure, reducing the impact of the formation of micro-corrosive batteries [34].
Fourth, the addition of Gr aggravates the lattice distortion, making the immersion of H* more difficult.

In order to characterize the pitting corrosion resistance of Gr-strengthened CoCrFeNiMogo HEAs,
we test the cyclic polarization curves of the alloys in simulated acid rain solutions with different pH; the
test results are shown in Fig. 6.

We find that there is basically no hysteresis loop on the cyclic polarization curve, when pH=3.8.
As pH increases, hysteresis loop gradually appears on the cyclic polarization curves. When pH =4.3, it
is shown that a negative hysteresis loop appears. When pH increases to 4.8, a negative hysteresis loop
appears, and when pH = 5.3, the area of the hysteresis loop is larger. The above situation indicates that
the alloys does not exhibit pitting corrosion when the pH > 3.8.

In order to study the corrosion resistance of the alloy surface during electrochemical corrosion, we
test the EIS of Gr-strengthened CoCrFeNiMogo HEAs in simulated acid rain solutions with different
pH. In Fig. 7, we show the test results, including the Nyquist plot, |Z|-frequency plots and phase angle—
frequency plots. A relatively regular capacitive reactance arc can be seen in the high-frequency area of
the Nyquist plot, indicating that the corrosion process is controlled by the charge transfer process [35,36].
The size of the capacitive arc radius corresponds to the size of the impedance. The corrosion resistance
of different pH is compared by the radius of the capacitive arc. The larger the radius, the better the
corrosion resistance of the alloy [37].
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g2000— .,‘-’ Fig. 7. EIS results of Gr-strengthened
Q CoCrFeNiMog o, HEAs; here, Nyquist plots (a),
|Z|-frequency plots (b), and phase angle—frequency
A plots (c), where pH= 3.8 (gray curves), 4.3 (solid
$ curves), 4.8 (dashed curves), and 5.3 (dotted curves).
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In Fig. 7a, we see that with increase in the pH, 004
the radius of the capacitive arc tends to increase. ]
In Fig. 7b, we see that the impedance modulus in-
creases with increase in the pH and reaches its ma-
ximum when pH= 5.3. In phase angle—frequency
plots, we realize that with increase in the pH, the
phase angle shows an increasing trend, with the

0.03-? /E/ —

maximum phase angle ranging from 65° to 70°.
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The larger the phase angle, the better the corro- 0.014 E%?S

sion resistance of the alloy. Based on Fig. 7, we ] E%/*

conclude that CoCrFeNiMogo HEAs exhibit the 1 Q/

highest impedance modulus and phase angle when 01+ : . . . . . . . .
pH= 5.3, demonstrating the best corrosion resis- o2 3 4 C5:yC|6e ro8 910
tance.

Fig. 8. Mass loss of Gr-strengthened CoCrFeNiMog o
The mass loss results of Gr-strengthened fEAs in simulated acid rain immersion experiments.
CoCrFeNiMog.2 HEAs in simulated acid rain im- Here, pH= 3.8 (), 4.3 (), 4.8 (®), and 5.3 ().

mersion test are listed in Fig. 8.

With increase in the immersion period, the mass loss of the alloys under different pH conditions
shows an increasing trend, this is because increase in the cycle intensifies the corrosion degree. As the
pH increases, the mass loss of the alloy shows a decreasing trend under the same cycle conditions. This
is because the higher the pH, the lower the HT concentration, and the lower the degree of corrosion. Gr
with smaller particle size is filled into the alloy’s micro-holes and defects, which extend the diffusion path
of the corrosion medium to a certain extent, thus, preventing and delaying the corrosion medium from
immersing solution into the alloy interior, and enhancing the corrosion resistance. At the same time, Gr
reacts with alloy elements, resulting in passivation or formation of protective film on the alloy surface,
enhancing the protective ability of the alloy, and further improving its corrosion resistance.

In Fig. 9a, we present the surface corrosion morphology of Gr-strengthened CoCrFeNiMogo HEAs
after simulated acid rain rainfall experiment with pH=3.8. In Fig. 9b, the element area scanning result
is presented. Under the action of H', the passivation film of the alloy is damaged, HT immerses into the
interior of the alloy at the location, where the passivation film is damaged, causing corrosion.

e s s o e e L e

Fig. 9. Surface corrosion morphology and EDS mapping of Gr-strengthened CoCrFeNiMog o HEAs in simulated
acid rain solutions with pH = 3.8.
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4.

To

Conclusions

conclude, we point out

1. The microstructure of Gr-strengthened CoCrFeNiMog s HEAs mainly has three morphologies. Mo
element occurs segregation, Gr concentrates on the alloy surface during melting. The alloy has a
single-phase FCC structure.

2. With increase in the rainfall and immersion period, the corrosion resistance of the alloys decreases,

while with increase in the pH, the corrosion resistance of the alloys increases. The Gr enriched on
the alloy surface plays a shielding role, making the alloys to have excellent corrosion resistance.

3. The corrosion current density of Gr-strengthened CoCrFeNiMogo HEAs are small, indicating that
the alloys have excellent corrosion resistance, which are related to the passive film formed on the
alloy surface, fine grain, phase structure, and lattice distortion caused by Gr.

4. EIS shows that as the pH of the simulated acid rain increases, all the capacitance arc radius,

impedance modulus, and phase angle show an increasing trend.
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