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Abstract: The method of atmospheric corrosion protection of metals has always been a research hot
spot at home and abroad. In this paper, superhydrophobic coating is prepared on the surface of
galvanized steel by chemical etching using 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES),
graphene oxide (GO), anhydrous ethanol and water-based varnish as the main raw materials. The
constitution of the superhydrophobic coating surface and the corrosion resistance of the steel are
studied by electrochemical testing, X-ray diffraction (XRD), scanning electron microscopy (SEM), X-
ray energy dispersive spectroscopy (EDS) and atomic force microscopy (AFM). Meanwhile, COMSOL
software is used for the simulation of experiment. The results show that the surface of the superhy-
drophobic coating is composed of micro-nano sized papillary bulges, which play an important role in
the improvement of metal corrosion resistance. The superhydrophobic coating effectively improves
the alternating current impedance of the electrode and reduces the corrosion rate of the substrate. In
addition, the results calculated by COMSOL software consist of the experimental results.

Keywords: 1H,1H,2H,2H-perfluorodecyltriethoxysilane; graphene oxide; superhydrophobic coating;
corrosion resistance

1. Introduction

In order to improve the corrosion resistance of steel, the galvanization has been widely
used in various fields, such as machine manufacturing, electronics, chemical industry,
light industry, etc. [1-4]. When the zinc in the coating is corroded, oxides, zinc carbonate
and other substances will be generated, which improves the compactness of the zinc film
and isolates oxygen to prevent corrosion [5-9]. In order to further enhance the corrosion
resistance of metals, researchers have made continuous efforts in exploring the optimization
of metal corrosion prevention. In recent years, inspired by the surface structure of lotus
leaves and other plants in nature, researchers have prepared superhydrophobic surfaces,
of which the wetting angle is greater than 150° [10-12]. The superhydrophobic surface
enhances the corrosion resistance due to its low surface energy, which can effectively
reduce the contact area between metal and the corrosive. As it is difficult for droplets
to stay, the superhydrophobic surface has a wide range of practical application value
with the advantages of waterproof, anti-ice, anti-fog, and self-cleaning [13,14]. However,
common preparation methods of the superhydrophobic surface have many disadvantages,
such as tough and harsh conditions, cumbersome steps, and high cost. Furthermore,
the superhydrophobic materials in use also have some problems of fragility, pollution-
prone, etc. Thus, it will be a prevailing trend in the innovation of superhydrophobic
preparation methods and the research on how to prolong the life of coating under harsh
environments [15].
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The metal will be hydrophilic due to its high surface energy. Therefore, the commonly
used superhydrophobic modification method is using low surface energy materials to
modify metal [16,17]. Fluorosilane is widely used as the superhydrophobic materials
because of its low surface energy, heat-resisting, oil-resisting, oxidant-resisting and special
physical and mechanical properties [18,19]. Wang et al. [20] used the sol-gel method to
prepare the superhydrophobic surface. Li, Wang et al. [21] obtained fluorinated polyacrylate
coating by electrospinning, and the wetting angle between the surface and water reached
more than 150°. Li, Si et al. [22] obtained a superhydrophobic coating on the aluminum
alloy surface by simple chemical etching and surface modification with 1H,1H,2H,2H-
perfluoroalkyltriethoxysilane.

It is still a potential problem to improve the corrosion resistance of superhydrophobic
coating. Graphene oxide (GO) is often used as a corrosion inhibitor for various met-
als because of its high specific surface area (about 300 m?/g) and the electronegativ-
ity of oxygen-containing functional groups [23-26]. Ikhe et al. [27] used 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (PFOTES) to synthesize perfluoropolysiloxane (PPFS), and
doped GO into the superhydrophobic coating to enhance the superhydrophobicity of sur-
face for AZ31 magnesium alloy and prolong conduction of the corrosive, thereby improving
the corrosion resistance of magnesium alloy finally. Compared with PFOTES, 1H,1H,2H,2H-
perfluoroodecyltriethoxysilane (PFDTES) has lower surface energy and higher wettability
due to the presence of fluorinated carbon [28]. It is a superhydrophobic agent that can be
used to synthesize various functional coatings.

In this paper, the chemical etching method is adopted to form micron/nano-size rough
surface using galvanized Q235B carbon steel as the base material. This study focuses on
the influence of GO/PFDTES on the anti-corrosion properties of the superhydrophobic
coating by means of XRD, SEM, AFM, electrochemical testing, and so on. In addition, the
simulation by COMSOL software can prove the feasibility of the experiment and shorten
the experimental cycle effectively.

2. Materials and Methods
2.1. Preparation of Test Specimens

The experimental material used in this work is Q235B low carbon steel (Anshan Iron
and Steel Works, Anshan, China) [29], and its chemical composition (mass fraction, %):
C 0.210, Si 0.210, Mn 0.580, S 0.036, P 0.017, Cu 0.020, Fe is the allowance. Precision wire
cutting machine was used to cut several specifications of 10 mm x 10 mm x 5 mm Q235B
steel specimens, which were drilled for electroplating easily. Six surfaces of each specimen
were polished by sandpaper (MT, Guangzhou, China) of 220 #, 400 #, 1000 # and 2000 #
in turn. The surfaces of the steel specimens were dried by a blower after grinding. The
surfaces of steel specimens were electroplated by a zinc sheet (Chendu, China), and then
the electroplated specimens were divided into three groups. The first group of electroplated
specimens was without any treatment for comparative experiment (denoted by #1), the
second group of electroplated specimens was varnished (denoted by #2), and the third
group of electroplated specimens was varnished and superhydrophobic treated (denoted
by #3).

2.2. Procedure of Varnishing and Superhydrophobic Treating

The hydrochloric acid, ethanol and sodium chloride were purchased from Sinopharm
Inc., Beijing, China. The varnish was water-based epoxy varnish produced by Nippon Inc.,
Shanghai, China.

The electroplated specimens were etched with 1 wt% hydrochloric acid for 1 min,
cleaned with deionized water, blew to dry, and varnished for standby.

10 mL of distilled water and 2 g of 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDTES)
(Dixin Chemical, Wuhan, China) were added into 100 mL of absolute ethanol, and then
they were mixed by a LC-MSB-S magnetic stirrer (Lichen Inc., Hangzhou, China) at room
temperature for one hour. The hydrophobic solution was obtained by means of adding 2 mL
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of 2 mg/mL graphene oxide (GO) aqueous solution (Carbonfeng Technology Inc., Beijing,
China) during the stirring process.

When the varnished specimens were completely dried, the surfaces of the specimens
were coated with the superhydrophobic modifier. The coating was carried out again after
the modifier was dried by airing, and the process was repeated three times. Finally, the
specimens were dried for 8 h at room temperature to obtain a superhydrophobic coating.
After taking a picture, the wetting angle can be directly measured on the picture, as shown
in Figure 1.

Figure 1. Superhydrophobic coating obtained in the experiment.

2.3. Corrosion and Performance Tests

The specimens #1~#3 were sealed with epoxy resin, which were exposed to only one
surface to be tested, immersed in 3.0 wt% NaCl solution without degassing for 72 h, and
then observed by various means.

The electrochemical impedance spectroscopy and potentiodynamic polarization curves
of the specimens were measured using the CS310 electrochemical workstation (manufactured
by Wuhan Ke Site in China). In the experiment, a three electrode system was used: the
working electrode was the specimens with different corrosion time; the auxiliary electrode
was a 4 cm? Pt sheet; the reference electrode was a saturated calomel electrode (SCE); the
working temperature was room temperature (25 °C); all the potential values were relative
to the potential of saturated calomel electrode; the electrolyte used in the experiment was
3.0 wt% NaCl solution; the frequency range of electrochemical impedance spectroscopy (EIS)
was 10~100 kHz; the amplitude of disturbance AC potential applied during the test was
10 mV; the scanning potential range of the potentiodynamic polarization curve was £0.3 V vs.
Ecorr (relative to the self-corrosion potential); the scanning speed was 1 mV/s.

MR5000 metallographic microscope (Jiangnan Inc., Nanjing, China) was used to
observe the surfaces of specimens and analyze surface corrosion.

DX-2700B X-ray diffractometer (XRD) produced by Malvern Panalytical in Shanghai,
China was used to test the surface of specimens with different corrosion time and analyze
the phase composition. The scanning speed of diffraction measurement was 2°/min.
The phase composition was semi-quantitatively analyzed by comparing the relative peak
strength of each phase in the XRD results.

Regulus 8100 scanning electron microscope (SEM) and energy dispersive spectroscopy
(EDS) produced by Hitachi Inc. in Tokyo, Japan were used to characterize the surface of the
specimens before/after corrosion and observe the surface morphology of the specimens.
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Dimension Icon atomic force microscope (AFM) produced by Bruker Inc. in Karlsruhe,
Germany was used to test the surface of specimens, analyze three-dimensional topography,
and measure roughness of the surface.

2.4. Multi Physical Field Simulation

In order to further analyze the corrosion mechanism of the specimen surface, COMSOL
software 5.6 (COMSOL Inc., Shanghai, China) [30,31] was used to conduct multi-physical
field simulation through “secondary current distribution”, “deformation geometry”, “trans-
port of diluted species” and “level set”. The simulated model was established by imitating
the seawater corrosion environment: the dimension of the two-dimensional profile model
is2 x 10 *mwide, 2 x 104 m high, and the ambient temperature is 20 °C. The corrosion
model of specimen #1 was simulated by directly exposing the electroplated specimens to
seawater. The corrosion model of specimen #2/#3 contained three layers: the upper layer
was seawater, the middle layer was varnish/superhydrophobic structure, and the lowest
layer was zinc coating. In addition, in order to ensure the reliability of the simulation, the
respective metallographic pictures of specimens #1~#3 were imported into the software for
modeling. In addition, the main boundary conditions of COMSOL finite element simulation

were shown in Table 1.

Table 1. The main boundary conditions of COMSOL finite element simulation.

Physics Boundary Condition
Electrolyte sigma 5[S/m]
Electrolyt tential 0[V
Initial values ectrolyte potenhia V1
Electric potential 0[V]
Secondary Current External electric potential 0 [V]
Distribution Equation Current density initialization
Electrode surface
Film resistance No
Dissolving-depositing species Zn
Electrode kinetics Local current density expression
Deformed Frame settings Geometry shape function 1
Geometry Free deformation settings Mesh smoothing type Hyperelastic
Transport properties Mobility Nernst-Einstein relation

Transport of

Initial values

Concentration of Fe?*

0

Concentration of OH™

1 x 10~* [mol/m3]

Diluted Species
. Equation Current distribution initialization
Electrode surface coupling
Coupled reaction Local current density
Level set model Equation Current distribution initialization
Level Set — - -
Initial values Level set variable Specify phase
Nondeforming Boundary Coupled interfaces Secondary current distribution
Boundary condition Zero normal displacement
Multiphysics Y P
Deforming Electrode Surface Coupled interfaces Secondary current distribution
Moving boundary smoothing Enable moving boundary smoothing
o Interpolation Polarization curve From experimental measurement
Definitions

Image

Import data model

From metallographic microscope picture
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3. Results
3.1. Electrochemical Measurement

Figure 2 shows the results of AC impedance spectra of specimens after different corrosion
time. As shown in Figure 2a, the high-frequency impedance modulus of specimen #1 is close to
about 30 Q) - cm?, while the low-frequency impedance modulus of 0.01 HZ gradually increases
from 85.6 Q) - cm? to 701 Q) - cm? with the extension of corrosion time. In addition, the phase
angle-frequency curves of specimen #1 (Figure 2a’) gradually shift to left with the extension
of corrosion time, which may be related to the increasing corrosion products generated on
the specimen surface. As shown in Figure 2b, the high-frequency impedance modulus of
specimen #2 decreases from 588 Q) - cm? to 100 Q) - cm? with the extension of corrosion time,
while the low-frequency impedance modulus of 0.01 HZ decreases from 6610 Q) - cm? to
1110 Q) - cm? with the prolongation of corrosion time. In addition, the phase angle-frequency
curves of specimens #2 (Figure 2b’) gradually shift to the right with the extension of corrosion
time, which may be related to the continuous penetration of water molecules. This shows that
the corrosion resistance of varnish to metal substrate decreases rapidly with the prolongation
of corrosion time. As shown in Figure 2¢, the high-frequency impedance modulus of specimen
#3 is close to about 150 Q) - cm?, while the low- frequency impedance modulus of 0.01 HZ
decreases from 3.14 x 10° Q) - em? to 5110 Q - cm? with the prolongation of corrosion time.
In addition, the phase angle-frequency curves of specimen #3 (Figure 2¢’) shifted to right
with the extension of corrosion time, which may be related to the continual increase of water
molecules infiltrated into the superhydrophobic coating on the specimen surface, and the
constant damage of the surface coating. At the same time, by comparing Figure 2a—c, it can be
seen that the low-frequency modulus of specimen #3 at each corrosion time is much greater
than that of specimen #1 and specimen #2, which further indicates that corrosion resistance of
the specimen can be more effectively enhanced by superhydrophobic modification through
GO/PFDTES.
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Figure 2. Bode plots of the EIS results for the rusted Q235B steel specimens at different corrosion
times: (a,a’) for the specimens #1; (b,b’) for the specimens #2; (c,c’) for the specimens #3.

Figure 3 shows the polarization curves of specimens #1~#3 after different corrosion
times. The polarization curves can effectively measure the corrosion rate of the specimen
surface. The smaller the self corrosion current density is, the smaller the corrosion rate
is; the more positive the self corrosion potential is, the smaller the corrosion tendency is.
It can be seen from Figure 3a that the self-corrosion potential of specimens #1 gradually
decreases from —0.43 V (SCE) to —1.08 V (SCE) with the prolongation of corrosion time,
which may be related to the continual corrosion of the specimen surface. Figure 3b shows
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that the self-corrosion potential of specimens #2 gradually decreases from —0.32 V (SCE) to
—0.99 V (SCE) with the extension of corrosion time, which may be related to the continuous
penetration of water molecules. Moreover, Figure 3c shows that the self-corrosion potential
of specimen #3 gradually decreases from —0.15 V (SCE) to —0.97 V (SCE) and then increases
with the prolongation of corrosion time, which may be due to the continuous penetration
of water molecules and mutual fusion between particles in the coating.
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Figure 3. Polarization curves of electrodes at different corrosion time: (a) for specimens #1; (b) for
specimens #2; (c) for specimens #3.

By fitting the polarization curves in Figure 3, the curves of self-corrosion current
density are shown in Figure 4. It can be seen that the self-corrosion current density of
specimen #1 increases from 2.55 x 107® A/cm? to 4.14 x 10~* A/cm? with the extension
of corrosion time, indicating that its corrosion resistance is relatively poor. The reason is
that the zinc coating is quickly corroded in the corrosion solution, and then exposed to
the steel substrate, resulting in a rapid increase in the corrosion rate. The self-corrosion
current density of specimen #2 increases rapidly with the extension of corrosion time, and
is finally similar to specimen #1, which indicates that the corrosion resistance of the varnish
coating on the metal substrate is improved. The self-corrosion current density of specimen
#3 does not change significantly with the extension of corrosion time. By comparing
the three curves, it can be seen that the self-corrosion current density of specimen #1 is
close to that of specimen #2 but far greater than that of specimen #3, which indicates that
the superhydrophobic coating exerts a significant enhancement effect on the corrosion
resistance of the metal substrate surface. The variation trend of impedance modulus with
corrosion time in Figure 2 is some inconsistencies with the polarization curve, one of the
important reasons may be that the polarization curve and impedance spectrum are tested
with different specimens.

—— #1
-@—#2

10¢ A#3
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Figure 4. Corrosion current density of electrodes at different corrosion times.
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3.2. Surface Morphology and Composition

As shown in Figure 5, the specimen surfaces before and after corrosion were pho-
tographed with a metallographic microscope. Figure 5a shows the surface photo of specimen
#1 before corrosion. The surface is flat and smooth with scratches in the same direction, which
is caused by sandpaper polishing. Figure 5a’ shows the surface photo of specimen #1 after
72 h corrosion. It can be seen that the zinc coating on the specimen surface has fallen off in a
large area, causing corrosion and rust on the steel substrate of the inner layer. As shown in
Figure 5b, the surface photo of specimen #2 before corrosion illustrates that most areas of the
surface are flat, but there are a few small holes in some places. Figure 5b’ shows the surface
photo of specimen #2 after 72 h corrosion, and several obvious corrosion bumps appear on
the surface. The surface photo of specimen #3 before corrosion in Figure 5c shows that the
surface is rough and there are some bumps, which are caused by the superhydrophobic
coating on the specimen surface. The photo of specimen #3 after 72 h corrosion, as shown in
Figure 5c, illustrates that the surface has not significantly changed before and after corrosion,
and only few areas suffers the localized corrosion which may be caused by the penetration of
water molecules.

Figure 5. Metallographic images in different corrosion condition: (a,a’) for specimen #1 before/after
corrosion; (b,b”) for specimen #2 before/after corrosion; (c,c’) for specimen #3 before/after corrosion.

Figure 6 shows the X-ray diffraction results of specimens #1~#3 before and after
corrosion. As shown in Figure 6a, the surfaces of specimens #1~#3 before corrosion are
mainly composed of Fe and Zn. The diffraction peak of Zn in specimen #1 is obviously
higher than that of Fe, indicating that specimen #1 surface is mainly Zn coating. It is also
found that the Zn diffraction peaks of specimens #2 and #3 are obviously weaker than
that of specimen #1. The reason is that the varnish coating and superhydrophobic coating
have a certain thickness, which leads to the weakening of X-ray diffraction intensity. In
addition, it can be seen that the diffraction peaks of Fe and Zn are shifted, which may
be related to the residual stress and crystal defects in the material [32]. As shown in
Figure 6b, the surface of specimen #1 after 72 h corrosion is mainly composed of Fe, o-
FeOOH, Fe30O4 and a small amount of Zn, which indicates that the Zn coating of specimen
#1 is almost completely corroded during the immersion process, and the exposed steel
substrate is corroded to form rust, which is attached to the specimen surface. The surface
of specimen #2 after 72 h corrosion is mainly composed of Fe, x- FeOOH, Zn and a small
amount of Fe3O04. Compared with specimen #1, the relative intensity of Fe in specimen
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#2 decreases, while the relative intensity of Zn increases, which indicates that the varnish
coating specimen has some corrosion resistance. However, the diffraction peak of specimen
#3 shown in Figure 6b after 72 h corrosion has no obvious change compared to that before
corrosion shown in Figure 6a. It can be inferred that the superhydrophobic coating has
strong corrosion resistance capability, which can insulate the entry of corrosive media and
protect the steel substrate from corrosion.
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Figure 6. X-ray diffraction patterns of specimens #1~#3: (a) for specimens before corrosion; (b) for
specimens after 72 h corrosion.

Figure 7 shows the SEM images of specimens #1~#3 before and after corrosion. Ac-
cording to Figure 7a, the surface of specimen #1 before corrosion is mainly composed of
spherical particles, which is generally flat but multi-cracked. After 72 h corrosion, as shown
in Figure 7a’, many holes and irregular branches appear in the surface, and some areas fall
off, indicating that the zinc coating on specimen #1 is seriously eroded during the corrosion
process. It can be seen from Figure 7b that the surface of specimen #2 is flat and dense
before corrosion. After 72 h corrosion, as shown in Figure 7b’, many spherical particles
appear on the surface, which may be related to the penetration of water molecules in the
coating. According to Figure 7c, the observation of specimen #3 before corrosion shows that
the coarse particles are stacked on the specimen surface in a form of spherical protrusions.
After 72 h corrosion, as shown in Figure 7¢/, it is found that the appearance of particles
on the surface of specimen #3 is similar to Figure 7c, which reflects the excellent corrosion
resistance of the superhydrophobic coating.

Figure 8 shows the EDS results (tested at 20 kV) of specimens #1~#3 before and after
corrosion. The compositions presented were obtained under the assumption of material
homogeneity and are given only to obtain qualitative information about the change in
the composition of near-surface layers as a result of corrosion. Figure 8a,a’ shows the
EDS spectra of specimen #1 before and after corrosion, respectively. It is seen that Zn
mainly present in the spectrum before corrosion, with a small amount of Fe, O, and C. After
72 h corrosion the spectrum mainly contains Fe and O, with only a small amount of Zn
left. This indicates that the zinc coating is continuously damaged during the corrosion
process, and the steel substrate is exposed and then corroded. Figure 8b,b’ shows the
EDS spectra of specimen #2 before and after corrosion, respectively. It can be seen that
the spectrum before corrosion is mainly composed of C, with a small amount of Fe, O,
Zn and other elements. After 72 h of corrosion, the spectrum is dominated by Zn, C and
O, and the content of Fe element is also increased compared with that before corrosion,
which indicates that the varnish coating is damaged after corrosion, and the zinc coating
is exposed and then evidently corroded. For specimen #3, as shown in Figure 8c,c/, the
spectra mainly contain C and F, with a small amount of Fe, Zn, O and other elements no
matter before or after corrosion, which indicates that there is no obvious corrosion product
on the surface of specimen #3 after 72 h corrosion. The results are consistent with that
of XRD and demonstrate that the superhydrophobic coating has good performance in
corrosion resistance.
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Figure 7. SEM images of specimen surface: (a,a’) for specimen #1 before/after corrosion; (b,b’) for
specimen #2 before/after corrosion; (c,c¢’) for specimen #3 before /after corrosion.

The SEM results can only reflect the surface structure of specimens #1~#3 before and
after corrosion, and the three-dimensional structure needs further analysis, so as to more
comprehensively analyze the relationship between surface morphology and corrosion
characteristics. Atomic force microscope (AFM) scanning was carried out to obtain the
three-dimensional structure diagrams of specimens #1~#3 before and after corrosion, as
shown in Figure 9. The surface roughness Ra is obtained through the analysis of Nanoscope
Analysis software, as shown in Table 2. It was found from Figure 9a that before corrosion,
the grains of the zinc coating on the surface of specimen #1 are small and the size is basically
the same, with a fluctuation range of —28.2 nm~31.3 nm. The surface roughness Ra is
6.44 nm, which indicates that the surface of specimen #1 before corrosion is relatively
flat and smooth. Figure 9a’ shows that there are large pits and bulges on the surface of
specimen #1 after 72 h corrosion, with a fluctuation range of —913.5 nm~1.0pum. The surface
roughness Ra is 217 nm, which indicates that a large number of corrosion products are
formatted after 72 h corrosion. It can be seen from Figure 9b that the surface of specimen
#2 before corrosion is relatively flat with a fluctuation range of —21.3 nm~27.1 nm, and the
surface roughness Ra is 3.81 nm. Figure 9b’ shows that, after 72 h corrosion, the surface
of specimen #2 has large pits and bulges with a fluctuation range of —290.7 nm~337.5 nm,
and the surface roughness Ra is 70.7 nm, which indicates that a certain amount of corrosion
products is produced. It can be seen from Figure 9c that the bulges of specimen #3 are
papillary with a fluctuation range of —52.6 nm~54.3 nm, which is similar to the lotus leaf
structure, indicating that the superhydrophobic coating on the surface of specimen #3 is
successfully coated. In addition, the surface roughness Ra of specimen #3 before corrosion
is 10.7 nm, and greater than that of specimens #1 and #2, which maybe due to the papillary
bulges. It can be seen from Figure 9¢’ that the three-dimensional image of the surface of
specimen #3 after 72 h corrosion is similar to that before corrosion. Its surface roughness
Ra is 40.2 nm, which increases slightly compared with that before corrosion. This indicates
that the appearance of surface before and after corrosion has little change, and there is no
obvious accumulation of corrosion products. In addition, by comparing Figure 9a’—c/, it
can be seen that after 72 h of immersion in 3.0 wt% NaCl solution, the surface of specimen
#1 is corroded most seriously, followed by specimen #2, while specimen #3 has no obvious
change, indicating that the corrosion resistance of the specimen after superhydrophobic
treatment has been greatly improved.
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Figure 8. EDS line scanning spectrum of specimens: (a,a’) for specimen #1 before/after corrosion;
(b,b’) for specimen #2 before/after corrosion; (c,c’) for specimen #3 before/after corrosion.
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Figure 9. AFM three-dimensional structure of specimens surface: (a,a’) for specimen #1 before/after
corrosion; (b,b”) for specimen #2 before/after corrosion; (c,c’) for specimen #3 before/after corrosion.
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Table 2. The roughness Ra of specimens #1~#3 surface before and after corrosion.

Specimens Ra/nm before Corrosion Ra/nm after 72 h Corrosion
#1 6.44 217
#2 3.81 70.7
#3 10.7 40.2

4. Discussion

Based on the above experimental results, it can be seen that, compared with specimens
#1 and #2, specimen #3 has the best corrosion resistance, which may be related to the
papillary bulges formed on the surface. Then, the corrosion protection mechanism of
superhydrophobic coating is further discussed through COMSOL finite element simulation
results. Figure 10 shows the corrosion simulation results of specimens #1~#3. Figure 10a,c,e
is the function pictures obtained after the metallographic photos of specimens #1~#3 before
corrosion are imported into COMSOL software, respectively. Figure 10b,d,f are obtained
by corrosion simulation on the surface defined by three function pictures. Figure 10b
shows the simulation results of specimen #1 after 72 h corrosion. The white bulge in the
corrosion area indicates the accumulation of corrosion products. The thicker the corrosion
products, the more serious the corrosion. It can be seen that the entire surface of specimen
#1 has obvious corrosion. Figure 10d shows the simulation results of specimen #2 after 72 h
corrosion. It can be seen that the corrosion on the surface is also obvious, but the corrosion
is relatively uniform relative to specimen #1. Figure 10f shows the simulation results of
specimen #3 after 72 h corrosion. It can be seen that the corrosion of the surface is not
obvious compared with specimens #1 and #2, indicating that the papillary bulges formed
on the specimen surface after superhydrophobic treatment can significantly improve its
anti-corrosion performance.
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Figure 10. Finite element simulation of corrosion process by COMSOL software: (a) Modeling for
specimen #1 by Figure 5a; (b) for specimen #1 after 72 h corrosion; (c) modeling for specimen #2 by
Figure 5¢; (d) for specimen #2 after 72 h corrosion; (e) modeling for specimen #3 by Figure 5e; (f) for
specimen #3 after 72 h corrosion.

Figure 11 shows the results of the corrosion depth of the specimens simulated by COMSOL
software. It can be seen from Figure 11a that the surface of specimen #1 is corroded rapidly
during 72 h immersion, and the variation range of corrosion depth at different position is
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0~2 x 10~° m, which indicates that there is serious local corrosion. It can be seen from
Figure 11b that the surface corrosion of specimen #2 is also serious during 72 h immersion,
and the fluctuation range of corrosion depth at different positions is 5 x 1076 m~8 x 107° m.
Figure 11c shows that the corrosion depth of each position is near 7 x 107 m, indicating that
the corrosion rate of the specimen #3 surface is the slowest. This demonstrates that the corrosion
rate of metal substrate can be greatly reduced after superhydrophobic treatment. In addition,
specimen #3 and specimen #2 are different only in the imported metallographic images during
the simulation process, which further proves that the papillary bulges formed on the surface of
specimen #3 play an important role in the improvement of its anti-corrosion performance, and
also verifies the feasibility of this experimental method from a theoretical perspective.
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Figure 11. Corrosion thickness curves of COMSOL finite element simulation specimens after 72 h
corrosion: (a) For specimen #1; (b) for specimen #2; (c) for specimen #3.

5. Conclusions

The surface of galvanized steel was treated by chemical etching method, and the
surface was modified with a superhydrophobic treatment agent made of PFDTES and
GO aqueous solution after varnish coating as specimen #3. Then, put specimen #3 into
3.0 wt% NaCl solution for the 72 h corrosion test together with specimen #1 (without
surface treatment) and specimen #2 (only coated with varnish). The following conclusions
are drawn from this research:

(1) The electrochemical test results indicate that the superhydrophobic coating of spec-
imen #3 is beneficial to improve the impedance modulus of the metal surface and
reduce the corrosion rate.

(2) Composition characterization shows that there is almost no corrosion product on

the surface of specimen #3 after 72 h of immersion, while the other two specimens
produce obvious corrosion products.

The results of the surface topographies analysis show that specimen #3 has the best
corrosion resistance compared with specimens #1 and #2, which may be related to
the papillary bulges formed on the surface. COMSOL Multiphysics finite element
simulation results, which are consisted with the results of experiment, also show
function of the papillary bulges in anti-corrosion performance.

The process of obtaining superhydrophobic coating is simple, without any high temper-
ature treatment, and the experimental cycle is short. However, if applied to industrial
production, the experimental process parameters need to be further optimized.

®)

4)
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