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Abstract: SiC was modified by fluorine-containing organic substance 1H,1H,2H,2H-trifluoro-
noctyltriethoxysilane (FAS) to change its hydrophilicity from hydrophilic to superhydrophobic
nanoparticles, and the optimum conditions for hydrophobicity were effectively explored.
Then, different content of fluorine-modified SiC (F–SiC) nanoparticles were added to the epoxy resin
(EP) matrix to prepare composite coating samples. The results showed that the surface of SiC was
modified by FAS to show superhydrophobicity, and the dispersion in EP was significantly improved.
After adding F–SiC, the hydrophobicity, wear resistance and corrosion resistance of the coating were
significantly improved. In addition, the corrosion resistance of the composite coating containing
different contents of F–SiC was analyzed through electrochemical and salt spray tests. The results
showed that the corrosion resistance of the coating was the best when the addition amount was
3 wt %. In general, the composite coating with 3 wt % F–SiC had the best overall performance.
Compared with the EP coating, the water contact angle of 3 wt % F–SiC/EP composite coating was
increased by 62.9%, the friction coefficient was reduced by 73.5%, and the corrosion current was
reduced by three orders of magnitude. This study provides a new idea for the development of
ultra-wear-resistant and anti-fouling heavy-duty coatings.
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1. Introduction

Metal corrosion is one of the important factors causing huge economic losses around the world.
The annual economic loss due to metal corrosion exceeds USD 100 billion, far exceeding the sum of
natural disasters such as typhoons, floods and fires [1]. In addition, metal corrosion in engineering
equipment may cause unsafe accidents due to the premature failure of structural materials [2].
Excessive heavy metal ions are released and diffused into water, soil and crops, causing serious
pollution to the contemporary environment [3,4]. Therefore, it is very important to reduce the hazards
of metal corrosion, and the research of adopting effective measures to slow down metal corrosion has
become the focus of the research field in metal protection.

There are several ways to prevent metal corrosion for different engineering fields. At present,
the main methods for metal protection include adding corrosion inhibitors [5], electrochemical
protection methods [6], alloying treatment [7,8], electroplating spraying [9,10], and non-metallic
coatings [11–13], etc. Corrosion inhibitors will accumulate adsorption film or insoluble substances
on the metal surface, thereby changing the charge state and interface properties of the metal
surface, accelerating the degree of polarization, forming a protective film, and minimizing corrosion
micro-current. Three types of corrosion inhibitors (inorganic, organic and vapor phase) are developed
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according to the application requirement. However, because the corrosion inhibitor is toxic, excessive
addition will cause severe pollution to the surrounding environment. For the alloying and electroplating
spraying methods, the use in the construction environment is restricted by a complicated treating
process. Non-metallic coatings have become the most popular metal protection method due to the
advantages of simple construction, low cost and convenient cleaning. Among the non-metallic coatings,
epoxy resin (EP) is the most widely used material in engineering fields. Although the epoxy resin has
excellent corrosion resistance, high adhesion and a low price, the epoxy resin may contain hydrophilic
groups such as –OH, –CHOOH and –NH2 to make the epoxy resin hydrophilic [14], and the liquids can
maintain firm contact with the epoxy surface, thereby accelerating the corrosion processes. To solve
these problems in epoxy resin coatings, a lot of research has been conducted to improve the mechanical
property of epoxy resin and reduce the production of micropores. The composite of nanoparticles with
epoxy resin has received widespread attention in the field of non-metallic coatings. The addition of
nanomaterials such as SiO2 [15], SiC [16], TiO [17], Al2O3 [18], ZnO [19] graphene, graphene oxide,
etc., can effectively increasing the anti-corrosion performance of epoxy resin coatings.

For some special application fields, such as marine cargo ships, warships, marine engineering,
etc., the protective coatings require not only the corrosion resistance of the coating but also extremely
high wear resistance and antifouling performance. It is well known that the SiC nanoparticle has
excellent wear resistance, corrosion resistance, and excellent heat resistance [20–22], which can meet the
requirements of super wear-resistant coatings [23]. In addition, the surface of SiC is rich in hydroxyl
groups, and surface treatment can be an effective method to make it a hydrophobic material [24].
However, there are few reports on the use of SiC composites to enhance the performance of epoxy
coatings. This is because the compatibility of SiC in epoxy resin is usually poor, and the higher
surface energy of nano-sized SiC and strong hydrophilicity leads to severe particle agglomeration.
Many methods have been tried to disperse SiC into EP. For example, samples containing 0.5, 1, 2 and
4 wt % of β-silicon carbide nanowhiskers and nanoparticles in epoxy resin were prepared using
a high-intensity ultrasonic liquid processor and casting technique [25]. However, when the SiC
fiber content increases, agglomeration occurs due to the interaction between the fillers. Therefore,
a better dispersion method is worth studying. Kychkin studied the effect of ultra-fine silicon carbide
powder on the performance of epoxy resin [26]. The study found that when adding 0.75 wt % silicon
carbide, a 16% increase in flexural strength and a 5% increase in compressive elastic modulus were
observed. Archana Nigrawal studied the mechanical properties of epoxy resin/nano-SiC composites
and found that the bending performance increased with the increase in SiC weight percentage, and the
best bending performance was obtained when the weight percentage of SiC increased to 2 wt %.
However, when 3 wt % of SiC filler was added to EP, the bending performance of the composite
material decreased instead [27]. Iijima studied the method of increasing the hydrophilic groups on
the surface of SiC nanoparticles through reacting the unsaturated hydrocarbons with the azo radical
initiator [28]. Huang introduced a new modifier, 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (FAS)
for the covalent functionalization of graphene, thereby improving the dispersion of graphene in
organic matter, which provided us with an idea for modifying SiC and improving the dispersion
of SiC in the organic matter [29]. Shang developed a SiC surface modification method using
3-aminopropyltriethoxysilane (KH550) and 3-mercaptopropyltrimethoxysilane (KH590) as initial
modifiers to improve the hydrophobic properties of SiC powder [30].

Based on the above studies, the composite material of superhydrophobic modification SiC with EP
is a useful additive for improving anti-corrosion performance, and much research on hydrophobically
modified nanoparticles filled with epoxy resin has been carried out [31,32], however, there are not many
studies on superhydrophobic SiC particles filled with epoxy resin. In this work, a superhydrophobic SiC
was synthesized by chemically grafting FAS onto the surface of SiC, and then the superhydrophobic SiC
was added to EP for producing SiC/EP composite material. Due to the grating of the organic molecule
on the surface of SiC, the compatibility of nano-SiC with EP was largely improved. The introduction of
superhydrophobic SiC greatly improved the wear resistance, corrosion resistance and hydrophobicity



Coatings 2020, 10, 1244 3 of 16

of the composite coating. On this basis, the performance of the composite coating was optimized,
the performance under different addition levels was studied, and the optimized ratio was obtained.

2. Experimental

2.1. Materials

Nano-SiC (40 nm) and 1H,1H,2H,2H-Tridecafluoro-n-octyltriethoxysilane (>97%) were purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China). EP (CYD 014, epoxy equivalent is 0.12) and its
curing agent (P54, active hydrogen equivalent is 327.86) were purchased from Baling Chemical (Yueyang,
China) Co. The thinners used in the experiment were xylene and n-butanol, which were purchased
from Aladdin Industrial Co., Ltd. (Shanghai, China) in a volume ratio of 4:6. Ultrapure water (specific
resistance ≥ 18 MΩ·cm) was made in the laboratory, and absolute ethanol (analytical grade) and glacial
acetic acid were purchased from Sinopharm Chemical Reagent Co., Ltd., China (Shanghai, China).
Test substrates (Q235 steel sheets) were purchased from Biuged Laboratory Instruments Co., Ltd.
(Guangzhou, China).

2.2. Preparation of Superhydrophobic Nano-SiC

The superhydrophobic modification of SiC was carried out by chemical grafting. Firstly, 0.4 g
SiC was weighed and placed in a flask, then 100 mL of absolute ethanol was added and shaken for
30 min. At the same time, stirring was started until the end of the experiment. Then, the pH of the
solution was adjusted to 4~5 by adding dropwise glacial acetic acid. A certain amount of FAS and
2 mL of water were added dropwise before the surface modification. Finally, F–SiC was prepared by
heating in the water bath, stirring at 500 rpm for 2 h. The obtained superhydrophobic nano-SiC was
washed and dried before adding to the epoxy coating.

2.3. Preparation of Epoxy Composite Coating

Before preparing the composite coating, the substrate was pretreated, including sanding,
rust removal, oil removal and degreasing. The steps of preparing F–SiC/EP composite coating
were as follows. First, a certain amount of F–SiC (1–5 wt %) and EP were mixed and stirred for 12 h.
Then, the curing agent (P54) and diluent were added to the mixture. Subsequently, the thickness of the
mixture was sprayed on the surface of the low-carbon steel sheet, and finally, the F–SiC/EP coating was
cured at 80 ◦C for 1 h to obtain a coating with a thickness of 60 ± 5 µm.

2.4. Characterization

The morphology and physical structure were characterized by scanning electron microscope
(SEM, ZEISS MERLIN Compact, Jena, Germany); The chemical structures of SiC before and after
modification were characterized by Fourier-transform infrared spectroscopy (FTIR, Shanghai, China),
X-ray diffraction (XRD, u1tima IV, Tokyo, Japan) and X-ray photoelectron spectroscopy (XPS,
thermo Kalpha, Shanghai, China). The contact angle of water after hydrophobic modification
was evaluated by a contact angle measuring instrument (DSA100, Hamburg, Germany), which uses
the shape image analysis method: drop the droplet (10 µL) on the surface of the solid sample,
obtain the shape image of the droplet through the microscope lens and the camera, and then use
digital image processing and some algorithms to calculate the contact angle of the droplet in the image.
The wear resistance of the coating was evaluated by a friction and wear tester (UMT-2, Campbell,
Camden, NJ, USA). In the wear resistance test, the friction ball was a 440-carbon steel ball, which was
loaded with a force of 2 N in the vertical direction, and rubbed back and forth at the speed of 40 mm/s
in a stroke of 10 mm. The salt spray resistance of the coating was tested in a neutral salt spray test
chamber (BGD-887) according to the ISO 9227-2017 standard [33]. An electrochemical workstation
(zahner PP211, Kronach, Germany) was used to detect the corrosion resistance of the coating.
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3. Results

3.1. The Reaction Conditions for the Modification of SiC Powder by FAS

The contact angle characterization has been often used as a relatively simple method for assessing
the properties of surfaces. The water contact angle (θ < 90◦ and θ > 90◦) can indicate whether the
surface has ‘hydrophilicity’ or ‘hydrophobicity’, respectively [34]. In order to find out the best reaction
conditions for the modification SiC by grated FAS, the reaction conditions such as the amount of FAS,
reaction temperature and reaction time were studied.

Figure 1 shows the contact angle of SiC as a function of FAS amount and reaction temperature.
The SiC particles before modification can be considered as hydrophilic due to a water contact angle of 31.9◦

(Figure 1a). It is generally accepted that the SiC powder surface has an oxide film and the major functional
group on the surface is probably the silanol group (Si–OH), which causes the hydrophilicity of SiC [24].

Coatings 2020, 10, x FOR PEER REVIEW 4 of 16 

 

3. Results 

3.1. The Reaction Conditions for the Modification of SiC Powder by FAS 

The contact angle characterization has been often used as a relatively simple method for 
assessing the properties of surfaces. The water contact angle (θ < 90° and θ > 90°) can indicate whether 
the surface has ‘hydrophilicity’ or ‘hydrophobicity’, respectively [34]. In order to find out the best 
reaction conditions for the modification SiC by grated FAS, the reaction conditions such as the 
amount of FAS, reaction temperature and reaction time were studied. 

Figure 1 shows the contact angle of SiC as a function of FAS amount and reaction temperature. 
The SiC particles before modification can be considered as hydrophilic due to a water contact angle 
of 31.9° (Figure 1a). It is generally accepted that the SiC powder surface has an oxide film and the 
major functional group on the surface is probably the silanol group (Si–OH), which causes the 
hydrophilicity of SiC [24]. 

After being modified by FAS, the hydrophobicity of SiC was effectively improved. It can be 
clearly observed that as the number of hydrophobic modifiers increases, the contact of F–SiC does 
not increase significantly at first, but increases rapidly as the addition amount of silane coupling rises 
over 0.2 g, and finally gradually tends to be stable. When the addition amount of FAS reaches 0.8 g, 
the static water contact angle of F–SiC exceeds 150° (roll-off angle is 4.2°) and becomes 
superhydrophobic SiC. The results show that the addition amount of the hydrophobic modifier FAS 
plays an important role in the modification of SiC powder. The reason may be that more and more 
silane alcohol groups will react with –OH on the SiC surface through alcohol hydroxyl groups when 
the silane is hydrolyzed continuously, so the contact angle is increased with the degree of grafting 
[35,36]. 

 
Figure 1. Water contact angle of SiC powder: (a) the effect of silane coupling agent amount, (b) the 
effect of reaction temperature. 

The influence of different reaction temperature on SiC modification is investigated, as shown in 
Figure 1b. It can be seen that the contact angle first increases and then decreases as the reaction 
temperature increases. The maximum contact angle is obtained at 70 °C. This is because the 
hydrolysis process of silane was accelerated by the increasing reaction temperature which could 
promote the condensation reaction of –OH on the SiC surface with hydrophobic silane. The basic 
reaction scheme is that the silane is firstly hydrolyzed to produce an alcoholic hydroxyl group, and 
then the H of the hydroxyl group reacts with the –OH on the SiC surface to form a chemical bond. 
However, when the temperature is higher than 70 °C, the Brownian movement among SiC particles 
becomes so fierce to aggravate them, which reduces the extent of grafting. Moreover, as the 
temperature increases, the silane coupling agent will have a strong tendency to self-polymerize, then 
the graft coupling agent on the SiC surface may be depolymerized. Therefore, the contact angle 
decreases with the reduced degree of grafting [30,37,38]. 
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effect of reaction temperature.

After being modified by FAS, the hydrophobicity of SiC was effectively improved. It can be clearly
observed that as the number of hydrophobic modifiers increases, the contact of F–SiC does not increase
significantly at first, but increases rapidly as the addition amount of silane coupling rises over 0.2 g,
and finally gradually tends to be stable. When the addition amount of FAS reaches 0.8 g, the static
water contact angle of F–SiC exceeds 150◦ (roll-off angle is 4.2◦) and becomes superhydrophobic SiC.
The results show that the addition amount of the hydrophobic modifier FAS plays an important role in
the modification of SiC powder. The reason may be that more and more silane alcohol groups will
react with –OH on the SiC surface through alcohol hydroxyl groups when the silane is hydrolyzed
continuously, so the contact angle is increased with the degree of grafting [35,36].

The influence of different reaction temperature on SiC modification is investigated, as shown
in Figure 1b. It can be seen that the contact angle first increases and then decreases as the reaction
temperature increases. The maximum contact angle is obtained at 70 ◦C. This is because the hydrolysis
process of silane was accelerated by the increasing reaction temperature which could promote the
condensation reaction of –OH on the SiC surface with hydrophobic silane. The basic reaction scheme
is that the silane is firstly hydrolyzed to produce an alcoholic hydroxyl group, and then the H of the
hydroxyl group reacts with the –OH on the SiC surface to form a chemical bond. However, when the
temperature is higher than 70 ◦C, the Brownian movement among SiC particles becomes so fierce
to aggravate them, which reduces the extent of grafting. Moreover, as the temperature increases,
the silane coupling agent will have a strong tendency to self-polymerize, then the graft coupling agent
on the SiC surface may be depolymerized. Therefore, the contact angle decreases with the reduced
degree of grafting [30,37,38].
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In order to further analyze the grating degree of FAS addition on SiC surface, thermogravimetric
analysis (TGA) tests were carried out on F–SiC with different addition amounts of FAS (0–0.8 g).
As shown in Figure 2, the weight loss of the sample is divided into two stages. The first stage occurred
in the range of 30–420 ◦C, which was related to the desorption of physically adsorbed water and
unreacted silane in the nanoparticles. The second stage occurs in the temperature range of 420–660 ◦C,
which was mainly due to the degradation of long-chain organics grafted to the surface of SiC. Therefore,
the weight loss ratio in stage 2 is the ratio of silane in the chemical reaction. When the content of FAS
was 0.1 g, the weight loss of the second stage was almost very low, which indicates that there were
few grafted organics. However, when the content of FAS increased to 0.8 g, the weight loss of the
second stage increased sharply, indicating that the number of grafted organics was also increased.
The quantity loss at each stage is shown in Table 1.
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Table 1. The weight loss at different stage and total weight loss of different amount of FAS.

Samples Stage 1 Weight Loss (%) Stage 2 Weight Loss (%) Total Weight Loss at 800 ◦C (%)

0 g 4.02 –0.09 3.93
0.1 g 4.02 0.29 4.31
0.2 g 3.14 1.71 4.35
0.4 g 2.89 2.71 5.71
0.8 g 3.39 6.49 10.01

3.2. The Structural Characterization of F–SiC Powder

In this study, XRD was used to identify the structure of SiC before and after modification. Figure 3a
is the XRD diagram of SiC before and after modification. It can be seen from the figure that the position
and intensity of diffraction peaks before and after modification have not changed, and the positions of
diffraction peaks are consistent with the previous literatures [39,40]. It should be noted that the SF
peak is caused by stacking faults of SiC [41,42]. In addition, XPS is used to characterize the change of
chemical valence before and after modification. Figure 3b shows the XPS spectra of SiC and F–SiC.
It can be seen from the figure that SiC mainly contains Si, C and O elements without modification,
while a strong F element peak was added after modification, which came from hydrophobic modifier
FAS. Figure 3c shows the high-resolution spectra of O 1s in SiC. It is remarkable that the spectra of O
1s are mainly divided into Si–OH and H–OH, respectively. The Si–OH comes from the –OH on the
surface of SiC, which is consistent with the reports in the literature [24]. H–OH is considered as the
introduction of adsorbed water on the SiC surface. Figure 3d shows the high-resolution spectra of Si
2s in F–SiC. The spectra of Si 2s are mainly fitting to three peaks, namely Si–O–Si, Si–C and Si–O–C.
Among them, the Si–C peak is attributed to the SiC particles. The alcoholic hydroxyl groups of the
hydrolyzed FAS and the hydroxyl groups on the surface of the SiC undergo a dehydration reaction
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to form Si–O–Si. This result can be mutually verified with Figure 4, indicating the grafting process
success. Finally, Si–O–C comes from the unhydrolyzed groups in FAS. The above discussion shows
that FAS was successfully grafted on the surface of SiC.
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To verify the above analysis, the FTIR spectra are used to identify functional groups and show
vibrational modes of the bonds on the SiC surface. Figure 5 shows the FTIR spectra before and after
modification with FAS. The peaks at 1062 and 873 cm−1 are characteristic peaks of SiC. The peaks
at 2846 and 2911 cm−1 are mainly the stretching vibrations of C–H [43], which are primarily related
to the methylene introduced by FAS modification. In addition, the absorption peak at 1135 cm−1

belongs to the stretching vibration of Si–O–Si [35], and the tensile vibration peak of C–F appears at
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1211 cm−1 [44], which indicates that FAS has been successfully chemically bonded to SiC powder in
the form of covalent bonding. After modification, the –OH flexural vibration peak at 1390 cm−1 is
significantly weakened, indicating that –OH was consumed by FAS. Combining with the previous
expression, it can be seen that the reaction between FAS and SiC is chemical bonding rather than simple
physical adsorption.
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3.3. The Structural Characterization of the Coating System

The hydrophobicity of the composite coating with different content of F–SiC is characterized by
the contact angle, and the test results are shown in Figure 6. It can be seen from Figure 6 that the
contact angle of the coating is less than 90◦ without the addition of F–SiC. The contact angle of the
coating increases significantly with the addition of F–SiC. A composite coating with superhydrophobic
property was obtained as the added F–SiC reached 5 wt %, where a static water contact angle of 150.1◦

was achieved (roll-off angle is 5.5◦).
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Moreover, the wear resistance of EP composite coating will be greatly improved due to the super
wear-resistance of SiC. The friction coefficients of the composite coating with different tested F–SiC
samples are shown in Figure 7. It is well known that the epoxy resin is commonly hard and brittle,
and has a low fracture energy and poor wear resistance. During the friction process, EP will undergo an
oxidation reaction. The surface macromolecular chains deform under the action of shear stress, and the
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chemical and hydrogen bonds within and between the molecular chains are broken [45]. Therefore,
the friction coefficient of EP is relatively high, and the friction process is very unstable. The friction
coefficient of the composite coating is significantly reduced after adding F–SiC nanoparticles to EP,
which can be attributed to two reasons [43]. On the one hand, nanofillers use their own hardness to limit
the movement of the surrounding epoxy macromolecules and polymer chains and play a supporting
role under load. On the other hand, the properties and geometry of the superhydrophobic surface and
surface–liquid interaction will affect the friction of the coating surface [46]. The superhydrophobic
wetting state converts the surface into quasi-frictionless due to the very small solid–liquid contact
area, resulting from the hydrophobic surface chemistry and laboratory micro-nanoroughening. It is
worth noting that although the friction coefficient of the coating decreases with the increase in F–SiC
content, when the amount of addition exceeds 3 wt %, instability appears in the middle and later stages
of coating friction (Figure 7a). The average friction coefficient of each sample is shown in Figure 7b.
As the content of F–SiC increases, the average friction coefficient decreases sharply. When the content
reaches 3 wt %, the friction coefficient is very low, and the subsequent increase has little effect on the
reduction in the friction coefficient.
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Figure 7. (a) Friction coefficient versus time, and (b) average friction coefficient of average friction
coefficient of different F–SiC addition (0–5 wt %).

The microstructures and morphologies of EP, 1 wt % F–SiC/EP, 3 wt % F–SiC/EP, 5 wt % F–SiC/EP
were studied by SEM as shown in Figure 8. It can be seen from Figure 8a that the fracture surface
of EP exhibits very smooth characteristics. The surface is relatively smooth without obvious defects,
indicating brittle fracture and low fracture toughness [47,48], and due to the volatilization of the
thinner, there are many steam holes in the coating.

When nano fillers with different contents are dispersed in epoxy resin, the fracture surface
morphology of epoxy resin changes greatly. The SEM image of the 1 wt % F–SiC/EP composite
coating (Figure 8b) shows more obvious cracks than the pure EP coating (Figure 8a), and the breaking
cracks caused by different addition contents are also different. When a small amount of F–SiC is
added, the cracks are less and show a streak shape; when the amount of addition is large, the cracks
increase rapidly and appear lamellar, which is mainly due to the existence of F–SiC interfering with
the directional fracture mode and inhibiting the crack growth [14]. In Figure 8d, it can be seen that the
modified nano-SiC particles are more evenly distributed in the resin without agglomeration and have
good dispersibility. However, When the F–SiC content increases to 5 wt %, the volume ratio of SiC
powder to EP is very large, resulting in SiC content which is too high. These can be seen from the SEM
images (Figure 8e,f).
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3.4. Corrosion Inhibitive Performance of Composite Coatings

The electrochemical test is used to estimate the corrosion inhibitive performance of composite
coatings as shown in Figure 9a. The corrosion inhibition effect of nanoparticles is analyzed by a
potential polarization experiment. The polarization curve of the coating after being immersed in
3.5 wt % NaCl solution for 24 h is shown in Figure 9b. The electrochemical parameters include
corrosion current density (icorr), corrosion potential (Ecorr), anode (βa) and cathode (βc). A Tafel slope
is shown in Table 2. The corrosion current density (icorr) can be obtained from the Tafel diagram by
extrapolating the straight-line part (Ecorr) of the corrosion potential curve [49].

It can be seen that the pure EP coating has relatively negative corrosion potential and high
corrosion current, but when adding a certain amount of F–SiC, the corrosion potential of the composite
coating moves to the positive potential direction, and the corrosion current decreases. When the
content of F–SiC is 3–4 wt %, the corrosion potential of the composite coating reaches the maximum
value, and the corrosion current is extremely low. As shown in Table 2, the corrosion current of the
composite coating added with F–SiC is 2–3 orders of magnitude lower than that of the pure EP coating,
and the corrosion resistance of the coating is greatly improved.
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Table 2. The electrochemical corrosion parameters derived by potentiodynamic polarization test.

Samples Ecorr (V vs. SCE) icorr (A/cm2) βa (V/dec) −βc (V/dec)

Blank solution −0.928 1.524 × 10−7 0.066 0.071
1 wt % F–SiC/EP −0.722 1.754 × 10−8 0.118 0.111
2 wt % F–SiC/EP −0.786 2.667 × 10−8 0.155 0.155
3 wt % F–SiC/EP −0.468 1.837 × 10−10 0.375 0.417
4 wt % F–SiC/EP −0.455 1.751× 10−9 0.171 0.162
5 wt % F–SiC/EP −1.332 1.770 × 10−7 0.154 0.139

Electrochemical impedance spectroscopy (EIS) is further used to evaluate and compare the
anti-corrosion performance of composite coatings. Figure 10 shows the Nyquist diagrams and the
corresponding Bode diagrams and its Effective circuit model of pure EP and F–SiC/EP coatings with
different contents (1–5 wt %) after immersion in 3.5% NaCl aqueous solution for one day and five days.
In the equivalent circuit, the parameters of Rs, Rc, Qc, Qdl and Rct correspond to solution resistance,
coating resistance, coating capacitance, electric double-layer capacitance, and charge transfer resistance,
respectively [50,51]. Generally, the impedance modulus at the lowest frequency (Zf = 0.01 Hz) in the
Bode plot can be defined as a parameter for the barrier properties of the coating [52]. After one day
of immersion, the Nyquist diagrams all have only one semi-circular arc and only one time constant,
and they are all in the early stage of corrosion, as shown in Figure 10a. From Figure 10b, it can be
seen that the Zf = 0.01 Hz value of pure epoxy resin is 2.799 × 106 Ω·cm2, which is much lower than the
Zf = 0.01 Hz value (1.386

× 109 Ω·cm2) added with 3 wt % F–SiC/EP composite coating.
After five days of immersion, the Zf = 0.01 Hz value of the coating has a certain degree of decrease.

The Zf = 0.01 Hz value of the pure EP coating drops to 3.551 × 105 Ω·cm2, and a second arc appears in the
Nyquist diagram (Figure 10c), indicating that coating enters the middle stage of corrosion, while the
3 wt % F–SiC/EP coating still has the highest Zf = 0.01 Hz value (3.106 × 105 Ω·cm2), and its Nyquist
diagram shows that the coating is still in the early stage of corrosion.

In order to more intuitively reflect the difference between the pure EP coating and the 3 wt %
F–SiC/EP coating, EIS measurements with different immersion times are performed, as shown in
Figure 11. The Nyquist diagram of EP coating at two days (Figure 11a) shows the second arc,
which indicates that the coating enters the middle corrosion stage the next day, while the 3 wt %
F–SiC/EP coating (Figure 11c) enters the intermediate corrosion stage on the 10th day. Moreover,
it can be seen from the Bode diagram that the Zf = 0.01 Hz of pure EP coating (Figure 11b) decreases
rapidly, while the Zf = 0.01 Hz of 3 wt % F–SiC/EP coating (Figure 11d) maintains a relatively stable value.
Detailed electrochemical corrosion data are given in Table 3.



Coatings 2020, 10, 1244 11 of 16

Coatings 2020, 10, x FOR PEER REVIEW 11 of 16 

 

(Zf = 0.01 Hz) in the Bode plot can be defined as a parameter for the barrier properties of the coating [52]. 
After one day of immersion, the Nyquist diagrams all have only one semi-circular arc and only one 
time constant, and they are all in the early stage of corrosion, as shown in Figure 10a. From Figure 
10b, it can be seen that the Zf = 0.01 Hz value of pure epoxy resin is 2.799 × 106 Ω·cm2, which is much lower 
than the Zf = 0.01 Hz value (1.386 × 109 Ω·cm2) added with 3 wt % F–SiC/EP composite coating. 

After five days of immersion, the Zf = 0.01 Hz value of the coating has a certain degree of decrease. 
The Zf = 0.01 Hz value of the pure EP coating drops to 3.551 × 105 Ω·cm2, and a second arc appears in the 
Nyquist diagram (Figure 10c), indicating that coating enters the middle stage of corrosion, while the 
3 wt % F–SiC/EP coating still has the highest Zf = 0.01 Hz value (3.106 × 105 Ω·cm2), and its Nyquist 
diagram shows that the coating is still in the early stage of corrosion. 

In order to more intuitively reflect the difference between the pure EP coating and the 3 wt % F–
SiC/EP coating, EIS measurements with different immersion times are performed, as shown in Figure 
11. The Nyquist diagram of EP coating at two days (Figure 11a) shows the second arc, which indicates 
that the coating enters the middle corrosion stage the next day, while the 3 wt % F–SiC/EP coating 
(Figure 11c) enters the intermediate corrosion stage on the 10th day. Moreover, it can be seen from 
the Bode diagram that the Zf = 0.01 Hz of pure EP coating (Figure 11b) decreases rapidly, while the Zf = 0.01 Hz of 
3 wt % F–SiC/EP coating (Figure 11d) maintains a relatively stable value. Detailed electrochemical 
corrosion data are given in Table 3. 

 
Figure 10. The Nyquist diagram (a) and bode diagram (b) of different coatings immersed for 12 h; the 
Nyquist diagram (c) and bode diagram (d) of different coatings immersed for 48 h; the Fitting circuit 
in presoaking stage (e) and medium stage (f). 

Figure 10. The Nyquist diagram (a) and bode diagram (b) of different coatings immersed for 12 h;
the Nyquist diagram (c) and bode diagram (d) of different coatings immersed for 48 h; the Fitting
circuit in presoaking stage (e) and medium stage (f).

Coatings 2020, 10, x FOR PEER REVIEW 12 of 16 

 

 
Figure 11. Nyquist and Bode diagram of (a,b) neat epoxy, (c,d) 3 wt % F–SiC/epoxy. 

Table 3. Electrochemical impedance spectroscopy data of neat epoxy and nanocomposite coatings. 

Samples Time 
Qc 

Rc (Ω∙cm2) 
Qd Rct 

(Ω∙cm2) Y0 (Ω−1 cm−2 sn) n Y0 (Ω−1 cm−2 sn) n 

EP 

1 d 6.243 × 10−11 0.998 2.799 × 106 – – – 
2 d 1.194 × 10−10 0.9931 2.593 × 106 2.090 × 10−7 0.4094 7.35 × 106 
3 d 1.757 × 10−10 0.9655 4.900 × 105 6.899 × 10−7 0.7169 1.137 × 106 
4 d 4.486 × 10−10 0.929 7.531 × 104 2.418 × 10−7 0.6027 2.493 × 105 
5 d 3.159 × 10−10 0.953 4.788 × 104 2.592 × 10−7 0.689 3.126 × 105 

3 wt % 
F–SiC 

1 d 2.558 × 10−10 0.963 1.386 × 109 – – – 
3 d 2.494 × 10−10 0.9494 9.307 × 108 – – – 
5 d 1.378 × 10−10 0.9654 2.247 × 108 – – – 
7 d 1.522 × 10−10 0.9584 1.821 × 108 – – – 
10 d 1.252 × 10−10 0.9794 1.431 × 108 4.826 × 10−8 0.7496 2.36 0× 108 
15 d 1.378 × 10−10 0.9714 1.202 × 108 7.424 × 10−8 0.7802 1.386 × 108 

3.5. Salt Spray Corrosion Resistance 

A salt spray test was performed to further explore the performance of the composite coating, as 
shown in Figure 12. Before the experiment, scratches should be made on the surface of the coating to 
facilitate observation of corrosion. Figure 12b shows different coating samples (EP, 1–5 wt % F–
SiC/EP) after 240 h of salt spray test. It can be seen that after 240 h of salt spray test, the pure EP 
coating and the coating with low F–SiC content have many blisters on both sides of the scratch, and 
the corrosion depth is considerably high. Within the range of 2 mm, pitting corrosion will occur in 
the area not scratched. The pitting corrosion and blistering of the 2–3 wt % F–SiC/EP composite 
coating are improved, but when the F–SiC content is further increased, the corrosion range near the 
scratch becomes larger and the rust phenomenon becomes serious. The results show that the 
shielding performance of the coating can be enhanced by adding an appropriate amount of F–SiC 

Figure 11. Nyquist and Bode diagram of (a,b) neat epoxy, (c,d) 3 wt % F–SiC/epoxy.



Coatings 2020, 10, 1244 12 of 16

Table 3. Electrochemical impedance spectroscopy data of neat epoxy and nanocomposite coatings.

Samples Time
Qc

Rc (Ω·cm2)
Qd

Rct (Ω·cm2)
Y0 (Ω−1 cm−2 sn) n Y0 (Ω−1 cm−2 sn) n

EP

1 d 6.243 × 10−11 0.998 2.799 × 106 – – –
2 d 1.194 × 10−10 0.9931 2.593 × 106 2.090 × 10−7 0.4094 7.35 × 106

3 d 1.757 × 10−10 0.9655 4.900 × 105 6.899 × 10−7 0.7169 1.137 × 106

4 d 4.486 × 10−10 0.929 7.531 × 104 2.418 × 10−7 0.6027 2.493 × 105

5 d 3.159 × 10−10 0.953 4.788 × 104 2.592 × 10−7 0.689 3.126 × 105

3 wt % F–SiC

1 d 2.558 × 10−10 0.963 1.386 × 109 – – –
3 d 2.494 × 10−10 0.9494 9.307 × 108 – – –
5 d 1.378 × 10−10 0.9654 2.247 × 108 – – –
7 d 1.522 × 10−10 0.9584 1.821 × 108 – – –

10 d 1.252 × 10−10 0.9794 1.431 × 108 4.826 × 10−8 0.7496 2.36 0× 108

15 d 1.378 × 10−10 0.9714 1.202 × 108 7.424 × 10−8 0.7802 1.386 × 108

3.5. Salt Spray Corrosion Resistance

A salt spray test was performed to further explore the performance of the composite coating, as shown
in Figure 12. Before the experiment, scratches should be made on the surface of the coating to facilitate
observation of corrosion. Figure 12b shows different coating samples (EP, 1–5 wt % F–SiC/EP) after 240 h
of salt spray test. It can be seen that after 240 h of salt spray test, the pure EP coating and the coating with
low F–SiC content have many blisters on both sides of the scratch, and the corrosion depth is considerably
high. Within the range of 2 mm, pitting corrosion will occur in the area not scratched. The pitting corrosion
and blistering of the 2–3 wt % F–SiC/EP composite coating are improved, but when the F–SiC content is
further increased, the corrosion range near the scratch becomes larger and the rust phenomenon becomes
serious. The results show that the shielding performance of the coating can be enhanced by adding an
appropriate amount of F–SiC composite. In addition, the F–SiC/EP composite coating with about 3 wt %
has the best anti-corrosion performance, which is consistent with the results of EIS.
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In this work, good results have been obtained, and we have also compared the anti-corrosion
performance of similar materials in the literature. The comparison of the results is shown in Table 4.
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Table 4. Comparison of the anti-corrosion performance of similar materials.

Samples Addition
Amount

Water Contact
Angle Abrasion Tests Electrochemical

Impedance Spectroscopy
Salt Spray

Test

F–SiC/EP 3 wt % 134.9◦ The friction coefficient was
reduced by 73.5% 1.386 × 109 Ω·cm2 240 h

SiO2/EP-ODA [32] >35 wt % 153.6◦ The coatings have considerably
stable abrasion resistance. – –

SiO2/EP [53] 40 wt % 156◦ The retention ratio was about 78% – –
OMSEP/EP [54] 3 wt % 101◦ – about 109 Ω·cm2 240 h

MEC [55] 9.09 wt % 95.9◦ – 5.25 × 105 Ω·cm2 336 h

4. Conclusions

First of all, the hydrophilic surface of SiC was modified into hydrophobic material by chemical grafting,
and the contact angle of F–SiC was greatly improved. Next, filling F–SiC into EP can significantly improve
the hydrophobicity, wear resistance and corrosion resistance of the coating. As the amount of F–SiC
added increases, the coating gradually changes from a hydrophilic coating to a superhydrophobic coating.
When 3 wt % F–SiC was added, the coating had the best tribological properties. Finally, the coatings with
different proportions were tested, and it was found that the coating containing 3 wt % F–SiC had the best
improvement in the overall performance.
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