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Abstract: Superhydrophobic nanostructured coatings are a
promising technology in construction engineering. This
study developed a hydrophobic film through a simple mixing
method, utilizing kaolin and polytetrafluoroethylene as addi-
tive particles, 1H,1H,2H,2H-perfluoro-decyl triethoxysilane as
a modifier, and epoxide resin and polyamide curing agent as
adhesives. By controlling variables, it was determined that
the C1P0.2EP coating immersed in a 3.5 wt% NaCl solution
for 1, 3, and 7 days exhibited the maximum impedance radii
of 47,373, 20,334, and 1,982 Ω·cm2, respectively. It also demon-
strated the highest Bodemodulus values, the largest Ecorr, and
the smallest Icorr. Furthermore, after 300 h in a salt spray
chamber with a 3.5 wt% NaCl solution, the C1P0.2EP coating
showed no rust spots or bubbles, demonstrating its excellent
corrosion resistance. Moreover, wear resistance tests and self-
cleaning experiments were conducted on the C1P0.2EP coating.
The results showed that after 100 friction cycles, the surface
exhibited no visible scratches, and the contact angle of the
coating decreased by only 4°. Additionally, neither soil parti-
cles nor dirty water adhered to the coating, indicating that the
C1P0.2EP hydrophobic coating possesses not only excellent
corrosion resistance but also superior wear resistance and
self-cleaning capabilities.

Keywords: metal corrosion, PTFE, hydrophobic, anticorro-
sive coatings

1 Introduction

At present, hydrophobic coatings have a broad application
prospect in civil, architectural, and even national defense
fields. With the rapid development of science and tech-
nology, methods, such as etching, electrostatic spinning,
template, vapor deposition, gel film injection, and phase
separation, have been increasingly applied to prepare
hydrophobic coatings [1–4]. These technologies expand
the choice of researchers in material preparation and
significantly reduce the threshold and cost of applying
hydrophobic coatings [5,6]. Therefore, the basic test and
theoretical research of hydrophobic coatings are relatively
mature, and the synthesis methods are also rich and diverse.
However, the practical application of hydrophobic coatings
still needs several significant problems.

First of all, many preparation methods of hydrophobic
coatings are only suitable for laboratory development, or
the preparation cost is high, which makes it challenging to
solve large-scale industrial applications. Therefore, it is
urgent to find a preparation method suitable for large-scale
industrial applications. For example, Nakajima et al. [7]
added sublimable Al(C5H7O2)3 to silica sol and coated the
oxide coating on the surface of Q235 steel. The surface of
the coating is hydrophobic after fluorination of perfluor-
oalkyl chlorosilane. However, the sublimation temperature
of Al(C5H7O2)3 is as high as 193°C, which significantly limits
large-scale industrial production. Moreover, some processes
of preparing hydrophobic coatings also use a lot of organic
solvents, which will cause irreversible harm to the environ-
ment. Some preparation methods have higher requirements
on the substrate, and maybe this method is only suitable for
a specific substrate, such as glass or metal surface [8–10].

Although the improvement of preparation technology
has brought much convenience to superhydrophobic
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coatings, most of the coatings prepared at the existing tech-
nical level still need better service life, which will also
restrict their development in practical application [11–14].
Generally, the surface of the hydrophobic coating is easily
damaged or peeled off in some situations, such as impact,
friction, and even touch, and most of the damage is irre-
versible. Nowadays, many researchers are committed to
improving the wear resistance of hydrophobic coatings,
including self-healing and surface self-repair. Currently,
it is challenging for hydrophobic materials to possess
both superhydrophobic properties and excellent corrosion
resistance, abrasion resistance, and self-cleaning capabil-
ities simultaneously [15]. Jena et al. used a simple method
of electrodeposition to prepare a nickel (Ni) reduced gra-
phene oxide (rGO)-myristic acid superhydrophobic (SHP)
coating on carbon steel (CS), resulting in a superhydro-
phobic coating with superior corrosion resistance and
self-cleaning abilities [16]. Zhu et al. [17] prepared a hydro-
phobic metal/polymer composite coating that is easy to
self-repair. After mechanical wear, the surface can main-
tain a rough texture and superhydrophobicity. However,
when the hydrophobic angle decreases after wear, the
hydrophobicity can be restored by simple fluorination.
Cao et al. [18] developed a silicon-based superhydrophobic
coating with high adhesion, wear resistance, and damage
healing. Tests show that when the surface of the coating is
mechanically worn and loses its hydrophobicity, its hydro-
phobicity can be restored by simple heat treatment because
the dynamic molecules of supramolecular polymer in the
coating will cross-link. In addition, the stability and dur-
ability of the hydrophobic coatings usually prepared could
be better, which will seriously affect the service life and
application scope of hydrophobic coatings. Therefore, only
when the coating process is suitable for large-scale prepara-
tion and the obtained hydrophobic coating has good stability
and durability can it have practical value for civil and com-
mercial use.

According to the corrosion mechanism, metal corrosion
can be divided into electrochemical corrosion, chemical cor-
rosion, and physical corrosion. Among these corrosions, elec-
trochemical corrosion is the most common. Corrosion of
metals by atmosphere, seawater, soil, and various electro-
lytes belongs to electrochemical corrosion. In industrial pro-
duction, many metal materials will be affected by oxygen in
the air and produce electrochemical corrosion. Therefore, if a
hydrophobic coating is coated on the metal surface to isolate
it fromwater and air, it can achieve anticorrosion. Because of
its hydrophobicity, it can play a role in anticorrosion and
weather resistance for a long time. Polyurethane resin and
epoxy resin first appeared in the 1950s. Their appearance

significantly improved the corrosion resistance of coatings.
In composite coatings, the well-distributed modified gra-
phene oxide (GO) inside the polymer matrix provides extra
torturous paths for the permeation of corrosive mediums
[19]. Chang et al. [20] successfully prepared super hydro-
phobic graphene/epoxy resin coatings. Functionalized gra-
phene prepared by thermal reduction can be uniformly
dispersed in an epoxy resin coating solution, and adding a
small amount of graphene can play an excellent physical bar-
rier role and significantly improve the corrosion resistance of
the coating. Liu et al. [21] added a small amount of graphene to
waterborne epoxy coatings, and the Tafel polarization curve
tested the corrosion resistance of graphene-based epoxy coat-
ings. Generally speaking, the development trend of anticorro-
sion coatings is strong corrosion resistance, environmental
friendliness, and reduced production costs [22].

Polytetrafluoroethylene (PTFE) is known as the ‘king of
plastics’ because of its excellent resistance to both acid and
alkali medium, so the coatings composed of PTFE have an
attractive application prospect in the field of corrosion
protection [23]. Even though commercially coating systems,
such as epoxy resin, have been used as structural coatings,
the challenges are the defeats or voids experienced in these
coatings during curing stages that hinder their long-term
barriers’ performance. Also, low damage tolerance often
leads to premature coating degradation [24,25]. A super-
hydrophobic PTFE coating on the stainless-steel surface
with a high stability and versatile performance was fabri-
cated by the simple electrodeposition and high-tempera-
ture curing [26]. Corrosion behavior of enamel-coated
reinforcing steel bars in 3.5 wt% NaCl solution is evaluated
by open-circuit potential, electrochemical impedance spec-
troscopy (EIS), and potentiodynamic polarization testing.

In this study, we selected kaolin and polytetrafluor-
oethylene (PTFE) as additive particles to provide corrosion
resistance to the film. 1H,1H,2H,2H-perfluoro-decyl triethox-
ysilane (PFDTES) was chosen as a modifier to modify kaolin
and PTFE, forming a three-dimensional stacked structure
that confers excellent wettability to the film. Epoxide resin
(EP) and polyamide curing agent (PA) were used as adhe-
sives to enhance the film’s superior abrasion resistance and
self-cleaning ability, thereby creating a wear-resistant hydro-
phobic film. Herein, after much experimental research, the
optimum addition of modifier is 0.2ml, and kaolin is 1 g. This
is because the filler determines the comprehensive properties
of the composite. The combination of modified kaolin filler
and epoxy resin can provide mechanical solid strength and
hardness and provide a rich micro-nano-scale layered rough
structure to improve the hydrophobic performance of the
composite. These results suggest that doping the optimized
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content of kaolin could form a nano-network covering the
micropores to impede the diffusion of corrosive medium.

2 Experimental

2.1 Materials

Nano kaolin (99.99%), PTFE (99.9%), and PFDTES (96%)
were purchased from Alfa Aesar. EP, PA, defoamer, and
cosolvent were purchased from Guangzhou Zhongwan
New Material Co., Ltd. Q235 steel (ingredient: C ≤ 0.22%,
Mn ≤ 1.4%, Si ≤ 0.35%, S ≤ 0.050%, P ≤ 0.045; size: 0.2 mm ×

30mm × 30mm), and ethanol was obtained from Modern
Oriental Technology Development Co., Ltd.

2.2 Preparation of epoxy hydrophobic
coatings

The steel plate was polished with 180-mesh sandpaper to
remove any oil and rust. The steel plate was ultrasonically
washed with distilled water and anhydrous ethanol for
10 min each, followed by drying in an oven.

In 3.3 ml of anhydrous ethanol, 0.5 g, 1 g, 1.2 g, 1 g and
1.5 g of kaolin nanopowder, 0.33 g of EP and 0.33 g of PTFE
powder were added and dispersed by ultrasuonication for
20 min with magnetic stirring for 2 h at room temperature
to obtain the final mixed emulsion. Then, 0.1, 0.15, 0.2,
and 0.3 ml of modifier PFDTES were added to the mixed
emulsion with stirring, and the mixture was stirred at
room temperature for 2 h; 0.33 g of PA was added into
the emulsion mixed solution, and the mixture was continu-
ously stirred at room temperature for 30 min to obtain a
pre-cured mixed emulsion; The pre-cured mixed emulsion
was dripped on Q235 steel electrode sheet and glass sheet
substrate and finally dried and cured for 24 h at room tem-
perature. The resulting coating is designated as CxPyEP (x and
y represent the respective contents of kaolin and PFDTES,
respectively) coatings.

2.3 Characterizations

The surface morphologies of samples were observed under
a Field Emission Scanning Electron Microscope (FESEM) (JEOL,
JSM-7500F, Japan). An optical microscope (KEYENCE, VHX-

970F) was used to evaluate the thickness of the coatings, and
we measured three times to take the average value. Static
contact angle measurements were performed via contact angle
meter (KSV instruments, Finland) using a sessile drop technique.

2.4 Electrochemical measurements

Electrochemical experiments were performed on the electro-
chemical workstation (Zahner-Electrik IM6e), and 3.5 wt%
NaCl solutionwas used as the electrolyte. The three electrodes
system was adopted, in which the working electrode, Ag/AgCl
electrode (the saturated KCl solution), and Pt sheet were
used as the counter electrodes, respectively. The effective
surface area of the working electrode for EIS was mea-
sured to be 1 cm2, with a step size of 2 s for the corrosion
potential measurement. The test employed an amplitude
of 10 mV and a frequency range spanning from 10 mHz
to 10 kHz. Prior to the measurements, the coating
was immersed in a 3.5 wt% NaCl solution until a stable
open-circuit potential was achieved. Tafel potential polari-
zation tests were then conducted at a constant current rate
of 1 mV·s−1 to determine the corrosion potential (Ecorr) and
corrosion current density (Icorr) through Tafel extrapolation.
To ensure the scientificity and repeatability of the electro-
chemical data, parallel experiments were performed and
repeated five times.

2.5 Wear resistance test and self-cleaning
experiment

In the abrasive paper test, the hydrophobic film-coated
glass substrate was brought into contact with 1,000-grit
abrasive paper. Both the abrasive paper and the substrate
were loaded with a 500 g weight, and an external force was
applied to push them horizontally along a ruler to a dis-
tance of 3 cm, constituting one cycle. The change in hydro-
phobic angle was measured every 10 wear cycles. After 100
cycles, the surface condition of the hydrophobic film and
the trend of hydrophobic angle changes were observed. In
the self-cleaning experiment, soil particles were sprinkled
onto the glass substrate and it was immersed in dirty
water. The glass substrate was then tilted and removed
from the dirty water. The self-cleaning ability of the hydro-
phobic film was judged by observing whether any stains
adhered to the surface of the film.
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3 Results and discussion

3.1 Characterization of samples and coatings

3.1.1 Performance characterization of epoxy
hydrophobic coatings

The super wettability of a solid surface is closely related to
its microstructure and chemical composition. The SEM test
results for the coatings C0.5P0.2EP, C1P0.2EP, C1.2P0.2EP, and
C1.5P0.2EP are presented in Figure 1. Figure 1(a) shows the
SEM results for the C0.5P0.2EP coating. It can be observed
that the C0.5P0.2EP coating exhibits a scattered particle
structure rather than a three-dimensional structure. This
is due to the insufficient amount of kaolin added, resulting
in kaolin and PTFE particles scattered on the epoxy resin
film, insufficient to form a three-dimensional stacked struc-
ture. Figure 1(b) displays the SEM results for the C1P0.2EP
coating. As can be seen, when the content of kaolin increases
to 1 g, kaolin and PTFE form a three-dimensional stacked
structure under the action of modifiers. Multiple pores are
formed between the layers, which can absorb air and
improve the wettability of the coating, thereby increasing
the hydrophobic angle of the coating. Figure 1(c) presents
the SEM results for the C1.2P0.2EP coating. Since the content
of PTFE remains unchanged, when the content of kaolin
increases to 1.2 g, excess kaolin particles block the pores
between the three-dimensional stacked structures, reducing
the coating’s ability to trap air and consequently leading to a
decrease in the hydrophobic angle. Figure 1(d) demonstrates
the SEM results for the C1.5P0.2EP coating. As the content of

kaolin further increases, excess kaolin particles continue to
block the pores between the three-dimensional stacked
structures and form cracks, further reducing the hydro-
phobic angle of the coating. Based on the SEM results, the
C1P0.2EP coating exhibits the best wettability, characterized
by the largest hydrophobic angle.

Using a contact angle measuring instrument, we deter-
mined the water contact and sliding angles of superhydro-
phobic materials on various substrates, documenting the
macroscopic hydrophobic properties of different samples
through photography. As evident in Figure 2, the conjunc-
tion of appropriate roughness and low surface energy
materials confers hydrophobic properties to materials fab-
ricated on different substrates. Notably, water droplets
maintain a spherical shape on these surfaces, indicating
remarkable hydrophobicity.

Figure 2(a) illustrates that within 60 days, the water
contact angles of coatings formulated with varying quanti-
ties of four modifiers all exceed 136°, signifying low surface
energy and robust hydrophobicity. The addition of modi-
fiers creates a more convoluted path for water absorption
in the epoxy coating, effectively barricading the infiltration
of corrosive ions and reducing the adherence of corrosive
media to the coating surface, thereby decelerating substrate
corrosion. Over time, the water contact angles of these coat-
ings decrease, with the C1.2P0.1EP coating exhibiting the most
notable decline. Nevertheless, the C1.2P0.2EP coating main-
tains the highest water contact angle, surpassing 142° even
after 60 days, reflecting its superior hydrophobicity and low
porosity. To further explore the influence of kaolin content
on water wettability, we examined the water contact angles
of four coatings with varying kaolin concentrations.

Figure 2(b) depicts the evolution of water contact
angles for coatings with four different kaolin contents as
soaking time increases. During the initial soaking stage, all
four coatings with varying kaolin contents exhibited hydro-
phobic angles exceeding 120°, indicating their robust hydro-
phobic properties. As depicted in the figure, as kaolin
content rises, the hydrophobic angle initially climbs before
leveling off, possibly due to the aggregation phenomenon
and the swelling of micro-pockets on the coating surface
with increasing kaolin content. When kaolin content reaches
0.5 g, the hydrophobic angle is at its lowest, while coatings
containing 1 g of kaolin yield the highest hydrophobic angle,
exceeding 147°. Over time, the hydrophobic angles of these
coatings decline marginally, but the reduction is minor, with
less than 5° decrease within 60 days. This suggests that kaolin
effectively fills pores on the epoxy resin surface, reducing
porosity. Notably, the coating with 1 g of kaolin consistently
maintains the highest hydrophobic angle, lowest porosity,
and superior hydrophobic performance.

Figure 1: SEM images of C0.5P0.2EP (a), C1P0.2EP (b), C1.2P0.2EP (c), and
C1.5P0.2EP (d).
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3.2 Electrochemical properties of GEP
coatings

3.2.1 Effect of additive amount on corrosion resistance
of coating

The influence of modifier (PFDTES) addition on the corro-
sion resistance of epoxy resin coating was investigated by

the control variable method. Figure 3 shows the EIS and
Bode of coatings with different modifier concentrations
immersed in 3.5 wt% NaCl solution for various durations,
and the specific data are presented in Table 1. In general,
the larger the diameter of the semicircle in the Energy
Quest diagram, the greater the impedance and the better
the corrosion resistance of the coating. As shown in Figure
3(a), on the first day of soaking, the Nyquist diagram

Figure 2: Variation of contact angle values with time at room temperature (a) 1.2P0.1EP,C1.2P0.15EP,C1.2P0.2EP,C1.2P0.3EP, (b)
C0.5P0.2EP,C1P0.2EP,C1.2P0.2EP,C1.5P0.2EP.

Figure 3: EIS and Bode plots of coatings with different modifier concentrations immersed in NaCl solution for different durations: (a) EIS results after 1
day of immersion, (b) EIS results after 3 days of immersion, (c) EIS results after 7 days of immersion, (d) Bode results after 1 day of immersion, (e) Bode
results after 3 days of immersion, and (f) Bode results after 7 days of immersion.
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presents capacitive reactance semi-circular arcs with dif-
ferent sizes. The diameter of the semicircle with 0.2 ml
modifier is the largest, which indicates that it has the lar-
gest impedance value and the best corrosion resistance,
and the impedance value is 95,593 Ω·cm2 on the first day.
It can be seen from Figure 3(b) that on the third day of
soaking, the diameters of semicircles with 0.15 and 0.3 ml
of modifier are basically the same, and the simulated impe-
dance values are 11,822 and 11,136 Ω·cm2, respectively. It
can be seen from Figure 4b that on the third day of soaking,
the diameters of semicircles with 0.15 and 0.3 ml of modi-
fier are the same, and the simulated impedance values are
11,822 and 11,136 Ω·cm2, respectively. The diameter of the
semicircle with 0.2 ml modifier is still the largest, and the
impedance value is 14,478 Ω·cm2, as can be seen from
Figure 3(c), on the 7th day of immersion, the impedance
values of the four coatings all decreased to different degrees.
The impedance value of C1.2P0.2EP coating (6,171Ω·cm2) is about
6 times that of C1.2P0.1EP coating (1,067Ω·cm2), C1.2P0.15EP coating
(2,561 Ω·cm2), and C1.2P0.3EP coating (2,151 Ω·cm2). The above
results show that the corrosion resistance first increases and
then decreases with the increase of modifier content. This is
because the content of epoxy resin on the surface of the coating
decreases when the modifier is added more than 0.2ml, which

reduces the ability to prevent the diffusion of corrosive media
in the coating and shortens the path of water and chloride ions
entering the substrate. Therefore, it can be proved that the
optimum addition amount is 0.2ml, and the corrosion resis-
tance of the coating is the best.

The better the anticorrosion performance of the organic
anticorrosive coating, the higher the Bode modulus, the
fewer micropores in the coating, and the greater the pore
resistance [27]. The results of the first day of immersion are
shown in Figure 3(d), and the modulus value of the coating
increases first and then decreases in the low-frequency
region. The Bode modulus of 0.2 ml modifier is the largest,
close to 105 Ω·cm2, indicating that the protective perfor-
mance of C1.2P0.2EP coating is the best at the initial soaking
stage. The results of the third day of immersion are shown in
Figure 3(e), and the Bode modulus values of C1.2P0.1EP and
C1.2P0.3EP coatings are similar. Among the four coatings, the
modulus is the smallest, indicating that the porosity of the
coating is the same as that of 0.1 ml when the modifier is
added in 0.3ml, and the modulus is close to 104 Ω·cm2.
Among the four coatings, the modulus of C1.2P0.2EP coating
remains the largest. As shown in Figure 3(f), the results of
the seventh day of immersion show that the modulus of
C1.2P0.2EP coating differs from that of other coatings, and
the modulus remains the largest. According to the Bode
modulus value in the low-frequency region in Figure 3(f),
it can be directly explained that the corrosion resistance of
epoxy resin coating is the best when the modifier addition is
0.2ml. According to the curve variation in Figure 3(f), it can
be concluded that the protective performance of the coatings
of each sample group is C1.2P0.2EP > C1.2P0.15EP > C1.2P0.3EP >

C1.2P0.1EP.

Table 1: EIS data of coatings with different modifier additions

Time
(days)

Samples Rs (Ω·cm2) C
(Ω−1·cm−2 sn)

Rp (Ω·cm2)

1 C1.2P0.1EP 9,634 1.76 × 10−7 29,150
C1.2P0.15EP 11,844 3.50 × 10−7 45,197
C1.2P0.2EP 9,154 5.44 × 10−6 95,593
C1.2P0.3EP 10,104 1.15 × 10−5 36,970

3 C1.2P0.1EP 14,833 1.20 × 10-6 10,477
C1.2P0.15EP 14,826 2.14 × 10−5 11,822
C1.2P0.2EP 15,188 1.26 × 10−5 14,478
C1.2P0.3EP 14,282 3.53 × 10−6 11,136

7 C1.2P0.1EP 1,638 1.29 × 10−4 1,067
C1.2P0.15EP 1,635 8.22 × 10−5 2,561
C1.2P0.2EP 2,394 4.07 × 10−7 6,171
C1.2P0.3EP 1,523 3.69 × 10−5 2,151

Figure 4: Equivalent electric circuits of the collected EIS results.
Figure 5: Tafel plots of coatings with various modifiers and addition
amounts after immersion in NaCl solution for 7 days.
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Four groups of samples with 0.1–0.3 ml modifier were
soaked in NaCl solution for seven days, and the electroche-
mical tests were carried out on each group of samples. The
Tafel polarization curves of each group of samples are
shown in Figure 5. Generally speaking, a lower Ecoor or a
higher Icoor has better corrosion resistance [20]. As seen
from Figure 5, with the increase of modifier content, Ecoor
tends to decrease first and then increase. On the contrary,
Icoor tends to increase first and then decrease. As seen from
Figure 6, compared with the other three groups of coatings,
the cathodic polarization curve and anodic polarization
curve of C1.2P0.2EP coating shifted to the lower right corner,
with the highest Icoor. Among them, Icoor is one order of
magnitude higher than other coatings. This indicates that
the cathodic and anodic polarization of C1.2P0.2EP coating
has the most potent inhibition and the best corrosion
resistance.

3.2.2 Effect of Kaolin addition on corrosion resistance of
epoxy hydrophobic coatings

The influence of kaolin content on the corrosion resistance
of epoxy resin coating was investigated by the control vari-
able method. Figure 6 shows the EIS and Bode of coatings
with different kaolin additions immersed in 3.5 wt% NaCl

solution for various durations, and the specific data are
presented in Table 2. The larger the bending radius of
the impedance arc, the more difficult the corrosion reac-
tion is. As shown in Figure 6(a), on the first day of soaking,
the EIS diagram presents semi-circular arcs with different
sizes, and the diameter of the semi-circular arc with kaolin
addition of 1 g is the largest. This shows it has the largest
impedance value and the best corrosion resistance, 47,373
Ω·cm2 on the first day. It can be seen from Figure 6(b) that

Figure 6: EIS and Bode plots of coatings with different kaolin additions immersed in NaCl solution for different durations: (a) EIS results after 1 day of
immersion, (b) EIS results after 3 days of immersion, (c) EIS results after 7 days of immersion, (d) Bode results after 1 day of immersion, (e) Bode results
after 3 days of immersion, and (f) Bode results after 7 days of immersion.

Table 2: EIS data of coatings with different kaolin additions

Time
(days)

Samples Rs (Ω·cm2) C (Ω−1·cm−2 sn) Rp (Ω·cm2)

1 C0.5P0.2EP 10,406 1.82 × 10−5 19,354
C1P0.2EP 9,634 1.94 × 10−5 47,373
C1.2P0.2EP 9,728 8.36 × 10−6 29,600
C1.5P0.2EP 9,782 1.10 × 10−6 28,758

3 C0.5P0.2EP 10,418 3.26 × 10−5 2,943
C1P0.2EP 10,340 7.62 × 10−5 20,334
C1.2P0.2EP 10,056 1.54 × 10−4 6,652
C1.5P0.2EP 10,550 3.54 × 10−5 3,962

7 C0.5P0.2EP 189 1.84 × 10−4 811
C1P0.2EP 204 1.19 × 10−4 1,982
C1.2P0.2EP 161 2.14 × 10−4 1,598
C1.5P0.2EP 166 2.76 × 10−4 1,474

Facile design of PTFE-Kaolin-based ternary nanocomposite  7



on the third day of soaking, the semicircle diameters with
kaolin addition of 0.5 and 1.5 g are basically the same, and
the simulated impedance values are 2,943 and 3,962 Ω·cm2,
respectively. The diameter of the semicircle with 1 g modi-
fier remains the largest, and the impedance value is 20,334
Ω·cm2. The impedance value of C1P0.2EP coating is about
three times that of C1.2P0.2EP coating and eight times that of
C0.5P0.2EP coating and C1.5P0.2EP coating, as can be seen
from Figure 6(c), on the 7th day of immersion, the impe-
dance values of the four coatings all decreased to different
degrees. The impedance value of C1P0.2EP coating (1,982
Ω·cm2) remains the largest, which is about twice that of
C0.5P0.2EP coating (811 Ω·cm2). The impedance values of
C1.2P0.2EP coating (1,598 Ω·cm2) and C1.5P0.2EP coating (1,474
Ω·cm2) are basically the same. The above results show that
with the increase of kaolin content, the corrosion resistance
first increases and then decreases, which is caused by cracks
and protruding points on the coating surface when kaolin
content is greater than 1 g. Therefore, it can be proved that
the optimum amount of kaolin is 1 g, and the corrosion
resistance of the coating is the best.

To further analyze the influence of kaolin content on
the corrosion resistance of epoxy resin coating, the electro-
chemical behavior of the coating was deeply analyzed.
Figure 6(d)–(f) shows the Bode diagram of four kinds of
coatings with different kaolin content immersed in 3.5 wt%
sodium chloride solution at different times. The reference
index of corrosion resistance of the coating is the low-fre-
quency impedance modulus, and the larger the modulus,
the better the corrosion resistance. The results of the first
day of immersion are shown in Figure 6(d), and the mod-
ulus value of the coating increases first and then decreases
in the low-frequency region. The Bode modulus with adding
1 g kaolin is the largest, close to 104.7 Ω·cm2, indicating that
the protective performance of C1P0.2EP coating is the best at
the initial immersion stage. The Bode modulus values of
C1.2P0.2EP and C1.5P0.2EP coatings are similar, which shows
that the porosity of the coating is the same as that of 1.5 g
when the kaolin content is 1.2 g, and the modulus value is
close to 104.16 Ω·cm2. The results of the third day of immer-
sion are shown in Figure 6(e), and the modulus of C0.5P0.2EP
coating is the smallest among the four coatings. There is an
obvious gap between the modulus values of C1P0.2EP coating
and other coatings, and the modulus value remains the lar-
gest. The results of the seventh day of immersion are shown
in Figure 6(f), and the modulus of C1P0.2EP coating remains
the largest among the four coatings. According to the Bode
modulus in the low-frequency region in Figure 6, it can be
directly explained that the corrosion resistance of EP coating
is the best when the kaolin content is 1 g. According to the
curve variation in Figure 6, it can be concluded that the

protective performance of the coatings of each sample
group is C1P0.2EP > C1.2P0.2 EP > C1.5P0.2EP > C0.5P0.2EP.

The Tafel polarization curves of four kinds of kaolin
coatings with different contents are shown in Figure 7. As
shown in Figure 7, the cathodic polarization curve and
anodic polarization curve of C1P0.2EP coating shifted to
the lower right corner compared with the other three
groups of coatings, which indicated that the cathodic polar-
ization and anodic polarization of C1P0.2EP coating were the
strongest. A comparison of C0.5P0.2EP, C1P0.2EP, C1.2P0.2EP, and
C1.5P0.2EP coatings shows that when corrosion occurs, C1P0.2EP
coating is more effective than the other three coatings in
prolonging the path of corrosion penetration and delaying
the time of corrosion occurrence. The above results show
that the barrier performance of kaolin to corrosive electro-
lytes such as water and chloride ions is the best when the
amount of kaolin is 1 g.

3.3 Salt spray resistance test

The long-term corrosion resistance of different kaolin addi-
tions’ coatings in a robust corrosive environment was stu-
died by a neutral salt spray test with 3.5 wt% sodium
chloride. Figure 8 is a photo of the samples of the neutral
salt spray test for 300 h. The pieces a–e are EP, C0.5P0.2EP,
C1.2P0.2EP, C1.0P0.2EP, and C1.5P0.2EP, respectively.

According to Figure 8(a), after 200 h of salt spray, tiny
bubbles appeared on the steel substrate surface protected
by EP coating in the blank group. There were many red
rust corrosive products, and the corrosion area was

Figure 7: Tafel curves of coatings with different kaolin additions
immersed in 3.5 wt% sodium chloride solution for 7 days.
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relatively large and tended to spread outward. Figure 8(b)
shows the results of the C0.5P0.2EP coating after 300 h in
a salt spray chamber. It can be seen from the figure
that there are numerous rust spots on the coating, and
the color of the rust spots is relatively dark. However, there
are no signs of extensive corrosion, indicating that the
addition of kaolin effectively slows down the corrosion
rate. Figure 8(c) displays the results of the C1.2P0.2EP coating
after 300 h in a salt spray chamber. The figure reveals
that there are slight bubbles on the coating but no exten-
sive rust spots, indicating a significant improvement in
corrosion resistance compared to the C0.5P0.2EP coating.
Figure 8(d) demonstrates the results of the C1.0P0.2EP
coating after 300 h in a salt spray chamber. It is evident
from the figure that there are no bubbles or rust spots on
the coating, and it remains unchanged. Therefore, the
corrosion resistance of the C1.0P0.2EP coating is further
enhanced compared to the C1.2P0.2EP coating. Figure 8(e)
illustrates the results of the C1.5P0.2EP coating after 300 h
in a salt spray chamber. Although there are no bubbles on

the coating, a few rust spots are present, indicating a
decrease in corrosion resistance compared to the C1.0P0.2EP
and C1.2P0.2EP coatings. Overall, the C1.0P0.2EP coating exhi-
bits the best corrosion resistance. It shows that adding
kaolin nanosheets effectively enhances the barrier proper-
ties of the epoxy resin coating surface and the bonding
strength between the coating and the steel substrate. This
shows that C1P0.2EP coating may further inhibit the electro-
lyte solution from penetrating the substrate surface and has
excellent corrosion resistance.

3.4 Wear resistance test and self-cleaning
experiment

For the C1.0P0.2EP coating, we conducted a wear resistance
test as shown in Figure 9. Figure 9(a) shows the wear test
setup, while Figure 9(b) illustrates the change in the hydro-
phobic angle during the wear test. As can be seen from

Figure 8: (a) Content of C0P0.2EP, (b) content of C0.5P0.2EP, (c) content of C1.2P0.2EPd, (d) content of C1.0P0.2EP, (e) content of C1.5P0.2EP.

Figure 9: Wear resistance diagram: (a) wear resistance experiment process and (b) contact angle change curve.
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Figure 9(a), after 100 wear cycles, the coating surface
exhibited no cracking, powder shedding, or significant
wear marks, demonstrating its excellent wear resistance. In
Figure 9(b), it is evident that the hydrophobic angle of the
coating gradually decreased with increasing friction cycles,
but the trend was relatively gradual. After 100 friction cycles,
the contact angle decreased by only 4°, indicating that the
coating still maintained excellent hydrophobicity and reflected
its superior wear resistance. Overall, the C1.0P0.2EP coating exhi-
bits outstanding mechanical wear resistance.

In addition, self-cleaning performance is one of the
specific properties of hydrophobic materials. To test the
self-cleaning and anti-fouling ability of the prepared com-
posite materials, two testing methods were adopted. One is
to scatter powdery pollutants on the material’s surface,
drop water droplets from above the sample, and observe
the self-cleaning effect of the composite material. The other
is to soak the prepared material in sewage for some time
and then take it out to observe whether there is any dirt
residue on the surface of the material. In the test, hydro-
philic alumina powder and sediment act as pollutants, and
Figure 10 shows the test process of self-cleaning. As shown in
Figure 10(a), hydrophilic alumina powder will roll off with
the water drops dripping on the material’s surface, thus
completing the effect of cleaning the surface. This phenomenon
occurs because pollutant particles are readily adsorbed on
water droplets, and the adhesion of water droplets to compo-
site materials is weak. As shown in Figure 10(b), the prepared

material is immersed in muddy water and taken out after 30 s.
After observing the surface of the composite material, there is
little difference from that before immersion, and there is no
sign of being polluted bymuddywater, which further confirms
the superior self-cleaning property of the preparedmaterial. In
addition to the above tests on the materials made on the glass
substrate, the same tests were carried out on the materials
coated on the substrates, such as wood, ceramics, and copper
sheets. The results of the above tests show that thematerial has
self-cleaning performance, which can effectively prevent the
pollution of pollutants in practical application, and the sub-
strate does not limit the coating.

3.5 Corrosion resistance mechanism

The anticorrosion mechanism of the C1.0P0.2EP coating is
illustrated in Figure 11. Under the action of modifiers,
kaolin and PTFE polymerize in an anhydrous ethanol sol-
vent to form a three-dimensional stacked structure. This
structure, combined with EP and PA as binders, creates a
thin film with excellent hydrophobic properties. When
water and oxygen molecules in the air contact the film,
the oxygen molecules penetrate the pores and reach the
substrate. However, the water molecules roll along the
hydrophobic film, increasing the path they need to take
to enter the film. This extended path lengthens the time
it takes for water molecules to reach the substrate, thereby
delaying the occurrence of corrosion reactions on the sub-
strate and enhancing the coating’s anticorrosion capabil-
ities. Therefore, the C1.0P0.2EP coating exhibits excellent
corrosion resistance.

4 Conclusions

This study fabricated a hydrophobic thin film through a
simple mixing method, utilizing kaolin and PTFE asFigure 10: Self-cleaning ability test of (a and b) C1.2P0.1EP coating.

Figure 11: Diagram of anticorrosion mechanism.
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additive particles, PFDTES as a modifier, and EP and PA as
adhesives and determined the optimal performance of the
C1P0.2EP coating by controlling variables. After soaking the
coating in a 3.5 wt% NaCl solution for 1, 3, and 7 days, it
exhibited maximum impedance radii of 47,373, 20,334, and
1,982 Ω·cm2, respectively. Additionally, it demonstrated the
highest Bode modulus values, as well as the largest Ecorr
and the smallest Icorr, proving its superior corrosion resis-
tance. After 300 h in a salt spray chamber with a 3.5 wt%
NaCl solution, the C1P0.2EP coating showed no rust spots or
bubbles compared to other coatings, further emphasizing
its excellent corrosion resistance. Furthermore, the wear
resistance and self-cleaning capabilities of the C1P0.2EP
coating were also tested. The results indicated that, under
the action of a 500 g weight and 1,000 mesh sandpaper, the
coating exhibited no cracking or powder shedding after
100 abrasion cycles. Additionally, there were no visible
scratches on the surface. Notably, the contact angle of the
coating only decreased by 4° after 100 cycles, demonstrating
its excellent mechanical wear resistance. Dry powder and
solution self-contamination experiments were conducted on
the coating. The results showed that neither soil particles
applied to the coating’s surface nor immersion in dirty
water caused any adhesion. The coating maintained its
self-cleaning ability, thus exhibiting excellent self-cleaning
capabilities.

Overall, the C1P0.2EP hydrophobic coating not only pos-
sesses excellent corrosion resistance but also demonstrates
superior wear resistance and self-cleaning abilities.
Therefore, it holds promising application prospects in
anticorrosion coatings.
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