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In this work, a superhydrophobic surface was fabricated on 45 steel substrates by using electrochemical
machining to improve the corrosion resistance of Ni-Co-P-BN(h) nanocomposite coatings. The surface
morphology, chemical composition, crystalline structure, surface roughness and wettability of the
samples were investigated with scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), X-ray diffraction (XRD), laser scanning confocal microscopy (LSCM) and water contact angle
measurements, respectively. The corrosion resistance of the samples was investigated in a 3.5 wt% NaCl
solution using an electrochemical workstation. The results showed that the current density and
processing time in electrochemical machining significantly influenced the wettability. The Ni-Co-P-
BN(h) nanocomposite coatings exhibited a superhydrophobic surface under suitable process parameters.
Evaluation of this superhydrophobic surface revealed an average water contact angle of 153.2° and a
sliding angle of 5° in the contact angle test. In addition, the polarization curve in the electrochemical test
indicated that the superhydrophobic surface exhibited a lower corrosion current density (lcor) 0of 0.14
HA/cm? and a higher polarization resistance (Rp) of 131.40 kQ. cm? when compared with those of the
normal samples. The above results showed that Ni-Co-P-BN(h) nanocomposite coatings with
superhydrophobic surfaces could provide improved corrosion resistance.

Keywords: Electrochemical machining, Ni-Co-P-BN(h) nanocomposite coatings, Surface roughness,
Wettability, Corrosion resistance

1. INTRODUCTION

It is worth noting that metals are susceptible to corrosion and wear in major engineering and
daily life, which poses a serious threat to daily life and can cause environmental contamination, financial
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loss and social harm [1-2]. Much research has been carried out to identify efficient methods for
protecting metals and alloys from corrosion. To date, organic coatings are one of the most economical,
practical and common protective measures. They can provide a barrier between the surrounding
corrosive environment and the metal surface, prolonging the service life of the substrate materials [3].

Ni-Co-P alloy coatings have high hardness, wear resistance, corrosion resistance, permeability
and saturation magnetization. They are widely used as anti-corrosion materials, diffusion barriers and
electrocatalytic materials [4]. Fetohi reported that Ni-Co-P coatings have lower corrosion current
densities and more positive corrosion potentials than those of Ni-P coatings, thus, Ni-Co-P coatings
show much better corrosion resistance [5]. In addition, a variety of nanocomposites with different
nanoparticles have been reported that enhance the corrosion resistance of substrate materials, such as
TiO2 [6], CeO2 [7], SiC [8], rGO [9], BN [10, 11], SnO2 [12], CNTs [13], SisN4[14], and TiN [15].
Hexagonal boron nitride (BN(h)) with a graphite-like structure has excellent properties, such as stability
at high temperature, a low friction coefficient, and a low wear rate and lubricity, thus showing promising
potential as a reinforcing phase for composite coatings [16]. Therefore, studies on Ni-Co-P-BN(h)
nanocomposite coatings with BN(h) as a second phase have great significance and value in the
improvement of material surface properties.

In recent years, superhydrophobic surfaces (SHSs) with a contact angle (CA) larger than 150°
and a sliding angle (SA) smaller than 10° have attracted much research interest due to their remarkable
properties [17, 18], including anti-corrosion [19-20], self-cleaning [21], oil-water separating [22], anti-
icing [23], drag-reducing [24], and anti-fouling [25]; they have even been used as antibacterial coatings
[26]. It has been confirmed that low surface energy and proper surface roughness are two key factors in
the preparation of superhydrophobic surfaces [27-28]. At present, many methods have been reported for
fabricating SHSs, including laser treatment [29], three-dimensional printing [30], self-assembly [31],
dipping [32], anodizing [33], plasma treatment [34], chemical etching [35-36], electron discharge
machining [37], and electrochemical deposition [38-39]. However, most of the mentioned methods
usually suffer from certain limitations, such as high cost, use of expensive equipment, strict process
control, complex engineering procedures, long fabrication times, and instability; furthermore, they may
be unsuitable for large-scale production and inapplicable for arbitrarily shaped surfaces, which limits
their applications in real life. The electrochemical machining method is used in this work due to its
simplicity, high effectiveness, efficiency, low cost, relatively easy operation, convenient repetition and
ability to make large-area superhydrophobic surfaces for substrates with different shapes [40-41].

In this work, we attempt to fabricate superhydrophobic Ni-Co-P-BN(h) nanocomposite coatings
on 45 steel substrates by electrochemical machining under a suitable current density and processing time
to improve the anti-corrosion protection of the metal. The surface morphology, chemical composition,
crystalline structure, surface roughness, wettability and corrosion resistance of Ni-Co-P-BN(h)
nanocomposite coatings are characterized and analysed by scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), X-ray diffraction (XRD), laser scanning confocal microscopy (LSCM),
contact angle measurement of the optical surface and electrochemical workstation tests. The above tests
and analysis results may be useful to improve the corrosion resistance of Ni-Co-P-BN(h) nanocomposite
coatings and provide a theoretical basis for their future application.
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2. EXPERIMENTAL

2.1. Materials and pretreatments

The substrate in this study was 45 steel (size: 30 mmx 8 mmx 7 mm), which was purchased from
Suzhou Co. (Jiangsu, China), with the following composition: C 0.46%, Si 0.27%, Cr 0.05%, Ni 0.04%,
Mn 0.59%, P 0.02%, Cu 0.05% and S 0.02%. A type 45 steel substrate usually requires a series of
pretreatment steps to ensure good quality deposition. First, the 45 steel substrates were cleaned and
polished by #320 WC sandpaper. Further abrading with grades #800 to #1500 WC sandpaper obtained
a bright and smooth surface. Then, the 45 steel substrates were treated by electrochemical degreasing to
remove oil contamination in a solution containing 25 g-L ' NaOH, 21.7 g-L ! Na,COs3, 50 g-L " NasPOs
and 2.4 g-L "t NaCl. The treatment current was 1 A, and the processing time was 25 s. Third, the 45 steel
substrates were immersed into a strong activation solution containing 25 g-L™* hydrochloric acid and
140.1 g-L"* NaCl for the removal of the oxide film from the surface. The strong activation treatment
current was 1 A, and the processing time was 30 s. Finally, the 45 steel substrates were immersed in a
weak activation solution containing 141.2 g-L ! NazsCeHsO7-2H20, 94.3 g-L ! H3CsHs07-H20 and 3.0
g-L 1 NiCl,-6H20 for the removal of carbon black from the surface. The weak activation treatment
current was 1 A, and the processing time was 30 s. In between every step, the 45 steel substrates were
rinsed with deionized water and air dried.

2.2 Preparation of the Ni-Co-P-BN(h) nanocomposite coating

The Ni-Co-P-BN(h) nanocomposite coatings were fabricated on the 45 steel substrates via
electrodeposition in a modified Watts bath with an aqueous solution containing 200 g-L " NiSQO4-6 H20,
30 g-L "t NiCl2-6 H20, 20 g-L 1 C0S04-7 H20, 30 g-L 1 H3BOs3, 20 g-L " H3PO3, 60 g-L* CsHsO7, 0.08
g-Ltsodium dodecyl sulfate, 0.02 g-L ! sulfourea and 8 g-L~ BN(h) with average particle sizes of 50
nm, 100 nm, 500 nm and 800 nm. Specifically, a 99.9% pure nickel electrode (size: 200 mmx50 mmx5
mm) was used as an anode. The cathode was one of the 45 steel substrates mounted parallel to the anode
plate. In the electrodeposition process, the temperature of the plating solution was maintained at 60 °C,
and the speed of magnetic stirring was 300 rpm. The duration of the electrodeposition was 90 min with
a current density of 6 A-dm™.

2.3 Preparation of the hydrophobic surfaces

To obtain a superhydrophobic surface, the Ni-Co-P-BN(h) nanocomposite coatings were treated
by electrochemical machining (ECM) and fluoroalkyl silane (FAS). In the electrochemical machining,
the samples plated with Ni-Co-P-BN(h) nanocomposite coatings were used as anodes, and a 99.9% pure
nickel plate was used as the cathode in a 0.1 mol-L™' NaCl solution. The electrochemical machining
method used a DC voltage at 25 °C. The operation was carried out at various current densities (5 A-dm-
2,10 A-dm, 15 A-dm, 20 A-dm and 25 A-dm™2) and with different processing times (0's, 30 s, 60 s,
90 s and 120 s). The fluoroalkyl silane alcohol solution was comprised of fluorosilane (2%) and absolute
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alcohol (98%), which were placed in a beaker and stirred for 6 h at 800 rpm. The FAS alcohol solution
needed to rest for 12 h at 25 °C before being used. It was necessary for all samples to be dry and dust-
free prior to modification by FAS. The samples were soaked in the FAS alcohol solution for 2 h without
stirring. The modified samples were dried in a drying oven for 1 h at 120 °C.

2.4 Characterization and tests

The surface morphologies and cross-sections of the Ni-Co-P-BN(h) nanocomposite coatings
were observed by using scanning electron microscopy (SEM, Quanta 250, FEI, Hillsboro, OR, USA),
and the chemical compositions were analysed by energy dispersive spectroscopy (EDS, OXFORD X-
MAX 20 mm?, UK). The crystalline structures of the Ni-Co-P-BN(h) nanocomposite coatings were
analysed by X-ray diffraction (XRD, X’Pert Powder, PANalytical B.V., Almelo, Holland). The X-ray
source used was Cu Ka radiation (.2=0.154056 nm) and was operated at 40 kV within a range of 20 to
90° at a scanning rate of 2@=4°/min. The surface roughness Sawas measured by laser scanning confocal
microscopy (LSCM, OLS4000, OLYMPUS, Japan). The roughness corresponded to the average value
measured at five separate points. The static contact angle (CA) was measured by a contact angle meter
(OCAI1SEC, Dataphysics, Germany). Water droplets (3 pL) were carefully dropped onto the surface of
the samples, the water droplet velocity was 1 puL/s, and the average value of five measurements obtained
at different positions on the samples was adopted as the final contact angle. The corrosion resistance of
the samples was tested by an electrochemical workstation (CS350, Wuhan Corrtest Instruments Corp.,
Ltd., Wuhan, China). Typically, the samples, platinum plate, and saturated calomel electrode were
considered the working electrode, counter electrode and reference electrode, respectively. The exposure
area of the working electrode was 1 cm?. To obtain a stable system, the samples were immersed in a 3.5
wt% NaCl aqueous solution for 0.5 h before the electrochemical experiments. Afterwards, the potential
dynamic sweeping range was performed in a potential range of £0.6 V with respect to the Eop at a 0.5
mV/s sweeping rate.

3. RESULTS AND DISCUSSION

3.1 Surface morphologies, cross-sectional images, XRD and EDS of the Ni-Co-P-BN(h) nanocomposite
coatings

Figure 1 shows the surface morphologies of the Ni-Co-P-BN(h) nanocomposite coatings with
differently sized BN(h) particles. Figure 2 presents the cross-sectional images of the Ni-Co-P-BN(h)
nanocomposite coatings with differently sized BN(h) particles. After comparing Figures 1 and 2, the
BN(h) particle size had little influence on the surface morphology and thickness of the Ni-Co-P-BN(h)
nanocomposite coatings. Furthermore, the figures showed that the coatings had no cracks and exhibited
dense structures. In addition, the thickness of the Ni-Co-P-BN(h) nanocomposite coatings with BN(h)
particle sizes of 50 nm, 100 nm, 500 nm and 800 nm increased to 37.72 um, 37.94 um, 38.85 um and
38.93 um, respectively.
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Figure 1. Surface morphologies of the samples with differently sized BN(h) particles: (a) 50 nm, (b)
100 nm, (c) 500 nm, and (d) 800 nm (60 °C, 6 A-dm, 90 min and 300 rpm).
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Figure 2. Cross-sectional images of the samples with differently sized BN(h) particles: (a) 50 nm, (b)
100 nm, (c) 500 nm, and (d) 800 nm (60 °C, 6 A-dm, 90 min and 300 rpm).
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Figure 3. XRD patterns of the samples with differently sized BN(h) particles: (a) 50 nm, (b) 100 nm,
(c) 500 nm and (d) 800 nm (60 °C, 6 A-dm, 90 min and 300 rpm).

The XRD patterns of the Ni-Co-P-BN(h) nanocomposite coatings with differently sized BN(h)
particles (a) 50 nm, (b) 100 nm, (c) 500 nm and (d) 800 nm, are presented in Figure 3.

Table 1. Calculated crystallite size by the Scherrer equation for the Ni-Co-P-BN(h) nanocomposite

coatings with differently sized BN(h) particles: 50 nm, 100 nm, 500 nm and 800 nm

Samples HKI plane 20 0 FWHM Grain size / nm

111 44501 22250  0.347 24.473
BN(h) 50 nm 200 51.738 25.869  0.955

220 76.455 38.227 0.704

111 44589 22294  0.386 22.007
BN(h) 100 nm 200 51.885 25.942  0.905

220 76.416 38.208  0.793

111 44519 22259  0.409 20.764
BN(h) 500 nm 200 51.795 25.897  1.048

220 76.369 38.184  1.001

111 44574 22287  0.428 19.847
BN(h) 800 nm 200 51.786 25.893  1.093

220 76.473 38.236  0.961

It was observed that the crystal planes of the three diffraction peaks are (111), (200) and (220).
The structure was a face-centred cubic structure. The diffraction intensities of the (111) fibre orientations
decreased as the BN(h) sizes increased in the Ni-Co-P-BN(h) nanocomposite coatings . The grain sizes
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for the coatings were derived from the Scherrer equation, as shown in Table 1. The average grain
diameters of the Ni-Co-P-BN(h) nanocomposite coatings with differently sized BN(h) particles of (a) 50
nm, (b) 100 nm, (c) 500 nm and (d) 800 nm, were 24.473 nm, 22.007 nm, 20.764 nm and 19.847 nm,
respectively.

Figure 4 shows the EDS spectra of the samples with differently sized BN(h) particles of (a) 50
nm, (b) 100 nm, (c) 500 nm and (d) 800 nm. As shown in Figure 4, which revealed the presence of Ni,
Co, P, B and N, the Ni contents of the samples with BN(h) particle sizes of 50 nm, 100 nm, 500 nm and
800 nm were 76.8 wt%, 76.5 wt%, 76.6 wt% and 77.3 wt%, respectively. The content of Co and B
changed slightly as the BN(h) size increased. On the other hand, the related diffraction peaks of the
BN(h) nanoparticles were not distinct, probably due to their relatively low content. After comparing
Figures 3 and 4, the variation of BN(h) particle size had no obvious effects on the phase, grain size and
content.
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Figure 4. EDS spectra of the samples with differently sized BN(h) particles: (a) 50 nm, (b) 100 nm, (c)
500 nm and (d) 800 nm (60 °C, 6 A-dm, 90 min and 300 rpm).

3.2 Wettability and surface roughness of the Ni-Co-P-BN(h) nanocomposite coatings

Figure 5 shows the water contact angle of the samples with differently sized BN(h) particles. As
shown in Figure 5, the water contact angle increased from 121.6° to 126.7° when the BN(h) particle size
was changed from 50 nm to 800 nm. Weak hydrophobicity was observed on the samples. According to
the Wenzel model [42], the roughness factor of the material surface will make a hydrophilic material



Int. J. Electrochem. Sci., Vol. 15, 2020 2059

even more hydrophilic and a hydrophobic material more hydrophobic. Therefore, to further analyse the
effects of the BN(h) particle sizes on the water contact angle of the samples, the surface roughness values
of the Ni-Co-P-BN(h) nanocomposite coatings were recorded, as shown in Figure 6. The surface
roughness of the Ni-Co-P-BN(h) nanocomposite coatings with BN(h) particle sizes of 50 nm, 100 nm,
500 nm and 800 nm were 0.406 pm, 0.415 pm, 0.451 pm and 0.468 um, respectively. It was clear that
there existed an approximate linear relationship between the apparent contact angle and the roughness
factor of the surface, which was consistent with Wenzel’s theory. On the other hand, Wan [43] also
reported that the apparent equilibrium contact angle changed from 70.2° to 112.6° with increasing
surface roughness.

(@) CA Left: 121.6 (b) CA Left: 122.7
CA Right: 121.5 CA Right: 123.0

CA Left: 125.1 (d)
CA Right: 125.1

0 0O

Figure 5. Water contact angle of the samples with differently sized BN(h) particles: (a) 50 nm, (b) 100
nm, (c) 500 nm, and (d) 800 nm (the volume, 3 uL; the velocity, 1 uL/s).
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(d) S2=0.468 um

Figure 6. Surface roughness of the samples with differently sized BN(h) particles: (a) 50 nm, (b) 100
nm, (c) 500 nm, and (d) 800 nm (the evaluation area, 120 umx120 pm).

3.3 Fabrication, wettability, surface roughness and anti-adhesion of the superhydrophobic coatings

The previously reported superhydrophobic surface is usually prepared by two typical processes
[44]: (1) the fabrication of rough structures and (2) the modification of the rough structures with a low
surface energy substance. Figure 7 shows the water contact angle after the samples were modified by
only FAS. The water contact angle of the Ni-Co-P-BN(h) nanocomposite coatings with BN(h) particle
sizes of 50 nm, 100 nm, 500 nm and 800 nm increased to 130.1°, 133.5°, 136.2° and 138.1°, respectively.
It is worth noting that the water contact angle for the coatings improved when the samples were modified
by FAS. However, the water contact angle of the sample surfaces cannot reach 150°. The electrochemical
machining method is simple and highly effective. Based on ECM technology, Song et al. [45] and Xiang
et al. [46] fabricated superhydrophobic surfaces on different metal materials. Li [47] fabricated
superhydrophobic Ni-Co alloy coatings on 45 steel substrates. Furthermore, it has been determined that
the current density and process time of the ECM play a key role in the regulation of wettability.
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Figure 7. Water contact angle after the samples were modified by only FAS (25 °C, 2 h).

Figure 8 shows the effect of electrochemical machining (ECM) current density and process time
on the water contact angle of the samples. As shown in Figure 8 (a), the current density of ECM was
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increased from 5 A/dm?to 25 A/dm? under a constant process time of 90 s. When the current density of
ECM was 5 A/dm?, the water contact angle was only 143.9°. As the current density of the ECM
increased, the water contact angle first increased and then decreased. When the current density of the
ECM was 15 A/dm?, the water contact angle of the samples reached a maximum value of 153.2°. The
possible reasons are that the microstructures on the surface of the Ni-Co-P-BN(h) nanocomposite
coatings became bumpy as the current density increased. Continually increasing the current density of
ECM up to 25 A/dm? accelerated the dissolution of the micro/nanostructures. The microstructures on
the surface of the samples became flat, which negatively influenced the superhydrophobicity of the
sample surfaces [48]. To further analyse the effects of ECM processing time on the wettability of the
Ni-Co-P-BN(h) nanocomposite coatings, Figure 8 (b) shows the results when the ECM process time was
increased from 0 sto 120 s with a constant current density of 15 A/dm?. When the processing times were
0s,30s,60s,90sand 120 s, the water contact angles were 130.1°, 137.3°, 144.2°, 153.2° and 148.7°,
respectively. Therefore, our experiments showed that a suitable processing time with a constant current
density of 15 A/dm?was 90 s.
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Figure 8. Effect of ECM current densities and processing times on the water contact angle of the
samples: (a) varying ECM current density (25 °C, 90 s) and (b) varying ECM processing time
(25 °C, 15 A/dm?). Samples were modified by FAS (25 °C, 2 h) after ECM.

Figure 9 shows the water contact angle of the superhydrophobic coatings with differently sized
BN(h) particles when the ECM current density was 15 A/dm? and the ECM processing time was 90 s.
As shown in Figure 9, the water contact angles of the superhydrophobic coatings with BN(h) particle
sizes of 50 nm, 100 nm, 500 nm and 800 nm were 153.2°, 150.3°, 151.1° and 152.3°, respectively. When
the samples were treated with FAS after ECM, the water contact angles for the samples with BN(h)
particle sizes of 50 nm, 100 nm, 500 nm and 800 nm increased by 31.6°, 27.6°, 26.0° and 25.6°,
respectively, compared to those of the untreated samples. Moreover, the fabricated water contact angle
exceeded 150°, and the minimum sliding angle corresponded to 5° in the dynamic angle contact test.
Hence, a superhydrophobic surface was obtained on the sample surfaces.
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Figure 9. Water contact angles of the superhydrophobic coatings with differently sized BN(h) particles:
(a) 50 nm, (b) 100 nm, (c) 500 nm, (d) 800 nm (25 °C, 15 A/dm?, 90 s). Samples were modified
by FAS (25 °C, 2 h) after ECM.

Figure 10 shows the roughness of the superhydrophobic coatings with differently sized BN(h)
particles. As shown in the figures, the roughness of the superhydrophobic coatings with BN(h) particle
sizes of 50 nm, 100 nm, 500 nm and 800 nm corresponded to 0.974 um, 0.926 pm, 0.955 um and 0.961
pum, respectively. Compared to those of the untreated samples, the roughness of the superhydrophobic
coatings with BN(h) particle sizes of 50 nm, 100 nm, 500 nm and 800 nm increased by 0.568 pum, 0.511
pum, 0.504 um and 0.493 um, respectively. Therefore, our experiments showed that the regulation of
ECM changed the original surface roughness. The changes influenced the wettability and improved the
water contact angle.

Generally, there are two general models in regard to the effects of surface roughness on
wettability: the Wenzel model and the Cassie-Baxter model. The Wenzel model assumes that the non-
composite wetting state where the liquid drop fills up the asperities and wets the pillar surface modifies

the water contact angle as follows [49-50]:
cosd,, = rcosé (1)
where ¢, and @ are the water contact angle of a liquid droplet on a rough surface and a smooth

solid surface made of the same material, respectively, and r is a roughness factor reflecting the surface
roughness of a solid. According to previous literature [51], r is described by the equation:
e actualsurfacearea
planar area

(2)

In particular, when r =1the surface is ideally smooth, and the contact angle is only described by
Young’s equation (equation (3)): where y,, 7 andy, are the interfacial tensions between solid vapor,

solid liquid, and liquid vapor, respectively.
cosS Q:M (3)
Vv
The contact angle can be determined through the Cassie-Baxter equation to better explain the

wettability on the surface [52]:
cos@,,=f, cosg, + f, cosé, 4)
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where 6, is the apparent contact angle and &,and 8, are the corresponding intrinsic CAs on each
component, and f, and f, are the surface area fractions of components 1 and 2 (f, + f,=1),
respectively; for a superhydrophobic surface, the second component is trapped air, which means 6, = 6
, 8, =180°. Thus, equation (4) can be written as follows:
cosg,=f, cosg —f, = f,cosd-1+ f, (5)
In addition, the contact angle & is 94.5 degrees, and the Cassie-Baxter contact angle 6, is 153.2
degrees. According to equation (5), it can be estimated that f, is approximately 0.116, which
demonstrates that air occupies approximately 88.4% of the contact area when a water droplet comes to
contact the superhydrophobic surface. This indicates that a large amount of air surrounds the surface of
the samples, which reduces the effective area between the water droplet and the solid surface and
prevents the water droplet from immersing into the inner surface.

(a) S2=0.974 um (b) 52=0.926 um

PN BN

(©) $2=0.955 pm (d) 52=0.961 pm

- L\ :
s

J\ R
Figure 10. Surface roughness values of the superhydrophobic coatings with differently sized BN(h)
particles: (a) 50 nm, (b) 100 nm, (c) 500 nm, and (d) 800 nm (the evaluation area, 120 umx120

pum).

Moreover, Fan [53] reported that the value of f, in the system was approximately 0.907, which

demonstrated that air occupied approximately 90.7% of the contact areas. Li and Kang [54] found that
the area fraction of the air trapped within the interstices of the micro/nanostructures was 87.4%. Zheng
[55] reported that the air/water interface occupied 87.5% of the apparent area when the SCSS was in
contact with the water droplet. Qing [56] found that air occupied approximately 93.1% of the contact
area between the water droplet and micro/nanostructures. Wang [57] reported that the water droplet
accounted for only 3.3% contact when it came into contact with a superhydrophobic surface. Li [58]
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calculated the fraction of trapped air from equation (5), which was approximately 93% on the
superhydrophobic surface. Zou [59] also reported that the f,value of a porous microstructure was
calculated to be 0.951, denoting that a water droplet had 95.1% of its surface in contact with air between
grooves. In this paper, the research results were similar to the above conclusions.

Figure 11 shows sequential images of the water droplets before and after contact with the
superhydrophobic coatings. As shown in Figure 11 (a), the water droplet was hung on the microsyringe
needle in the initial state. Then, we gradually moved the sample surface upward to contact the 3 uL. water
droplet, as shown in Figure 11 (b). It is clear that the deformation of the water droplet occurred when
the sample surface came into contact with the water droplet. With the surface of the samples continuously
moving closer, the water droplet was seriously condensed, and the morphology of the water droplet
deformed greatly, as shown in Figure 11 (c) and (d). In the process of compression, the water drop
gradually changed from spherical to ellipsoid, and it was difficult to have it fall to the surface in any
state in Figure 11 (e). When the sample surface was separated from the water droplet in Figure 11 (f),
the water droplet returned to the head of the microsyringe at a slow speed. However, the water droplet
did not continue to move with the movement of the samples surface, rather, it still stayed on the tip of
the microsyringe in Figure 11 (g) and (h). The results showed that the adhesion between the sample
surface and the water droplet was very weak. Thus, the surface has excellent anti-adhesion properties
and possesses potential applications in engineering fields, which is consistent with previous reports by
Su [60], Song [61], Chen [62] and Yin [63].

(a) Water droplets 6
(3 uL) ‘ t
(h) (2)
dow n

=

Figure 11. Sequential images of a water droplet before and after contact with the superhydrophobic
coating: (aand b) initial state, (c) slight contact, (d and e) firm contact, (f) lowering of the surface,
(g and h) final state (volume, 3 uL; velocity, 1 uL/s).

down
down

3.4 Corrosion resistance of the coatings and superhydrophobic coatings

The potentiodynamic polarization curves of the Ni-Co-P-BN(h) nanocomposite coatings and
superhydrophobic coatings measured in a 3.5 wt% NaCl solution are shown in Figure 12. The calculated
corrosion potentials (Ecorr), corrosion current densities (lcorr) and polarization resistances (Rp) obtained
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from Figure 12 are listed in Table 2. In a typical polarization curve, a low corrosion current density or a
high corrosion potential corresponds to a low corrosion rate and a good corrosion resistance. As
described in a previous publication [64], the corrosion potentials and current densities are calculated by
the Stern-Geary equation, where fa and pc correspond to the anodic and cathodic Tafel slopes,
respectively.
Ry= o oL ©)
2.3l o (B, +5,)

According to Figure 12 and Table 2, the corrosion current densities (Icorr) 0f the Ni-Co-P-BN(h)
nanocomposite coatings with BN(h) particle sizes of 50 nm, 100 nm, 500 nm and 800 nm were 13.44
HA/cm?, 12.45 uA/cm?, 7.09 pA/cm? and 6.99 pA/cm?, respectively. The polarization resistances (Rp)
of the samples with BN(h) particle sizes of 50 nm, 100 nm, 500 nm and 800 nm increased to 4.86 kQ.
cm?, 6.96 kQ. cm?, 6.31 kQ. cm? and 10.46 kQ. cm?, respectively. Compared with the normal samples,
the corrosion current densities of the coatings treated by FAS exhibited lower corrosion current density
and higher polarization resistance. The above phenomena might be explained from Figure 7 and Figure
9; the water contact angle increased when the BN(h) particle size was changed from 50 nm to 800 nm.
At the same time, the water contact angle further increased after the samples were modified by FAS.
Although the corrosion resistances of the coatings treated by FAS were better compared to that of the
untreated samples, the samples with superhydrophobic surfaces exhibited the best performances in terms
of both corrosion current density (lcorr) and polarization resistance (Rp). In addition, when the BN(h)
particle size was 800 nm, the corrosion current density (lcorr) Of the superhydrophobic coatings reached
a minimum value of 0.14 pA/cm? and the polarization resistance (Rp) reached a maximum value of
131.40 kQ. cm? Such low current density and high polarization resistance showed that corrosion
resistance was greatly improved. This result was consistent with other studies showing that
superhydrophobic surfaces could improve corrosion resistance [65-68].

Herein, the above results could be explained by the Wenzel-Cassie model. The theory of the
Wenzel-Cassie model states that the interface between the liquid and solid material with microstructures
is a complex interface that consists of solids, air, and liquids, as shown in Figure 13. The
superhydrophobic coatings exhibited the smallest solid-liquid interface in a 3.5 wt% NaCl solution. In
addition, this could form a protective “air cushion” layer on the surface of the superhydrophobic coating,
which made it difficult for CI" to get close to the superhydrophobic coatings in the corrosion solution.
Thus, it exhibited the lowest corrosion current density and highest corrosion potential. Moreover, Ou et
al. [69] also showed that Mg-H.O-(PA/Ce)n-HDMS had much better corrosion resistance due to
retaining a thin layer of air at the solid/water interface in the NaCl aqueous solution.
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Figure 12. Potentiodynamic polarization curves of the samples in a 3.5 wt% NaCl aqueous solution
(scanning range, -0.6 V ~ +0.6 V with respect to Eocp; scan rate, 0.5 mV/s).

Table 2. Corrosion potentials (Ecorr) and corrosion current densities (lcorr) Obtained from the polarization
curves and polarization resistances (Rp) calculated by equation (6)

Pa Le lcorr Ecorr Rp
Samples (mV/dec) (mV/dec) (WA /ecm?) (mV)  (kQ.cm?)
coatings 356 260 13.44 -378 4.86
BN(h)50  coatings+FAS 428 838 867  -396  14.21
nm superhydrophobic 263 101 028  -243 11332
Coatlngs
coatings 478 342 12.45 -407 6.96
BN(h) 100 coatings+FAS 649 411 767  -480  14.26
nm superhydrophobic 770 161 061  -225 9491
CoatlngS
coatings 169 263 709 308 631
BN(h) 500 coatings+FAS 701 422 580  -422  19.44
nm superhydrophobic 139 83 023  -203  98.24
CoatlngS
coatings 395 203 699  -355  10.46
BN(h) 800 coatings+FAS 472 228 498 -301 1342
nm superhydrophobic 112 68 014  -207 13140

coatings
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Wenzel-Cassie

Figure 13. Hydrophobicity model proposed by Wenzel-Cassie

4. CONCLUSION

In this work, a superhydrophobic surface was fabricated on 45 steel substrates by using
electrochemical machining and fluorosilane modification. The results showed that the electrochemical
machining current density and processing time significantly influenced wettability. The Ni-Co-P-BN(h)
nanocomposite coatings exhibited a superhydrophobic surface under suitable process parameters.
Evaluation of this superhydrophobic surface revealed an average water contact angle of 153.2° and a
sliding angle of 5° in the contact angle test. In addition, the polarization curve in the electrochemical test
indicated that the superhydrophobic surface also exhibited a lower corrosion current density (lcorr) Of
0.14 pA/cm? and a higher polarization resistance (Rp) of 131.40 kQ. cm? compared with those of the
normal samples. Thus, the above results showed that Ni-Co-P-BN(h) nanocomposite coatings with
superhydrophobic surfaces could provide improved corrosion resistance.
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