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Abstract

Currently there is a huge demand for the application of superhydrophobic surface in industrial and marine equipment. In
this investigation, the hydrophobicity of Q235 steel surface was achieved by implementing micro-patterns on substrate
using laser surface texturing and deposition of nano copper particles. By controlling the movement of the laser spots,
different controlled textures at micro scale were fabricated. Via the chelation between the copper species and the
catechol moieties on polydopamine (PDA), nano copper was decorated to form the multi-level structure. The surface
microstructure, topographies, chemical component and wettability of as-prepared superhydrophobic surface were
analyzed systematically. Based on the models built by Wenzel and Cassie—Baxter, the effect of micro texture on contact
angle was discussed. This method is expected to have many potential applications including antibacterial materials for

the protection of marine equipment. Copyright © VBRI Press.
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Introduction

Biomimetic surfaces mean mimicking biology or
nature, which allows biologically inspired design,
adaptation, or derivation from nature.
Biomimetics-inspired materials and surfaces are
eco-friendly or green which have generated significant
interest and are beneficial in shape green science and
technology. Amongst, superhydrophobic surfaces (lotus
surface) with a water contact angle (CA) higher than
150° have been attracted great interests due to their
importance in both fundamental research and practical
application, such as template replication for polymers
[1, 2], low-drag surfaces for microchannels [3],
anticorrosion and self-cleaning fabric [2]. In order to
achieve high contact angle, various surface
modification techniques were developed. Among
different techniques, using laser irradiation to modify
the surface topography at the micro scales is considered
as an excellent option [4]. By controlling the path of
laser irradiation, complex structure or micro patterns
can be fabricated on various materials. This technique,
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being without mask, controllable, and flexible, can
introduce various kinds of micro/nanostructures on
almost any kind of metal, including iron [3, 5], copper
[6], aluminum [7], titanium [8], and their alloys. Most
of these studies normally focus on the fabrication of
different kinds of surface microstructures for
hydrophobicity. Because the height and interval of
surface micrometer-scale structures can be regulated
over wide ranges, this technique provides a perfect tool
for studying the influence of various surface
microstructures on the surface wettability.

On the other hand, strategies for fabricating
superhydrophobic surfaces are of great interest due to
their potential applications in metal biofouling
prevention and drag reduction in fluid flow [9].
Superhydrophobic surfaces were inspired from nature,
such as the lotus and rose [10]. The superhydrophobic
behavior of this leaf, known as the lotus effect or
self-cleaning effect, has been found to derive from the
micro/nano hierarchical structure and the wax layer
present on the leaf surface. Therefore, the hierarchical
structure  of inorganic  particles with  super
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hydrophobicity has become an interesting topic in
materials science. Copper nano particles, one of the
heavy metals, have been demonstrated for their
effectiveness in anti-bacteria performance [11]. To
generate superhydrophobic surfaces with a hierarchical
structure, laser surface textures and copper particles
were used as a roughness enhancement material at
micro and nano scale, respectively.

Therefore, the objective of this research is to
introduce a hierarchical structure on Q235 steel and
achieve the performance both in superhydrophobic and
self-clean for marine equipment application. The
proposed procedure is described in detail in (Fig. 1.
Firstly, laser surface texturing was carried out with a
grid pattern. Then, polydopamine (PDA) that was able
to be adhered on virtually all types of material surfaces
was used to introduce the interlayer on the substrates.
Subsequently, copper was reduced and plated on PDA
probably via the chelation between the copper species
and the catechol moieties on PDA. The influence of
surface micro/nanostructures on the wettability stability
was systematically investigated. The microstructure,
composite and the Cassie-state stability wettability were
systematically investigated.

Subslrate W Substrate
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Super DT

hydrgphobic ~__~ deposition
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Fig. 1. llustration of the proposed substrate-independent strategy to
fabricate superhydrophobic surfaces based on the sequential
modification of laser texturing, PDA, copper and 1-dodecanethiol

(OT).

Experimental

Commercial Q235 steel disks (diameter = 30 mm,
height = 5 mm) were employed as the substrate
materials. The 1-dodecanethiol (DT) was used as the
low-surface-energy modifying agent. All chemical
reagents in this experiment were used directly without
any additional process. Prior to laser texturing process,
the Q235 steel surface was polished continuously by
#400, #800 and #1600 sandpaper to obtain a smooth
surface and the Ra roughness of achieved surface was
0.080 = 0.012 pwm. Then the polished steel was
ultrasonically cleaned in ethanol and rinsed thrice by
distilled water. Finally, the samples were dried for
further process. Laser surface texturing was carried out
with a grid pattern (Fig. 2), which showed isotropic
superhydrophobic properties in all directions with
trapped air [12]. Three different step sizes (P = 100,
150, and 200 pum) were studied. The grid (L) was kept
constant to 50 pm. A compact nanosecond laser fiber
machine (QC-F20) with wavelength of 1064 nm was
used. During the fabricating process, the focused laser
beam was delivered by a galvanometer scanner and
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F-Theta focusing lens, and the laser pulse duration and
peak fluency were 200 ns and 20 J/cm? respectively.
The average output power, laser repetition frequency
and scanning speed were fixed at 20 W, 20 kHz and
600 mm/s, respectively. After the laser manufacturing
process, the substrates were ultrasonically cleaned in
ethanol and then rinsed with distilled water. Finally, the
cleaned steel plates were dried thoroughly in an
electrical oven for the following surface process and
characterization.
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Fig. 2. Schematic illustration of the fabrication of micro rough
structure.

The sequential deposition of PDA, Cu and DT was
performed by immersing the substrates into different
solutions at room temperature (24 + 2 °C). The
composition of these solutions and the allowed reaction
times were as follows:

(1) PDA deposition: 0.1 g dopamine in 50 mL
tris(hydroxymethyl) aminomethane (10 mM) HCI
buffer solution (pH 8.5), for 3 h

(2) Cu deposition: a mixture solution containing CuCl;
(50 mM), EDTA (ethylene diamine tetraacetic acid,
50 mM), Hs;BO; (80 mM), and DMAB
(dimethylamine broane, 80 mM) with a pH of 7.2,
for8h

(3) DT deposition: ethanolic solution of DT (60 mM),
for 2 h. Acetic acid (20 mM) was added.

Surface morphology, surface chemistry, and surface
wettability were investigated by a 3D measuring laser
microscope (OLS4000, OLYMPUS), field emission
scanning electron microscopy (SEM, SU-8010,
HITACH]I), energy dispersive spectrum (EDS, oxford
INCA Energy), and with an optical contact angle
meter (JC2000D2A), respectively. To investigate the
durability of the biomimetic superhydrophobic surface,
the treated sample was continuously exposed to the
water flow from the laboratory faucet at 1.0 m/s for 2 h
and then the contact angle was measured. For all the
wettability tests, 5 pL of distilled water was dipped on
specimen by a microliter syringe, and each specimen
was tested thrice to get the mean-value.

Results and discussion

When the laser spot was irradiated on the surface, the
bulk material at the center of the laser irradiated zone
would be ablated due to the relatively high laser
intensity. Fig. 3 shows SEM images of the surfaces of
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laser textured samples with different interval of grids.
Owing to the overlapping effect of adjacent texture
patterns, cavities could be clearly observed on the
boundaries. As a result, all samples showed some burrs
around the grids. The range of average burr heights,
which were measured 5 times with each sample by
confocal microscope, was from 16 to 26 um as shown
in Fig. 4. This burr formation is not suitable for
conventional products, while it is helpful for improving
superhydrophobic properties. The contact angle on a
rough surface becomes larger than that on a smooth
surface when the surface was in hydrophobic state. In
addition, the structure can prevent contact of water on
the flat area within the grid pattern, so the wetting state
can be partial wetting with a hydrophobic surface.
Therefore, a rough surface is necessary for a
superhydrophobic surface.

Fig. 3. Irradiated surface images: top images of (a) P=100 pm, (b)
P=150 pm, (c) P=200 pum and enlarged tilting image of (d) P=100 pm,
(e) P=150 um, (f) P=200 um.
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exhibited the highest content of carbon. Q235-PDA-Cu
showed the highest content of copper while Q235 was
mainly dominated in iron. These confirmed the
successive process which was mentioned above.

Table 1. chemical composite of different treated samples.

Sample C (e} Fe Cu
Q235 0.12% 0.18% 98.52% 0%
Q235-PDA 18.96% 20.52% 55.36% 0%
Q235-PDA-Cu 8.98% 10.11% | 48.19% | 16.04%

Fig. 4. Confocal microscope images of laser textured samples: (a)
P=100 um, (b) P=150 pm and (c) P=200 pm.

As show in (Fig. 5), it can be observed that the
polished surface was very clean. After PDA was coated,
compact and thin layer was detected. When the
substrate was immersed into CuCl, solution, the
following reaction process was happened:

2(CHS)ZNHBH3"‘6H20"‘3CU2+—>2(CH3)2NH‘l' 2H3BO3+
6H* + 3Cu + 3H;

Cu?* was reduced to Cu (0) by DMAB. The
so-reduced copper nanoparticles could be chelated by
the catechol moieties on PDA. The diameter of Cu
nanoparticles was in the range from 400 nm to 900 nm.
Cu and S were found in the EDS spectrum of DT (Fig.
5d). Table 1 summarized the carbon, oxygen, iron and
copper content for different samples. Q235-PDA
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Fig. 5. SEM images of laser textured samples: (a) polished samples,
(b) PDA coated surface, (c) copper nanoparticles deposited surface
and (d) EDS spectrum of DT coated surface.

The structure and composition of the micro texture
and nano copper particle composites were analyzed.
EDS-element mapping was obtained and shown in
(Fig. 6). There typical elements including C, Fe and Cu
(Fig. 6a—c) were observed. The EDS mapping results
indicated that the nano copper particles were
successfully deposited after the laser surface texturing.
The surface was constructed by bulge (like lotus) at
micro and nano scale, respectively.
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Fig. 6. Element mapping of textured Q235 after further deposition of
nano copper particles. (a—d) exhibit the element sensitive maps of C,
Fe, Cu and all of them
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Controlling wettability of solid surface is crucial for
surface engineering, and there are two key factors,
surface chemistry and roughness. The wettability of
bare Q235, laser textured Q235, PDA modified textured
steel, Q235-PDA-Cu and Q235-PDA-DT was
illustrated in (Fig. 7). The water contact angle value of
bare steel was 38.4°, demonstrating that the carbon
steel was in the range of the hydrophilic materials.
When the surface texture was created on steel surface,
its hydrophilic property was improved with water
contact angle value decreased to 23.9°. In fact, such
decrease of water contact angle value conformed to the
Wenzel model, which described the effect of creating
rough structure on the wettability of hydrophobic or
hydrophilic materials [13]. When PDA was deposited
on the substrate, the hydrophilic property was further
improved due to the high surface energy. As shown in
(Fig. 7c-e), the lowest contact angle was 5°, nearly
super hydrophilic.

(a) = (b) (c) (d)
(e) (f) (2 (h)
Y- W - W -}

Fig. 7. Photographs of the water droplets on the (a) polished sample,
(b) textured surface, (c) PDA modified surface, (d) PDA and textured
surface, (e) PDA and textured surface with copper particles, (f) DT
modified surface with copper particles, (g) DT modified surface with
texture and (h) DT modified surface with texture and copper particles.

After being modified by DT agents, as shown in
(Fig. 7f-g), surfaces with texture and copper particles
became superhydrophobic with contact angle value
increased dramatically to 155.9°, indicating the
necessity of the combination of creating multimodal
rough surface structure and low-surface-energy coating
in fabricating superhydrophobic surface. For fabricating
effectively water repelling surface, trapped air in its
rough structure and formed an effective air film
between the steel surface and water droplet were the
fundamental mechanism. The wetting mode of
as-prepared superhydrophilic surface turned to the
Cassie-Baxter wetting mode, which was mainly used to
describe the heterogeneous wetting regime.

Directly after the laser treatment, an increased amount
of carbon was detected on the surface, which was
believed to derive from the fast decomposition reaction
at the time when the laser beam firstly hit the surface.
The high energy from the very short laser pulse activated
the decomposition reaction and resulted in the initial
carbon deposition on the irradiated surface. However,
the carbon from this initial fast decomposition is not
enough to cover the entire structure. This intrinsic
hydrophilicity of the polar iron oxides was then
enhanced by the surface roughness according to
Wenzel’s theory.

As shown in (Fig. 8), the value of contact angle was
recorded every half hour. At 0 h, the surface with grid
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distance of 100 um showed the highest contact angle.
In the case of texture and nano copper modified surface,
this can be explained by Cassie—Baxter equation [14]:

cosOw=ds(cosbe+1) —1

Here ®s is the area ratio between solid—liquid contact.
It reflects the relationship between apparent contact
angle (6w) of the composite interface and its intrinsic
contact angle (6e). The surface becomes more
hydrophobic with the ®s increasing. The grid patterned
burr with a hydrophobic material can support water
droplets. The contact between the flat surface and water
droplet can be prevented with a partially wetted state.
As shown in (Fig. 4), ®s was decreased with the
distance of grid increasing. Therefore, the surface with
grid distance of 100 um showed the highest contact
angle. The contact angles of all investigated surfaces
decrease as time prolonged, while the decline the
evolution of contact was varied. The magnitude of
controlling wettability for three dimple shapes with the
same p/d is as follows: bigger ®s has the better
controlling of wetting behaviors.
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Fig. 8. The evolution of contact angle with wetting surfaces.

On the other hand, considering most of practical
applications, superhydrophobic surface must keep
stable for a long time, which is very difficult to achieve.
The treated sample was continuously exposed to the
water flow from the laboratory faucet at 1.0 m/s for 2 h.
The evolution of contact angle was shown in (Fig. 9). It
can be observed that the surface was quite stable.
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Fig. 9. The evolution of contact angle with water flow.
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Usually, the super-hydrophobic property gradually
weakens after exposing a few hours under humid
conditions. Results showed that the sample surface still
maintained almost the same hydrophobicity. That is to
say, little damage of the hierarchical structures on the
surface was happened and the dual-biomimetic surface
can exhibit excellent long-term stability. The reason for
it is partly due to the strong bonding of nano-copper
particles with the laser textured substrate.

Based on the understanding of the multi-level
structures of biological surfaces, the future investigation
into bio-inspired multi-functional surfaces can focus on
the combination of various biomimetic structures by
incorporating multiple technologies of forming various
surface topologies so as to fabricate the prepared surface
exhibiting excellent comprehensive properties close to
the real biological surfaces as far as possible. The
artificial surfaces inspired by the lotus leaf have showed
unique properties and broad application prospects.
Although the relationship between the nano- and
micro-scale topographies and the surface properties has
not been fully understood, it can be predicted that a
biomimetic multi-functional surface bearing the
characteristics of both self-cleaning and anti-biofouling
may be produced.

Conclusions

In this paper, a method of fabricating micro and nano
topologies was demonstrated to fabricate the
super-hydrophobic surface. The micro textured surface
is based on the melt and solidification of substrate under
the control of laser scanning. Nano copper particles
possess a great flexibility in manufacturing the surface
with nano structure. The hierarchical roughness
structures were fabricated and a contact angle model was
appointed. The maxim CA of the fabricated
super-hydrophobic surface is as high as 157° with the
grid size of 0.1 mm. Using the flow washing method,
the surface can  maintain  super-hydrophobic
performance as long as possible. This biomimetic
surfaces are beneficial in developing nanomaterials,
micro/nano devices, and processes with excellent
performance in self-cleaning, low adhesion, and drag
reduction. Furthermore, it is believed that this method
can offer an effective strategy and promising industrial
applications for fabricating superhydrophobic surface on
other metallic materials.
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