Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.

Persistent WRAP URL:
http://wrap.warwick.ac.uk/113055

How to cite:

Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.

Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.

Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.

Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.

Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further

information.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications


http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/113055
mailto:wrap@warwick.ac.uk

J Bionic Eng 15 (2018) ???-2?? Journal of Bionic Engineering
DOI: https://doi.org/12345-018-1234-x http://www.springer.com/journal/42235

Hybrid laser ablation and chemical modification for fast fabrication of
bio-inspired super-hydrophobic surface with excellent self-cleaning, stability
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Abstract

Although laser ablation is considered as a facile technique to fabricate bio-inspired super-hydrophaobic surfaces, the
issue is that the initial laser treated metallic surfaces show super-hydrophilic property. It will take a long period to reach
super-hydrophobic state under ambient air. It is reported that these super-hydrophobic surfaces could be easily
damaged by thermal heating effect or interaction with other liquids, causing uncontrolled loss of super-hydrophobicity.
In this study, a stable super-hydrophobic aluminum surface was rapidly fabricated via the hybrid laser ablation and
surface chemical modification of (heptadecafluoro-1, 1, 2, 2-tetradecyl) triethoxysilane (AC-FAS). Surface
morphology and chemistry were systematically investigated to explore the generation mechanism of
super-hydrophobicity. The water contact angle of the treated surfaces can reach up to 160.6 + 1.5° with rolling angle of
3.0 £ 1.0°, exhibiting perfect self-cleaning capability, long-term stability, and excellent chemical stability in acidic as
well as alkaline solutions. The potentiodynamic polarization tests implied that the super-hydrophobic surfaces showed
better anti-corrosion performance. This hybrid laser ablation and surface chemical modification is very time-saving
and low-cost, which offers a rapid way for quantity production of super-hydrophobic surface on aluminum material.

Keywords: bioinspiration, nanosecond laser, super-hydrophobic, chemical stability, corrosion resistance,

self-cleaning, long-term stability
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1 Introduction

Surface wettability plays a significant role in various physical, chemical and biological processes .
Some natural plants and animals have developed particular functional surfaces to respond extreme
challenges: lotus leaves with self-cleaning character to maintain themselves clean in dirty environment
(21 desert beetle harvesting water vapor to survive in dried environment 1 and the water strider walking
on the water due to its legs facilitating floatation [ to name a few. Inspired by nature,

super-hydrophobic surfaces, generally defined when a water contact angle (WCA) greater than 150°
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and rolling angle (RA) less than 10°, have attracted extensive attention owing to their great significance
in academic research and potential in practice 561, These super-hydrophobic surfaces play a significant
role in various practical applications, such as self-cleaning, corrosion inhibition, anti-bacteria, oil/water
separation and drag reduction [*2. Many super-hydrophobic surfaces can be observed in nature and it is
well accepted that the super-hydrophobicity is governed by the combination of hierarchical micro/nano
structures and surface chemistry [13141, It is reported that the bio-inspired super-hydrophobic surfaces
have been successfully fabricated on many materials including metals, polymers and ceramics by
different manufacturing methods, such as nanoimprinting, casting, chemical etching, electrodeposition,
laser ablation and so on [15-201,

Among above mentioned materials, it is well considered that metallic surfaces are widely utilized in
various applications, for example, heating/cooling pipes, ship-buildings and outdoor structures 21,
Laser ablation has been regarded as one of the facile methods and thus widely used to create man-made
metallic super-hydrophobic surfaces. But, immediately after laser process, the initial laser-induced
surfaces show a hydrophilic nature rather than hydrophobic, and it will need a long period, from couple
of days to months, to reach stable super-hydrophobic property in the ambient air. According to previous
studies, nanosecond laser ablated copper/brass surfaces may need 11 or 12 days to reach
super-hydrophobic state 221, In some cases, laser ablated stainless steel and aluminum surfaces required
more time, around 30 days to achieve super-hydrophobicity 232°1. In our previous work, we also
investigated the nanosecond laser induced wettability transition on Inconel 718 and titanium surfaces,
and the results indicated that the two materials would need 20 days and 28 days to achieve
super-hydrophobicity, respectively 26271, This phenomenon is a severe barrier in industry for quantity
production of super-hydrophobic surfaces because of the long process time and limitation of economic
efficiency.

Furthermore, previous research reported that the gradual contact angle conversion from
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super-hydrophilicity to super-hydrophobicity was ascribed to the spontaneous chemisorption of
airborne contaminations onto the laser-induced rough surfaces 82, This route of hydrophobization
seems environmental-friendly and naturally reproducible. However, the durability and chemical
stability of the chemisorbed airborne contaminations are very sensitive to the content, compositions and
chemical structure of contaminations in ambient air. It is obvious that, without further treatment of the
laser-induced surface, the physically adsorbed organic layer cannot be well ordered. Owing to the
thermal heating or interaction with other liquid medium, such super-hydrophobic coating can be easily
damaged, causing the uncontrolled loss of the super-hydrophobic behavior. As a result, this
super-hydrophobic surface is not suitable for industrial, especially for outdoor, applications B, Thus, it
is required to rapidly develop chemically stable and durable super-hydrophobic surfaces for practical
applications in engineering.

In this work, a further process of surface chemical modification was introduced on nanosecond laser
ablated surfaces to control surface chemisorption and reduce the wettability conversion period. The
as-prepared surfaces showed a rapid super-hydrophobic property because of the presence of AC-FAS
molecules. The processing time was significantly reduced to several hours. In order to systematically
explore the formation mechanism of the as-prepared surface, the surface properties were
comprehensively examined by contact angle instrument, scanning electron microscopy (SEM), stylus
profilers, white light confocal microscopy, energy-dispersive spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS). The as-prepared super-hydrophobic surfaces showed outstanding
chemical stability in various pH values, excellent self-cleaning capability and long-term stability in
ambient air due to the controlled surface chemical compositions. In addition, the anti-corrosion
performance of the received super-hydrophobic surface was also evaluated by potentiodynamic
polarization tests in 3.5 wt. % NaCl solution. This study is expected to rapidly produce

super-hydrophobic surfaces within a relatively short time for industrial application, and this approach
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has promising prospect to other materials.

2 Materials and experimental methods

2.1 Materials

In this study, the 1060 aluminum material (high-purity 99.6%) was investigated. Commercial 1 mm
thick sheet of aluminum was cut into square samples (20 mm x 20 mm) for experiments. AC-FAS
[CF3-(CF2)7-(CH2)2-Si-(OC2Hs)s] was purchased from Alfa Aesar Company. Absolute ethanol, acetone,
sodium chloride, hydrochloric acid and sodium hydroxide were purchased from Beijing Chemical
Works and used as received without further purification. Distilled water applied in the prepared solution
and contact angle measurements was supplied by a commercial water purification system.
2.2 Preparation of samples and AC-FAS/ethanol solution

Before laser treatment, all the aluminum substrates were polished and washed by acetone, ethanol
and deionized water in sequence in an ultrasonic bath each for 5 minutes to reduce the variation of laser
beam absorption by contaminants. Then the rinsed substrates were dried under the compressed nitrogen.
The AC-FAS/ethanol solution was prepared by mixing AC-FAS and ethanol and then reacting with
water at room temperature. 0.25 g AC-FAS and 9.6 mL distilled water were subsequently added to 31.4
mL absolute ethanol under stirring for 10 min until a uniform AC-FAS/ethanol solution was obtained.
2.3 Nanosecond laser texturing

As shown in Fig. 1, a nanosecond Ytterbium pulsed fiber laser system (IPG photonics from
Germany) was utilized in this work, which provided a laser beam with a wavelength of 1064 nm, output
power of 10 W, pulse duration of 50 ns, repetition rate of 20 kHz. The focused laser beam with a spot
diameter of 50 um was delivered by a scanning head. Fixed on the working platform, the prepared
aluminum substrates were irradiated by the moving laser beam with a constant scanning speed of 500
mm/s. The laser scanning strategy is illustrated by the dashed lines in Fig. 1. According to laser beam
path, the laser ablated surfaces exhibited grid-patterned structure that could endow super-hydrophobic
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surfaces with isotropic property 1. The pitch was defined as the distance between adjacent laser beams.
In this study, the pitch equaled in both directions, and the values of 40, 60, 80, 100 and 150 um were

selected. All the laser ablation experiments were carried out under the atmospheric conditions.

XY-scanner

Laser controller Laser source Beam expander

Aluminum
Sample

Fig. 1 Schematic of integrated laser system and the laser scanning strategy.

2.4 Surface chemical modification

The laser ablated surfaces were ultrasonically washed in deionized water for 5 minutes to remove
the residual debris, followed by blowing compressed nitrogen to dry their surfaces. Subsequently, they
were immersed into AC-FAS/ethanol solution for 2h to lower surface free energy under cleanroom
condition. Finally, all the processed samples were flushed by deionized water and then dried at 60 °C in
oven for 30 minutes. The fabricated surfaces with different pitch were abridged as Al-40, Al-60, Al-80,
Al-100 and AI-150, respectively. The pristine aluminum substrate was abridged as Al-l. Another
pristine surface without laser ablation was also modified with AC-FAS/ethanol solution using the same

method, which was abridged as Al-11 for reference.
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2.5 Characterization

The hydrophobicity of the samples was detected by measuring static WCA and RA using sessile
drop technique (AST, VCA optima). An 8 uL distilled water droplet was dispensed on the samples at
cleanroom conditions (constant temperature 25°C, air humidity around 50%). For data reliability and
result reproducibility, every sample was measured five spots to determine the contact angle value.
Surface morphology characterization was performed by SEM (FEI, Quanta 250 FEG). Besides, stylus
profilers (Bruker, Dektak) and white light confocal microscope (Zeiss, CSM700) were utilized to obtain
3D profile and surface roughness of the fabricated samples. EDS (Oxford instruments, X-Max 80) and
XPS (Thermo Fisher Scientific, Escalab 250Xi) were utilized to analyze surface chemistry. The
bouncing experiments were recorded using a high-speed video camera (NAC, HX-3E) with the sample
frequency of 6000 frames per second.

Electrochemical corrosion resistance of the as-prepared super-hydrophobic surfaces was examined
by potentiodynamic polarization test in a standard three-electrode cell configuration. A platinum
electrode and a saturated calomel electrode (SCE) were utilized as the counter electrode and reference
electrode, respectively. The pristine Al-I surface and fabricated super-hydrophobic Al-80 surface were
used as the working electrode with a surface area of 1 cm? exposed to corrosion medium. The
measurements were performed in 3.5 wt. % NaCl solution at room temperature by an electrochemical
workstation (CHI660D, China). Before the electrochemical tests, the samples were immersed in
corrosion solution for 15 minutes to make the electrochemical system stabilize. The potentiodynamic
anodic polarization curves were obtained at a sweep rate of 10 mV/s. The corrosion current density

(Icorr), corrosion potential (Ecorr) Were determined by Tafel extrapolation from the polarization curves.
3 Results and discussion

3.1 Wettability
The static WCA and RA were measured by using the 8 uL water droplet to investigate wettability of
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the fabricated surfaces. Fig. 2a shows that the pristine Al-1 surface was hydrophilic with a WCA of 85.0
+ 3.0°. After silanization process, the WCA of Al-II surface exhibited slight hydrophobicity although
the low energy material of AC-FAS was utilized during the surface modification process. It is revealed
that due to the absence of laser-induced micro/nano structures, the surface chemical modification is not
the only factor to determine surface super-hydrophobicity. Noticeably, the WCAs beyond 150° were
obtained for all the laser treated sample surfaces with the presence of AC-FAS, implying that the
super-hydrophobic surfaces can be obtained by hybrid method of laser ablation and further surface
chemical modification. It is also noted that due to the pitch effect, there was a significant increase for
WCA from pitch value of 40 pm to 80 um. With the further increase of pitch value, the WCA
experienced a slight decrease. Thus, the Al-80 sample showed the largest contact angle around 160°, as
shown in Figs. 2a and 2b. Fig. 2c shows that the Al-80 super-hydrophobic surface had an advancing
contact angle (6a) of 161.3 £ 1.0° and a receding contact angle (6r) of 157.3 + 1.0°, indicating that the
Al-80 surface had very low contact angle hysteresis. Fig. 2d confirms that the water droplet can
immediately roll off from the nearly horizontal super-hydrophobic surface without any adhesion (Video
1), which is in complete agreement with the advancing and receding contact angle shown in Fig. 2c.
These results demonstrate that the super-hydrophobic surface had an ultralow RA around 3°, and thus

this surface showed excellent self-cleaning property.
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Fig. 2 (a) WCAs values on different aluminum surfaces, (b) WCA measurement of the Al-80 surface, (c) Advancing and receding

contact angle measurement on the Al-80 surface, (d) Water droplet rolling off the Al-80 surface.
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Fig. 3 Snapshots of distilled water droplet with 1.6 mm radius hitting on the (a) super-hydrophobic Al-80 surface, (b) bare Al-I surface.

To further investigate the performance of the fabricated super-hydrophobic surface, the bouncing

experiments were carried out using a high-speed camera. Fig. 3a and 3b exhibit a series of photos of a

droplet impacting the super-hydrophobic AI-80 surface and the bare Al-I surface, respectively. When

the water droplet freely released from the needle, it firstly hit the target surfaces, and gradually deform

at most because of the gravity and impact force. Then the impacting kinetic energy will convert into

elastic potential energy. It is obvious from Fig. 3a that the water droplet can fully rebound off the

super-hydrophobic surface due to the complete energy transformation. Besides, no residual droplet can
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be noticed during the whole shock (Video 2), implying that the adhesive force between the droplet and
the as-prepared surface was extremely low and could be ignored 2. On the contrary, the water droplet
will firmly stick on the bare aluminum surface and cannot rebound off the surface due to the high
adhesive force, as shown in Fig. 3b. Then the water droplet will quickly reach a stable state after several
up and down shocks (Video 3). The bouncing experiments clearly indicate that compared to the flat
aluminum surface, the as-prepared surface showed excellent super-hydrophobicity with very ultralow
adhesion. The water droplet can rebound off the super-hydrophobic surface and leave the surface
without any without any residual liquid.

3.2 Surface morphology

All regions were
ablated

Particulate
matiers

5 f_‘ /\ . l ”.

™ o ; [+
4 N\

V4 : Mo

Protrusions . Particulate —+
ratters

(e} Urftreatgd 0 Nnerienored
piliar grooves

Fig. 4 SEM images of the laser-induced surface structures: (a, b) Al-40, (c, d) Al-80, and (e, f) Al-150.

Fig. 4 shows the SEM images of super-hydrophobic surfaces with different pitch. In this paper, in
order to observe the distinct difference of the laser ablated samples, we only display the SEM images of
Al-40 (Figs. 4a-4b), Al-80 (Figs. 4c-4d) and the Al-150 (Figs. 4e-4f). It is clearly noted that during the

laser scanning process, the focused laser spot will travel along the designed path and the sample
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surfaces were intensively heated and melted along the laser path, which created a localized melt pool.
Subsequently, the melted materials would be removed from the laser path, creating the grooves. Due to
the effect of rapid cooling and solidification of splashing material, it can be seen that the brim of the
grooves was covered by the debris (i.e. the redeposited materials). However, when the pitch (40 pum)
was smaller than the diameter of laser beam (50 um), the small overlap of successive laser paths occurs.
As a result, the whole surface will be modified by the melted materials (as shown in Fig. 4a). Thus, the
ablated structure on this surface was much more uniform and different from the normal grid-patterned
structures (as show in Fig. 4e). Interestingly, it can be observed from the high-magnified image that
there were large number of particulate matters on the uniform surface, which can facilitate the
fabricated surface to be more hydrophobic. As shown in Fig. 4b, many protrusions with the average
diameter of 20 um were created on Al-80 sample after laser texturing process and there also exist small
nanoscale particles on these protrusions. Therefore, the special hierarchical rough surface texture can
generate large space in which the air could be trapped, resulting in the suspension of liquid droplet on

the fabricated sample. The high WCA can be described by the Cassie-Baxter equation [£2-34:

cos b, = f, cosg, -, 1)
where f1 and f, denote the fractional area of solid surface that is wetted and air in contact with liquid
droplet; 6o (85°) and Acg (160.6°) denote the WCAs of the pristine Al-I surface and super-hydrophobic
Al-80 surface, respectively. Given that f1+f, =1, f; can be calculated at 0.052, inferring that the contact

area between the droplet and the trapped air can reach up to 94.8% (the bright section clearly shown in
Fig. 2b). Due to the absolutely hydrophobic air, the hierarchical structures with huge amount of trapped
air can promote surface hydrophobicity. However, it can be clearly seen from Figs. 4e and 4f that the
obvious untreated pillars dominate the fabricated surface when the pitch increases to 150 pum, leading to
the decrease of WCA.. This phenomenon may be ascribed to the increase of solid contact area for the

water droplet as well as the decrease of surface roughness.
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Table 1 Surface roughness of the investigated samples

Sample Al-l Al-ll Al-40 Al-60 Al-80 Al-100 Al-150

Ra (um) 08+0.1 08+0.1 11.6+1.0 145+12 164+15 142+10 128+0.9

Fig. 5 3D profiles of the fabricated surfaces: (a) Al-40, (b) Al-80, (c) Al-150.

To investigate the relationship between surface roughness (R.) and surface wetting property, 3D
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profile and surface roughness of the samples were measured and displayed in Fig. 5 and Table 1. The 3D

profiles of the sample surfaces are well in agreement with the SEM images that the Al-40 surface (Fig.

5a) showed a uniform structure after laser ablation. It is clear from Fig. 5b that the Al-80 sample was

modified with many protrusions array that made the surface much rougher. However, the obvious

grid-pattern was generated on the Al-150 surface, as shown in Fig. 5¢). From Table 1, the pristine Al-I

surface had a surface roughness value of about 0.8 um. After heated in the oven with the presence of
AC-FAS, there was no obvious change in terms of its surface roughness between Al-I and Al-11 surfaces.
However, the surface roughness increased from 0.8 um to beyond 10 pum for the laser treated surfaces.

Due to the pitch effect, the surface roughness showed a significant increase from the pitch value of 40

um to 80 um. However, the surface roughness of the laser ablated surface started to decrease for the

further increase of pitch value. This is due to the growing proportion of untreated area, which agrees

with the surface morphology shown in Figs. 4 and 5. As expected, the super-hydrophobic sample (Al-80)
had the largest surface roughness of 16.4 £ 1.5 um because its surface showed hierarchical structures

with many nanoscale particles covered on micron size protrusions. The results confirm that the surface

roughness had a close relationship with the surface wettability: the bigger surface roughness leads to

larger WCA. It is reported that the rough surface with micro/nano structures is necessary for obtaining

super-hydrophobic surfaces *°1. However, the surface roughness is not the single factor to determine the
surface wettability. Based on previous work 23?71 although the fresh laser treated surfaces showed

hierarchical structures, they exhibited super-hydrophilic property with WCA of almost 0°. It is well

accepted that surface chemistry is another cause to achieve super-hydrophobic state. Therefore, the
difference of surface chemical compositions between the pristine Al-I surface and super-hydrophobic
Al-80 surface were examined and discussed in the following section.

3.3 Surface chemical compositions
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Fig. 6 EDS spectra of (a) pristine Al-1 surface and (b) Al-80 super-hydrophobic surface.

EDS spectra of the pristine and super-hydrophobic aluminum surface are shown in Fig. 6.
Compared with the pristine surface, it is noted that four additional C, O, F and Si peaks appear on the
super-hydrophobic surface after laser treatment and further chemical modification, indicating that the
AC-FAS chains have been successfully assembled on the laser treated surface.

In order to further explore the surface chemical compositions of the fabricated super-hydrophobic
surface, XPS spectra was elaborately performed. It can be observed from Fig. 7a that the
super-hydrophobic surface shows strong signals of C 1s, O 1s, F 1s and a relatively weak signal of Si 2p,
which also further revealed that the AC-FAS chains were attached on the laser ablated surfaces. The
high-resolution spectra of C 1s is shown in Fig. 7b. It can be deduced that the C 1s peaks centered at
291.8 eV and 294.1 eV belong to the functional groups of -CF,-CF2 and -CF,-CFs3, respectively B, The
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peak locating at 289.1 eV was attributed to the functional group of -CH,-CF»-. In addition, the peak
around 282.0 eV was assigned to carbon atom of C-Si ¥7], The carbon atoms of C-C(H) was also
detected, locating at the peak of 285.2 eV [l Therefore, C 1s spectra can confirm that the
super-hydrophobic film contained the functional groups of -CF», -CFs, C-C(H) and C-Si, which derived

from the self-absorbed AC-FAS molecules on the laser ablated surface.
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Fig. 7 XPS spectra of Al-80 surface: (a) survey spectra, high-resolution spectra of (b) C 1s and (c) O 1s.

The decomposition of O 1s was also carried out to further analyze the state of oxygen on the
super-hydrophobic Al-80 surface. From Fig. 7c, the O 1s peak was fitted with four contributions
centered at binding energy around 531.5, 532.3, 532.8 and 533.8 eV, corresponding to Si-OH, Al-OH,
Si-O-Si and C-O, respectively 439 1t is obvious that the groups of Si-OH and C-O may come from the
AC-FAS molecules, and Al-OH from the laser ablated aluminum surface. However, the existence of
Si-O-Si group implies that the cross-linked structures were formed between two AC-FAS molecules
during the surface chemical modification process. Based on the analyses of chemical compositions of
the as-prepared surface, the formation mechanism of super-hydrophobicity will be extensively explored
in the following section.

3.4 Formation mechanism of super-hydrophobicity
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Fig. 8 Formation mechanism of the super-hydrophobic surface with AC-FAS coating on the laser ablated surface.

The hybrid procedure for rapid fabrication of the super-hydrophobic aluminum surfaces is exhibited
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in Fig. 8. Immediately after laser ablation, the aluminum substrate presented rough surface with
hierarchical structures. However, the initial laser ablated surface presented super-hydrophilic nature
rather than super-hydrophobic. This is because more pure aluminum atoms were oxidized due to the
localized high temperature, and then quickly transferred to hydrophilic alumina (Al.O3) because of the
rapid passivation. The alumina surface quickly hydroxylated when it reacted with interfacial water
vapor molecules, producing large amount of AI-OH group on the laser ablated surface 1,

When the laser-induced surface was immersed into AC-FAS/ethanol solution, according to the
results of surface chemistry, the formation of super-hydrophobic film consisted of three main steps:
hydrolysis, dehydration and poly condensation reaction. In the first step, AC-FAS molecule reacted with
water, producing the hydrolyzed AC-FAS and ethanol as by-product. Then the obtained hydrolyzed
AC-FAS reacted with hydroxyls (Al-OH) under dehydration reaction, resulting in the attachment of
long chains of AC-FAS molecules on the laser treated surface. The surface-free-energy can be
considerably reduced by the assembled AC-FAS chains. This is because the long chains of AC-FAS
molecules had high content of C-F and surface free energies of -CF, and -CF3 group were only 18 mJ/m?
and 6.7 md/m? respectively. Meanwhile, two hydrolyzed AC-FAS molecules could generate
cross-linked Si-O-Si functional group under poly condensation reaction, which can further reduce
surface free energy and improve surface stability of the attached organic chains. Moreover, it is
interesting to find that there was C-O component in both high-resolution of C 1s and O 1s spectra,
indicating that the AC-FAS molecules were not fully hydrolyzed. The reminding O-CH2>-CH3 contained
nonpolar functional group C-C(H), which also facilitated the laser ablated surface to be
super-hydrophobic.

It is noted from Figs. 2-8 that the super-hydrophobic property of fabricated surfaces was determined
by the combination of surface morphology and surface chemistry. The laser ablated rough surface with

binary structures has been reported to facilitate the surface exhibiting super-hydrophobicity 442,
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However, it is not sufficient to obtain super-hydrophobicity for the fresh laser ablated surfaces. The
further surface chemical modification can rapidly generate super-hydrophobic film in a relatively short
time due to the assembled low surface free energy of AC-FAS chains as well as the cross-linked
structures. The hierarchical structures combined with the low-free-energy film resulted in a solid-air
composite interface as a liquid droplet was placed, and in this case, the surface can be modelled by
Cassie-Baxter state. Compared with Al-I1 surface, the laser ablated hierarchical surface texture had an
amplification effect on surface hydrophobicity. It is therefore concluded that generation mechanism of
the laser-induced super-hydrophobic surface was attributed to the surface roughness with binary
micro/nano surface texture and the presence of low-free-energy fluorinated components onto the
as-prepared surfaces.
3.5 Chemical stability and corrosion resistance

Aluminum belongs to active metal and can easily react with acid and base. Therefore, aluminum
material has poor chemical stability and corrosion resistance to various corrosive solutions, which limits
the practical application of aluminum material. But the as-prepared super-hydrophobic surfaces can
significantly reduce the contact area with the corrosive solution and thus prevent the pristine aluminum
from reacting with these liquids. To investigate the chemical stability, an 8 uL droplet with different pH
values in this study was utilized to measure the static WCA and RA. The hydrochloric acid and sodium
hydroxide were used to adjust the pH value of the water droplet. Fig. 9 shows the variations of WCAs
and RAs of the super-hydrophobic surface as function of pH value of the droplet. When the pH=1.0, the
WCA and RA of the surface were 151.7 + 1.0° and 8.5 £ 1.0°, indicating that the surface showed good
super-hydrophobicity to strong acid solution. With the increase of pH value from 2.0 to 7.0, the static
WCA experienced a stable increase and reached a maximum of 160.6 £ 1.5° while the RA displayed a
steady decrease from 8.0 + 1.0° to 3.0 £ 1.0°. When the pH value of the droplet continuously increased

from 7.0 to 13.0, although the WCA slightly decreased and RA increased, the as-prepared surface kept
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super-hydrophobic property due to their WCAs more than 150° and RAs less than 10°, indicating that
the super-hydrophobic surface can maintain excellent chemical stability in alkaline solutions.
Accordingly, the above results sufficiently verified that the acidic and alkaline solutions can hardly
make a difference on the wetting property of the fabricated super-hydrophobic surface. Thus, the
fabricated super-hydrophobic surfaces had outstanding chemical stability in acidic as well as alkaline
environments.
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Fig. 9 The variations of WCAs and RAs of the fabricated super-hydrophobic Al-80 surface with different pH value.

In order to study the corrosion resistance of the pristine and super-hydrophobic aluminum surfaces,
the potentiodynamic polarization tests were measured in the 3.5 wt. % aqueous NaCl solution as shown
in Fig. 10a and the corresponding curves are shown in Fig. 10b. Tafel extrapolation method was used to
calculate the corrosion current density (lcorr), corrosion potential (Ecorr) and corrosion rate (CR), as
presented in Table 2. In general, a positive-going corrosion potential combined with a low corrosion
current density is regarded to behave excellent anti-corrosion property. Therefore, the results
demonstrate that the fabricated super-hydrophobic aluminum surface exhibited better anti-corrosion
performance than the pristine surface because of its higher corrosion potential (Ecorr) and smaller
corrosion current density (lcorr). Compared to pristine aluminum surface, the super-hydrophobic surface
possessed a relatively low corrosion rate (CR). Obviously, that the fabricated super-hydrophobic

aluminum surface presented better anti-corrosive property than the pristine aluminum substrates.
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Fig. 10 (a) Schematic diagram of electrochemical measurement: working electrode (WE), counter electrode (CE) and reference
electrode (RE), (b) Potentiodynamic polarization curves examined in 3.5 wt. % NacCl solution for pristine Al-1 and super-hydrophobic
Al-80 surfaces.

Table 2 Corrosion potential (Ecorr), corrosion current density (lcorr) and corrosion rate (CR) of the pristine Al-1 and Al-80 surfaces

ECO” ICOI’[ CR
Sample
V) (Acm?) (mma?t)
Pristine surface -1.06 6.65x10"° 7.26x10%
Super-hydrophobic surface -0.75 5.58x106 6.08x102

The main reason for the chemical stability and corrosion resistance is that the joint effects of
hierarchical micro/nano structures and low-free-energy of AC-FAS chains could greatly reduce the
contact area between the fabricated super-hydrophobic surface and the corrosive medium. This is
because the hierarchical surface texture can create many protrusions, in which air could be trapped
based on Cassie-Baxter theory. The huge trapped air could prevent the corrosive ions (CI") from
contacting with the super-hydrophobic surface and thus the droplet might be suspended on the surfaces,
which will dramatically avoid the chemical reaction between the corrosive water and the fabricated
surface. Based on the above explanation, the as-prepared super-hydrophobic surface makes it possible
for aluminum material to be applied in severe environments, which will potentially extend the
application of aluminum material in engineering.

3.6 Self-cleaning capability and long-term stability

Self-cleaning capability is important for super-hydrophobic surfaces to be applied in engineering (1.
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In this work, the self-cleaning capability of the fabricated super-hydrophobic surface was examined by
employing a layer of fine chalk dust as contaminant that was uniformly placed on the inclined surface.
Fig. 11a shows the mechanism of self-cleaning effect [*4l. Compared to the general surface, the water
droplet shows a quasi-spherical shape on the super-hydrophobic surfaces. Due to the very small RA, it is
very easy for liquid droplets to roll off from the surface and pick up the foreign dust particles at the same
time, implying that the dust contaminations show relatively weak adhesion to the super-hydrophobic
surface in comparison to the water droplets. Furthermore, the dust contaminants only contact the peak
of the micro/nanoscaled structures (shown in Fig. 11a), suggesting that the van der Waals force between
the dust and the super-hydrophobic surface is much smaller than the general surface as the contact
model is point contact, not a surface contact [*°!. Fig. 11b exhibits the evolution process of self-cleaning
effect on the laser ablated super-hydrophobic surface. When the water droplets dripped off the syringe
needle and trundled on the sample surface, they could completely wipe off the chalk dusts along their
rolling paths. This experiment demonstrates that the fabricated super-hydrophobic surface showed a
similar self-cleaning effect of lotus leaf. Noticed from Video 4, there was no dust particle remaining on
the water droplet rolling paths. Finally, after water droplets were free of the surface, the dusted surface
became clean, suggesting that the fabricated super-hydrophobic surface possessed excellent
self-cleaning capability. Therefore, it is concluded that the laser-induced super-hydrophobic surface can

protect the aluminum material from pollution in practical applications.
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Fig. 11 (a) Schematic depicting the motion of water droplet covered with dust on inclined super-hydrophobic surface, (b) Self-cleaning

effect of super-hydrophobic surface (Al-80).
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Fig. 12 Time dependence of WCAs and RAs of Al-80 surface under ambient air.

Furthermore, the stability of the super-hydrophobic surfaces in ambient air was also investigated in
this study. Fig. 12 demonstrates that the as-prepared surface could maintain outstanding
super-hydrophobicity for short- (40 days) and intermediate-term (100 days) although the WCA showed
a slight decrease and the RA showed a negligible increase 61, After three months stored in the ambient
air, the as-prepared surface exhibited a WCA of 153.1 £+ 1.5° with the RA of 5.0 £ 1.5°. Even one year
later, the fabricated super-hydrophobic surface also presented super-hydrophobic property with the
WCA of 152.2 + 1.5° and the RA of 6.0 £ 1.5° Thus, the produced super-hydrophobic film was very
stable and it could maintain long-term stability in ambient air due to its WCA greater than 150° and RA

less than 10°.
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4 Conclusion

In this work, the super-hydrophobic aluminum surfaces have been rapidly fabricated via the hybrid
nanosecond laser ablation process and silanization modification of AC-FAS. The whole processing time
can be controlled within a striking several hours instead of 30 days under ambient air exposure. The
surface morphology and roughness can be slightly adjusted by pitch effect, but resulting in similar
super-hydrophobicity. The WCA of the as-prepared surfaces can reach up to 160.6 + 1.5° with small RA
of 3.0 = 1.0° Based on the SEM/3D images and EDS/XPS spectra, the formation mechanism of
super-hydrophobicity can be ascribed to the hierarchical structures (containing both microscale
protrusions/pillars and nanoscale particles) due to nanosecond laser ablation and the presence of
low-free-energy fluorinated chains because of the post chemical modification. In addition, the elaborate
experiments were conducted to prove the fabricated super-hydrophobic surface exhibiting outstanding
super-hydrophobicity in various pH values, better anti-corrosion performance in 3.5 wt. % NaCl
solution, excellent self-cleaning effect and long-term stability in the ambient air. More importantly, the
reasons for above examined properties of the super-hydrophobic surface were also proposed to make a
better understanding of super-hydrophobic surface, which will raise the promising prospects of
aluminum material for application. This time-saving, low-cost and facile laser ablation and post
chemical modification definitely offers an effectively and promising technique for quantity production
of super-hydrophobic aluminum surfaces, which can extend the applications of aluminum material in
engineering.
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