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ABSTRACT

An experimental study was conducted to characterize the laser-textured surfaces fabricated by using a novel
nanosecond Laser-based High-throughput Surface Nanostructuring (nHSN) method. While the two-step nHSN
approach (i.e., water-confined nanosecond laser texturing and chemical immersion treatment) in producing
superhydrophobicity over metal surfaces is described in great details, a throughput analysis of different laser-
based surface texturing methods is also performed in the term of Specific Laser Scanning Time (SLST). It is found
that the nHSN process significantly increases the processing rate from hundreds of minutes per square inch to
seconds in comparison to the existing ultrashort laser-based surface texturing techniques. In order to examine the
performance of the novel nHSN-treated surfaces in the term of “water-/ice-repellency”, a series of experiments
were performed in the present study to not only characterize the surface structures and wettability of the nHSN-
treated aluminum surfaces, but also evaluate the effects of the nHSN treatment on the dynamics of water droplet
during the impacting process (i.e., spreading, receding, and rebounding), as well as their capability in reducing
ice adhesion strength. It is found that, while the untreated bare aluminum surface and the only laser-textured
aluminum surface are hydrophilic with the static contact angle being smaller than 90° and the contact angle
hysteresis being larger than 90°, the nHSN-treated surfaces appear to be superhydrophobic with a significantly
larger static contact angle (i.e., ~170°) and a much smaller contact angle hysteresis (i.e., ~20°). The super-
hydrophobicity of the nHSN surfaces is further promoted to “ice-repellency” by the complete droplet rebounding
phenomenon in the dynamic water droplet impacting process and the reduced ice adhesion strength.

1. Introduction

evaporating/melting mechanism, electro-thermal systems have been
widely used to evaporate deposited water or melt out ice by heating up

Water corrosion and Ice formation are commonly observed on
various engineering structures such as heat exchangers, power trans-
mission lines, bridge cables, aircraft wings, and wind turbines [1-4].
The water deposition or ice formation on the exposed surfaces of the
engineering structures would significantly degrade the operational
performance and may cause serious safety issues. In addition, extra
energy is usually required to remove the corrosive water or accreted ice
on these surfaces, which can lead to a large amount of energy con-
sumption in their daily operations [5]. To solve these problems, various
techniques have been developed over the past decades, which can be
categorized into either passive or active approaches. While passive anti-
icing strategies are mainly dependent on the utilization of specialized
hydro- and ice-phobic coatings/materials, active anti-/de-icing
methods usually require energy expenditure [6]. As an effective
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the various engineering surfaces [7-9]. However, they are usually very
inefficient and have demanding power requirements. Thus, the passive
water-/ice-repellency methods, especially the hydro-/ice-phobic coat-
ings/surfaces, have become the most favorable candidate for the miti-
gation of water corrosion and ice accretion on various engineering
structures.

Over the past decades, extensive studies have been conducted to
develop super-hydrophobic surfaces/coatings, as inspired by the ex-
ceptional water-repellency phenomena found in nature, e.g., lotus
leaves and duck feathers. Super-hydrophobic surfaces are featured by
their outstanding self-cleaning capabilities, on which water droplets
have a very large contact angle (i.e., usually larger than 150°), and
could drop off rapidly over the surface with an inclined angle. In ad-
dition to the extraordinary water-repellency, the super-hydrophobic
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surfaces draw more attentions in recent years due to their potential to
reduce ice/snow accumulation over solid surfaces. It was suggested that
some superhydrophobic surfaces reduce ice adhesion strength and
delay ice formation under a frost-free environment [10] at subzero
temperatures. Among the various methods to fabricate super-hydro-
phobic surfaces, laser-based surface texturing techniques are emerging
as a promising approach due to their unique advantages in precisely
controlling the feature size, reduced processing time, and compatibility
to different materials. In recent years, extensive efforts have been made
to make hydrophobic surfaces using ultrashort lasers, e.g. femtosecond
and picosecond lasers. Bizi-Bandoki et al. [11] modified the surface
topography and wetting properties of steel and titanium alloy via
femtosecond laser processing. The contact angle (CA) of water on the
laser-treated surface was found to increase as the pulse density was
increased. Cunha et al. [12] obtained four types of femtosecond laser
textured T-6Al-4V surfaces and highlighted the importance of aniso-
tropy of the surfaces in controlling the wetting behavior. Rukosuyev
et al. [13] developed a one-step fabrication method for super-
hydrophobic surfaces using femtosecond laser with no post chemical
treatment. It was revealed that the hydrophobic behavior of the laser-
treated surface was mainly attributed to the surface structures obtained
by the femtosecond laser ablation, but regardless of the surface prop-
erties of base material. Vorobyev and Guo [14] produced hierarchical
nano-/micro-structures over multifunctional surfaces using a femtose-
cond laser, which also exhibited superhydrophobicity and evident self-
clean effect. Jagdheesh et al. [15] machined microchannels and mi-
cropillars by using a nanosecond laser, which were suggested to be the
key structures promoting the hydrophobic surface. By depositing a thin
amorphous carbon (a-C) film on the laser-textured stainless steel sur-
face, Luo et al. [16] further increased the hydrophobicity of the surface
in comparison to the laser textured surface without the chemical
treatment. Kwon et al. [17] fabricated micro pillar arrays on a stainless
steel surface with deposited re-entrant structure of copper via laser
ablation, insulating, mechanical polishing and electrodeposition. The
results demonstrated that the hydrophobicity of the surface is largely
determined by the spacing of the micro-pillars in the arrays. Carpefio
et al. [18] deposited nickel thin films on Ti6Al4V and laser treated the
films using a nanosecond pulse ultraviolet laser. Three different micro-
and nano-levels of roughness were generated on the film surface which
led to the increase of CA. Silanization was extensively applied as a fast
and convenient surface chemistry transition method for laser textured
surfaces of steel [19,20], aluminum alloy [21] and titanium [22]. By
lowering the surface energy on these laser-textured surfaces, the hy-
drophobicity was significantly improved. Chun et al. [23] used low
temperature annealing and ethanol to rapidly transit the wettability of
copper oxide. With these post-treatment processes, the efficiency of
these laser-based fabrication methods in producing hydrophobic sur-
faces was greatly improved.

While a number of laser-based surface texturing methods have been
demonstrated to be able to produce superhydrophobic surfaces, they
are usually very time-consuming (i.e., up to days or months) and
sometimes not feasible in processing large area samples. In the present
study, a novel nanosecond laser-based high-throughput surface nanos-
tructuring (nHSN) [24-26] approach is introduced, which can produce
superhydrophobic surfaces over various metal alloys with a much
higher efficiency in achieving large area processing for practical
throughput. It should be noted that, while superhydrophobic surfaces
are considered to be able to reduce/prevent ice accretion on various
surfaces [27-30], some other researchers suggested that super-
hydrophobic surfaces with nano/micro textures do not necessarily
imply icephobicity [31], especially under dynamic water impacting
conditions in which the transition from the Cassie-Baster state to the
Wenzel state is more readily to occur [32]. In order to examine the
performance of the novel nHSN-treated surfaces in terms of water-/ice-
repellency, a series of experiments were performed in the present study
to not only characterize the surface structures and wettability of the
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nHSN-treated surfaces, but also evaluate the effects of the nHSN treat-
ment on the dynamic droplet impacting processes as well as their
capability in reducing ice adhesion strength.

In the context that follows, a detailed description of the operational
procedures of the nHSN treatment on AA-6061 aluminum alloy samples
will be introduced at first. Then, a series of experiments will be per-
formed to characterize the nHSN-treated surfaces in terms of surface
wettability and icephobicity, i.e., more specifically, contact angles of
water droplets in static and dynamic conditions, impacting dynamics of
water droplet, and ice adhesion strength, in comparison with the sur-
faces of an untreated bare aluminum plate sample and a only laser-
texted aluminum plate sample.

2. Surface treatment with nHSN technique

In the present study, a novel nHSN method is introduced to manu-
facture super-hydrophobic surfaces on AA-6061 aluminum samples.
This novel process consists of two steps: (1) water-confined nanosecond
laser texturing, during which a high energy nanosecond-pulse-laser
scans the material surface contained under water using a large spatial
increment and a fast processing speed; (2) chemical immersion treat-
ment, during which the laser textured surface is further chemically
treated.

2.1. Water confined nanosecond laser texturing (WNLT)

The water confined nanosecond laser texturing was achieved by
using a high-energy Q-Switch Nd:YAG nanosecond laser (Spectra-
Physics Quanta-Ray Lab-150, wavelength 1064 nm), which can gen-
erate pulsed laser with energy on the order of several hundreds of mJ/
pulse. During the laser texturing process, the laser repetition rate was
set to be 10 pulses per second with a laser pulse duration of 6-8 ns. A
galvanometer laser scanner (SCANLAB intelliSCAN® 20) furnished with
an f-theta objective with a focal length of 255 mm was utilized to direct
the laser to texture the top surface of the specimen. The specimen was
submerged in deionized water, which confined the laser pulse-induced
plasma and enhanced the texturing effect. Due to the effect of con-
finement water medium during laser texturing with nanosecond pulsed
laser, the expansion of plasma was confined. At the same time, the
water medium confined the ejected hot mass during laser scanning,
leading to a more violent laser-material interaction and higher possi-
bility of phase explosion [33]. In addition, water confinement added
peening effect to the textured surface to increase the hardness [26]. The
static water contact angle of laser textured samples processed with
2.4GW/cm? laser power intensity was compared for both with water
and without water confinement and both of them underwent chemical
treatment after laser texturing. The static contact angles were found to
be 167.1° = 1.2°and 126.7° = 2.1° respectively for the test cases with
and without water confinements. This shows that water confinement
helped to increase the texturing effect.

Fig. 1 shows the schematic of the water-confined nanosecond laser
texturing system. The workpiece was kept in deionized water confine-
ment (around 8 mm depth from the specimen surface) in a tank, which
was positioned using computer-controlled stages. The laser scan head
scans the top surface of the specimen in a zig-zag pattern. The X-spacing
(or pitch) defines the distance between two sequential laser scan lines
and is pre-set through computer control. The Y-spacing between two
sequential laser shots along the scanning direction is determined by the
Laser Repetition Rate and pre-set Laser Scanning Speed. The Overlap
Ratio is set by the ratio of Overlap Area to the Laser Spot Area. For all
the samples prepared in this study, a same value was applied for both X-
spacing and Y-spacing, which guarantees the same Overlap Ratio of
50% in both directions. The Laser Spot Area can be adjusted by moving
the Z stage away from the focal plane.

The combination of laser scan head and computer-controlled stages
allows for a wider range of laser scanning area during the treatment.
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Superhydrophobic AA-6061 surface
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Fig. 1. Schematic of the nHSN approach and the processed AA-6061 sample with water droplets sitting on the surface.

Both laser and scan heads were controlled by a microcontroller for
scanning along a pre-designed path. The scan head was also connected
to a water cooling system to avoid any undesirable overheating of the
scan head during the texturing process.

2.2. Chemical immersion treatment (CIT)

After the laser texturing, the workpiece was immersed in an ethanol
solution with 1.5% volume percentage chlorosilane reagent
[CF5(CF3)9CH,CH,SiCl3], also known as FDDTS at room temperature
for ~3h as shown in Fig. 1. The workpiece was then cleaned with
deionized water and dried using compressed air. Finally, it was kept at
80 °C in a vacuum oven for 1 h to dry it out completely. After that, the
specimen was checked for superhydrophobicity by sprinkling water
droplet on the processed surface as shown in Fig. 1.

Fig. 2 shows the SEM images of the untreated bare AA-6061 alu-
minum surface, wNLT-treated and the nHSN-treated surfaces for com-
parison. It is clearly seen that the surface morphology of the AA-6061
sample is significantly changed after the wNLT and nHSN treatment.
While the surface of the untreated AA-6061 aluminum appears to be
smooth and uniform with some intrinsic textures and minor defects, the

wNLT-treated surface is found to become highly disordered with a great
deal of bulges and concaves. Randomly distributed microscale ripples
can be observed, and on top of those ripples, nanoscale protrusions, and
particles with a size of a few hundreds of nanometers can be observed.
After the CIT process, the disordered surface is maintained, and na-
noscale particles still exist on top of the ripples. These micro/nano
hierarchical structures are suggested to be the contributing features that
promote the superhydrophobicity of the nHSN-treated surfaces. At the
same time, the surface chemistry modified by FDDTS reagent also
contributed towards the superhydrophobicity.

For the throughput analysis of different laser-based surface tex-
turing methods, the main parameter to be discussed is Specific Laser
Scanning Time (SLST), i.e., the time needed to treat a unit area of 1 in2
A shorter SLST would indicate a higher efficiency in the surface treat-
ment, thereby a higher process throughput. Fig. 3 compares the SLST of
the nHSN approach and other existing laser-based surface texturing
methods. For nHSN using the Spectra-Physics Quanta-Ray Lab-15ns
laser, a Specific Laser Scanning Time of 7.2 s/in* (or 0.12 min/in®) can
be achieved by using the following process parameters: Laser Power
Intensity of 0.20 GW/cm?, Pulse Energy of 710 mJ, Laser Spot Diameter
of 7.5mm, Y-spacing of 3 mm, Laser Scan Line Density of 4 lines/in,

Fig. 2. SEM images of the untreated, wNLT and nHSN treated AA-6061 aluminum surfaces. The wNLT and nHSN processes are carried out with laser power intensity

0.6GW/cm?.
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Fig. 3. Specific Laser Scanning Time using nHSN and other existing laser-based surface texturing methods.

Overlap Ratio of 50%, Laser Repetition Rate of 10 pulses per second,
and Laser Scanning Speed of 30 mm/s. An industry-level nanosecond
laser will further scale up the Laser Processing Rate and enable a larger
area by using a higher Pulse Energy and a higher Laser Repetition Rate,
while maintaining the same Laser Power Intensity. For example, by
using the EKSPLA NL310 series Q-switch Nd:YAG Laser, the SLST of
nHSN can be significantly improved to 0.25s/in? (or 0.004 min/in?)
following these process parameters: Laser Power Intensity of 0.20 GW/
cm?, Pulse Energy of 10J, Laser Spot Diameter of 4 cm, Y-spacing of
1.6 cm, Overlap Ratio of 50%, Laser Repetition Rate of 20 pulses per
second, and Laser Scanning Speed of 160 mm/s. For femtosecond laser
surface texturing, the data of typical SLST is obtained from patents US
2010/0143744 Al [34], US 2015/0136226 [35], research papers by
Steele et al. [36] and Vorobyev and Guo [14]. For picosecond laser
surface texturing, the data of typical SLST is obtained from research
papers by Jagdheesh et al. [37] and Liu et al. [38]. For nanosecond
laser surface texturing, the data of typical SLST is obtained from re-
search papers by Tang et al. [21] and Chen et al. [20]. It is clearly seen
that, in comparison with the existing ultrashort laser-based surface
texturing techniques, the nHSN process significantly increases the
processing rate from hundreds of minutes per square inch to seconds,
and also enables larger area processing for practical throughput.

In the present study, five different surfaces were prepared for the
comparative study as listed in Table 1. While a bare aluminum AA 6061
sample (i.e., Sample #1) is prepared as the baseline surface, a laser-
textured surface without any chemical treatment (i.e., Sample #2) is
also prepared as a reference sample to examine the effects of chemical
treatment on the surface characteristics. Since the laser power intensity
could essentially affect the depth of the surface textures during the laser
treatment, thereby affect the surface characteristics, three nHSN sur-
faces treated with different laser power intensity levels (i.e., 0.6 GW/
cm?, 2.4 GW/cm?, and 8.4 GW/cm?) were prepared to evaluate the
effects of laser power intensity on the resulting surface characteristics,
e.g., surface wettability and ice adhesion strength. As a reference, Fig. 4
shows the micro/nanoscale surface features generated under the dif-
ferent laser power intensity conditions. It is clearly seen that, the
density of the nanoscale structures is higher in case specimen processed
with higher laser intensity. The feature size is also reduced as the laser

Table 1
Test samples in the present study.

Sample # Substrate material Laser power density CIT process
1 AA 6061 0 GW/cm? No
2 AA 6061 8.4 GW/cm? No
3 AA 6061 8.4 GW/cm? Yes
4 AA 6061 2.4 GW/cm? Yes
5 AA 6061 0.6 GW/cm? Yes

power intensity is increased.

3. Experimental setup to characterize the nHSN-treated surfaces

3.1. Experimental setup used to measure the static and dynamic contact
angles on the nHSN-treated surfaces

To characterize the wettability of the nHSN-treated surfaces, both
static and dynamic (i.e., advancing and receding) contact angles of
water droplets on the test surfaces were experimentally measured. The
schematic of the experimental setup for the contact angle measure-
ments is depicted in Fig. 5. A high-speed imaging system (PCO Tech,
Dimax) using a high-magnification 12X zoom lens system (LaVision)
was positioned with a view from the side of the 50 mm X 50 mm sub-
strate mounted on a vertical translation stage. A droplet generation
system, i.e., which includes a syringe pump (GenieTouch™ Syringe
Pump, Kent Scientific) used to precisely control the droplet size and a
syringe used to generate deionized water droplet through a needle, was
mounted above the test substrate. A 20 W LED lamp (i.e., Dot Line RPS
Studio, RS-5410) illuminating a piece of frosted glass was used to
provide back-illumination for the droplet imaging. During the mea-
surements, a synchronizer (Berkeley Nucleonics, model 575) along with
an oscilloscope (Tektronix DPO3054) was used to control the image
acquisition rate of the high-speed imaging system.

In the present study, while the static contact angle, i.e., Ogsqrc, Of
water droplet was measured by digitizing the images of sessile deio-
nized water droplet over the test surfaces, the dynamic contact angles
(i.e., advancing, O,4,, and receding, 6,..) were measured by digitizing
the transient images of water droplets during the expanding and con-
tracting processes (i.e., each substrate was tested by forcing water
through the needle using the syringe, thereby creating an expanding
droplet with an advancing contact line; then, the syringe was used to
pull the water back into the needle, causing the droplet to shrink and
the contact line to recede). The hysteresis A6 is defined as the difference
between 0.4, and 6,.. It should be noted that the measurements of
static and dynamic contact angles were performed under the same test
conditions, in which the ambient temperature was set at 20 °C, and the
relative humidity was 50%.

The images recorded with the high-speed imaging system were
analyzed using a custom MATLAB code. The time sequence of the
droplet images were imported into MATLAB, where for each image, a
line-detector was implemented to identify the pixels on substrate sur-
face and the droplet edges. Then, linear and quadratic best-fit curves
were computed for the substrate surface and the droplet edge, respec-
tively, using a least squares fitting to the corresponding edge pixels. The
intersection of the two fitting curves denotes the contact line location,
while the relative angle between the lines at their intersection de-
termines the contact angle.
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Fig. 4. Comparison of surface morphology of nHSN treated AA6061 surface with different laser power intensity.

3.2. Experimental setup used to study the dynamic droplet impacting
processes on the nHSN-treated surfaces

Since most of the water corrosion and ice accretion events observed
on the various engineering structures are found to occur along with
dynamic water droplet impingement, a better knowledge of the fun-
damental mechanisms of dynamic droplet impingement on different
surfaces (i.e., hydrophilic vs. superhydrophobic) is of great importance
in elucidating the effects of surface wettability on the ice accretion
process. In the present study, the impinging dynamics of water droplets
onto the different test surfaces were experimentally investigated to
provide more details of the fundamental mechanisms in droplet-surface
interactions during the dynamic droplet impinging processes over the
different surfaces.

Fig. 6 shows the schematic of the experimental setup used in the
present study to characterize the dynamic impacting processes of water
droplets onto the different test surfaces. During the experiments, a
trigger system was used to generate a pulse signal when a water droplet
passing through the laser light. The pulse signal was then sent to a high-
speeding imaging system (Fastcam Mini WX100, Photron, with a
macro-lens, 50 mm Nikkor 1.8D, Nikon), which was used to record the
transient details during the dynamic droplet impinging processes. To
provide high-quality images of the impacting droplets, a LED spotlight
was used to illuminate the droplet impacting on the test surfaces. For
each test case, the image acquisition rate was set at 5000 Hz, so that the
dynamics (i.e., droplet spreading, receding, and rebounding) of the
impacted droplet can be well resolved.

Fig. 5. Experimental setup to study the surface wettability of the nHSN-treated surfaces.
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Fig. 6. Experimental setup to study the dynamic droplet impacting process over the nHSN-treated surfaces.

3.3. Experimental setup used to measure ice adhesion strength of the nHSN-
treated surfaces

In the present study, the ice adhesion strengths over the nHSN-
treated surfaces were also measured by using a push-to-shear me-
chanism, as suggested by Meuler et al. [31]. Fig. 7 shows the schematic
of the experimental setup used in the ice adhesion strength measure-
ments of the different test surfaces. The experimental setup consists of
an environmental chamber housing a digitally controlled Peltier cooler
(TETech CP061 and TC-48-20) and a linear actuator with integrated
motion controller (Newport CONEX-LTA-HS) that drives a 40 N range
force-torque transducer (JR3 30E12A4) supporting an aluminum force
probe. The force signals were recorded by a 16-bit data acquisition card
(NI PCI-6052E). A 3D-printed ice mold is used to create a 8 mm dia-
meter ice cylinder on the test substrate, which is a 50 mm X 50 mm
sample placed on the Peltier cooler.

The diagram of the ice adhesion measurement is also illustrated in
Fig. 7, which identifies the diameter of the ice cylinder, D, the mold
shell thickness, t, the height of the displacement probe, h, and the probe
contact face height, §. With the test sample being firmly attached on the
Peltier cooler, the surface temperature of the test sample can be well
maintained below the freezing point. During the experiments, the Pel-
tier cooler was first turned on and set to the test temperature (e.g.,
—10°C in the present study). After about 30 min, allowing for the

stabilization of surface temperature, the ice mold was placed onto the
surface of the freezing cold test sample. Then, a syringe was used to
slowly inject deionized water into the mold to produce ice cylinder
adhered to the test surface. It should be noted that, in order to keep the
injected water secured in the ice mold with no water leakage or bubble
formation during the freezing process, the ice mold bottom was treated
to be superhydrophobic to keep the gap between the mold and the test
surface being free of water/ice. In the present study, a low-temperature
environmental chamber (i.e., filled with carbon dioxide released from
sublimating dry ice) was also used to provide a humid-air free en-
vironment (i.e., no condensation over the test surface) for the ice ad-
hesion measurements. After the freezing process was completed, the
force probe was aligned with the sample and set at 0.5 mm above the
test surface. A custom MATLAB code was used to sample the voltage
signals from the force transducer at 2000 Samples/s. For each test case,
a tare measurement was performed for 10 s prior to bringing the probe
into contact with the ice sample. The ice adhesion force data was re-
corded while the linear actuator stage was moved at a rate of about
0.5 mm/s until the ice was sheared off the surface.

Fig. 7. Experimental setup to measure the ice adhesion strength over the nHSN-treated surfaces.
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Fig. 8. Measured contact angle and hysteresis of water droplets sitting on the
different surfaces.

4. Measurement results and discussions
4.1. Wettability of the nHSN-treated surfaces

Wettability describes how a liquid interacts with a solid surface. For
a droplet sitting on a surface, a three-phase system is formed: the liquid
droplet, the solid surface contacting with the droplet, and the gas sur-
rounds the droplet. The shape of the droplet is essentially determined
by the liquid-solid, liquid-gas, and solid-gas interaction energies [39].
In order to characterize the wettability of the nHSN-treated surfaces, a
series of experiments were conducted in the present study to not only
measure the static contact angles, i.e., Oy, of water droplets sitting on
the different surfaces listed in Table 1, but also quantify the dynamic
contact angles (i.e., advancing, 6,4,, and receding, 6,..) of water dro-
plets during the expanding and contracting processes over the different
surfaces.

Fig. 8 shows the images of water droplets sitting on the different
surfaces as well as the static contact angles measured by digitizing the
droplet images [40,41]. It is clearly seen that, though the static contact
angle of water droplet on the only laser-textured surface (i.e., Sample
#2) is increased in comparison to that on the untreated bare AA-6061
aluminum sample (i.e., Sample #1), i.e., Ogqic = 76° for Sample #1 and
Ostaric = 83° for Sample #2, both of them are smaller than 90°, in-
dicating that the surfaces of the two samples are hydrophilic. It is worth
mentioning that, the contact angle of the laser textured surface without
deposition of FDDTS, i.e., Sample #2, was not measured immediately
after the laser texturing. It was measured after 7 days of laser texturing.
The contact angle measured immediately after laser texturing was
found to be only about 11°. The increased contact angle of droplet over
the surface of Sample #2 after a period of exposure to air is suggested to
be caused by the contamination of the rough surface by the airborne
organics [42].

The measured static contact angles of water droplets on the nHSN-
treated surfaces (i.e., Sample #3, #4, and #5) were found to be almost
the same, i.e., Oq4. = 167°, which is similar to those of the measured
values of the laser treated surfaces reported recently by other research
groups [42-45]. Table 2 gives a comparison of the surface wettability
obtained with different laser treatments. It is clearly seen that, while
the laser spot diameter and scanning pitch are set to be much larger in
the present study (i.e., resulting in a much faster speed in the laser
treatment, in comparison to the laser-treated surfaces of the previous
studies [42-45]), the nHSN-treated surfaces appear to have evident
superhydrophobicity. While the nHSN-treated surfaces are super-
hydrophobic, their wettability is almost not dependent on the laser
power intensity. Again, the 6y, was monitored for a period of 30 days
with two measurements each day. During this period, the samples were
kept in open air without long-term contact with water. There was no
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decrease of the Oyyq4. over this period with a variation of + 1.5°. It
should also be noted that the static contact angle of a non-textured
sample with only CIT process was also measured, which is 93° = 1.3°. It
demonstrates that, though the CIT process could increase the hydro-
phobicity of the non-textured sample surface, it is not very effective in
comparison to the two-step nHSN methods (laser treatment + CIT
process).

In the present study, the dynamic contact angles (i.e., advancing,
044y, and receding, 6,..) of water droplets over the different test surfaces
were also measured during the expanding and contracting processes.
While the droplet shapes formed on the untreated bare AA-6061 alu-
minum surface are significantly different during the expanding and
contracting processes (i.e., the contact angle of droplet is about
6.4, = 104° when the contact line is advancing vs. the contact angle is
only about 6, = 10° when the contact line is receding), the droplet
shape formed on the nHSN-treated surface is only slightly changed
during the expanding and contracting processes (i.e., the contact angle
of droplet is about 6,4, = 172° when the contact line is advancing vs.
the contact angle is about 6, = 153° when the contact line is re-
ceding). It is suggested that the different droplet morphologies formed
during the advancing and receding processes are essentially due to the
facts that the moving droplets are in energetically metastable states, in
which the droplets are prevented from reaching the minimum-energy
state [39]. Based on the measured advancing and receding contact
angles of water droplets on the different surfaces, the contact angle
hysteresis (i.e., AO = 6,4, — Or) is also calculated, and plotted in Fig. 8.
It is found that while the contact angle hysteresis of droplets on the
untreated bare aluminum surface and the laser-textured surface without
chemical treatment are larger than 90°, the contact angle hysteresis of
droplets on the nHSN-treated surfaces are much smaller, i.e., AG = 20°.

As reported by Waldman et al. [46] and Liu et al. [3,47], for a water
droplet deposited on a surface, the capillary force can be calculated
using the following equation:

Feapitiary ® TRY; [sin( Cucv ; Orec ) sin( ucty —2+_ Orec ) ] O

where R is the spherical cap radius of the water droplet moving over a
surface, and y;¢ is the liquid-gas surface tension. When an external
force is applied onto the droplet, which overcomes the capillary force
that resists the water droplet to move, the droplet would be in motion.
For the water droplets with the same spherical cap radius moving on
different surfaces (untreated bare aluminum surface vs. nHSN-treated
surface), the ratio of the capillary forces can be calculated based on the
receding and advancing contact angles measured above:

- Gadv—6 - Gadv + 6
E [sm( adv — Yrec ) sm( ‘adv rec) ]
Cap,nHSN 2 2 nHSN

Eap,baseline [ sin ( adv — Orec ) sin ( adv + Brec ) ]
2 2 baseline (2)

It is found that the capillary force acting on the water droplet over
the nHSN-treated surface is much smaller (i.e., becoming only about
8%) in comparison with that acting on the water droplet with the same
spherical cap radius siting on the untreated bare aluminum surface.
Thus, the external force required to move water droplets over the
nHSN-treated surface is much smaller (i.e., being only ~ 8% in mag-
nitude), in comparison with those on the untreated bare aluminum
surface. The water droplets deposited on the nHSN surfaces are ex-
pected to be much easier to be removed by an external force, e.g.,
gravity or aerodynamic drag force.

=~ 0.08

4.2. Dynamic impinging process of water droplets onto the nHSN-treated
surfaces

In the present study, the impinging dynamics of water droplets onto
the different test surfaces (i.e., the untreated bare aluminum surface,
Sample #1, the laser-textured aluminum surface without chemical
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Table 2
Comparison of surface wettability obtained with different laser treatments.
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Substrate material Laser spot diameter Laser scanning rate Scanning pitch Laser power intensity WCA Data source
(Hm) (mm/s) (um) (GW/em?) ©

Al6061 90 2000 4 0.25 70 Rico et al. [42]
Al6061 90 2000 20 0.25 140 Rico et al. [42]
Al6061 20 100 20 0.25 155 Rico et al. [42]
Al-Mg 40 50 20 380 171.8 Boinovich et al. [43]
Al6061 7.5 x 10° 30 8.5 x 10° 0.6 167.3 Present study
Al6061 7.5 x 10° 30 8.5 x 10° 2.4 168.0 Present study
Al6061 7.5 x 10° 30 8.5 x 10° 8.4 166.3 Present study

(a). Dynamic impingement of a water droplet onto the untreated bare aluminum surface (i.e., Sample #1)

(b). Dynamic impingement of a water droplet onto the only laser-treated surface (i.e., Sample #2)

(c). Dynamic impingement of a water droplet onto the nHSN-treated surface (i.e., Sample #3)

Fig. 9. Time-evolutions of the dynamic impinging processes of water droplets onto the different test surfaces at the Weber number of We = 300.

treatment, Sample #2, and the nHSN-treated aluminum surface, Sample
#3) were also experimentally investigated to provide the very im-
portant transient details of the droplet-surface interactions during the
dynamic water droplet impacting processes on the different surfaces.
Fig. 9 shows typical snapshot images to reveal the dynamics of
water droplet impinging onto the different test surfaces at the Webber
number of about 300 (i.e., We =~ 300), which is defined as We = pV?D/
o0, where p is the density of a droplet (kg/m>); V is the velocity of the
droplet (m/s); D is the droplet diameter (m); and o is the surface tension

(N/m). As shown clearly in Fig. 9(a), when the water droplet impacted
onto the untreated bare aluminum surface (i.e., Sample #1), the im-
pinged water mass was found to spread out rapidly over the rigid sur-
face. During the spreading process, tiny substructures, i.e., water beads,
were found to be formed along the rim of the out-spreading ring of the
impinged waster mass as can be seen clearly from t= 1.0ms to
t = 4.0ms. As suggested by Xu et al. [48], there are two stresses con-
tributing to the dynamics of the spreading droplet: one is due to the
restraining pressure of the gas on the spreading liquid, which acts to
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Fig. 10. (a) Time-history of the measured force-per-area data for the untreated aluminum 6061 sample; (b) measured ice adhesion strength over the different test

surfaces.

destabilize the advancing front and deflect it upward; the other is due to
the surface tension of the liquid, which favors keeping the liquid layer
intact after impact. As the two stresses become comparable, the ex-
panding water rim would be destabilized, i.e., with the formation of the
“bead-like” substructures as shown in Fig. 9(a) or the ejection of dro-
plets at higher Webber numbers [49]. After reaching its maximum
spreading diameter, the impinged water mass was found to recede with
the surface water being collected to the impinging center. As the water
mass receded, i.e., t=6.0ms to t = 15.0ms, the previously formed
water beads were found to be “relaxed” and merged into a smooth ring
as shown in Fig. 9(a). Finally, the impinged water mass reached the
static state and settled down in a formation of water film over the
surface. During the entire spreading and receding process of the im-
pinged droplet on the untreated bare aluminum surface, there was al-
most no water mass being splashed out from the main droplet body.

The time-evolution of the dynamic water droplet impinging process
on the laser-textured surface without chemical treatment (i.e., Sample
#2) is shown in Fig. 9(b). Though the aluminum surface structures were
significantly changed by applying the laser texturing, the droplet im-
pinging behavior on this surface was found to be very similar to that on
the untreated surface (i.e., Sample #1). While the water mass was ra-
pidly spread out upon impacting on the surface, the rim of the out-
spreading ring of the impinged waster mass was found to break into
tiny substructures, i.e., formation of the tiny water beads along the rim
from t=1.0ms to t= 2.0ms. It should be noted that, during the
spreading process, while most of the substructures along the rim were
kept attaching to the main droplet body, a small amount of water mass
was found to be splashed out, forming the satellite water droplets, as
can be seen in the snapshots at t = 2.0 ms to t = 4.0 ms. After reaching
its maximum diameter, the impinged water droplet was found to recede
with the water mass flowing back to the impinging center. Due to the
anisotropy of the highly textured surface, the receding water mass was
found to be in a very different morphology in comparison to that on the
surface of Sample #1, i.e., while a relatively smooth ring of water was
formed at the beginning of the receding process (t = 6.0 ms), the re-
ceding ring broke up thereafter with the water mass being distributed
nonaxisymmetrically as can be seen in the snapshots at t = 10.0 ms to
t = 15.0 ms in Fig. 9(b).

For the droplet impinging (at the same Webber number, i.e., We
300) onto the nHSN-treated surface, it was found that, while the im-
pinged water mass underwent a similar spreading process as that over
the surfaces of Sample #1 and Sample #2, both receding (see instants
fromt = 2.0 ms to t = 4.0 ms) and rebounding (see instants from 6.0 ms
to 15.0ms) processes were observed after the corona splashing as
shown in Fig. 9(c). In comparison to the surfaces of Sample #1 and
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Sample #2, the nHSN-treated surface has been demonstrated to be
superhydrophobic with a much larger static contact angle (Osqic < 90°
for Sample #1 and Sample #2 vs. O = 167° for the nHSN-treated
surface) and a much smaller contact angle hysteresis (A@ > 90° for
Sample #1 and Sample #2 vs. A@ = 20° for the nHSN-treated surface).
The impinged water mass on the nHSN-treated surface would only
contact and move over the tips of the rough surface with air pockets
trapped underneath the water droplet [50]. Thus, the capillary force of
the water droplet on the nHSN-treated surface was much smaller in
comparison with that on the surfaces of Sample #1 and Sample #2 (i.e.,
only about 8% in magnitude). The receding velocity of the impinged
water mass, therefore, was much larger due to the very small capillary
force to resist the surface water movement. As a result, the inertia en-
ergy of the receding water droplet was almost kept not changed,
leading to the upward rebounding of the water mass on the nHSN-
treated surface. It should be noted that, much more “satellite” droplets
were found to be formed during the splashing and receding processes of
the impinged water droplet on the nHSN-treated surface.

4.3. Ice adhesion strength of the nHSN-treated surfaces

In the present study, the ice adhesion strengths of the different test
surfaces were also measured quantitatively by using the experimental
setup shown in Fig. 7. During the experiments, the temperature of the
test surface was maintained at a pre-scribed low temperature (i.e., at
T,, = —10° for the present study). Since the force values for time step
were easily discernable in the data, a force vs displacement relationship
was acquired from the known probe speed and time taken for the in-
terface failure as shown in Fig. 10(a). The applied force was calculated
by multiplying the transducer's calibration matrix to the voltage signals
of the force transducer. Thus, the average shear force per adhesion area
was derived by dividing the applied force by the contact area of the ice
sample. The adhesion strength was taken as the maximum force-per-
area observed before failure. Ten test trials were performed for each test
case, and the mean and standard deviation values of the ice adhesion
strength were obtained based on the measurement results.

Fig. 10(b) shows the ice adhesion strength of the different test
surfaces. The measurements were conducted with the temperature of
the test surfaces being kept at T,, = —10°C. It is found that the ice
adhesion strength of the untreated bare aluminum AA-6061 surface
(i.e., Sample #1) is about 0.60 MPa, which agrees well with the data
available in literatures [51]. For the laser-textured surface without any
chemical treatment (i.e., Sample #2), the ice adhesion strength is in-
creased to about 0.80 MPa. Since the surface is still hydrophilic after the
laser texturing, the overall contact area of droplet on the surface of
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Sample #2 is almost the same with that on the surface of Sample #1.
However, due to the existence of the micro/nano textures over the
surface, ice structures would penetrate into the surface textures, so that
the effective contact area of the ice sample is actually increased with
“ice anchors” locked in the surface textures, resulting in the increase of
ice adhesion strength. For the laser-textured surfaces with chemical
treatment (i.e., nHSN-treated surfaces, Sample #3, #4, and #5), the ice
adhesion strength is found to be significantly reduced (i.e., about
0.30-0.40 MPa). As suggested by Kulinich and Farzaneh [52], the ice
adhesion strength on rough hydrophobic surfaces is correlated well
with the wetting hysteresis, which is believed to be related to the ice-
solid contact area. Thus, the lower ice adhesion strengths of the nHSN-
treated surfaces are essentially caused by the smaller ice-surface contact
area during the freezing process. It should be noted that, while the
nHSN-treated surfaces are characterized with similar contact angles, the
ice adhesion strength of them appears to be scattered, which is sug-
gested to be caused by the variation of void content at the ice-solid
interface that is closely related to the variation of micro/nano feature
scales generated under the different laser intensity conditions. While
the nHSN-treated surfaces exhibit evident superhydrophobicity and
reduced ice adhesion, their durability under consistent water/ice con-
tact conditions is still a big concern [53], which needs to be addressed
in the futures.

5. Conclusion

In the present study, an experimental study was performed to
characterize the laser-textured surfaces fabricated by using the novel
nHSN method. Based on the throughput analysis of different laser-based
surface texturing methods in the term of Specific Laser Scanning Time
(SLST), it is found that the nHSN process significantly increases the
processing rate from hundreds of minutes per square inch to seconds in
comparison to the existing ultrashort laser-based surface texturing
techniques.

A series of experiments were performed to examine the performance
of the nHSN surfaces in the term of “water/ice-repellency”. It is found
that, while the untreated aluminum surface and the laser-textured
aluminum surface are hydrophilic with the static contact angle being
smaller than 90°, the nHSN-treated surfaces appear to be super-
hydrophobic with a much larger static contact angle (i.e., ~170°) and a
much smaller contact angle hysteresis (i.e., ~20°). Due to the sig-
nificantly increased contact angle and reduced hysteresis of water
droplet on the nHSN-treated surfaces, the capillary force acting on the
water droplet sitting over the nHSN-treated surface was found to be
much smaller (i.e., becoming only about 8% of that over the untreated
bare aluminum surface). Therefore, the water droplets deposited on the
nHSN-treated surfaces would be much easier to be removed by an ex-
ternal force with a magnitude of only ~ 8% of those on the untreated
aluminum surface.

By comparing the dynamic water droplet impacting processes over
different test surfaces, it was found that, while the impinged water mass
undergoes a similar spreading process over the different test surfaces
(i.e., untreated aluminum surface, laser-textured surface, and nHSN-
treated surface), the receding processes of the impinged water droplet
on the different surfaces appear to be very different. The impinged
water mass was found to be rebounded much more rapidly on the
nHSN-treated surface, leading to the upward ejection of the impacted
water mass as it recedes with a much larger velocity, which is essen-
tially due to the much higher inertia energy of the receding water mass
over the nHSN-treated surface. Much more “satellite” droplets are also
found to form during the splashing and receding processes of the im-
pinged water droplet on the nHSN-treated surface. The super-
hydrophobicity of the nHSN-treated surfaces is further promoted to
“ice-repellency” by the reduced ice adhesion strength, which is believed
to be caused by the much smaller ice-solid contact area on the nHSN-
treated surface.
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