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ARTICLE INFO ABSTRACT

Keywords: In this work, superwicking and antireflective properties are achieved on engineering metal surfaces by creating a
Superwicking surface pattern using a high energy nanosecond pulsed laser followed by a chemical immersion treatment. The
Superhydrophilic high-energy nanosecond pulse laser scans the metal surface in air. Subsequently, the laser-textured surface is
Laser texturing further treated by immersion in a 3-cyanopropyltricholosilane reagent. As a result of these two processes, mi-
Antireflective . .

crogrooves with micro- and nano-scale surface features are generated on the metal surface. Due to the created
Metal alloys . . . . .
Capillary surface structure and favorable surface chemistry, water sprints uphill defying the gravity. The fast self-pro-

pelling movement of water is due to the supercapillary effect of the surface microchannel and the super-
hydrophilic surface nitrile group. The wicking effect on the processed surface follows the classical square root of
time dependence. The processed surface shows good antireflective properties in the visible and infrared spec-
trum. Surface features, surface chemistry, wettability, surface reflectivity and wicking behavior are measured on
AA6061 and Ti-6Al-4V specimens through Scanning Electron Microscopy (SEM), X-ray Photoelectron
Spectroscopy (XPS), contact angle goniometer, UV-VIS-NIR spectrometer and high-speed camera, respectively.

1. Introduction

The wettability condition of a solid surface determines the behavior
of liquids when they encounter each other. It plays a critical role in a
wide range of applications such as biomedicine and dental treatment
[1-3], fuel cells [4], microfluidics [5], and catalysts [6]. In general, the
wetting of a solid surface by a liquid depends on three major factors [7]:
(a) surface tension of the liquid, (b) the surface topography of the solid
and (c) the surface chemistry of the solid. To achieve desired wettability
condition for a solid surface, a specific combination of surface topo-
graphy and surface chemistry is required.

Topography of a solid surface plays as one of the most influential
roles to decide the wetting properties of the solid. Alteration of the
surface wetting behavior of solids through surface topography change
by nano-/micro-structuring has been studied in recent years [8-12].
Traditionally, surface textures for altering the wetting properties are
prepared using different surface processing methods, i.e., photo-
lithography [12], plasma techniques [13], wet chemical etching [14],
and electron beam lithography [15]. In recent years, laser-based surface
texturing emerged as a popular approach for surface nano-/micro-
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structuring for altering the surface wetting properties [16-19]. As the
laser-based methods can process complicated shapes for a wide range of
materials including metals, glasses, semiconductors, and polymers with
ease of automation, it is well suited for surface texturing.
Traditionally, researchers in laser material processing used laser-
induced periodic surface structure (LIPSS) consisting of laser-induced
surface ripples with a periodicity equal or smaller than the wavelength
of the laser radiation (much smaller than the effective laser spot size) to
prepare hydrophilic surface. This approach does not use any additional
chemical treatment after laser texturing. The treated specimens with
LIPSS by femtosecond laser exhibit a hydrophilic behavior with a water
contact angle (0,,) of 24°~76° on Ti-6Al-4V [18,20,21] immediately
after laser treatment. They exhibited very stable superhydrophilicity for
over 30 days [21]. As mentioned earlier, one of the major factors that
influence surface wettability is surface energy which is affected by
surface chemistry. Normally the higher the surface energy, the easier it
is for the surface to get wetted. As laser processing of metal in air is a
high energy processing and generates high temperature locally. As a
result, textured metal reacts with atmospheric oxygen and generates
metal oxide on the textured surface. Metal oxides are typically
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hydrophilic because their electronic structure favors the formation of
hydrogen bonds [22]. Metal oxides possess higher surface energy. For
instance, immediately after laser treatment, the AA6061 surface con-
tains Al,O3; and the aluminum atoms at the surface are electron defi-
cient resulting in a formation of a hydrogen bond with interfacial water
molecules. Therefore, the surfaces behave as superhydrophilic im-
mediately after laser texturing. However, the 6, started to increase with
time and the surface wettability changes from hydrophilicity to hy-
drophobicity over time. Storage time and storage environment play a
crucial role in the transition of wettability [23-25]. Immediately after
laser texturing, these high energy surfaces transform into hydrophobic
due to the adsorption of organic compounds from the surrounding at-
mosphere onto the oxide surface [24].

The term ‘superwicking’ is generally used for surfaces that possess
an extreme affinity for a liquid so that liquid immediately spread on the
surface as soon as they come in contact with each other. The 6,, is
considered to be 0° for this kind of surface. Laser surface texturing of
engineering metals is one of the approaches to achieve specific surface
morphology that makes metal surface superwicking. Surface roughness
plays a critical role in achieving desired wettability and capillary action
over the surface [26]. In recent years, an expensive femtosecond laser
nanotechnology has been employed by Vorobyev and Guo for making
materials superwicking through surface nano-/micro-structuring
[3,19,27,28]. They have applied this method for noble metals [19],
silicon [28], glass [27] and human enamel and dentin surface [3] for
consistent super wettability. They processed a superwicking surface on
gold and platinum plates using femtosecond laser treatment [19]. They
created parallel open microgrooves with porous nanostructures. The
nanostructures consist of nanoprotrusions and nanocavities that were
distributed on top of ridges and valleys of microgrooves. Their pro-
cessed surface can transport methanol up to 24 mm vertically against
gravity along the microgrooves at 1 cm/s speed. Later they used this
process on silicon [28], glass [27] and human enamel and dentin sur-
face [3] and water transported in a horizontal and vertical direction
almost ~20 mm. However, processing surface with femtosecond laser
is very expensive due to the high cost of femtosecond lasers. Demir
et al. created holes on pure titanium foil by high-frequency nanosecond
laser micro-drilling and removed the spatter by chemical etching by
H,SO, + HF aqueous solution. After that, anodic oxidation was per-
formed to create a nanotubular TiO, layer, whose behavior switches
between hydrophilic and hydrophobic once illuminated by UV light.
Without UV light the surface was hydrophobic with 6,, ~140° and with
UV light exposure, the surface was hydrophilic with 6,, ~20° [29].

The authors have developed a unique nHSN process using a nano-
second laser for metal alloys to achieve superhydrophobicity [30-34]
and superhydrophilicity [31]. In this work, the nHSN process is further
extended to achieve superwickability. To the authors' best knowledge,
superwicking surface has never been produced by combining laser
texturing and silane treatment. In this research an integrated laser-
based process is demonstrated which combines laser texturing with
nanosecond pulse laser followed by chemical immersion treatment with
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a hydrophilic silane reagent to achieve superwicking and antireflective
surface. The novelty of this research lies in introducing water affinitive
groups on top of laser-induced surface structure to achieve stable su-
perhydrophilicity and superwickability. Open microchannels are cre-
ated by nanosecond laser pulses and the textured surface is treated with
hydrophilic silane to attach hydrophilic chemical group on top of mi-
crochannels. The article discusses the mechanism of attachment of
hydrophilic chemical groups on the textured metal surface and the
etching effect of the chemical immersion process to enhance the micro/
nanostructure generation during the process. The superwicking beha-
vior is captured with a high-speed camera on the vertical processed
surface and the antireflectivity is measured by UV-VIS-NIR spectro-
meter and compared with an untreated surface. The surface chemistry
and topography are also analyzed to describe the superwicking beha-
vior of the processed surface. The superwicking behavior is measured in
terms of the transport velocity of water against gravity on the processed
surface.

2. Experiments

A nanosecond laser-based surface texturing process is developed for
engineering metal alloys to achieve superwicking surfaces. This devel-
oped process consists of two steps: (1) nanosecond laser texturing in air
(aNLT), during which a high energy nanosecond pulse laser with long
pulse mode scans the material surface, (2) chemical immersion treat-
ment (CIT), during which the laser textured surface is further chemi-
cally treated.

2.1. Nanosecond laser texturing with long pulse mode in air (aNLT)

The experimental setup for the nanosecond laser texturing tests uses
a single-mode, long pulse Nd: YAG nanosecond laser (Spectra-Physics
Quanta-Ray Lab-150, wavelength 1064 nm) with high pulse energy on
the order of several hundreds of mJ/pulse. During the laser texturing
process, the laser repetition rate is 10 pulses per second with a laser
pulse duration of 120 ns. The size of the beam immediately after the
laser source is ~20 mm. It has been directed to the scan head through a
series of mirrors as shown in Fig. 1a and then focused on the sample.
The intensity distribution is gaussian in nature. The average power was
0.95 W and the pulse energy was 95 mJ for each pulse. 100 pm spot size
was used during the experiments. The process is performed at ambient
conditions. The scanning speed was 1.25 mm/sec. A galvanometer laser
scanner (SCANLAB intelliSCAN® 20) furnished with an f-theta objective
with a focal length of 255 mm directs the laser to texture the top surface
of the specimen. The specimen is kept in the air. The laser scan head
scans the top surface of the work material 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.

Fig. 1a shows the schematic representation of the nanosecond laser
texturing system. The workpiece is kept on an XYZ table, which is po-
sitioned using computer-controlled stages. Fig. 1b shows the typical
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Fig. 1. Schematic representation of the process: (a) experimental setup of nanosecond laser texturing in the air; (b) laser scanning path; (c) experimental setup of

chemical immersion treatment.
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Fig. 2. Specimens processed with laser power intensity of 10 GW/cm?: (a) a photograph of treated AA6061 sample; (b) SEM micrograph of microgrooves on AA6061;
(c) close up SEM image of single microgroove on AA6061; (d) a photograph of treated Ti-6A1-4V sample; (e) SEM micrographs of microgrooves on Ti-6A1-4V; (f) close

up SEM image of single microgroove on Ti-6Al-4V.

al

Fig. 3. Comparison of surface morphologies of the AA6061 between (a) only
aNLT and (b) aNLT + CIT treatment.
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laser scanning path used during the experiments. The laser scan head
scans the top surface of the work material in a zig-zag pattern as shown
in Fig. 1b. 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 di-
rection is determined by the laser repetition rate and pre-set laser
scanning speed as shown in Eq. 1. The overlap ratio is set by the ratio of
overlap area to the laser spot area as shown in Eq. 2. It is defined as the
overlapped region between the two successive laser spots. Proper
overlap ratio is selected to ensure the uniform width, depth and edge
quality of the laser-textured microgrooves.

Laser Scanning Speed

Y-spacing= —
Laser Repetition Rate (€D)]
Overlap A
Overlap Ratio:wxloo%
Laser Spot Area (2)

Both laser and scan head are controlled by a microcontroller for
scanning along a pre-designed path. The scan head is also connected to
a water-cooling system to avoid any undesirable heating of the scan
head during the process.

2.2. Chemical immersion treatment (CIT)

After the laser texturing, the workpieces were immersed in an
ethanol solution with 1.5 % volume percentage 3-cyanopropyl-
tricholosilane reagent [CN(CH.)3SiCl3], also known as CPTS at room
temperature for ~3 h as shown in Fig. 1c. Workpieces were 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.

2.3. Measurement and characterization

The surface morphology of the superwicking surface was analyzed
using a Hitachi S-4800 scanning electron microscope (SEM). The SEM
images were taken at 1.8-2.0 kV acceleration voltages. Surface profile
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Fig. 4. Optical profile of the textured surface: (a) surface topography of the treated AA6061; (b) surface topography of the treated Ti-6Al-4V; (c) average groove
width at the open and base side of the groove and groove depth on the treated surface; (d) cross-section of microgroove at location A-B in (a); and (e) cross-section of

microgroove at location C-D in (b).
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Fig. 5. XPS survey of the surface layer for (a) untreated AA6061 specimen; (b) specimen underwent laser texturing, and (c) specimen underwent both laser texturing

and subsequent chemical immersion treatment with CPTS silane reagent.

of the treated sample was examined by a non-contact compact confocal
microscope from Mahr (MarSurf CM Explorer with 1.4 M P 16-bit HDR
camera). Additionally, X-ray photoelectron spectroscopy (XPS) analysis
was carried out for the surface chemistry using a Kratos Axis Ultra high-
performance XPS system. For the untreated sample, the XPS analysis
was performed on the surface whereas for the laser-treated and laser +
chemical treated, it is carried on the bottom surface of the micro-
grooves. Full survey spectra and high-resolution elemental spectra were
acquired for surface composition analysis and chemical state identifi-
cation, respectively. 0,, for the treated specimen surface was measured
during the wettability test using a contact angle goniometer (Rame-Hart
model 100) coupled with a high-resolution CMOS camera (6~60 X
magnification, Thor Laboratories). For each 8,, measurement, about 5
uL volume of water was dropped to form a still water droplet on the
specimen surface, and its optical shadowgraph was obtained using the
CMOS camera. Multiple 6,, measurements were performed at various
locations inside each specimen surface. The process of droplet wicking
on the engineered superhydrophilic surface was captured using a black
and white IDT X-StreamVision XS-3 CCD camera operated at 2250
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frames/second and fitted with a 50 mm lens (Nikon AF Micro-Nikkor-F/
1.4) to trace droplet evolution. The illumination of the processed sur-
face was provided by an array of white LED lights. Three measurements
were taken for each sample in the water wicking experiment and
average water spreading height was presented. The spectral reflectance
in the visible and infrared regions of the superwicking surfaces was
characterized using a UV-VIS-NIR spectrometer (USB4000 & FlameNIR,
Ocean Optics Co.). An integrating sphere was connected to the spec-
trometer for reflectance data collection. Before reflectance measure-
ment, calibration of the reflectance scale was performed by measuring
the incident flux remaining in the sphere after reflecting from standard
reference material. Then the sample was placed against the entrance
port for the actual reflectance measurement. Both specular reflection
and diffuse reflection were taken into consideration for the measure-
ment. OceanView® software was utilized to process and visualize the
spectral reflectance measurement results. Each reflectance measure-
ment was taken on a unit area of 1.13 cm? and four measurements were
taken for each sample. The spectral reflectance measurement results
were averaged and reported.
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Fig. 6. Core level XPS analysis for (a) carbon and (b) nitrogen on the specimen
that underwent both laser texturing and subsequent chemical immersion
treatment with CPTS silane reagent.

3. Results and discussions
3.1. Surface microstructure and morphology

Photographs of the processed AA6061 and Ti-6Al-4V are shown in
Fig. 2a and d. SEM images of the processed surface are provided in
Fig. 2b-c and e—f for AA6061 and Ti-6Al-4V respectively. Fig. 2b and e
show that the processed surface has multiple parallel microgrooves
with a width of ~100 pm and a period of ~250 um. SEM image with
higher magnification shows that the microgrooves consist of a series of
holes connected to form a microchannel. The ridges and valleys of the
microgrooves are covered with nanostructures and microstructures. The
nanostructures and microstructures on top of the microchannel are
primarily caused by the melt expulsion. The chemical etching effect
during the chemical immersion process also contributes to some extent
for the nanostructure generation.

Higher magnification SEM micrographs show that the ridges and
valleys of the micro-trenches were covered with random micro-/nano-
structures after the aNLT process, as shown in Fig. 3a. Those micro-/
nano-structures include randomly distributed burrs, ripples,
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protrusions, pores and cavities. This micro-/nano-structures formation
is not suitable for conventional products, but it is helpful for super-
wicking surfaces. They were deposited primarily due to melting,
splashing and resolidification in sequence during laser-metal interac-
tion. The presence of those random surface structures makes the treated
surface amorphous which eventually increases the permeability of the
surface. Higher permeability leads to increased capillary pressure re-
sulting in better wicking effect [35]. Fig. 3b shows the higher magni-
fication surface morphologies after the completion of both aNLT and
CIT process. It can be clearly seen that the surface became more
amorphous after the CIT process. There were more randomly dis-
tributed micro/nanopores on the wall and flat area of the treated sur-
face. This indicated that the CIT process also influenced the surface
morphology change.

To measure the surface profile of the microgrooves, confocal mi-
croscopy analysis was performed on the treated AA6061 and Ti-6Al-4V
surface as shown in Fig. 4a and b. The topographs were sectioned at
different locations along the groove to acquire the 2D cross-sectional
profile as shown in Fig. 4d and f. Ten measurements of cross-section
were taken along five microgrooves, and the average value was pre-
sented in Fig. 4c. The cross-sectional view of the microgrooves shows
the existence of micro-scale peaks and valleys along the base of the
microgrooves. The microgrooves had a wider width at the open side
with an average value of 121 um and 126 um, for AA6061 and Ti-6Al-
4V respectively. The micro-grooves had a relatively narrow width at the
base side with an average value of 68 pym and 79 pm, respectively. The
average depth of the microgrooves was 440 pm and 431 pm for AA6061
and Ti-6Al-4V respectively.

3.2. Surface chemistry

The elemental composition of the treated surface was investigated
using the XPS survey analysis as shown in Fig. 5. It can be observed that
untreated AA6061 specimen has oxygen, carbon, aluminum and mag-
nesium on the surface as shown in Fig. 5a. The aluminum and mag-
nesium came from the composition of AA6061 and oxygen came from
the surface oxide layer. Carbon came from organic contamination on
the untreated surface. Immediately after laser texturing, similar ele-
ments (oxygen, carbon, aluminum and magnesium) were detected on
the laser textured surface. The XPS measurement is carried out at the
bottom surface of the microgrooves which are 450 um below the ori-
ginal surface. Usually the oxide layer thickness on untreated aluminum
or aluminum alloy is several nanometers. So, it can be concluded that
the oxide layer of the untreated sample was disrupted during the laser
texturing and the new oxygen signal in XPS is coming from the oxi-
dation that happened during laser texturing in the air. The aluminum
and magnesium came from the composition of AA6061 (Fig. 5b). For
the sample which went through both laser texturing and subsequent
chemical immersion treatment, significantly different XPS spectra were
observed. Two additional peaks in nitrogen and silicon along with
oxygen, carbon, aluminum and magnesium were observed in the survey
at the surface (Fig. 5¢). The source of nitrogen and silicon belonged to
CPTS silane reagent [CN(CH,)3SiCls]. Surprisingly, no chlorine signal
was observed in the XPS survey though there is chlorine in the CPTS
reagent. It is hypothesized that the chlorine elements in CPTS silane
reagent reacted with metal oxide and dissolved in the chemical solu-
tion. Core level analysis for carbon and nitrogen elements was also
carried out on the specimen that underwent both laser texturing and
chemical immersion treatment. Core level analysis of carbon element
shows the presence of -CN and —CH,- at ~286 eV and ~284 eV re-
spectively as shown in Fig. 6a. The presence of the —CN group can also
be seen from the core level analysis of the N element as shown in
Fig. 6b. This proves the presence of a nitrile group (R-C=N) on the
processed surface. -CN group is known to be highly polar due to the
presence of highly electronegative nitrogen atom in the chemical
structure.
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Fig. 7. Chemical analysis to show the etching effect by adding NaOH and DI water. (a) chemical analysis of silane solution before CIT showing no precipitate, and (b)
chemical analysis of post CIT process solution showing white AI(OH)3 precipitate.

As electronegativity of nitrogen is very high, it pulled the electrons
in the triple covalent bond in the CN group towards itself. Nitriles,
therefore, have strong permanent dipole-dipole attractions as well as
van der Waals dispersion forces between their molecules [36-38].
Water is a polar molecule and it consists of a slightly positive hydrogen
atom and a slightly negative —OH group. The positive hydrogen atom
in a water molecule is attracted to the lone pair on the nitrogen atom in
the nitrile group, and a hydrogen bond is formed. This makes the sur-
face attracted to water and alcohol molecules that contribute to su-
perhydrophilicity.

It can be observed from the XPS survey analysis, that there is no
chlorine signal (198.5~200 eV) although there were three chlorine
atoms in the chemical structure of the CPTS reagent [CN(CH,)3SiCls].
This is because the chlorine atoms must have reacted with the alu-
minum substrate during the CIT process and dissolved in the chemical
solution as aluminum chloride [31]. After the chemical immersion
treatment, post-process liquid solution was chemically tested to find out
the etched away metal elements in the solution. Sodium hydroxide
(NaOH) and deionized water were added to the solution. After some
time, white precipitates were formed as shown in Fig. 7b. From the
color of the precipitates, they are believed to be Aluminum Hydroxide
[AI(OH)3]. As Al(OH); is insoluble in both water and ethanol, it is
precipitated as white substance. The chemical reaction can be found in
Eq. 3.

AICl; + 3NaOH = Al(OH); | + 3NaCl 3)

On the other hand, when the same test was performed on the CPTS
silane solution before the CIT process, no precipitate was found as
shown in Fig. 7a. This proved that etching happened by the chlorine
atoms of CPTS reagent during the chemical immersion treatment that
brought Al elements from the substrate to the solution.

3.3. Static contact angle
The surface wettability is defined as the tendency of a liquid to

spread on or adhere to a solid surface without the formation of droplets.
The wettability of a surface to water is quantified using 6,
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measurement. 0,, is defined as the angle, conventionally measured
through the water droplet, where water—vapor interface meets a solid
surface and can be used to quantify the wettability of a solid surface.
The surface wettability to water can be categorized into four categories:
hydrophobic, hydrophilic, superhydrophobic and superhydrophilic.
When the 0,, is greater than 150°, the surface is generally regarded as
superhydrophobic. Surfaces with 150° < 6,, < 90° are categorized as
hydrophobic. If the 6, is between 10° and 90°, the surface is designated
as hydrophilic. If 6, is less than 10°, the surface is designated as su-
perhydrophilic, and the water completely spreads over the surface. If
the 0,, is equal to 0°, the surface is categorized as a highly super-
hydrophilic or superwicking surface.

To study the static wetting behavior of the processed surface for
both AA6061 and Ti-6Al-4V, the processed sample is placed on the
horizontal surface with the grooves orientation is in the Y direction as
shown in Fig. 9. A water droplet of 5 pl is slowly brought in contact
with the surface and the water-droplet spreading is captured at 15
frames per second. The untreated and only chemically treated AA6061
surface has a 6,, of 92° + 0.5° and 87° = 0.8° respectively. The wett-
ability condition of the laser textured surface without chemical treat-
ment is very unstable. The laser textured surface without chemical
treatment shows superhydrophilicity immediately after laser treatment
with 6,, < 10°. However, the wettability is unstable and changes with
time as shown in Fig. 8. Within 30 days, the surface wettability un-
dergoes a transition from superhydrophilicity to superhydrophobicity.
The 0,, becomes ~150° after 30 days due to a change in the chemistry
of the surface [23,24]. The wettability conditions change due to the
adsorption of organic compounds from the surrounding atmosphere
onto the only laser textured surface [24]. For the laser textured surface
with chemical treatment, the wettability has been monitored for 30
days. It shows a steady superhydrophilicity, and the 6,, remained at 0°
over the experiment time as shown in Fig. 8.

This is a special case of the superhydrophilic surface where the li-
quid spread on the surface at a very high speed when the liquid droplet
comes in contact with the surface. Fig. 9a and b show the different
frames of the progress of the spontaneous wetting of the processed
AA6061 and Ti-6Al-4V surfaces that undergoes both laser texturing and
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Fig. 8. Change of wettability of only aNLT and aNLT + CIT treated AA6061
surface.

chemical treatment. Frame 1 stands for the position of the 5 ul water
droplet at the beginning. Frame 2 stands for the position of the water
droplet just before it touches the surface. Frame 3 shows the onset of
water spreading on the surface and frame 4 shows the surface im-
mediately after the water spreading. As soon as the water droplet
touches the surface, the processed surface draws the water molecules
towards it and spread on the surface immediately. This proves that the
processed surface is highly superhydrophilic or superwicking.

3.4. Water spreading on a vertical surface

The surface wetting properties of the processed AA6061 and Ti-6Al-
4V are further studied by capturing the water spreading on the vertical
surface. The specimen is positioned vertically with the grooves oriented
as shown in Fig. 10a. An LED light is used to illuminate the processed
surface. A distilled water droplet with 10 pl volume is introduced to the
bottom of the grooves. The water-spreading dynamics is recorded by a
black, and white IDT X-StreamVision XS-3 CCD camera operated at
2250 frames/second.

As shown in Fig. 11a, a 10 pl water droplet is pipetted at the bottom
of the microgrooves, and the progress of the waterfront is captured by
CCD camera. We can see that the water drop spreads highly

Journal of Manufacturing Processes 54 (2020) 28-37

anisotropically on the processed area and it flows preferentially along
the microgrooves. Within 300 ms, the waterfront moves almost ~15
mm vertically against gravity with an average velocity of approxi-
mately 5 cm/s. For the Ti-6Al-4V sample, the water drop moves more
anisotropically compared to the AA6061 sample as illustrated in
Fig. 11b. It also moved a higher distance (~16.5 mm) compared to the
AA6061 sample in the same time frame, thus attained an average ver-
tical speed of 5.5 cm/s. The distance of water spreading front on the
vertically-standing specimen is plotted against time®® to determine the
type of superwicking dynamics and shown in Fig. 10b. The spreading
distance linearly depends on time® which indicates the capillary force
is very strong in the processed surface and transforms the surface into
superwicking.

The capillary effect inside a tube is a very familiar scientific phe-
nomenon. It is also generated in an open half-tube or a channel. Hence,
through fabricating a group of parallel microgrooves on a substrate
surface, a strong capillary surface can be produced on a large area.
Therefore, unidirectional microgrooves were deliberately fabricated in
this work to let the water spread in one direction so that the wicking
effect can be maximized in that direction. It is able to produce a su-
perwicking surface where the water molecules were drawn at a very
fast rate through the micro-trenches due to the capillary effect.
However, the capillary force in a half-tube is less compare with a full
tube [39]. The dynamics of liquid transport inside a vertical closed tube
is defined by the Washburn equation, given by:

yrcosf o
h(t) = 0.5 = (Df)0S
2u 4

where h(t) is the liquid transport distance in the vertical direction at
time t, y stands for the surface tension of the liquid, p is the liquid
viscosity, r is the capillary radius, 6 is the contact angle and D is the
capillary performance parameter.

Wicking dynamics on open V-shaped open groove also follows
Washburn-type dynamics [40] where wicking height is proportional to
t®>. As shown in Fig. 4, the fabricated microgrooves were also open
type and had a V-shape with flat bottom. Therefore, our experimentally
measured data were expected to follow Washburn dynamics. Capillary
radius (r) was calculated using the definition of hydraulic radiusr = A/
P from the capillary model [35], where A and P are the area and
perimeter of the cross-section of the micro-trenches as shown in Fig. 4.

da.
5 um droplet t=0ms t=66.67 ms t=133.33 ms
AA6061
Z u
o o o
Y L —— ————— a——
b.
5umdroplet t=0ms t=66.67 ms t=133.33 ms
Ti-6Al-4V

i 0-6-8-°

Fig. 9. Spontaneous wetting of the processed surface; (a) AA6061 and (b) Ti-6Al-4V.
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Fig. 10. Wicking distance measurement: (a) schematic of the high-speed
camera setup to capture the spreading dynamic. (b) plot of the vertical uphill
spreading distance of wetting front against time®->.

Previously, capillary driven liquid flow with Washburn dynamics has
been observed on the vertically placed surface with open microgrooves
[28], 2-D arrays of pillars [12], and under microgravity condition [41].

t=0ms

b. Water climbing on processed Ti-6Al-4V surface

t=0ms t=20ms

a. Water climbing on processed AA6061 surface

et

t=70ms

t=70ms
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The dimension of the surface structures created in this study fell within
the rage of the capillary size required for Washburn dynamics [42].
Fig. 10b shows that experimentally measured wicking height also fol-
lows Washburn dynamics for this study. Eq. 4 indicates that stronger
capillary action is created when 6 is smaller. Since the water affinitive
nitrile surface chemistry was created in the capillary systems leading to
intrinsic superhydrophilicity, the nHSN treated surface was expected to
enhance the capillary action.

3.5. Reflectance in visible and infrared spectra

Spectral reflectance measurement results are shown in Fig. 12a for
AA6061 specimens using various x-spacing from 250 pm to 350 pm.
According to the classification by the International Commission on Il-
lumination CIE, the electromagnetic spectrum between 400 ~3000 nm
is subdivided into a visible spectrum from 450 nm to 700 nm, IR-A
spectrum from 700 nm to 1400 nm, and IR-B spectrum from 1400 nm to
3000 nm. Following this classification, the spectrum of this reflectance
measurement of 450 ~1670 nm is subdivided into a visible spectrum
from 450 nm to 700 nm, IR-A spectrum from 700 nm to 1400 nm, and
IR-B spectrum from 1400 nm to 1670 nm.

Spectral reflectance measurement results for untreated and me-
chanically ground AA6061 specimens are also shown for comparison.
The spectral reflectance for the untreated AA6061 specimens falls ~55
% within the visible spectrum, 55 % ~76 % within the IR-A spectrum,
76 % ~ 87 % within the IR-B spectrum. The spectral reflectance for the
mechanically ground AA6061 specimens falls ~66 % within the visible
spectrum, 65 %-80 % within the IR-A spectrum, 80 %-84 % within the
IR-B spectrum.

Using the x-spacing from 250 um to 350 pm, the spectral reflectance
of superwicking AA6061 specimens reduced to 13 % ~ 16 % within the
visible spectrum, 13 %-21 % within the IR-A spectrum, 16 %-38 %
within the IR-B spectrum. The lower the x-spacing is applied, the lower
the surface spectral reflectance will be achieved for the superwicking
AA6061 samples. Fig. 12b illustrates the spectral reflectance

t=150ms

t=300ms

Fig. 11. High-speed images were taken at 2250 frames per second showing water running uphill against gravity on a vertically positioned sample: (a) progress of
water moving uphill for AA6061 sample and (b) progress of water moving uphill for Ti-6Al-4V sample.
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Fig. 12. Reflectance measurement for processed surface: (a) AA6061 and (b) Ti-
4Al-6V.

measurement results for Ti-6Al-4V specimens. The spectral reflectance
for the mechanically ground Ti-6Al-4V specimens falls 36 % ~40 %
within the visible spectrum, 40 %-45 % within the IR-A spectrum, 45
%-51 % within the IR-B spectrum. Using the x-spacing from 250 pm to
350 pm, the spectral reflectance of superwicking Ti-6Al-4V specimens
reduced to 3% ~ 5% within the visible spectrum, 3 %-5 % within the IR-
A spectrum, 3 %-21 % within the IR-B spectrum.

4. Conclusions

A surface texturing process is developed that combines laser surface
texturing and chemical immersion treatment in a silane solution to
produce superwicking engineering metal surface. Due to superwicking
capability, the processed surface pumps water vertically defying
gravity. The super-capillary effect of the processed surface along with
surface chemistry promotes the self-propelling high-speed vertical
movement of water. The water-spreading dynamics follows the classical
Washburn dynamics where the wicking height is proportional to the
square root of transport time. The processed surface also shows good
antireflective properties in the visible and infrared spectrum. Future
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work will extend the process for other engineering materials and opti-
mize the surface microstructure to achieve better performance.
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