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Abstract: Imitating microstructures found in nature—such as lotus leaves and Namib beetles—is
revolutionary in the field of surface science. Low-energy surfaces, when combined with different
topographies, create different wetting states. Understanding the correlation between microstructure
geometry and the behavior of water droplets is key to varying the contact angles on a low-energy
surface. Here, a picosecond laser was used to modify the microtexture of aluminum alloy surfaces.
Various microstructures were formed on the same surface, including the Laser-Induced Periodic
Surface Structure (LIPSS), dual micro/nano hierarchical structures, and periodic arrays of a micropat-
tern structure. Coating these microstructures with stearic acid was found to contribute to decreasing
surface energy. The 92% fraction of the laser-machined to non-machined surface, when associated
with different microgroove depths, created the capacity to form a superhydrophobic surface. Water
droplets on a modified surface were transferred from hydrophilic at the Wenzel state to hydropho-
bic at the Cassie-Baxter state to a superhydrophobic state at microgroove depths ranging between
2.50 um to 0.3 um. The air pockets trapped in the microgrooves and nanocavities were found to
subsidize the initiation of the composite interface underneath the water droplet.

Keywords: tuning contact angle; surface topography; Cassie-Baxter model; Wenzel model;
superhydrophobic; laser machining; aluminum alloys; microtexture; LIPSS

1. Introduction

Natural life—such as lotus leaves, cicada wings, butterfly wings, and gecko feet—has
distinct microstructures with unique wetting and optical properties [1,2]. Both academic
and industrial researchers have studied the theoretical science behind the lotus effect for
decades [3]. Studies on lotus leaves have revealed that, at the nanoscale, the lotus surface
consists of micro- and nanoscale hierarchical structures with wax crystals [1]. Accordingly,
the superhydrophobicity of the lotus surface is related to the surface morphology and
topography, indicating that the key to varying the wetting state of a surface is to modify
surface roughness [4]. The features of superhydrophobic surfaces can be used to improve
the performance of new technology through corrosion prevention, [5] self-cleaning [4], anti-
icing [6], enhancing heat transfer [7], and chemical sensing [8-10]. The reported techniques
and methods used to mimic the microstructure found in nature on the metal surface include
the following: a femtosecond laser [11], anodization [12], an electrospray [13], photolithog-
raphy [14,15], physical/chemical deposition [16], chemical etching [17], electrochemical
etching [18,19], and pico/nanosecond laser devices.

The emergence of different techniques to modify microstructures has advanced the
development of alternative sources and methods in manufacturing techniques. However,
each technique has advantages and disadvantages. There is variability in each technique’s
ability to create large-volume surfaces, work on specific types of material, use toxic chemical
compounds, and control the microstructure size [20]. Ultra-fast short-pulse laser techniques
are the benchmark for improving microtextured processing [21-23]. A patterned solid
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surface with an ultrafast short-pulse laser device produces both laser-induced and laser-
inscribed structures [24]. Since roughness is an essential factor in varying surface wettability,
the details of laser-induced and laser-inscribed structures result in different roughness
values in both micro/nanoscale structures. Additionally, morphological differences occur
among these structures. These differences in the surface microtexture result in a direct
effect on surface wettability [25], which is the focus of this study, as well as other properties,
including optical [26], wear, and lubrication properties [23]. Moreover, machining with
picosecond lasers can be obtained without contact—without a mask—and can be performed
with a variety of patterns designed through programmed software (Trumpf Trutops PFO).
Lastly, picosecond laser machining can produce a large fabrication volume in a short
amount of time.

It has been reported that increasing surface roughness is necessary to increase the
surface contact angle [7,9,10,27]. The Cassie-Baxter model—which states that increasing
surface roughness creates a solid-liquid and gas-liquid interface between the water droplet
and the substrate—shows that the heterogeneous interface decreases the contact between
water and the substrate [28]. When the water droplet wets the grooves of the substrate, it
represents the Wenzel model, where increasing the surface roughness of an intrinsically
hydrophilic (or hydrophobic) surface increases the surface hydrophilicity (or hydrophobic-
ity) [16]. This model considers the contact between the water droplet and the substrate as a
homogeneous solid-liquid interface and is more sensitive to surface topography [27,29,30].

Researchers from around the world investigated these wetting properties on different
microtexture designs. Particular attention has been paid to the influence of different
geometrical designs, as well as the control of the microstructure to modify the substrate-
wetting state and contact angle properties [3,7,31-35]. P. Bizi-Bandoki studied the influence
of the number of pulses of a femtosecond laser on the microstructure modification of
AISI 316 stainless steel and Ti-6Al-V alloys. In short, Bizi-Bandoki showed an increase in
the contact angle on the Ti-6Al-V alloy, indicating that the surface was converted from a
hydrophilic state to a hydrophobic state [9]. Y.C. Jung et al. [15,36] studied the effect of the
geometrical design and water droplet size on the transition from the Cassie-Baxter state to
the Wenzel state on a patterned surface. Jung et al. considered an optimum pattern design
by creating pillars with different diameters, heights, and pitch distances on a silicon surface.
The authors concluded that the transition from the Cassie-Baxter state to the Wenzel state
occurred when the droop of the droplet reached the base between two pillars. Dae-Ho
Kim [11] proposed a non-lithographic chemical oxidation and micro-post array method to
fabricate regular dual-scale hierarchical surfaces such that the surface structures showed an
improvement in their wetting properties from a hydrophobic to a superhydrophobic state.
Notably, advances in this research area focus on the transition of surface wettability from
hydrophilic/hydrophobic to superhydrophobic using different sizes of water droplets [15]
or on the creation of various geometries with accurate measurements and design [11,37].
However, we should consider the limitations regarding the wetting state of rough surfaces
where surfaces with identical roughness but different microtextures exhibit variations in
their contact angle, sliding angle, and water adhesion to the surface.

The influence of the hierarchical structure, fine geometrical design, and the fabrica-
tion method of microtextures on the surface create a critical research topic in additive
manufacturing and the field of surface science [2]. The wetting behavior of a variety of
geometrical designs, such as circular and square top pillars [31,35], pyramidal aspirates [3],
dual-scale micro/nanostructures [8,32,33], and anisotropic structures, has been thoroughly
studied. For the most part, recent research reports the effectiveness of changing the design
when making a complete transition from hydrophilic to superhydrophobic surfaces. How-
ever, tuning geometries to alter wettability from a hydrophilic to a hydrophobic then to a
superhydrophobic state on a single surface remains a challenge.

The work presented here proposes a process for tuning the wetting state of high-
strength aluminum alloy using one-step machining via a picosecond laser and organic
coating. We report on using the quantitative analysis of the surface topography and the
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response of droplets in the form of changes in the contact angle to create a guideline
for tuning the droplet contact angle to different degrees. A similar pattern design to
investigate the alloy surfaces’ topography and morphology as they mainly contribute to
the transition from a hydrophilic state at the smooth surface to a hydrophobic state at
a patterned surface to a final superhydrophobic surface at the threshold depth of laser
machining was conducted as part of this research.

2. Method and Materials

Aluminum 7075 alloy sheets with a 0.001 m thickness were purchased from McMaster
and cut into 0.0254 m x 0.0254 m samples. The chemical composition of the samples was as
follows: copper 1.6 (%wt.), magnesium 2.5 (%wt.), chromium 0.23 (%wt.), zinc 5.6 (%wt.),
and the rest (%wt.) was aluminum. The samples were cleaned with ethanol and deionized
water (DI water), and the surfaces were dried with compressed air before machining.

A high repetition picosecond laser (Fianium, Inc., Eugene, OR, USA) with a 1064 nm
wavelength and a Galvanostat scanner, Lafayette, CO, USA) with a pulse width of 100 ps
and a repetition rate of 50 kHz was used in this experiment. The average laser power
during surface machining was maintained at 1.8 W, and the scanning speed was 1657 mm/s;
the fluence of the laser pulse was approximated by 9.16 pj/cm?. The beam diameter was
about 68 um at the focus distance of 127 mm. The scanning pattern shown in Figure 1 was
designed according to namouras trails to engrave an area that covered between 50% and
90% of the surface with the consideration of changes in scanning angles during machining.

| Non-treated

|area Laser

treatmentline |

Figure 1. Laser machining pattern.

2.1. Applying Stearic Acid to the Surface

The organic coating, an ethanolic stearic acid solution, was used to decrease the surface
energy of the treated surfaces. The solution consisted of 1.13 x 1073 kg of stearic acid in
100 mL ethanol, which was heated to and stirred at 50 °C and 380 rpm, respectively, until
the stearic acid particles completely dissolved and the solution was a colorless liquid.

The metal samples were soaked in the ethanolic stearic acid solution for 8 h and then
dried at a temperature between 75 and 90 °C for about one hour and left to cool overnight.

2.2. Surface Characterization

An optical microscope with a charged-couple device (a CCD camera) was used to
capture images of the surface. A 40x magnification focus lens was used to estimate the
surface topographic heights. The measurement of the machining depth was conducted
through a movement controller connected to the focus lens. To optimize the distance
between the non-machined tip and the depth of machining, a reference point at the non-
machined surface was set while the movement controller was adjusted at the zero level.
A point from the depth of the machining area was brought into focus by adjusting the
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camera height using the movement controller; the change in the position of the camera
estimated the depth of the point at the bottom of the machining area. A total of 25 areas of
each machined sample were pictured at room temperature. The heights of surface pillar
peaks that appeared in each pictured area were recorded. The width and spacing distance
of topography details appeared in the images, and the percentage of the laser-machined
area to non-machined areas were quantified using Image]J software V1.53. An aplastic
pipette used to drip 5 puL of DI water was placed on each of the previously imaged areas on
the laser-machined surface. A telescoping microscope was used to observe the shape of
25 drops at standard ambient temperature and pressure conditions. All collected surface
topography pictures and measurements of the water droplet contact angle were calculated
using Image]. SEM images were taken using an FEI Quanta 250 FE-SEM, Hillsboro, OR,
USA) instrument to show the surface morphology of the laser-machined surface.

3. Results

Machined samples varied based on the number of scanning passes applied on the
surface. Table 1 shows the sample number, the number of passes, and the machining depth
for each sample.

Table 1. Laser machining on the sample and the depth range.

Sample Number Number of Passes Machining Depth (um)
Sample 1 12 0.45 +0.42
Sample 2 24 1.56 £ 1.5
Sample 3 36 332+1.72
Sample 4 48 4.0+ 1.60

Surface roughness was measured as the average roughness (Ra). The sample’s surface
following mechanical polishing typically falls within the range of 0.02-0.1 um. As the
number of scanning passes increases, an escalation in the machining depth becomes evident.
In the context of sample 1, the machining depth exhibited an approximate increase of
0.36 um. By contrast, sample 2 displayed a more pronounced increase of 1.46 pm when
measured between the top and bottom of the hierarchical structure. Notably, the response
of the surface’s nanotexture to the laser scanning process became increasingly apparent in
samples 3, 4, where a machining depth of 3.32 and 4.0 pm was recorded, respectively.

The aluminum alloy is hydrophilic. Coating aluminum alloy surfaces with organic
base compounds converts the material to a hydrophobic state. Figure 2 shows the variation
in wettability on the alloy surface with and without a coating. Different laser patterns were
also engraved on the alloy’s surface. The contact angle on the as-received surface showed
an average of 76°. Applying the ethanolic stearic acid coating to the as-received surface
increased the contact angle to 98°.

The laser machining of the aluminum alloy surface using the picosecond laser beam
followed by the ethanolic stearic acid coating showed an increase in the contact angle
by at least 30° as compared to the non-machined, coated surface. The contact angle after
engraving different pattern designs on the aluminum alloy showed a variation in wettability
on the surface. The patterns were line and grid with 200 pym and 70 pum pitch distances
engraved on the surface. The fraction of laser-machined areas on the surface varied based
on the designed pattern and the angle of the laser incident beam. As the pitch spacing
narrowed, the ratio of the laser-machined area to the non-machined areas increased. The
influence of different laser machining ratios on the water droplet contact angle is presented
in Figure 2. This increase in the fraction of the laser machining area corresponded with a
gradual increase in the contact angle—approaching a maximum contact angle of 142° within
50%—-65% of laser-machined areas. The non-wetting state reached the superhydrophobic
state at 92% with a contact angle >155° measured at the surface.
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Figure 2. Laser-machined fraction and corresponding water droplet contact angle.

Varying the topography of non-machined areas—by creating machining depths and
paths using the laser beam—influences the surface wettability. Figure 3 illustrates the
relationship between the wettability degree of the surface to the ratio of the laser-machined
depth to the non-machined width. The experimental data show a transition in the wetta-
bility of the metal surface from the simulated Wenzel model at the smooth surface to the
Cassie-Baxter model at a geometrical surface. This transition in the wettability condition
materialized at a ratio greater than 0.135 between the designed laser-machined depth to the
width of non-machined areas. The 85% value of R?, when representing the data, empha-
sizes the influence of increasing the ratio of a geometrical factor in the microtexture on the
gradual increase in the contact angle on the textured surface. The simulated Wenzel model
refers to the wettability condition of the laser-textured aluminum alloy surface with the
consideration of a nontreated surface having an inherent hydrophilic nature. In Figure 3,
the increase in surface hydrophilicity is a result of the increase in roughness of the intrinsic
hydrophilic alloy surface. Hydrophilicity improves the surface stimulus by increasing the
roughness ratio of the laser-textured surface. Correspondingly, the Cassie-Baxter model
refers to improved surface hydrophobicity at lower surface energies as the surface rough-
ness passes a threshold range. The simulated curve of the Cassie-Baxter model in Figure 3
shows an increase in the contact angle as the ratio of the designed laser-machined depth
to the non-machined area increased on the coated surface. As a result, a water droplet
preserves its surface energy by making a semi-spherical shape on the textured surface.

The laser-machined area showed a different surface topography and morphology than
the non-machined surface, which is the primary interest when studying wettability on a
surface. Figure 4 shows that the contact angle on the aluminum alloy surface increased
as the laser machining depth increased. The approximate value of R? = 0.8852, which
represents the proportion of different machining depth measurements to the corresponding
droplet contact angle value, indicates the strong correlation between the machining depth
and contact angle variations. At a low machining depth of less than 0.2 um, the surface
showed a hydrophilic state with a water contact angle <90°. The transition between the
hydrophilic to the superhydrophobic state took place at a laser machining depth in the
range between 0.3 um and 2.50 um. The steady state of the superhydrophobic surface was
observed at laser machining depths greater than 2.75 um with a contact angle greater than
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155°. The steady state was observed at all laser-machined areas regardless of the width of
different geometries.
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Figure 3. Experimental data of wettability transition from Wenzel state at smooth surface to
Cassie-Baxter state at microtextured surface.
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Figure 4. The influence of laser machining depth to the contact angle on the surface.

4. Discussion

The contact angle formed between the water droplet and the laser-machined surface
of the aluminum alloy varied based on (1) the fraction of the laser machining area to
non-machining areas, (2) the coating on the surface, and (3) the depth of the laser-machined
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area. High repetition and an ultrashort pulse laser device were used to etch patterns on the
aluminum alloy surface, as shown in Figure 5A. In this experiment, the laser beam moved
on the sample surface rather than the sample holder stage moving under a fixed laser beam
so the incident beam could engrave different geometries at varying angles. Consequently,
the measurements of the designed pattern were modified based on the angle of machining,
as shown in Figure 5B. The fraction of laser machining on the surface increased as the
angle of the incident beam increased, as shown in Figure 5C,D. The influence of these
different geometries on the wetting state of the surface emphasizes the need to consider
the machining fraction, the ratio of the depth of laser-machined areas to the width of
non-machined areas, and the pitch distance between laser machining design features rather
than the size and shape of the pillars.

B C

Figure 5. An SEM micrograph showing different geometries after laser machining on the surface:
(A) The sample surface before laser micromachining; (B) The optimum design at a low machining
angle; (C) The change in pattern design at an increasing machining angle; (D) The pattern design for
the far machining angle.

Laser machining the surface with patterns that contain periodic arrays form regular
micro/nano hierarchical structures on the surface [20,32,33]. Figure 6 shows an SEM
micrograph of the surface topography of a sample after laser machining. Generally, a two-
tier surface is formed on the sample surface after laser machining. The SEM micrograph
in Figure 6A shows the structure of the lower-tier surface that holds the LIPSS; this type
of structure usually appears after pulsed laser machining [38]. The upper tier is shown
in Figure 6B and consists of a combination of non-machined areas and surfaces covered
with particles redeposited after ablation. The structures have different topographies and
morphologies than the regular non-machined surface. As a result, they create room for
trapping varying amounts of air [23] that, with the aid of low surface energy from the
ethanolic stearic acid coating, significantly change the wettability on the surface.

The fraction of gas to solid presented in the Cassie-Baxter model relates to an increase
in the contact angle to the condition of the heterogeneous interface between the water
droplet and the surface. The experimental data presented in Figure 3 are consistent with
the Cassie—Baxter model, where the transition from the Wenzel state to the Cassie—Baxter
state occurred with an increase in the ratio of the depth of the laser-machined areas to the
width of the non-machined regions. Despite the differences in geometries engraved on
the surface, a steep transition from the hydrophobic to the superhydrophobic state was
observed on the surface when considering the ratio of the depth of laser machining to
the width of the non-machined areas. The data presented in Figure 4 show evidence of
a moderate increase in the contact angle that transitioned the surface from a hydrophilic
to a superhydrophobic state due to the rise in the laser-machined depth only. That is an
indication of the importance of accounting for variations in the microtexture depth on
tuning wettability on the surface. Figure 7 illustrates the change in the water droplet shape
as microtexture features appeared on the surface.
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Figure 6. SEM micrograph of laser-machined surface topography: (A) LIPSS structure at the depth
of the laser-machined track bottom surface; (B) The micrograph of the non-machined surface top
surface, re-deposited ablated materials and non-machined areas.

Figure 7. Representation of water droplet transition from the Wenzel to Cassie-Baxter state at a
microtextured surface.

The design of two-tier surfaces using a picosecond laser device has the advantage
of forming shallow channels and the possibility of controlling the machining depth to
create different morphologies. It has been reported that the capillary length of water
droplets is 2.7 mm [29]. Therefore, the 70 pm pitch distance between the design features
is small in terms of obtaining a water capillary phenomenon. The increase in depth of
the channels aids in trapping air, as well as preventing the droplet droop from contacting
the bottom surface of the substrate [36,39]. The presence of a micro/nano hierarchical
structure on the surface contains micro/nanoscale grooves and cavities at the depth of the
machined substrate as well. The creation of the composite interface involves gas-liquid
and solid-liquid, which was initiated at the microgrooves and nanocavities where a greater
gas fraction compared to the solid fraction was present. The air trapped beneath the water
droplet assisted in increasing the contact angle of the water droplet on the surface. As the
depth of these channels increased, the air pocket acted as the carrier of water droplets in
the channel, as shown in Figure 8.

The wettability nature of smooth aluminum alloy surfaces attracts water [40]. The
homogenous solid-liquid interface between the water droplet and the non-machined
aluminum alloy surface keeps the water droplet at its minimum energy [29]. The presence
of a microtexture on the surface initiates a composite solid-liquid and gas-liquid interface
underneath the water droplet, while the presence of the gas-liquid medium at the interface
reduces the contact between the water droplet, and the aluminum alloy surface [39]. As a
result, the attractive force from the substrate’s surface is minimized and the water droplet
starts to take a spherical shape to keep its potential energy at a minimum range.
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Figure 8. (A) the presence of an air pocket underneath a water droplet. (B) water droplet in complete
contact with the substrate.

5. Conclusions

Aluminum alloy surfaces were treated using a high repetition, ultrashort pulse laser
device, and an ethanolic stearic acid coating. The machining process created microstructures
that varied in size and shape to tune wettability on the surface. Experimental data show
the transition of the wetting state from the hydrophilic state at the Wenzel model through
the hydrophobic Cassie-Baxter state before reaching a superhydrophobic state. Modifying
the microstructure by increasing the fraction and the depth of the laser machining area
played a major role in the transition process. The transition of the surface wetting state
from the hydrophilic state surface at the as-received surface to the superhydrophobic state
surface as the ratio of the width of the non-machining area to the depth of the machining
area exceeded 0.135. The critical machining depth to switch the wettability state on the
surface to the non-wetting state surface was between 0.3 um and 2.50 pm. Factors such as
the microgroove and nanocavities, as well as increasing the machining feature depth, were
found to increase the amount of trapped air and consequently produce high contact angles
on the surface.
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