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ABSTRACT

This study aims to investigate the effects of femtosecond
laser treatment on surface texture and wettability properties of
an aluminum alloy, AL6061, with the primary goal of creating a
superhydrophobic surface. A central composite design is used
for the laser surface texturing design of experiments. Surface
texture is examined using SEM to detect minuscule changes on
the morphology. A 3D optical profiler extracts topographical
data from the surface. A contact angle goniometer based on the
sessile drop method is used to measure the contact angle of the
textured samples. The response surface method is used to build
a second-order polynomial model for the contact angle and
obtain optimal parameters to maximize the contact angle. This
research shows that laser surface texturing can generate a wide
range of surface profiles and roughness values with geometric
features ranging from hundreds of um to submicron. All three
laser parameters (pulse energy, pulse duration, pulse repetition
rate) affect surface roughness and contact angle to some degree.
To quantify the relationship between the contact angle and laser
parameters, a response surface model for AlI6061 is identified
and used to find the optimal conditions of E=214 uJ, tp=10 ps,
and fp=2427 Hz with a predicted maximum contact angle of
161°. A confirmation experiment produces a contact angle of
168°, in good agreement with the predicted value.

Keywords: laser surface texturing, aluminum alloy, surface
wettability, response surface method

1. INTRODUCTION
Industrial use of femtosecond laser surface modification
ranges from a variety of applications as well as material use.
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Metals such as aluminum and stainless steel are used in
aerospace, annular pipes, and metallic molds. Thus,
experimenting with these materials is common when treating the
surface with femtosecond lasers. The goal to achieve surface
wettability properties of hydrophobicity/superhydrophobicity is
due to its potential applications in various fields such as self-
cleaning, anti-icing, drag reduction, and more [1]. Aluminum has
shown exciting results after being irradiated and appears to have
less regular surface microcones than other metals such as
stainless steel [2]. The varying results of surface microcones
affect the surface properties and reactions towards various
testing like wettability and surface free energy factors, giving
reason to study further the results of femtosecond laser treated
aluminum and stainless-steel surfaces. Various approaches target
the desired surface outcomes and reproducibility in surface
wettability when using a femtosecond laser. The general strategy
reported in the literature includes surface microstructure
alteration [3] and the combination of surface texturing and
surface coating/chemical treatment to achieve either hydrophilic
or hydrophobic surfaces [4,5].

Research suggests that laser texturing alone can control the
wettability behavior of a material through surface morphology
[6]. Research in recent years seems to indicate that a hierarchical
structure consisting of micro and nano features created by
ultrafast lasers can display superhydrophobic behavior [7,8], like
the well-known structure of a lotus leaf in nature. Because
surface oxidation after laser treatment often turns a metallic
surface to superhydrophilic, low temperature annealing can be
used after laser texturing to avert this adverse effect [9,10]. This
study aims to develop a laser surface texturing technique in
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combination with low temperature annealing to create a
superhydrophobic surface made of AL6061, an aluminum alloy.
A central composite design of experiments and response surface
analysis are used to study the effects of laser treatment on the
contact angle, a measure of the wettability property. The
response surface analysis will offer directions to maximize
contact angle by optimizing laser parameters. The overall
workflow for this study is described as follows. It starts with
laser surface texturing through the central composite design of
experiments. The textured samples are then examined using a 3D
profiler and SEM microscopy. Next, the samples undergo low
temperature annealing at 200 °C for 2 hours. Finally, the
response surface method is used to optimize the laser parameters
to maximize the contact angle.

2. EXPERIMENTAL METHOD

2.1 CCD and Laser Processing Conditions

Central composite designs (CCD) are the most used
response surface methodology. CCD is a factorial or fractional
factorial design with center points, augmented with a group of
axial points (also known as star points) that let one efficiently
estimate the first and second-order terms [11]. A CCD always
contains twice as many axial points as there are factors in the
design. Axial points represent new extreme values (low and
high) for each factor in the design. CCD is used in this research
to determine the best conditions of laser parameters to produce
superhydrophobic surfaces. The specific type of CCD used in
this research is face centered. For face-centered CCD, star points
are at the center of each face of the factorial space. This variety
contains five levels for each factor. The figure below visually
represents the face centered CCD.

The factors are pulse energy, pulse duration, and pulse
repetition rate. Pulse energy, E (1)), is the total optical energy
content within a pulse. Pulse duration, tp (ps), is the duration of
the laser pulse emitted on the sample. Pulse repetition rate, fp
(Hz), is the frequency of pulses. These three factors are laser
parameters that have a greater impact on the outcome of the
surface than other laser parameters.
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FIGURE 1: FACE CENTERED CCD DESIGN

The five factor levels in the CCD design are determined by
the capability of the laser and some preliminary laser surface
texturing experiments. For each of the three factors of the CCD
design, the five levels are determined by multiplying the center
point values by -1.68, -0.68, 0, 0.68, 1 for the factor levels of
lowest, low, center, high, and highest, respectively. Table 1
below lists the three factors and five levels for each factor.

TABLE 1 CCD FACTOR AND FACTOR LEVELS

Factors Factor levels
Lowest | Low Center | High Highest
E (W) 50 120 225 330 400
tp (ps) | 0.184 2 5 8 10
fp (Hz) | 400 1130 2200 3270 4000

This design has three sets of points: axial, cube, and center.
Axial points represent the factor levels from the center value to
the lowest or highest values for each factor, resulting in 6
different points; these points are run orders 1, 3, 8,9, 10, and 19
in Table 2. Cube points represent the low and high factor levels
resulting in 8 different points; these points are 2,4, 7, 13, 14, 15,
18, and 20 in Table 2. Center points represent the factor level
center and are repeated 6 times throughout; these points are 5, 6,
11, 12, 16, and 17 in Table 2. Run order O represents the as-
received sample that is free from any laser treatment.

TABLE 2 CCD LASER CONDITIONS

Run order EQ)| e fpHz
0 as-received sample
1 50 5 2200
2 330 2 1130
3 225 5 4000
4 120 8 3270
5 225 5 2200
6 225 5 2200
7 120 2 3270
8 225 0.184 2200
9 225 5 400
10 400 5 2200
11 225 5 2200
12 225 5 2200
13 330 8 1130
14 330 8 3270
15 330 2 3270
16 225 5 2200
17 225 5 2200
18 120 2 1130
19 225 10 2200
20 120 8 2200
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2.2 Experimental Setup

The experimental setup for laser surface texturing is
schematically shown in Figure 2. The ultrafast laser has pulse
durations ranging from 184 fs to 10 ps. Pulse energy is adjusted
by a half-wave plate and a cube polarizer. A focusing lens
concentrates the pulse energy to a focal spot on the sample
surface - the sample on a motorized xyz stage, controlled by the
computer. Surface texturing is done through a continuous laser
scan in the horizontal direction with constant stepping in the
vertical direction.

Cube

polarizer Sample

fs/ps/nslaser

A2 plate Focusing

Xyz stage
lens y g

FIGURE 2: SCHEMATIC OF LASER SURFACE TEXTURING
EXPERIMENTAL SETUP

The sample material is aluminum alloy 6061, a
precipitation-hardened aluminum alloy containing magnesium
and silicon as its major alloying elements [12]. This material has
good mechanical properties, exhibits good weldability, and is
one of the most common aluminum alloys for general-purpose
use. Aluminum alloy 6061 is one of the most versatile of the
heat-treatable alloys and is popular for medium to high strength
requirements, exhibiting good toughness characteristics [13]. Its
applications range from transportation components to machinery
and equipment applications while exhibiting excellent corrosion
resistance to atmospheric conditions [13].

Laser surface texturing experiments conducted follow the
CCD design as described in Section 2.1. To shorten the time
required for metal's wettability transition from hydrophilicity to
superhydrophobicity without requiring the use of any chemical
coating process, an additional process of annealing is introduced
[9]. Annealing is performed in a conventional oven under
ambient air at 200°C for 2 hours. The samples are treated usually
within one day after laser surface texturing. No cleaning is done
to the samples before annealing. Scanning electron microscope
(SEM) is used to examine the surface microstructure after laser
texturing. A 3D optical profiler is used to gather surface
roughness values of the samples.

A standardized method is used during each measurement to
gather surface wettability data. Prior to annealing, the wettability
of the sample is measured daily once treated by the fs laser. As
time passed, these measurements have become weekly, with
slight change detected. Before annealing, the wettability of the
sample is measured in three separate locations with a deionized
water droplet of 2 pL. The purpose of measuring in three

separate locations is to determine if the wettability remains
consistent throughout the treated surface.

3. RESULTS AND DISCUSSION

The purpose of this section is to learn about laser
parameters, surface microstructure, surface roughness, and
wettability to see if there are any correlations. First, conditions
relating to one factor at a time are selected based on the CCD
design. One of the laser parameters will change by exploring one
factor at a time. In contrast, the other two laser parameters
remain at a fixed reference value (e.g., pulse energy at 225 pJ,
pulse duration at 5 ps, and pulse repetition rate at 2200 Hz). The
discussion is following cause-effect relationships: effects of laser
parameters on surface texture, effects of laser parameters on
surface roughness, effects of laser parameters on the contact
angle, and effects of surface roughness on contact angle. Second,
utilizing all the 20 test runs from the CCD design, response
surface analysis will be used to establish a regression model
relating laser parameters to contact angle.

3.1 Effects of Laser Parameters on Surface Texture

Surface textures presented in this section represent the wide
range of surface morphology and profiles created in this study.
These samples are grouped here to show the effects of the three
laser parameters. Figure 3 shows three SEM images of laser
textured Al6061 samples and the corresponding 3D profile
images, with increasing pulse energy while keeping the other
two parameters constant (pulse duration at 5 ps and pulse
repetition rate at 2200 Hz). As the pulse energy increases, the
number of asperities also increases, as seen in Figures 3b, 3d,
and 3f. When the pulse energy is at 50 pJ there are few growths
on the sample ranging from 1 pm to 3.5 um in height. As pulse
energy increases to 400 pJ, the surface not only has growth
ranging from 5 um to 20 pm but also has more material being
displaced or ablated. The particle size appears to increase in
proportion with pulse energy. At the highest pulse energy of 400
pJ, Al6061 appears to have columnar growth and splitting
compared to the lowest pulse energy of 50 pJ, which appears to
have little displaced material or ablation, as shown in Figures 3a
and 3e. Multiscale features down to submicron levels are
induced on the surface by laser irradiation.
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FIGURE 3: SEM IMAGES AND 3D PROFILES SHOWING THE
EFFECTS OF PULSE ENERGY ON SURFACE TEXTURE

Figure 4 shows the SEM images and the 3D surface profiles
for three laser textured surfaces of Al 6061. Of these images,
pulse duration increases from 0.184 ps to 10 ps. Pulse duration
shows an exciting trend, unlike that of pulse energy. It appears
that the pulse duration effect plateaus at 5 ps. To further explain,
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Figure 4a and Figure 4e are far more like each other; both appear
to have material that is not deformed, ablated, or displaced. At
the same time, Figure 4c appears to have more material
deformed, ablated, and displaced. Figure 4b shows the most
columnar growth, and Figures 4d and 4f have fewer growth or
mounds of displaced material and less columnar growth.
However, in Figures 4b, 4d, and 4f, growths and mounds of
displaced material all seem to range in height from 0 pm to 15
pm.
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FIGURE 4: SEM IMAGES AND 3D PROFILES SHOWING THE
EFFECTS OF PULSE DURATION ON SURFACE TEXTURE

Figure 5 shows the SEM images and the 3D surface profiles
for three laser textured surfaces of Al 6061. Figures 5a and 5b
show results of pulse repetition rate being at 400 Hz, while
Figures 5c and 5d show results of pulse repetition rate being at
2200 Hz, and Figures Se and 5f show results of pulse repetition
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rate being at 4000 Hz, ten times the pulse repetition rate as
Figures 5a and 5b. From observing the SEM images, Figures Sa,
5c, and Se, it is apparent that the material changes by ablation,
deformation, and displacement to an increasing extent as the
pulse repetition rate increases. Figure 5a shows small areas of
displaced material and has the most uniform surface compared
to Figures 5c¢ and 5Se. There also seems to be more material
showing columnar growth with an increasing repetition rate, as
seen in Figures Sc and S5e. Surface pillars exhibit a more
significant height difference reaching 20 pm at high repetition
rates, as seen in Figures 5d and 5f, while Figure 5b shows growth
reaching the height of only 1.5 pm.
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FIGURE 5: SEM IMAGES AND 3D PROFILES SHOWING THE
EFFECTS OF PULSE REPETITION RATE ON SURFACE
TEXTURE

3.2 Effects of Laser Parameters on Surface Roughness

Figure 6 shows the effects of pulse energy on the average
surface roughness. The other two laser parameters, pulse
duration and pulse repetition rate, are fixed at 5 ps and 2200 Hz,
respectively. As the pulse energy increases, the average surface
roughness appears to increase as a logarithmic function. When
the pulse energy increases from 50 pJ to 225 pJ, there appears to
be a more significant change in the average surface roughness
compared to when the pulse energy increases from 225 pJ to 400
wt.

Figure 7 shows the effects of pulse duration on the average
surface roughness. The other two laser parameters, pulse energy
and pulse repetition rate, are fixed at 225 pJ and 2200 Hz,
respectively. As the pulse duration increases, the average surface
roughness appears to decrease as an exponential or linear
function. As the pulse duration increases from 0.184 ps to 5 ps,
the average surface roughness decreases faster than when the
pulse duration increases from 5 ps to 10 ps. The results indicate
a relationship between the pulse duration and the average surface
roughness values. Compared to the pulse energy, the pulse
duration appears to have more influence on the microstructure
when looking at the average surface roughness value.

Figure 8 shows the effects of pulse repetition rate on average
surface roughness. The other two laser parameters, pulse energy
and pulse duration, are fixed at 225 pJ and Sps, respectively. As
the pulse repetition rate increases, the average surface roughness
increases almost as a linear function. The results indicate a strong
relationship between the pulse repetition rate and the average
surface roughness value. Of the three laser parameters (pulse
energy, pulse duration, and pulse repetition rate), pulse repetition
rate seems to have the most substantial relationship to the
average surface roughness value.
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FIGURE 6: EFFECTS OF PULSE ENERGY ON SURFACE
ROUGHNESS
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FIGURE 7: EFFECTS OF PULSE DURATION ON SURFACE
ROUGHNESS
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FIGURE 8: EFFECTS OF PULSE REPETITION RATE ON
SURFACE ROUGHNESS

3.3 Effects of Laser Parameters on Contact Angle
Figure 9 shows the effects of pulse energy on contact angle.
The other two laser parameters, pulse duration and pulse
repetition rate, are fixed at 5 ps and 2200 Hz, respectively. As
the pulse energy increases, the contact angle appears to increase
first before leveling off at high pulse energy values. When the
pulse energy increases from 50 pJ to 225 pJ, the increase in
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contact angle is over 40°, and the contact angle remains almost
the same when the pulse energy increases from 225 pJ to 400 pJ.

Figure 10 shows the effects of pulse duration on contact
angle. The other two laser parameters, pulse energy and pulse
repetition rate, are fixed at 225 pJ and 2200 Hz, respectively. As
the pulse duration increases, the contact angle increases
nonlinearly for the range of pulse duration used, at a higher rate
from 0.184 to 5 ps than from 5 to 10 ps.

Figure 11 shows the effects of pulse repetition rate on
contact angle. The other two laser parameters, pulse energy and
duration, are fixed at 225 pJ and 5ps, respectively. When the
pulse repetition rate increases the contact angle increases
nonlinearly, and the behavior is similar to the effect of pulse
energy. It seems as if it is following a logarithmic trend; when
the pulse repetition rate increases from 400 Hz to 2200 Hz, the
difference between the two contact angles is more significant
than when the pulse repetition rate increases from 2200 Hz to
4000 Hz, having a reduced difference.
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FIGURE 9: EFFECTS OF PULSE ENERGY ON CONTACT
ANGLE
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FIGURE 10: EFFECTS OF PULSE DURATION ON CONTACT
ANGLE
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FIGURE 11: EFFECTS OF PULSE REPETITION RATE ON
CONTACT ANGLE

3.4 Effects of Surface Roughness on Contact Angle
Figure 12 shows the effect of the average surface roughness
on contact angle, after annealing, treating the surface roughness
as an independent variable. All samples show hydrophobic
results regardless of the average surface roughness. The results
suggest that when the average surface roughness is 0.5 pm or
less, the average contact angle is hydrophobic, and when the
average surface roughness is more significant than 1.5 pm, the
contact angle is more likely to exhibit superhydrophobic results.
Aside from the observation mentioned, there does not seem to be
a clear and direct trend when comparing the average surface
roughness to the contact angles, but an optimal surface
roughness seems to exist to maximize the contact angle.
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FIGURE 12: EFFECTS OF SURFACE ROUGHNESS ON
CONTACT ANGLE

3.5 Response Surface Model

The results of contact angle for all the 20 test runs are shown
in Table 3. Through the analysis in SAS software, a response
surface model for the contact angle in favor of the factor levels
(E, fp, tp) is obtained. The model can be described by the
following equation:
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6 = 54.7 + 0.42E + 0.03f, — 4.9 X 1075E? — 4.8 X
10-5Ef, — 3.9 x 107°f,? (1)

TABLE 3 EXPERIMENTAL DESIGN AND RESULTS

Run Order | E (W) | tp (ps) | fp (Hz) | Contact angle (°)
1 50 5 2200 120
2 330 2 1130 157
3 225 5 4000 154
4 120 8 3270 150
5 225 5 2200 161
6 225 5 2200 148
7 120 2 3270 160
8 225 | 0.184 | 2200 158
9 225 5 400 132
10 400 5 2200 161
11 225 5 2200 160
12 225 5 2200 160
13 330 8 1130 150
14 330 8 3270 161
15 330 2 3270 156
16 225 5 2200 152
17 225 5 2200 159
18 120 2 1130 131
19 225 10 2200 158
20 120 8 1130 157

Analysis of variance (ANOVA) indicates that the model is
highly statistically significant (p-value <0.0001). The coefficient
of determination (the ratio of the explained variation to the total
variation) R? equals 0.80. The R? value suggests that the response
surface model could provide good predictions. The lack-of-fit
test shows that the lack-of-fit (p-value=0.1884) was
insignificant, indicating that the model fits well with the
experimental data. The response surface model explicitly relates
contact angle to laser parameters. Contact angle can be predicted
from the response surface model if the laser parameters are
varied within the tested experimental ranges in this study.

3.6 Optimization of Laser Parameters

Minitab is used to obtain a multiple response optimization.
The response goal is to maximize contact angle. The solution is
shown in Table 4.

To compare the results achieved from the model with
experiments, additional confirmation experiments are conducted
under the following laser parameter setting: pulse energy at 214

wJ, tp at 10 ps, and fp at 2427 Hz. As shown in Table 5, the
contact angle obtained from the confirmation experiments is
very close to that estimated by the RSM model, implying that the
RSM approach is appropriate for optimizing the laser parameters
to maximum contact angle.

TABLE 4 OPTIMAL SETTINGS OF LASER PARAMETERS

AND PREDICTED VALUES
Optimal setting Predicted value
E@)) | tp(ps) fp (Hz) Contact angle (°)
214 10 2427 161

TABLE 5 RESULTS OF CONFIRMATION EXPERIMENTS

Value Laser parameter Response
E (W) |tp (ps) |fp (Hz) | Contact angle (°)
Experimental | 214 10 2427 168
Predicted 214 10 2427 161
Error (%) 4.3

4. CONCLUSIONS
Surface roughness, microstructure, and contact angle are

investigated for laser textured Al6061 samples. The response

surface method predicts optimal laser parameters to maximize
contact angle. The findings from this work are summarized
below:

»  Laser surface texturing can generate random roughness and
regular patterns on Al6061 samples covering a wide range
of roughness values with various multiscale geometric
features from hundreds of pm to submicron sizes.

*  Surface roughness increases nonlinearly with pulse energy
and pulse repetition rate, and the effect is more significant
for repetition rate. Surface roughness decreases slowly
with pulse duration.

¢ All three laser parameters have a positive relationship with
contact angle. A 12% increase in contact angle is recorded
for pulse duration from 0.184 to 10 ps. Pulse energy and
repetition rate show a stronger effect on contact angle, with
a >40% increase over the range investigated.

*  Surface roughness has a significant effect on contact angle.
There seems to be an optimal roughness value around 2 pm
for maximizing the contact angle.

*  Annealing turns the laser textured surface from being
hydrophilic to hydrophobic.

* A response surface model for Al6061 establishes the
relationship from the contact angle to pulse energy and
pulse repetition rate. A maximum contact angle of 161° is
predicted with optimal conditions of E=214 pJ, tp=10 ps,
and fp=2427 Hz, which agrees well with that from the
confirmation test.
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