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Abstract: Changing the wetting properties of surfaces is attracting great interest in many fields, in
particular to achieve a surface with a superhydrophobic behavior. Laser machining is an emerg-
ing technique to functionalize materials with high precision and flexibility without any chemical
treatment. However, when it is necessary to treat large area surfaces laser-based methods are still
too slow to be exploited in industrial productions. In this work, we show that by improving the
laser texture strategy it is possible to reduce the laser processing time to produce superhydrophobic
aluminum alloy surfaces. Three different surface texture geometries were micromachined; namely,
square, circular and triangular lattice grooves. We found that if the spacing between the grooves is
narrow, i.e., when the percentage of the textured surface is high, the volume of air trapped inside
the micromachined structures plays an important role in the wetting behavior. Meanwhile, when
the groove spacing approaches the droplet dimensions, the texture geometry has a preponderant
influence. Based on these findings an appropriate choice of the laser texture strategy allowed the
fabrication of superhydrophobic aluminum alloy surfaces with a 10% reduction of processing time.

Keywords: femtosecond laser; laser texturing; wettability; superhydrophobicity; aluminum alloy;
aerospace applications; optimization

1. Introduction

Modifying the wettability of surfaces plays an important role in many application
fields from aerospace [1,2] to civil engineering and [3] microfluidics [4]. In particular,
recreating the superhydrophobicity (SH), namely surfaces with a high water contact angle
(>150°) and a low contact angle hysteresis or roll-off angle (<10°) [5], is attracting many re-
searchers aiming to obtain surfaces with anti-bacterial [6], anti-icing [7,8] and self-cleaning
properties [9], for example.

Modifying the surface morphology by short/ultrashort laser micromachining repre-
sents a highly flexible green process that is applicable to a wide range of materials from
metals [10,11] to polymers [12,13]. In particular, direct laser writing (DLW) is a flexible and
fast choice to reproduce the superhydrophobicity of the lotus leaf.

However, upscaling this technology to an industrial level to functionalize large area
surfaces at reasonable costs and times still requires dedicated research efforts starting with
the choice of the most appropriate and cost-effective laser source and beam steering system
and, finally, defining the quickest and most efficient texturing strategy [14,15].

In DLW, several laser sources have been employed from nanosecond (ns) [16] to ul-
trashort laser pulses [17]. Though ns-lasers represent a lower cost solution, when thermal
effects have to be avoided and it is requested to machine precise and reproducible micro-
metric structures, ultrafast lasers are usually preferred [18]. The recent availability on the
market of ultrashort laser sources delivering hundreds of watts [19] has opened the possi-
bility to significantly improve the machining throughput. However, the heat accumulation
phenomena observed as soon as the average power exceeds tens of watts compromise the
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peculiar ultrashort laser machining quality. Therefore, to exploit the full power currently
available from commercial ultrafast laser sources, it is crucial to implement a specific beam
engineering strategy to avoid the thermal effects [20]. In particular, it is necessary to scan
the machined surfaces moving the beams at speeds of the order of several hundreds of
meters per second that cannot be achieved with conventional (galvanometer) scan systems.
Therefore, the development of alternative beam deflection methods is a current research
challenge. Schille et al. [21] have proposed a high-throughput laser machining system con-
sisting of a high-speed polygon mirror-based scan system in conjunction with a picosecond
laser source supplying multi-hundred Watt average laser powers to the substrates.

In addition to the development of high-power ultrashort lasers and high-speed scan-
ners, the improving of the texturing strategy represents a further approach to increase the
process efficiency.

Several texture geometries have been proven to be able to produce superhydrophobic
surfaces on metallic substrates without the need for any chemical post-treatment [22].
Among all, cross-hatching laser texturing has been exploited by several authors. Microcell
structures of different sizes have been investigated by Cardoso et al. [23] on aluminum
alloys. The ns-laser textured sample exhibited superhydrophobic behavior after just an
aging process consisting of exposure to ambient air for some days. A one-step fabrication
method of SH steel surfaces has also been demonstrated by Wang et al. [24]. A regular mi-
crogrid structure composed of micropillars was processed by the picosecond laser scanning
of a sequence of lines intersecting themselves at 90° with a variable hatch distance. After
exposure to ambient air for 24 h, the samples exhibited superhydrophobicity. A microgrid
texture pattern was also produced by direct laser writing on AA2024 by Volpe et al. [25].
Here, the influence of the hatch distance between consecutive laser-scanned lines on the
final wettability of the samples was investigated. After a thermal treatment that accelerated
the aging process, superhydrophobicity was found for samples characterized by textures
with a hatching distance below a certain threshold value.

A comparison between microgrid and other texture geometries has also been reported.
Jagdheesh compared the wetting behavior of micropillars and microchannels [9] microma-
chined on aluminum by means of ns-laser pulses. Superhydrophobic and self-cleaning
behaviors were reached after storing in ambient air for 24 h. A comparison between the
wetting properties of an Al,O3 sample textured with microgrid and microholes was also re-
ported in [26]. The two geometries were achieved by just changing the ps-laser parameters
and maintaining the same crossed lines scanning pattern. A quite different geometry was
investigated by the same authors for the fabrication in one step of near superhydropho-
bic aluminum surfaces by nanosecond laser ablation [27]. Two sets of blind microhole
patterns produced with 40 and 80 pulses per microhole and with separation distance
ranging from 15 to 35 um were investigated. The samples processed with 80 pulses per
microhole exhibited a better hydrophobicity with a water static contact angle value of
148° £ 3°. The superior wetting behavior was attributed to the higher depth of the blind
microholes and to the height of the burrs of the recast melted material surrounding the
microholes. These surface features were supposed to trap larger volumes of air that acted
as a cushion to sustain the droplet resulting in a lower adhesion and superhydrophobic-
ity [6,28-30]. Chen et al. [31] investigated three periodic surface patterns (triangle, circle
and rhombus) to produce tunable superhydrophobic silicon surfaces by femtosecond laser
(fs-laser) irradiation and a fluoroalkylsilane coating.

In the present study, we explore the possibility of reducing the laser processing time to
obtain a superhydrophobic surface by changing the texture pattern. AA2024 was used as a
substrate material due to the interest in changing its wetting properties in the aerospace
and automotive industries. Three different texture geometries consisting of patterns of
micrometric squares, triangles and circles with different densities per unit area were
considered. For each texture, the volume of air trapped in the machined surface structures
was estimated and correlated to the wetting behavior with the aim of identifying the best
laser texturing strategy to produce superhydrophobic surfaces with less processing time.
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2. Materials and Methods

Aluminum alloy sheets AA2024 with a dimension of 20 x 20 x 1 mm? and surface
roughness (Ra) of about 200 nm cleaned in an ultrasonic bath with isopropyl alcohol
were used for the experiments. The as-prepared samples were irradiated following the
same setup previously reported in [25]. We employed a TruMicro Femto ed. Laser system
(Trumpf GmbH, Ditzingen, Germany) emitting a linearly polarized beam at 1030 nm with a
pulse duration of 900 fs. A two-mirror galvanometric scanner (IntelliSCAN 14, SCAN-LAB,
Puchheim, Germany) equipped with a 100 mm telecentric lens was used to move and focus
the beam over the sample following the desired texture path. The diameter of the Gaussian-
profile beam at the focus was approximately 25 pm. The laser scanning parameters are
reported in Table 1. All of the micromachining processes were carried out in ambient air.

Table 1. Laser and process parameters.

Wavelength Pulse Duration Pulse Energy Scan Speed Repetition Rate
1030 nm 900 fs 12.2 yuJ 50 mm/s 50 Hz

After the irradiation, the samples were subjected to a heat treatment in a climate
chamber (Temperature Test Chambers-ACS DY16T, Angelantoni Test Technologies Srl,
Massa Martana (PG), Italy) at 100 °C for 24 h to accelerate the aging process.

The morphology of the samples was investigated through an Optical Microscope
(Nikon Eclipse ME600, Nikon, Tokyo, Japan). The as-acquired images (Figure 1a) were
analyzed by Image] (1.8.0, National Institutes of Health, Bethesda, MD, USA) [32] to
determine the percentage of textured surface (%TS).

{ Summary - o X
File Edit Font
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(a) M

Figure 1. Example of image elaboration by Image] software. Here, a square lattice is reported
(distance between consecutive scanning lines: & = 205 pm): (a) optical microscope view, (b) after
processing with Image]J. The percentage of the textured surface (dark lines) is 39%.

The threshold color function of Image] allowed the emphasis of the contrast between
the laser ablated regions (Figure 1b, in black) and the untreated ones (Figure 1b, in red)
and the function analyzed particles automatically calculated the percentage of the red
untreated area (%Area). The percentage of the textured surface was thus obtained as
%TS =100 — %Area.

The surface wettability was evaluated by measuring the static contact angle (CA) of
distillate water droplets by the sessile droplet method [5]. We used a digital goniometer,
which consisted of a Dino-lite portable microscope and a cold light lamp for backlighting
the droplet as reported in Figure 2.
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Figure 2. Schematic diagram of the contact angle measurement system.

Two different droplet volumes (2 and 10 puL) chosen in the measurable rainfall drop
range size [33] were placed on the sample surfaces by means of a micropipette (see Figure 2).
The measurements were performed at an ambient temperature of about 20 °C, placing
three droplets of each volume in three different points of the machined area. The CA value
of each water droplet was measured twice and the average value was calculated together
with its standard deviation.

3. Results and Discussion
3.1. Fs-Laser Texturing of Aluminum Alloy Surfaces

Several regular microgrid texture patterns were created on the AA2024 samples by
scanning the fs-laser beam over the surface. Each single laser track obtained processing
samples with the parameters listed in Table 1 had a depth of 10 pm and a width of 25 pm.
Three different textures were executed: square, triangular and hexagonal-circle lattices with
a different microgrid spacing, h. Figure 3 shows the sketch of the three texture patterns
in which the pitch £, the diameter d of the focal spot and the depth / of the laser ablated
groove (black colored lines) are highlighted (Figure 3d).

(a) (b) (c)

Laser Beam

Writing Trace

Figure 3. Sketch of the three different laser textured geometries: (a) square lattice; (b) hexagonal-circle
lattice; (c) triangular lattice. The pitch £, the diameter of the focal spot d and the depth of the ablated
groove | are highlighted in panel (d).

The square lattice was textured by scanning the surface in two perpendicular directions
as shown in Figure 3a. The circle lattice was composed of rows of circles arranged in order
to get the maximum packing, which was achieved by placing the centers of the circles
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precisely at the vertices of a hexagonal lattice (Figure 3b). With this arrangement, the
packing density (area of circles/total area) was equal to 7t/(2,/3), corresponding to 90%.
The triangular lattice was obtained by scanning perpendicular lines (as well as for
the square lattice) at a pitch distance & and then superimposing diagonal bisector lines as
shown in Figure 3c.
Table 2 lists the samples produced and the corresponding pitch distance (k) and
percentage of textured surface (TS).

Table 2. List of the fs-laser textured samples grouped based on the texture geometry. For each sample,
the pitch distance (/1) and the percentage of textured surface (TS) are reported.

Square Circle Triangle
# h (um) TS (%) # h (um) TS (%) # h (um) TS (%)
1 57 97 7 77 89 13 155 73
2 91 77 8 106 77 14 208 57
3 118 61 9 167 59 15 310 40
4 205 39 10 348 33 16 425 31
5 455 19 11 455 26 17 636 20
6 588 14 12 596 20 18 1272 13

It is worth noting that for each texture geometry there were some sections of the
grooves where the laser beam passed two or more times. For instance, in the case of
the square lattice there were four intersection points (highlighted in red in Figure 4a) in
which the laser passed twice. Similarly, in the circle pattern there were six segments of the
perimeter of each circle where the laser scanning path overlapped twice (highlighted in red
in Figure 4b). Finally, for the triangular texture, two different types of overlaps occurred.
As shown in Figure 4c, while in the red intersections the laser beam passed twice, in the
green ones the laser path overlapped four times. Therefore, it was assumed that the ablated
grooves were two times deeper in the red areas and four times deeper in the green ones
compared with the rest of the texture.

S B
i

1000 pm

Figure 4. Microscopic images of the three textured geometries: (a) square lattice; (b) hexagonal-circle lattice; (c) triangular

lattice. TS = 20%. In red and green are the overlapping areas of two and four laser lines, respectively.

Based on this assumption, the total ablated volume in a 1 mm x 1 mm portion of the
textured area was estimated. It was further assumed that this quantity corresponded with
the volume of trapped air per square millimeter of textured surface and it was plotted in
Figure 5 as a function of the percentage of the textured surface. The points in the graph
were grouped according to the pattern geometry.
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Figure 5. Volume of air trapped in a portion of 1 mm x 1 mm textured area as a function of the
percentage of the textured surface (TS) for the three different texture geometries.

It can be noticed that for low percentages of TS, the ablated volume and thus the
trapped air increased linearly and that, regardless of the geometry of the texture, almost
all of the points on the plot resided on the same line. This happened because the density
of the texture was still relatively low and the sections of the grooves where the ablation
depth was different, depending on the texture geometry, were still very few to determine a
substantial variation of the ablated volume per square millimeter. As the percentage of TS
increased the texture geometry had a stronger influence on the total ablated volume, which
was found to be higher for the circle lattice followed by the triangular lattice and then by
the square texture.

3.2. Comparison between Fs-Laser Textured Geometries

The CA values registered for the untextured sample were 88° + 1° and 83° £ 1°
measured respectively with the 2 and 10 puL droplets. Thus, the hydrophilic nature of the
aluminum alloy AA2024 surface was demonstrated as already reported in our previous
study [25]. The difference between the two CA values can be related to the droplet weight,
which, being greater in the 10 pL case, caused a wider spreading on the surface. The
standard deviation of the CA measured values was always less than 1% thus demonstrating
the repeatability of the measurements regardless of where the droplets were placed.

In Figure 6, the contact angle as a function of the percentage of the textured surface is
reported for the droplet volumes 2 and 10 pL for the (a) square, (b) triangular and (c) circle
lattice, respectively.

For all of the textures, a step trend of the CA was found. At a certain percentage
of textured surface a sudden switch from hydrophobic to superhydrophobic behavior
emerged, i.e., the water droplets did not adhere to the surfaces and, when released, bounced
off. When this “fakir” condition occurs, it is conventionally established that the contact
angle is equal to 180° [17,34]. Before this transition, a general increasing trend of the water
CA with the percentage of TS (namely, when the hatch distance decreased) could be noted
regardless of the volume of the droplets. The superhydrophobicity of the textured samples
was attributed to the presence of the air trapped in the microstructures that acted as a
cushion to hold up the water droplet [17]. The air cushions trapped in the laser textured
structures impeded the effective contact with the water droplet. However, as the distance /
increased, the fraction of hydrophilic aluminum surface in contact with the liquid increased
causing a reduction of the contact angle. In addition to the role of the air trapped in the
texture, the reduction of the CA could also be ascribed to the smaller percentage of TS as
this portion of the surface underwent the chemical changes responsible for hydrophobicity.
As reported by Van Den Brand et al. [35], hydrophobic properties are reached when
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organic molecules, present in the ambient air moisture, attach to the micromachined
surface. Organic molecules, being nonpolar, lower the total surface free energy. The X-ray
photoelectron spectroscopy (XPS) analysis conducted by Cardoso et al. [23] on AA2024
samples observed a noticeable decrease of the carbon content after the laser texturing.
This indicated that during the laser processing, organic molecules that were present in
the original sample were removed by laser ablation. Conversely, after the aging, a higher
concentration of carbon originated by the adsorption of molecules on the aluminum oxide
layer formed after the laser treatment, was detected, which caused superhydrophobicity of
the textured AA2024 surfaces.

(a) . . 180] (b) -
160
Square Lattice : 140 o Triangular Lattice
] = 2yl droplet o 120] = 2yl droplet
b = = * 10 pL droplet i « 10 pL droplet
't ? ~ 100
- T v v ) 80 v v v - )
20 40 60 80 100 0 20 40 60 80 100
Textured Surface TS (%) Textured Surface TS (%)
1904
C

180 ( ) . . -

170

1604

:150' Circle Lattice
S 1404 ‘

1304 3 f = 2yl droplet

120 1 + « 10 pLdroplet

110 {

100

0 20 40 60 80 100
Textured Surface TS (%)

Figure 6. Evolution of the contact angle (CA) as a function of the textured surface percentage for 2 and 10 uL droplets: (a)

square lattice, (b) triangle lattice, (c) circle lattice.

From Figure 6, it can also be noted that the droplet volume did not seem to influence
the CA trend. The 10 uL droplets had a higher weight compared with the 2 uL. ones, which
should in principle cause an enlargement of the droplet and a lower CA. However, the
bigger the droplets the larger the portion of the textured surface in contact with the droplet
and thus the higher the sustaining force due to both air cushions and surface chemistry.
This is believed to compensate for the higher gravitational force of the heavier droplet.

Further observing the results in Figure 6 it could be noticed that at lower percentages
of TS the uncertainty associated with the CA measurement was greater. This could be
related to the portion of the textured surface in contact with the droplets. Each droplet was,
in fact, randomly deposited on the sample surface. As sketched in Figure 7, the contact
area of the 2 puL droplet, whose diameter was around 1.7 mm, was comparable with the
size of the grid. Therefore, we can suppose that a different positioning of the droplet
resulted in a different enlargement and thus a quite different CA. Essentially, if the droplet
was placed close to a laser ablation groove (Figure 7a), probably its spreading over the
surface would be stopped at the groove location determining a higher CA. On the contrary,
when the droplet was deposited far from the laser grooves (Figure 5b) a wider spreading
was possible before reaching the closest ablation grooves thus resulting in a lower CA.
Therefore, maintaining a texture pitch smaller than the droplet size allowed the production
of surfaces with more reliable and reproducible wettability.
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(b)

1000pm 1000pm

Figure 7. Sketch of two possible positions of a 2 pL droplet deposited on the square lattice having a
pitch of 910 um. The blue circle represents the droplet (a) enclosed by the crossed scan lines and (b)
enclosing a machined square. The circle dimension was calculated for a droplet of 2 uL and a CA of
116° and resulted in being equal to 1.4 mm.

A direct comparison between the wetting behaviors of the three different geometries
can be found in Figure 8 for the 2 pL droplets.

190 4 ﬂ

11° iﬁ‘;:?a'ftg':e SQUARE LATTICE
180 A | 5
] 4 Triangular lattice .. 13415
170 0
160 4 CIRCLE LATTICE
<150 4 50
< |
o
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130 4 %% S
120 4 ?+
110 4
T T T T T T T T T T
0 20 40 60 80 100
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Figure 8. Evolution of the contact angle (CA) as a function of the percentage of the textured surface
(TS) for the three different textures and a droplet volume of 2 pL. In the green rectangle, the images
of the deposited droplet on the 60% textured samples are highlighted.

The rate of increase of the CA with the percentage of TS was different for the three
textures. At a low TS, the square lattice showed the highest CA compared with the triangle
and to the circle lattices. As the percentage of TS increased, the circle and triangle structures
quickly reached the same hydrophobic properties of the square lattice and switched earlier
to superhydrophobic behavior. The same results were observed for the 10 uL droplets as
reported in Figure 9.
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Figure 9. Evolution of the contact angle (CA) as a function of the percentage of the textured surface
for the three different textures and a droplet volume of 10 pL.

The results represented in Figures 8 and 9 can be explained by taking into account
the volume of air trapped by each texture geometry, which was estimated in Figure 5.
Here, above a certain percentage of TS, the total ablated volume (namely, air trapped
inside the microstructures) increased more rapidly for the circle and triangle geometries
than the square texture. This justified the faster growth of the contact angle also observed
in Figures 8 and 9. Samanta et al. [36] demonstrated how the degree of hydrophobicity
depends on the amount of air entrapped in the textured surface. In their study, the dura-
bility of the superhydrophobic behavior of the surface was evaluated based on how long
it maintained the air trapped in its pores, the so-called plastron. This is of critical im-
portance in superhydrophobicity because it was shown that if the surface features were
filled with water, the surface lost its water repellent properties and underwent a change
from a Cassie-Baxter to a Wenzel wetting state [37]. It is worth noting that water can
penetrate into the surface roughness through the vapor phase either by local condensation
or by the application of high pressure or simply through droplet impact [38]. In the work
of Li et al. [39] superhydrophobic surfaces were prepared characterized by hierarchical
micro/nanostructures with interconnected micropores. The air plastron created by such
surface features was shown to counteract external impalement hydraulic pressures up to
350 kPa. Similarly, in our case, the portion of the deeper textured sample could act as an
air reserve. This air took the place of the air lost during the droplet impact improving
the hydrophobicity of the sample. Therefore, the circle and triangle patterns ensured the
transition to superhydrophobic behavior with a 20% less machined surface regardless of
the size of the droplet. Consequently, the circle and triangle designs allowed a reduction of
about 10% of the processing time to obtain SH, which means a significant saving of time
and costs in large area surface texturing applications.

Conversely, for a low percentage of TS, the differences in the contact angle of the three
geometries could no longer be correlated to the volume of trapped air and was comparable
for all of the textures. The droplet dimension was of the same size as the hatch distance.
However, the geometrical arrangement of the grooves forming the square lattice seemed to
ensure a better confinement of the droplet compared with the other two textures. In the
case of triangles and circles, with a similar percentage of TS, the separation between the
ablated grooves was bigger thus causing a progressive widening of the drop and a lower
value of the CA.
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4. Conclusions

In this work, laser surface texturing technology based on ultrashort pulse laser ablation
was used to modify the wettability properties of AA2024 aluminum alloy samples. Three
different texture geometries consisting of groove lattices with square, triangular and circular
patterns with a different percentage of textured surface, i.e., spacing between the grooves,
were investigated. The purpose of the study was to identify which texture geometry
ensured surface superhydrophobicity with the shortest laser processing time.

It was found that hydrophobicity strongly depends on the percentage of TS. For all
of the texture geometries investigated the denser the lattice the higher the static CA of a
droplet deposited on the surface. Above a certain percentage of TS there was a switch to
superhydrophobicity where the water droplets did not adhere and bounced off the surfaces;
thus, it was assumed that the CA was 180°. There were some differences depending on the
texture geometry when this transition to superhydrophobicity occurred. For the triangle
and circle patterns the threshold towards superhydrophobicity was observed at lower
percentages of TS compared with square lattices. This behavior was explained taking into
account that for a given percentage of textured surface, the circle and triangle patterns
were characterized by a greater total ablated volume due to the fact that to produce those
structures the laser scanning path overlapped more times in some parts generating deeper
grooves at those intersections. Therefore, more air was trapped beneath the surface. Such
air was supposed to act as a cushion and sustain the droplets, thus causing the SH behavior.
We replicated the wetting experiments with two different droplet sizes and found the
same results.

In conclusion, the circular and triangular geometries allowed us to obtain superhy-
drophobic surfaces with a lower percentage of machined substrate, thus saving about 10%
of laser processing time compared with the square pattern with equivalent percentage
of TS.

This result is very valuable and gives useful indications for the laser-based fabrication
of large area superhydrophobic surfaces and the upscale of this technology to an industrial
production level. Moreover, a similar strategy might be promising to texture other interest-
ing materials such as stainless steel and Ti6Al4V. The latter is an alloy commonly used for
aerospace components.
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