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Abstract Laser texturing enables site-selective tailoring of wetting characteristics of me-
tallic surfaces, converting the surfaces into hydrophilic or hydrophobic ones. In this study, se-
lective wettability transition of 6061 aluminum alloy (Al 6061) surface is demonstrated by using
a nanosecond fiber laser. The conversion of initial wettability of pristine Al 6061 into a near-
superhydrophobic surface is achieved through laser irradiation of an Al 6061 plate and the fol-
lowing low-temperature thermal annealing. The wettability change is studied by measuring the
water contact angle, and a significant increase in the angle (approximately, from 63.9° of pris-
tine Al 6061 to 146.8°) is observed. Furthermore, the laser-textured hydrophobic surface is
transformed into a hydrophilic surface by irradiating the surface again with the laser beam,
resulting in superwetting ability. These wettability transitions are site-selectively obtained by
exploiting the capability of direct laser writing, showcasing a promising potential in various ap-
plications.

1. Introduction

Surface wettability with water is an important characteristic of material surfaces, which stems
from the interaction between liquid water molecules and material surfaces. Hydrophobic surfaces,
characterized by a high contact angle with water droplets, possess the capability of repelling
water, whereas hydrophilic surfaces promote water spreading and exhibit a low contact angle.
The conversion of surface wettability from hydrophobic to hydrophilic surfaces, or vice versa,
known as wettability transition, arises from modifications in surface energy. The wettability transi-
tions provide a means of tailoring surfaces to achieve useful surface properties such as en-
hanced heat transfer [1-4], corrosion resistance [5], anti-icing [6, 7], and antibacterial surfaces [8],
which can be applied in diverse advanced applications such as microfluidic devices [9], aircrafts
[10], membranes [11], and biomaterials [12]. Surface roughness and chemical composition are
known to critically determine the wettability [13, 14]. Various methods have been developed to
modify these factors. For example, Ye et al. demonstrated superhydrophobicity of the silicon
surface with nanocone arrays that were fabricated by chemical vapor deposition [15]. Zhuang et
al. obtained a superhydrophobic Al1061 surface by modifying the surface morphology using a
chemical etching method [16]. Li et al. fabricated a hydrophilic microchannel on a silicon wafer
through deep reactive ion etching to enhance the flow boiling heat transfer [17].

Furthermore, the surface with heterogeneous wettability has been of interest to researchers
because of its unique thermal properties. When the above-mentioned surface modifications are
site-selectively achieved, both hydrophobic and hydrophilic properties can be imparted onto a
single substrate surface. Many studies have reported extraordinary boiling heat transfer of
these biphilic surfaces [18-21]. However, the fabrication of biphilic surface generally involves
complicated micropatterning processes, such as photolithography or physical vapor deposition
with a micropattern mask, typically resulting in increased production cost and extended proc-
essing time. Therefore, more facile fabrication approach is needed.

In this respect, laser surface texturing (LST) can be a promising solution to readily change
the surface wettability by modifying the surface structure both physically and chemically. LST
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realizes maskless micropatterning on a surface owing to pre-
cise direct writing capability of focused laser beam scanning.
Moreover, this method viably works even in ambient conditions
because the oxygen and water in air help generate hydrophilic
surface oxides [22]. In addition to the chemical modifications,
the high-intensity focused laser beam promptly induces the
ablation of the irradiated material, resulting in increased sur-
face roughness [22-25]. As discussed above, this physical
modification also contributes to the wettability change.

Researchers have developed various structures for wettabil-
ity transition by LST on different metal substrates such as
brass [26], copper [27], stainless steel [28], aluminum alloy [29],
and titanium alloy [30]. While the laser irradiation of metal sur-
face immediately induces the wettability change, long-term
exposure to an ambient atmosphere is commonly observed to
affect the surface wettability possibly due to the adsorption of
airborne organic molecules to the activated surface, transform-
ing the surface into a hydrophobic state [31]. Low-temperature
annealing [31], hygrothermal treatment [32], and chemical
coating [33] methods were developed to accelerate this transi-
tion in a controlled way. However, most of the existing laser
methods for achieving biphilic metal surfaces have traditionally
been assisted by coating with foreign chemicals, which in-
volves additional chemical deposition processes [34, 35]. Ac-
cordingly, these methods suffer from the drawback of not only
demanding extra processing time but also incurring additional
costs. Therefore, it is necessary to explore a new method to
address these drawbacks.

In this study, we demonstrate a facile fabrication of biphilic
surfaces of 6061 aluminum alloy (Al 6061), which is widely
known for its lightweight and good mechanical properties, by
using nanosecond fiber lasers without assistance of additional
chemicals. First, LST with the nanosecond laser produced a
hydrophilic surface from a pristine Al 6061 surface. Subse-
quently, the hydrophilic surface was subject to low-temperature
thermal annealing, which does not require additional chemical
precursors for coating. The successfully treated Al 6061 sam-
ple exhibited ~146.8° of the water contact angle (WCA), show-
casing near-superhydrophobicity. Finally, the obtained hydro-
phobic surface was irradiated with the laser again in a selected
area, yielding a hydrophilic surface area again in the local area.
This transition to hydrophilicity led to a superwetting surface
that exhibited almost 0° of WCA, resulting in the coexistence of
hydrophobic and hydrophilic areas on a single substrate.

2. Experimental
2.1 Materials and laser texturing

Fig. 1 shows the schematic of the biphilic (hydrophobic and
hydrophilic) surface fabrication. A 3 mm thick Al 6061 plate
was used as the base material. Prior to LST, the plate was
polished using SiC sandpaper (P1200, P2400, and P4000,
sequentially with careful cleaning between the steps) and the
alumina suspensions (1 and 0.05 pm of particle sizes). This

Table 1. 1% laser texturing conditions.

Laser power (W)/power density (kW/cm?) 45/1150
Single pulse energy (mJ)/pulse fluence (J/cmz) 0.9/231
Pulse frequency (kHz) 50
Scanning speed (mm/s) 500
Grid spacing (um) 250
# of scanning repetition 10
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Fig. 1. Schematic illustrations for fabricating hydrophobic and hydrophilic
surfaces.

polishing procedure was necessary for removing the residual
lubricant that is generally found on the surface of as-received
Al plates. After the completion of the polishing sequences, the
sample was immersed in ethanol and underwent deep clean-
ing in a bath sonicator to eliminate all the contaminants pro-
duced during the polishing process. For inducing hydrophilic
surfaces, a nanosecond fiber laser (wavelength: 1062 nm,
pulse duration: 250 nm, SPI Co.) was employed with a two-axis
galvanometer scanner (DCB210-Y1HP, Thorlabs) coupled with
an F-theta lens (focal length: 163 mm, Thorlabs). The diameter
of the focused laser beam was estimated to be ~70.5 um using
the knife-edge method [36]. The laser processing parameters
for 1% laser texturing are summarized in Table 1. The number
of laser scanning (10) was specifically determined to achieve a
maximum hydrophobicity, given the high scanning speed and
laser power.

The sample surface was irradiated with the laser beam that
moved following a two-dimensional grid scanning path with a
spacing of 0.25 mm. Thereafter, the sample was sonicated in
DI water for 30 min for cleaning. The sample subsequently
underwent a thermal annealing process in a convection oven
at 110 °C for 12 h to promote the organic materials adsorption
onto the surface [37]. This process not only accelerated the
wettability transition but also yielded reliable results [31]. The
2nd laser texturing for selectively achieving hydrophilic surface
was performed with the same processing parameters as those
of the 1st laser texturing (Table 1) except for the laser power
and grid spacing. For inducing hydrophilicity, the hydrophobic
surface was raster-scanned with the nanosecond laser again
(2™ laser irradiation), but the laser power was reduced to 30 W
(pulse fluence: 15.4 Jicm?). The line-to-line distance for ras-
ter scanning was 0.1 mm.

2.2 Wettability measurement

For measuring the wettability of sample surfaces, WCA with
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Fig. 2. Set up for contact angle measurement.

a water droplet was evaluated. For this measurement, deion-
ized (DI) water was used, and the droplet volume was regu-
lated to ~5 pl for minimizing the gravity effect (Bond number:
~0.156). This small volume was confirmed based on the drop-
let weight measured by a digital balance (AS 82/220.R.2,
RADWAG). The WCA images were captured using an optical
microscope (SCMOS-05000KPB, ASMETEC) in ambient con-
ditions (relative humidity: 58 %, temperature: 23.9 °C). The
measurement set up is presented in Fig. 2. WCAs were calcu-
lated by low bond axisymmetric drop shape analysis (LB-
ADSA) of the imageJ software [38].

2.3 Material characterization

A field emission scanning electron microscope (FE-SEM,
SIGMA, Carl Zeiss) was utilized to investigate the surface
morphologies of the Al 6061 samples that underwent LST. To
analyze the surface chemistry of the specimens, X-ray photo-
electron spectroscopy (XPS, K-Alpha+, Thermo Fisher Scien-
tific) was employed. XPS survey spectra were acquired using a
pass energy of 200 eV with a step size of 1.0 eV, while the
pass energy and step size were adjusted to 40 eV and 0.1 eV,
respectively, for acquiring high-resolution spectra. Spectral
shifts in the XPS data were corrected based on the reference
peak position of C1s signals, which is placed at 284.8 eV. Sur-
face topological images and height profiles were obtained us-
ing a laser confocal microscope (LEXT OLS 4100).

3. Results and discussion
3.1 Materials and laser texturing

The surface morphologies and high-resolution images of Al
6061 samples in each process are shown in Figs. 3(a)-(c). The
LST surface area is approximately 10x10 mm?. The peak in-
tensity of laser at the center of the irradiated spot resembles
the Gaussian-shaped distribution of the laser beam, leading to
laser ablation primarily in the central region, with the intensity
gradually decreasing in the surrounding area [39]. The ablation
products ejected from the laser-irradiated area possess high
kinetic energy resulting from the absorption of the intense laser
beam and consequently disperse and deposit onto nearby
areas [40]. While the inner square areas of the grid pattern
were not directly irradiated with the laser, they were covered by
irregularly shaped micro/nano-structures, suggesting rapid

Height (pm)
-
=3
3

0 200 400 600 800 1000
Position (pm)

Fig. 3. Field-emission scanning electron microscopy top-view images of Al
6061 surface after: (a) 1st laser texturing; (b) sonication; (c) low-
temperature thermal annealing. The insets show the corresponding high-
resolution images; (d) topology image of the annealed surface and a cross-
sectional height profile along the marked line (A-A’); (e) digital photography
of hydrophobic Al 6061 surface and water droplets.

solidification of the ablation deposits. These structures can
provide areas of air pockets, which trap air while interacting
with liquid water, and consequently contribute to the hydropho-
bicity of the surface [28].

The SEM images (Figs. 3(a) and (b)) reveal that the sur-
face morphologies of the laser-textured sample and the one
cleaned in the bath sonicator are not considerably different,
indicating a good adhesion between the ablation deposits
and the underlying Al 6061 surfaces. The annealed sample
did not exhibit apparent sintering of the small structures be-
cause of the low annealing temperature (Fig. 3(c)). Fig. 3(d)
shows a topology image of the annealed surface. Its cross-
sectional height profile along the marked line (A-A’) reveals
the heights of the ridges developed near the edges of laser
ablation areas. The digital photography shown in Fig. 3(e)
obviously displays the hydrophobicity of the thermally an-
nealed Al 6061 surface.

While laser irradiation affects the surface structure in the la-
ser texturing, excess heat generated in the Al 6061 plate can
compromise structural integrity of the part, leading to irreversi-
ble deformation. However, structural deformation of the plate
was not visually detected. The sample's bottom center tem-
perature was measured using a thermocouple during the laser
scanning, as depicted in Fig. 4(a) to approximately estimate
the sample temperature. As shown in Fig. 4(b), the
temperature only reached up to 55.4 °C, confirming the con-
finement of large heat near the surface and the moderate tem-
perature increase far from the surface.
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Fig. 4. (a) Schematic of temperature measurement; (b) temperature
change measured at the bottom center of the Al 6061 sample during laser
texturing.

3.2 Wettability change

There are three representative models (Young, Wenzel, and
Cassie-Baxter models) used to explain the wettability behavior
of surfaces. The Young's model serves as the simple method
for understanding wetting behavior, and it results from the bal-
ance between the liquid-gas, solid-gas, and solid-liquid inter-
faces [41]. The wettability of a smooth and homogenous solid
surface is determined by the surface free energy of the solid
material. The simple contact angle (8) was derived by Young’s
model, as shown Eq. (1).

cos(é’):% (1)
v

where y is the surface interfacial tension and the subscripts, sv,
Iv and sl, indicate solid-vapor, liquid-vapor, and solid-liquid
interfaces, respectively. The Wenzel and Cassie-Baxter mod-
els are applied to understand the wettability properties on
complex structure’s surfaces. The Wenzel model is employed
when the liquid completely permeates the rough surface of the
solid, which have a larger surface area compared to smooth
ones [42]. The apparent contact angle of Wenzel's model was
proposed as Eq. (2).

cos(0*)=r cos(8) (2)

where 7 denotes the solid surface roughness ratio of the wet
solid surface. The Cassie-Baxter model is applicable when air
becomes trapped in the grooves beneath the liquid, preventing
the liquid from infiltrating into these structures [43]. The contact
angle, as modified by Cassie-Baxter's model, can be described

by Eq. (3).

cos(0**)=r f cos(6)+ f -1 (3)

where f’is the solid fraction and (1 - /) is the vapor fraction.

Fig. 5 shows digital photography images of water contact to
pristine, as-laser-textured, and annealed Al 6061 surfaces.
WCA to these surfaces were approximately 63.9°, 0°, and
146.8°, respectively. The pristine Al 6061 exhibited a hydro-

Fig. 5. Comparison of the water contact angle with (a) pristine; (b) as-laser-
textured; (c) annealed Al 6061 surfaces.
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Fig. 6. Schematic illustrations for fabricating hydrophobic and hydrophilic
surfaces.

philic surface (under 90°). For the as-laser-textured sample, the
droplet quickly spread to the textured pattern area. The Al sur-
face produced by laser-texturing followed by low-temperature
annealing exhibited a large WCA close to superhydrophobicity
(~150°). The wetting behavior of surface was further investi-
gated by varying laser power from 25 to 45 W. Fig. 6 displays
the resulting change in WCA with the increase in laser power.
According to the Wenzel model, higher laser power resulted in
an elevation of surface roughness, consequently resulting in an
increased contact angle [44]. The surface became hydrophobic
(WCA: 113°) at 35 W, which coincides with the threshold for
laser ablation of Al 6061. Laser texturing created a valley struc-
ture that can form an air pocket, resulting in a wetting state
where the Cassie-Baxter state prevails over the Wenzel state
[45].

The surface chemistries of the Al 6061 surfaces were com-
pared using XPS to identify the critical change in chemical
elements by LST (Figs. 7 and 8). Fig. 7(a) shows the XPS sur-
vey spectrum of the pristine Al 6061 surface, which corre-
sponds to the initially polished surface in this study, and Figs.
7(b) and (c) show the high-resolution Al2p and O1s spectra,
respectively. The Al 2p peak is composed of the signal of Al
metal (72.6 eV) and that of Al oxide (74.6 eV), which is formed
by the adsorption of H,O molecules in atmosphere [46]. The O
1s spectrum reveals two primary peaks associated with Al
oxide (532.8 eV) and Al hydroxide (531.3 eV).

Likewise, Figs. 7(d)-(f) show the corresponding XPS survey,
high-resolution Al2p, and O1s spectra, respectively, for the
hydrophobic Al 6061 surface that was obtained after the low-
temperature thermal annealing treatment. The XPS survey
result reveals that the kinds of the surface elements remained
almost unchanged after the laser texturing and the subsequent
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Fig. 7. (a) X-ray photoelectron spectroscopy (XPS) survey scan spectrum;
(b) high-resolution Al2p spectrum; (c) high-resolution O1s spectrum of
pristine Al 6061; (d) XPS survey scan spectrum; (e) high-resolution Al2p
spectrum; (f) high-resolution O1s spectrum of hydrophobic Al 6061.

thermal treatment. However, as shown in Fig. 7(e), for the hy-
drophobic surface, the intensity of Al metal was increased com-
pared to that of Al oxide, indicating a reduced coverage of hy-
drophilic surface alumina. In addition, the concentration of alu-
minum hydroxide was increased from 38.8 % of the pristine
surface to 43.15 % (Fig. 7(f)). Unsaturated AI** and O sites are
known to be generated during the rapid passivation of the laser-
ablated surface, and these active sites induce the hydroxylation
reaction with airborne water molecules, producing the surface Al
hydroxides [47, 48]. Brand et al. suggested that the Al hydrox-
ides promote chemisorption of airborne carboxylates, eventually
resulting in surface hydrophobicity [49]. While the annealing
process accelerates this chemisorption [31], in our study, it also
helped obtain reproducible WCA results. However, despite
higher hydrophobicity of the annealed sample, the pristine Al
surface exhibited a higher carbon content than the annealed
sample (Figs. 7(a) and (d)). We believe that this is because the
geometrical structure of the rough surface also significantly
contributes to the hydrophobicity as discussed above.

For further investigating the influence of annealing on the sur-
face chemistry, high-resolution C1s peaks of as-laser-textured
and thermally annealed samples were obtained by XPS and
compared (Fig. 8); notably, the C1s peak intensity of the an-
nealed sample is obviously higher than that of the as-laser-
textured sample, indicating increased carbon accumulation on
the laser-textured surface by annealing. The C1s peaks were

@) —Cis (b) —Ci1s
—— Background —— Background
—; ——C-C(H) ey ——C-C(H)
b —c-0 2 —cC-0
o
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Fig. 8. High-resolution X-ray photoelectron spectroscopy C1s spectra of (a)
as-laser-textured Al 6061 surface; (b) annealed surface.
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Fig. 9. (a) Top-view field emission scanning electron microscopy (FE-SEM)
image of 2™ textured Al 6061; (b) top-view FE-SEM image of the 2™ tex-
tured Al 6061 captured at a high magnification; (c) topology image of the
hydrophilic surface of 2™ textured Al 6061 and a cross-sectional height
profile along the marked line (B-B’).

deconvoluted into four characteristic peaks of C-C(H), C-O, C =
0, and O-C = O (284.7, 285.6, 287.5, and 289.6 eV, respec-
tively). Herein, the functional group of C-C(H), which could de-
rive from carboxylates in air moisture, is regarded as nonpolar
and contributing to hydrophobicity [50]. The annealed surface
exhibits a higher portion of this surface group (65.74 % in the
C1s spectrum) than the as-laser-textured sample (48.89 %),
which is consistent with its hydrophobic characteristic.

3.3 Wettability transition

After the 2™ laser irradiation for transition from hydrophobic
to hydrophilic surfaces, the surface morphology was noticeably
changed. Fig. 9 shows the top-view SEM images for this sam-
ple. Notably, evidence of significant surface melting was ob-
served; the vertical valleys engraved by the 1% laser texturing
were merged to a large structure with blunt edges (Fig. 9(a)).
As shown in Fig. 9(b), previous microstructures observed on
the top surface were enlarged possibly by melting and signifi-
cant sintering. Fig. 9(c) shows a topology image of the surface
and its cross-sectional height profile. It confirms the formation
of blunt structures at the top surface, compared with Fig. 3(d).
Consequently, this surface exhibited a through transition from
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Fig. 11. (a) The water constant contact angle of 2" laser-textured Al 6061;
(b) digital image of hydrophilic and hydrophobic (biphilic) Al 6061.

hydrophobicity to hydrophilicity, confirming successful engi-
neering of wettability.

XPS analysis was performed again to investigate the chemi-
cal composition of the hydrophilic surface. Fig. 10(a) presents
the overall survey data peaks of the hydrophilic Al 6061. Fig
10(b) shows the sample’s high-resolution XPS spectrum for Al
2p. The result clearly reveals a significant reduction of metallic
Al peak signals and instead the dominating portion of hydro-
philic surface alumina. The Al oxide (54.5 % in O1s spectrum)
and Al hydroxide (45.5 %) concentrations, as shown in Fig.
10(c), remained almost the same as those of the hydrophobic
Al 6061 surface (Fig. 5(f)). However, a marked decrease in C-
to-Al atomic ratio is observed from the XPS data. For this hy-
drophilic Al 6061, the ratio is calculated to be ~0.66, whereas
the ratio for the hydrophobic surface (annealed one) is ~0.88,
suggesting the removal of surface carbon species by the 2™
laser irradiation.

The WCA of the Al 6061 surface, which underwent the sec-
ond laser texturing, exhibited a WCA of nearly 0°, confirming
the surface hydrophilicity (Fig. 11(a)). While this sample dis-
plays a bidirectional morphology (Fig. 9(a)), its bidirectional
characteristics in WCA were not observed. This superwetting
characteristic can be site-selectively imparted to a specific area
of the hydrophobic surface by programming the laser scanning
path. For instance, a biphilic surface can be prepared based on

this method, and the characteristic surface geometry can be
easily written by laser scanning. Fig. 11(b) depicts a digital
photography of a Al6061 sample that was prepared based on
the method developed in this study. The surface exhibits three
distinct regions of different surface wettabilities: smooth pristine,
hydrophilic (left), and hydrophobic areas (right).

4. Conclusions

In this study, hydrophobic and hydrophilic Al 6061 surfaces
were obtained by LST. With a noteworthy difference from prior
research, our investigation involved the retransition of surfaces
that had already underwent wettability modification through the
laser processing on the same substrate, showcasing biphilic
properties. Despite possible drawbacks such as increased
surface hardness and roughness, the processes are readily
achieved with simple and fast laser scanning procedures,
which are beneficial for selective and flexible property alterna-
tions of surface. Although the first laser-textured sample initially
exhibited hydrophilic properties; its wettability was markedly
changed by low-temperature thermal annealing. However,
organic materials possibly adsorbed by this process were read-
ily eliminated by the second irradiation with the laser, resulting
in a reconversion of the surface from hydrophobic to hydro-
philic one. The relationship between LST and wettability
change was elucidated by SEM and XPS investigations. The
laser-induced structure change resulted in roughness in-
creases and the formation of air pocket sites on the surface,
contributing to the alteration of wettability. These research find-
ings are expected to provide valuable insights for the develop-
ment of future surface treatment technologies to realize biphilic
metal surfaces that can be applied in high-performance pool
boiling surfaces.
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