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Effect of Heat Treatment Temperature on the Wettability
Transition from Hydrophilic to Superhydrophobic on
Laser-Ablated Metallic Surfaces
Chi-Vinh Ngo and Doo-Man Chun*
Superhydrophobic metallic surfaces made via pulsed laser ablation have been
utilized recently. Immediately after laser ablation, metallic surfaces become
hydrophilic. By aging the laser-ablated surface in ambient air for a relatively
long period of time (several weeks to several months) or using a chemical
coating post process, this type of surface becomes superhydrophobic. Herein,
a facile post-process heat treatment that does not use any harsh chemicals is
introduced to reduce the wettability transition time from hydrophilicity to
superhdyrophobicity compared to surfaces treated for extended periods of
time in ambient air. Grid patterns are ablated on aluminum, copper, and
titanium by a nanosecond pulsed laser. Then, facile post-process heat
treatment is applied at different temperatures. The effect of temperature on
the wettability transition time is studied. The transition time is reduced from
several weeks/months to a few hours. The wettability transition mechanism
for each metal is also explained. Additionally, several potential applications,
such as self-cleaning, water positioning, and water transport, are proposed.
1. Introduction

Generally, thewettability of a solid surface can be defined by its water
dropletcontactangle(WDCA).AsurfacewithaWDCAlessthan90� is
normally referred to as being hydrophilic; alternatively, a surfacewith
aWDCAgreaterthan90� ishydrophobic.Recently,superhydrophobic
surfaces with a WDCA greater than 150� have attracted increased
attentiondue to theirpotential industrial andbiomedicalapplications.
Superhydrophobic surfaces are commonly divided into two classes:
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low adhesion to water (i.e., the “lotus effect”)
with a low sliding angle (SA) that is typically
smaller than 10� and high adhesion to water
(i.e., the “petal effect” or “pinning effect”) with
ahighSA(or evennoSA). It iswell knownthat
the wettability of a surface is governed by its
surface roughness and surface chemical
composition.Thus, imparting roughnessonto
the surface of hydrophobic materials[1–7] or
modifying a rough surface with low-surface
energymaterials[8–12]aregoodwaystofabricate
superhydrophobic surfaces.

Superhydrophobic metallic surfaces have
been demonstrated in various applications
such as self-cleaning,[13] drag reduction,[14]

anti-icing,[15] anti-corrosion,[16] water stor-
age,[17] and water transport.[18] A pulsed laser
ablation technique has been successfully
developed over the past few years to produce
superhydrophobic metallic surfaces. Metal
surfaces become hydrophilic after laser abla-
tion. By aging the laser-ablated surfaces in
ambient air for a relatively long period of time, the hydrophilic metal
becomeshydrophobic or superhydrophobic. Each laser-ablatedmetal
with specific processing parameters requires a different wettability
transition time to change from hydrophilic to superhydrophobic.
Copperorbrass thathavebeenablatedbyananosecondlaserrequirea
transition time of 11–14 days,[19,20] while aluminum ablated by
nanosecond or picosecond lasers requires around 30–40 days.[21]

Additionally, nanosecond-laser-ablated titanium requires around
30 days.[22] Another approach that can be used to avoid these long
aging times in ambient air is to use additional chemical coating post
processessuchaschemicalvapordeposition(CVD),[23]silanization,[24]

chemisorption,[25] and dip-coating.[26] However, these approaches
utilize toxic chemicals, and the additional processing sometimes
requires more than one day.

To shorten the wettability transition time required to obtain a
superhydrophobic surface without using any chemicals, we
previously introduced a facile post-process heat treatment after
pulsed laser ablation.[27,28] However, in these studies, we only
used a treatment temperature of 100 �C. The effect of different
heat treatment temperatures on the wettability transition time
has yet to be studied. Moreover, we found that the wettability
transition mechanism for each metal (copper and stainless steel)
was completely different when applying the post-process heat
treatment. The mechanism of stainless steel was explained
clearly by CO2 decomposition with a change in the chemical
composition, as was measured by energy-dispersive X-ray
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Figure 1. Schematic image of the laser beam texturing system.
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spectroscopy (EDS), as well as with the appearance of a new
Fe3C peak after heat treatment, as was measured by X-ray
diffraction (XRD). Alternatively, the mechanism of copper was
explained by reduction, with the only change in the chemical
composition, as was measured by EDS.

In this research, ananosecondpulse laserwasused tomakegrid
patterns oncopper (Cu), aluminum(Al), and titanium(Ti).Metals,
including Cu, Al, Ti, and others, are commonly used engineering
materials in industry and in daily life because of theirmechanical,
electrical, and thermal properties. Additionally, pure metals easily
show the wettability transition mechanism. Picosecond and
femtosecond pulse lasers have commonly been used in research
but for industrial applications; nanosecond pulse lasers are
particularly desirable due to their cost-effective and fast processing
times.Additionally, oneof the typicaldisadvantagesofnanosecond
pulse lasers, that is, the relatively large burr formation after laser
ablation, is utilized effectively in this research. These large burrs
act as microstructures that can support water droplets; therefore,
the contact area between themetal surface and thewater droplet is
minimized. After nanosecond pulse laser ablation, these metals
were treatedat different temperatures. The effect ofheat treatment
temperature on the wettability transition time was studied. These
resultscouldprovideausefulguideforselectingsuitable treatment
temperature and treatment time for other researchers who would
like to apply this technique in industrial applications. Byusing this
facile post-process heat treatment after laser ablation, the
wettability transition time can be reduced from several weeks or
several months to a few hours. Moreover, the mechanisms of the
wettability transitions for aluminumand titaniumwerediscussed.
These mechanisms were also different from those observed for
pure copper and stainless steel (as reported in our previous
research).[27,28] Additionally, the mechanism of copper was
confirmed via additional surface analysis, compared with
previously reported results.[27] Furthermore, the superhydropho-
bicity of laser-ablated Al, Cu, and Ti surfaces was demonstrated to
be useful for a variety of potential applications including self-
cleaning, water positioning, and water transport.

2. Experimental Section

2.1. Fabrication Process

Experiments were performed on commercial aluminum sheets (Al
99.999%, The Nilaco Corporation, Japan), copper sheets (Cu
99.99þ%, Goodfellow Cambridge Ltd., England), and titanium
sheets (Ti 99.5%, The Nilaco Corporation, Japan) that were 0.5mm
thick. A Q-switched Nd:YAG 355nm UV nanosecond pulsed laser
systemwas used to ablate themetallic surfaces, as shown inFigure 1.
The laser source provides a laser beam, which is guided by mirrors.
The attenuator controls the intensity of the laser power, and the beam
expander increases the diameter of the laser beam. A focusing lens
with a 5mm focal spot diameter converges the laser beam for
fabrication. A grid pattern is used here because it is easy and fast to
fabricate.

Figure 2 illustrates the resultant superhydrophobic metallic
surfaces. Metallic sheets (Al, Cu, and Ti) were first ablated by the
laser ablation systemwith a fabrication area of 5� 5mm2. The laser
ablatingparameterswere shownas inTable 1, andfive sampleswith
astepsizeof200mmwereproducedforreproducibility.Thestepsize
Adv. Eng. Mater. 2018, 20, 1701086 1701086 (2
orpitch is thedistancebetween laserablating lines.The laser-ablated
surfaces were then placed in a conventional commercial oven at
different heat treatment temperatures (100, 150, and 200 �C). The
wettability transition was investigated during a treatment time of
24h. Moreover, additional laser-ablated samples were put in the
oven at 50 �C and additional ones were stored in ambient air for a
longperiodof time; thesewerecomparedwith thesamples treatedat
100, 150, and 200 �C.
2.2. Surface Characteristics

Field emission scanning electron microscopy (FESEM, JSM-
6500F, Jeol Co., Japan) and 3D laser scanning confocal
microscopy (VK-X200 series, Keyence, Japan) were used to
analyze the surface structures. To evaluate the chemical
composition on the surface, X-ray diffraction (ULTIMA IV,
Rigaku, Japan), point energy-dispersive X-ray spectroscopy (JSM-
6500F, Jeol Co., Japan), and Fourier transform infrared (FT-IR,
Varian 670-IR, Varian Inc., USA) spectroscopy at ATR mode (Ge
crystal) were carried out. The wettability (contact angle and
sliding angle with a 10mL water droplet) was measured by a
contact angle meter (SmartDrop, Femtofab Co. Ltd., Korea).
3. Results

3.1. Surface Morphology

Relatively large burrs around the ablated lines were observed on
Al, Cu, and Ti, as shown in Figure 3. Cu showed a wider laser-
ablated line between the two lines of burrs than the other metals.
The average burr height of laser-ablated Ti was found to be
approximately 27� 1.3 μm, as shown in Figure 4. While Ti
showed large burrs with small deviation, Al and Cu showed
relatively small burrs (19� 2.8 and 19� 1.5 μm, respectively). In
addition, the average aspect ratios (of 10 measurements)
between the burr height and the width from the peak to the
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 2. Fabrication process used to make superhydrophobic metallic surfaces.
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outside of the burr of Al, Cu, and Ti were 2� 0.4, 3� 0.6, and
5� 1.0, respectively. Among these samples, Ti showed a micro-
burr structure with the stiffest outside slope. The measured 3D
images were similar to the enlarged and tilted FESEM images. It
is usually desirable to minimize burr formation after laser
ablation; however, in the present research, larger micro-burrs
were useful for improving wettability. For hydrophobic materi-
als, contact angles are larger on microstructures than they are on
smooth surfaces. Moreover, the average burr heights of the laser-
ablated samples before and after heat treatment were approxi-
mately the same.
3.2. Effect of Heat Treatment Temperature on the
Wettability Transition

Just after laser ablation, Al, Cu, and Ti showed hydrophilic
property. However, after heat treatment in the oven, all samples
had increased contact angle values, as shown in Figure 5. The
error bar indicates the maximum and minimum contact angles/
sliding angles for five different samples. The effects of different
heat treatment temperatures on the wettability transition time
from hydrophilic to superhydrophobic were pointed out. With Al
and Ti, as the heat treatment temperature increased, the
wettability transition time decreased. Alternatively, for Cu, the
wettability transition time was only reduced when the tempera-
ture was increased from 100 to 150 �C; at a higher temperature
(200 �C), Cu showed a longer wettability transition time
compared to that observed at 150 �C. Among the heat treatment
temperatures used in this study, Al and Ti showed fast wettability
Table 1. Process parameters of laser ablation.

Name of parameter Value

Power (W) 3

Pulse frequency (kHz) 20

Pulse duration (ns) 20

Laser scan repetition 2

Scanning speed (mms�1) 1
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transition times (90 and 30min, respectively) at 200 �C, while Cu
showed a fast wettability transition (120min) at 150 �C. After
achieving the contact angles greater than 150�, Al, Cu, and Ti
surfaces showed superhydrophobic property with high adhesion
to water (petal effect). When adding more the heat treatment
time, these superhydrophobic surfaces changed from petal effect
to lotus effect by appearance of low sliding angles (SA< 10�)
with a tilting speed of 1.6� s�1. With the exception of Cu, when
the heat treatment temperature increased, the sliding angle
appeared after a shorter heat treatment time and became smaller
gradually with increment of heat treatment time; additionally,
the time required to change from petal effect to lotus effect on
each metal was different. For example, the sliding angle for Al
appeared after 6 h with a heat treatment of 200 �C and after 12 h
with a heat treatment of 150 �C. For Ti, the sliding angle
appeared after 2 h with a heat treatment of 200 �C and after 12 h
with a heat treatment of 150 �C. For Cu, the sliding angle
appeared after 12 h with a heat treatment of 150 and 200 �C, and
the value for the sample treated at 150 �C was smaller. With
increasing treatment time, the sliding angle value for each
material decreased. The appearance of the sliding angle and the
decrease in the value of the sliding angle might indicate a high-
quality superhydrophobic surface that demonstrates the lotus
effect. All Al and Cu samples treated at 100 �C failed to show
sliding angles within 24 h, even if the samples had a contact
angle greater than 150�. Based on the results of Al, Cu, and Ti
samples treated at 150 and 200 �C and Ti samples treated at
100 �C, heat treatment time should be increased in order to
change the superhydrophobic surface from petal effect to lotus
effect on Al and Cu samples treated at 100 �C. Moreover, the Cu
samples treated at 200 �C with longer heat treatment times
showed reduced superhydrophobicity (i.e., a decrease in CA and
an increase in SA).

As the description above, Figure 5 can provide useful
guideline to other researchers and engineers for manufacturing
of superhydrophobic surface and the related industry. Depend-
ing on the specific requirements, the laser-ablated hydrophilic
metallic samples can become superhydrophobic by choosing
proper heat treatment temperature and time. For example, to
fabricate superhydrophobic Ti for self-cleaning applications and
short time fabrication, we can choose 200 �C and 2 h for heat
treatment. At that time, contact angle is approximately 170� and
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 3. a–c) Top-view FESEM images and d–f) enlarged and tilted images of laser-ablated Al, Cu, and Ti surfaces, respectively.
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sliding angle is approximately 10�. But, to fabricate super-
hydrophobic Ti for high-adhesion applications, short time
fabrication, and not high temperature such as 200 �C, we can
choose 150 �C and 6 h for heat treatment. At that time, contact
angle is approximately 159� and there is no sliding angle. With
Al and Ti, during the heat treatment (a period of 24 h), the
contact angle increased from hydrophilic to superhydrophobic
and then became stable. Additionally, the sliding angle appeared
after a few hours of treatment and then became smaller as a
function of time (i.e., better superhydrophobicity). However,
with Cu, during the heat treatment (a period of 24 h), the contact
angle increased from hydrophilic to superhydrophobic before
becoming stable but then started decreasing; additionally, the
sliding angle appeared after a few hours of treatment and then
became greater as a function of time (i.e., decreased super-
hydrophobicity). After 24 h of treatment at different temper-
atures (100, 150, and 200 �C), all samples showed
superhydrophobic property and exhibited the lotus and petal
effects. Moreover, the Al, Cu, and Ti samples treated at
50 �C showed superhydrophobic character with the petal effect
Adv. Eng. Mater. 2018, 20, 1701086 1701086 (4
after a few days of heat treatment (six, two, and two days,
respectively) (Figure 6). Additionally, the samples stored in
ambient air without heat treatment showed relatively long
wettability transition times before becoming superhydrophobic.
While Cu became hydrophobic after 15 days (and had a CA that
still increased over time), Al and Ti were still hydrophilic after
60 days. Therefore, adding a heat treatment process after laser
ablation can reduce the wettability transition time from
hydrophilic to superhydrophobic from several weeks/months
to a few hours.
3.3. Continuous Heat Treatment

In our previous study,[28] we found that water droplet contact
from CA and SA measurement during heat treatment could
affect the quality of superhydrophobic surface. Five samples for
each heat treatment temperature (100, 150, and 200 �C) were
treated continuously for 6 h in an oven without any contact with
water, as shown in Figure 7. At the highest temperature (200 �C),
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 4. 3D confocal microscope images of laser-ablated a) Al, b) Cu, and c) Ti surfaces.
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CAs and SAs of Al and Ti did not change much, and the samples
were still superhydrophobic with lotus effect. Therefore, the
effect of water might not be significant for Al and Ti samples
treated at 200 �C. However, Cu samples treated at 200 �C showed
clear change in SA. The Cu surfaces changed from petal effect
(no SA) to lotus effect (SA< 10�). Therefore, water contact
during heat treatment affected largely to Cu surface. The effect of
water contact during heat treatment was confirmed clearly with
increase in CAs of samples which were treated at 100 and 150 �C.
Moreover, samples treated continuously at 150 �C for 6 h showed
the appearance of the sliding angle. Additionally, the Al sample
continuously treated for 6 h at 100 �C did not show any clear
effects of water contact. This might come from an insufficient
heat treatment time.

After continuous heat treatment for 6 h, samples were stored
in ambient air, and their wettability was measured after 14 days
and after 30 days in order to investigate the stability, as shown in
Table 2. Samples treated continuously for 6 h at 200 �C showed
stable superhydrophobicity; the contact angles were greater than
Figure 5. Contact angles and sliding angles of Al, Cu, and Ti samples mea
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170� and the sliding angles were smaller than 10� for a long time
(i.e., over one month). For the samples treated continuously for
6 h at 150 �C, the contact angles were also greater than 170�, but
the sliding angles just after heat treatment were greater than 10�

(except for Ti). However, after being stored in ambient air for a
long period of time after heat treatment, the sliding angles of Al
and Cu samples were improved and became smaller than 10�.
The Al sample continuously treated for 6 h at 100 �C showed no
clear improvement in wettability, while the Cu and Ti samples
treated at these conditions showed hydrophobic character right
after heat treatment. After being stored in ambient air for a long
time, the contact angles of Cu and Ti increased, and the samples
became superhydrophobic and showed the petal effect.
Additionally, after 30 days, the Cu samples had large sliding
angles. This could indicate that the samples treated continuously
for 6 h at 100 or 150 �C can be improved continuously their
wettability after heat treatment.

For practical applications and industrial processes, heat
treatment at 200 �C for 6 h without any water contact might
sured at various times after heat treatment (100, 150, and 200 �C).

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 6. Contact angles of Al, Cu, and Ti samples measured at various times after heat treatment (50 �C).

www.advancedsciencenews.com www.aem-journal.com
represent good processing conditions. These conditions are
appealing due to the sufficiently short heat treatment time
combined with the high-quality superhydrophobicity and
stability of the resultant material.
4. Discussion

4.1. Mechanism of the Wettability Transition

During pulsed laser ablation, the metallic surfaces showedmetal
oxide peaks, as shown in the XRD results in Figure 8. Oxidation
processes occurred during laser fabrication. However, Al and Ti
showed no difference in structures before and after heat
treatment. Because the micro-burr structures on laser-ablated Al
Figure 7. Effect of water during the wettability change of Al, Cu, and Ti sam
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and Ti did not change after heat treatment, the superhydro-
phobicity on Al and Ti surfaces might be caused by other factors.
The EDS results indicated a clear increase in carbon content on
the micro-burrs after the post-process heat treatment, as shown
in Table 3 and 4. However, at the flat surfaces between ablated
lines, no clear difference in the carbon content was observed
after treatment.

We propose that organic adsorption onto the micro-burr
structure occurred when laser-ablated Al and Ti samples were
put in ambient air. The heat treatment process accelerated this
organic adsorption. To confirm this mechanism, FT-IRmeasure-
ments were carried out, as shown in Figure 9. After laser
ablation, Al and Ti showed�OH functional groups on themicro-
burrs. The presence of these groups on metal oxide films is
known to lead to organic adsorption.[29,30] Therefore, after laser
ples: a) contact angles and b) sliding angles after 6 h of treatment.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Table 2. Wettability of laser-ablated Al, Cu, and Ti immediately (0 days), 14 days, and 30 days after the post-process heat treatment.

CA (�) SA (�)

Material Temperature (�C) 0 days 14 days 30 days 0 days 14 days 30 days

Al 100 64 � 3.6 62 � 5.5 62 � 5.5 — — —

150 171 � 3.7 174 � 1.6 174 � 0.7 14 � 5.0 6 � 1.1 5 � 1.3

200 175 � 1.5 176 � 0.9 175 � 1.1 6 � 0.8 5 � 1.6 5 � 1.2

Cu 100 130 � 3.2 160 � 1.3 162 � 2.5 — — 43 � 9.3

150 173 � 2.4 174 � 0.9 174 � 1.3 16 � 13.3 9 � 3.1 9 � 2.9

200 174 � 1.1 174 � 0.9 174 � 1.5 6 � 1.5 7 � 1.7 7 � 2.4

Ti 100 136 � 5.8 166 � 3.4 166 � 7.9 — — —

150 174 � 1.1 176 � 1.1 175 � 1.1 8 � 3.5 8 � 1.9 8 � 1.5

200 176 � 1.7 176 � 1.1 175 � 1.1 6.8 � 0.8 7 � 0.4 7 � 1.1

www.advancedsciencenews.com www.aem-journal.com
ablation, metal oxides with OH groups can adsorb organic
matter from ambient air, causing several weak hydrophobic
groups (–CH3, C¼C, or C¼O) to appear on the burrs. Using the
heat treatment, the organic adsorption process was accelerated,
and strong hydrophobic groups (–CH3 and �CH2) appeared on
the heat-treated Al and Ti micro-burrs. At the same time, the
�OH groups were disappeared after heat treatment. The
unchanging crystalline structures, increased carbon content,
and appearance of strong hydrophobic groups demonstrated that
organic adsorption was occurred on the laser-ablated Al and Ti
micro-burrs. The organic matter can produce a hydrophobic
layer on the rough micro-burr structures, and results in
superhydrophobicity in Al and Ti surfaces. This mechanism
on Al and Ti is in good agreement with the findings of other
studies. The organic adsorption or accumulation of carbon was
found on laser-ablated Al that was stored in ambient air for a long
time,[31,32] and the adsorption of organics was also observed on
aluminum oxide.[33–36] CO2 decomposition, which is a type of
organic adsorption, was also found on laser-ablated Ti that was
stored in ambient air for a long time.[22,37,38]

In our previous research,[27] the mechanism for copper to
change from hydrophilicity to superhydrophobicity was the
reduction of CuO to Cu2O. The EDS results in that study showed
an increase in Cu concentration on the micro-burrs after heat
treatment, which supports this mechanism. In the present
Figure 8. XRD results of unprocessed, laser-ablated, and treated Al, Cu, an
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research, the copper content on the micro-burrs after heat
treatment also increased, as shown in Table 5. Additionally, two
new Cu2O peaks were observed in the XRD results; these
appeared after heat treatment and support the reduction-based
mechanism, as shown in Figure 8. The FT-IR results for copper
before heat treatment showed the presence of �OH groups,
similar to the cases of Al and Ti, as shown in Figure 9. These
groups can adsorb organic matter in ambient air; therefore, a
small peak related to�CH3 groups appeared in the results of the
treated sample. However, there was no clear difference in the FT-
IR results before and after heat treatment. Therefore, organic
adsorption might not be important factor for the wettability
transition mechanism. After heat treatment, which led to an
increase in copper content and the appearance of Cu2O peaks,
the mechanism behind the wettability transition in copper was
driven by the change in the crystalline structure as CuO was
reduced to Cu2O. Hydrophobic Cu2O with rough micro-burr
structures caused the surface to become superhydrophobic.
4.2. Potential Applications

The quality of superhydrophobic Al, Cu, and Ti surfaces was
demonstrated by analyzing the contact of water droplets and the
bouncing effect. For this, 7 μL water droplets were placed onto
d Ti surfaces.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Table 3. Chemical composition on Al burrs right after laser ablation
and on heat-treated Al burrs.

Burr just after laser ablating Heat-treated burr (6 h)

Element Ave Errþ Err- Ave Errþ Err-

C 1.50 0.77 1.50 13.64 1.40 0.86

O 67.51 0.66 0.92 59.37 0.59 0.88

Al 30.99 0.84 0.99 27.00 1.43 2.00

O/Al 2.18 — — 2.20 — —

C/Al 0.05 — — 0.51 — —

Table 4. Chemical composition on Ti burrs right after laser ablation
and on heat-treated Ti burrs.

Burr just after laser ablating Heat-treated burr (6 h)

Element Ave Errþ Err- Ave Errþ Err-

C 3.37 0.70 0.82 10.82 0.12 0.10

O 75.95 2.17 1.34 70.18 2.10 1.72

Ti 20.68 2.16 2.28 19.00 1.81 2.22

O/Ti 3.67 — — 3.69 — —

C/Ti 0.16 — — 0.57 — —

Table 5. Chemical composition on Cu burrs right after laser ablation
and on heat-treated Cu burrs.

Burr on fresh Burr on treat (6 h)

Element Ave Errþ Err- Ave Errþ Err-

O 52.83 2.57 3.26 28.60 7.83 5.92

Cu 47.17 3.26 2.57 71.40 5.92 7.83

O/Cu 1.12 — — 0.40 — —

www.advancedsciencenews.com www.aem-journal.com
the Al, Cu, and Ti micro-burr structures, as shown in Figure 10
and in Video S1. The water droplets were compressed or even
slid off the needle, but they still could not be separated from the
needle to be placed on the surfaces; droplets also showed
Figure 9. FT-IR results of laser-ablated and treated Al, Cu, and Ti surfaces.

Adv. Eng. Mater. 2018, 20, 1701086 1701086 (8
vibrations after moving up the needle from the surfaces.
Additionally, 10 μL water droplets were dropped from a height of
5 cm onto Al, Cu, and Ti surfaces tilted at 8�, as shown in
Figure 11 and in Video S2. These water droplets bounced off the
surfaces. The good performance of the superhydrophobic
surface was also demonstrated by the bouncing of many
continuously-dropped water droplets on the surfaces. The high-
quality superhydrophobicity obtained on surfaces treated by
laser ablation with a post-process heat treatment can be used for
self-cleaning applications, as shown in Figure 12 and in Video
S3. The water droplets easily removed white powder from the
surfaces tilted at 8�.

Due to the short fabrication time and the fact that no harsh
chemicals were used, these superhydrophobic Al, Cu, and Ti
surfaces could be applied in a variety of potential applications
such as water positioning/water storage and liquid transport/
control of water adhesion. By designing proper patterns on
metallic surfaces, as shown Figure 13 and Video S4 with Ti,
water droplets can be stored or positioned on unfabricated areas
with desired shapes and volumes; these droplets could be then
utilized for bio-applications. By controlling the treatment time
and/or treatment temperature, the sliding angles can be
controlled. Therefore, water adhesion on these surfaces is
different and has the potential to be used for liquid
transport.[18,39]
5. Conclusion

Without using any chemicals, superhydrophobic laser-ablated
metallic surfaces can be fabricated in a short period of time by
employing a facile post-process heat treatment. The effect of
different heat treatment temperatures was studied. With
increasing heating temperature, the wettability transition time
could be reduced for Al and Ti. However, a higher temperature
(200 �C) might decrease the quality of Cu superhydrophobic
surfaces. Compared to samples aged for a long time, the samples
made with the proposed post-process heat treatment after laser
ablation could reduce the wettability transition time from several
weeks/months to several hours (or even less than 6 to 1 h when
using a temperature of 200 �C). The effect of water droplet
contact during heat treatment at different temperatures was also
investigated. The mechanism of the wettability change was
determined to be driven by a combination of surface chemistry
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 11)
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Figure 10. Placement of 7mL water droplets onto Al, Cu, and Ti micro-burr structures.

Figure 11. Bouncing of 10mL water droplets dropped from an initial height of 5 cm on Al, Cu, and Ti superhydrophobic surfaces.
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Figure 12. Self-cleaning procedure during which sliding water droplets carry away white powder on Al, Cu, and Ti superhydrophobic surfaces.

Figure 13. Water positioning on a Ti superhydrophobic patterned surface.
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through organic adsorption and micro-burr structure for Al and
Ti. Alternatively, it was driven by a change in the material’s
crystalline structure on micro-burrs through the reduction of
CuO to Cu2O for Cu. The high performance of these
superhydrophobic metallic surfaces was also demonstrated.
Additionally, several potential applications, such as self-cleaning,
water positioning, and water transport, were proposed.
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