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Owing to the unique water repellence and self-cleaning properties, superhydrophobic surface
endows them with greatly enhanced anti-adhesion. Thus, a facile and controllable laser direct writ-
ing approach is employed to fabricate a superhydrophobic surface on a Titanium nickel (Ti-Ni)
shape memory alloy substrate as barrier against blood lipid deposition. The wettability and mor-
phology of the consequent superhydrophobic surface are characterized by contact angle (CA), scan-
ning electron microscopy (SEM). The unique trench textures composed of fish scale-like micro-
structure on the bottom and micro/nano-particles on the ridge are successfully obtained by control-
lable laser fluence and scanning speed. After 1H, 1H, 2H, 2H-perfluorodecyltriisopropoxysilane
modification, this unique trench textures surface shows excellent superhydrophobicity with calf se-
rum contact angles (CA) of 156° and sliding angles (SA) less than 5°. Meanwhile, the surface shows
oleophobicity with glycerol contact angles (CA) of 130° and sliding angles (SA) of 30°. The anti-
contamination and anticorrosion behaviors of the as-prepared superhydrophobic surface are investi-
gated by self-cleaning test, potentiodynamic polarization. The potentiodynamic polarization results
show that the as-prepared superhydrophobic surface can greatly enhance corrosion resistance, and
the self-cleaning test results indicate that the as-prepared superhydrophobic surface is able to re-

move the dust under water flushing.
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Introduction
Inspired by lotus leaf [1], butterfly wing [2], salvinia
leaf [3] and water-strider legs [4], superhydrophobic sur-
face, with the water contact angle above 150° and the slid-
ing angle less than 5°, has arouse more and more interest in
potential applications, such as self-cleaning, anticorrosion,
anti-icing and drag reduction. Many researchers investigat-
ed that low surface energy and hierarchical micro/nano
structures are two main factors to achieve superhydropho-
bic surface. Many methods have been investigated to
achieve hierarchical micro/nano-structures, such as electro-
chemical methods [5], Sol-Gel methods [6], spray methods
[7] and chemical vapor deposition [8]. Compared to the
above-mentioned method, laser direct writing technology is
employed as a promising method for surface texturing be-
cause of its structure controllability, non-pollution and lo-
calization manufacture. Moreover, the micro/nano struc-
tures generated by laser direct writing are original struc-
tures without consideration of the adhesion between coat-
ing and substrate. Thus, laser direct writing can be seen as
an ideal method to fabricate superhydrophobic surface [9,
10]. Hong [11] fabricated hybrid scale micro/nano-
structures on the carbon nanotube (CNT) surface by femto-
second laser micro-machining and chemical vapor deposi-
tion to realize superhydrophobicity.
Ti-Ni memory alloy is the most common used
memory alloy in electronics, machinery, energy and medi-
cal fields with high strength, good corrosion resistance and
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good biocompatibility. Thus, Ti-Ni memory alloy is widely
used as heart stents. Some problems still remain when the
stent are implanted into the blood vessel for the long time,
such as the heart stent would be covered by blood lipid,
leading to the heart stent failure. Therefore, it is necessary
to enhance their blood and lipid repellence on the stent’s
surface in blood media, which will greatly extend stent’s
lifetime. However, few study reports to construct superhy-
drophobic surface on the Ti-Ni surface to improve its blood
or lipid repellence.

In this study, we used an ultraviolet nano-second laser,
which is compact, cost—effective compared to the femto-
second laser, to fabricate superhydrophobic Ti-Ni memory
alloy surface. The relationship between surface wettability
and morphology are investigated. We also test its anti-
contamination performance. The anticorrosion behaviors of
the surface are studied by potentiodynamic polarization. In
addition, this work provides that superhydrophobic Ti-Ni
alloy surface has a potential application in preventing blood
lipid deposition on the implant surface.

2. Experiment methods

Ti-Ni memory alloy with a size of 20x20 mm and
thickness of 1 mm are purchased from Kelloggs Research
Labs. The sample is mechanically polished, then rinsed
with deionized water, degreased by a 30 min ultrasonic
bath in acetone, dried in a dry box. FAS-17(1H, 1H, 2H,
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2H-perfluorodecyltriisopropoxysilane) (97%) is purchased
from SICONG chemical.

The Ti-Ni alloy surface are mounted on the machine ta-
ble. A 25 ns ultraviolet laser has a working wavelength of
355nm, repetition rate of 6.8 kHz. The focused laser beam
is controlled by a laser marker with a focus lens
(f=160mm) to move predetermine direction. The radius of
beam waist of the laser pulses after the focusing lens was
approximately 18um. The Ti-Ni alloy sample is raster
scanned at the different speeds (V=10mm/s~80mm/s) with
the overlapping spacing A = 40 um. The cumulative laser
fluence is changed from 3.5 J/cm? to 28 J/icm?. After laser
processing, samples are cleaned with distilled water and
dried at 60 °C for 1lh. Finally, the samples are immersed
into 2 wit% FAS-17(1H, 1H, 2H, 2H-
perfluorodecyltriisopropoxysilane) ethanol solution for 1h
followed by washing with ethanol and drying in an oven at
100 °C for 1h.

Surface morphologies are measured using a scanning
electron microscope (FEI limited, Quanta 250). JC2000D-
2A contact angle measuring device is used to measure wet-
tability. The water contact angle (CA) and sliding angle are
measured with 5 pL calf serum and 10uL glycerol droplet
dripped on the five different points for each surface.

The corrosion resistance of superhydrophobic surface
are carried out in electrochemical corrosion test. The sam-
ple is immersed into 20 wt% calf serum corrosion aqueous
solutions on an electrochemical workstation (RST5000) in
a three-electrode system. The superhydrophobic Ti-Ni alloy
surface, a platinum plate and saturated calomel electrode
(SCE) are used as the working electrode, counter and refer-
ence electrode, respectively.

3. Results and discussion

Fig.1 shows the morphology of Ti-Ni alloy surface in
different laser powers from 3.5 J/cm? to 28 J/cm?, at the
fixed scanning speed of 50 mm/s. Fig. 2 demonstrates the
contact angle and sliding angle of sample processed with
corresponding laser fluence from 3.5 J/cm? to 28 J/cm? at
the same scanning speed of 50 mm/s. When the laser flu-
ence is 3.5 Jicm?, the surface remains flat. There are only
some re-melting microprotrusions randomly distributing
among the scanning path, as shown in Fig.1 (a). However,
this kind morphology cannot achieve a superhydrophobic
surface with a calf serum contact angle of 136°, and its
sliding angle as high as 38°. The calf serum is stuck at the
Ti-Ni alloy surface, which could be ascribed to the lack of
rough micro/nano-composite structure. With the laser flu-
ence increasing to 16 J/cm?, the trench texture with the
period of 40 um can be clearly seen on the surface. Many
fish scale-like microstructures covers the trench bottom, the
boundary among two trenches remain flat, as shown in
Fig.1 (b). The contact angle and sliding angle of fish scale-
like microstructures surface are about 143° and 20°, re-
spectively. This is due to the fact that trench textures can
increase surface roughness, which can lead to contact angle
increasing. However, only trench textures covered with fish
scale-like microstructures cannot obtain superhydrophobic
surface. As the laser fluence further increases to 20J/cm?,
the trench becomes deep and fish scale-like textures are
more visible, as shown in Fig, 1(c). Moreover, the edge of
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the trench becomes rough and some micro-particles rarely
accumulate and finally form ridges. The contact angle and
sliding angle of rough ridge textures combined with fish
scale-like microstructures surface are about 150° and 8°,
respectively. However, the superhydrophocity of Ti-Ni sur-
face still remains unstable and superhydrophobic state can
be failed for the long time contact with water for several
hours. This is due to the height between ridge and trench
bottom is not sufficient to support the water droplet for a
long time. When the laser fluence increases to 28J/cn?, the
ridge becomes wide. Some micro-particles and hair-like
nanostructures cover all the ridge part. The fish scale-like
textures are more obvious. The trench deepens with laser
fluence. Accompanying with the formation of this unique
rough hierarchical micro/nano structures on the ridge and
fish scale-like structure at the bottom, the as-prepared sur-
face achieves a stable superhydrophobicity with contact
angle and sliding angle of 156° and 2°. Water droplets are
hardly to stay on this surface and rolling around. In addi-
tion, the contact angle and sliding angle of a 10uL glycerol
are measured and found to be 150° and 15°, respectively,
which have achieved approximately superoleophobic state.
This could be attributed to the reasonable micro/nano-
hierarchical structures on the ridge and the low energy ma-
terial of FAS-17 grafted on as-prepared Ti-Ni surface.
Hence, it is very important to achieve micro/nano-
hierarchical structures on the ridge and fish scale-like struc-
ture at the bottom. From the SEM images, we find that the
laser fluence does not mainly influence the formation of
fish scale-like microstructures at the bottom of trench. The
laser fluence can control the roughness of ridge. The sche-
matic diagram of hierarchical micro/nano structures form-
ing on the ridge part can be seen in Fig. 2. The main mate-
rial removal are melting and evaporation of metal surface
at the low laser fluence because of it cannot reach the
fragmentation ablation threshold [12]. The ablated area is
to be smooth, the ablated trench height (H1) is the lowest,
as shown in Fig.3 (a). With the laser fluence increasing,
when the surface temperature increase to some breakpoint,
a large amount of vaporization nucleus appear under the
melting materials surface. When the steam pressure on the
melting material is greater than surface tension of melting
liquid, the melting materials begin to ejecting away from
center of laser beam [13]. Meanwhile, steam pressure re-
sults in the melting area to be pushed to two sides and the
accumulated re-melting layer forms ridge with two peaks.
Moreover, Electrons around the irradiated region easily
form plasma in the high laser fluence [14, 15]. The plasma
would interfere the energy absorption of the ablated surface
and make the splashing droplet re-deposited on the ridge
region [16], as shown in Fig. 3 (b). Finally, when the laser
fluence increases to some value, the phase explosion would
continuously happen on the Ti-Ni surface. Thus, the ridge
part is covered with some micro-particles and hair-like
nanostructures and the laser ablated deepest trench (H3), as
shown in Fig. 3 (c).
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Fig. 1 SEM images of the Ti-Ni memory aIIy surface under dif-
ferent laser fluence, (a) 3.5 J/cm?, (b) 16 J/cm?, (c) 20 J/icm?, (d)
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Fig. 2 Contact angles and sliding angles of Ti-Ni alloy surface
under different laser fluences.
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Fig. 3 Morphology evolution of the hierarchical micro-
nanostructures with laser fluence

In order to further investigate the formation mechanism
of fish scale-like microstructures on the bottom of trench,
we processed surfaces with the scanning speed changing
from 10 mm/s to 80 mm/s at the fixed laser fluence of 20
Jiem?, as shown in Fig. 4. At the relative low speed of 10
mm/s, the trench texture disappears, many random distrib-
uted microprotrusions consist of some staggered nanoparti-
cles. The higher-magnification image of Fig. 4(a) demon-
strates that the rough Ti-Ni surface is composed of numer-
ous irregular spherical nanoparticle intercrossed on the
microprotrusions and seem perpendicular to the Ti-Ni sur-
face. As the scanning speed increases to 30 mm/s (Fig. 4
(b)), trench textures cover the whole surface. The fish
scale-like microstructure is not obvious at the bottom of
trench. The trench bottom and side wall are covered with
many nanoparticles. When the scanning speed increases to
50 mm/s, the fish scale-like microstructure is obviously
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seen at the bottom of trench. The distance between two
scales is about 7 um, as shown in Fig. 4 (c). Serrated strip
textures covered with some irregular nanoparticles are
shown in Fig. 4 (d). Thus, fish scale-like microstructures
can be obtained by adjusting the scanning speed.

4 ) £ ;
Fig. 4 SEM images of the Ti-Ni memory alloy surface under
different laser scanning speed, (a) 10 mm/s, (b) 30 mm/s, (c) 50
mm/s, (d) 80 mm/s.

The formation mechanism of this unique fish scale-like
microstructures has not been thoroughly researched. The
schematic diagram of fish-scale like structures forming at
the bottom of trench can be seen in Fig. 4. This maybe ow-
ing to the following reasons: firstly, the faster scanning
speed means the higher laser spot repetition rate. The laser
repetition rate is 90% when the scanning speed is about 10
mm/s. The laser repetition rate decreases to 80% when the
scanning speed increases to 50 mm/s. The theoretical dis-
tance between two spots is about 7.28 pum, which is con-
sistent with the distance shown in Fig. 4 (c). The laser repe-
tition rate is only 60%. In addition, for slower scanning
speed, corresponding to higher temperature and longer in-
teraction time, the surface can absorb large amount of heat,
which makes strong-ablation fragmentation happening [17].
Thus, the redeposited microparticles accumulate enough re-
melting structure to form uniform distributed microbumps,
as shown in Fig. 4 (a). The faster scanning speed, implying
less instantaneous absorbed energy and shorter interaction
time, leads to the weak-ablation spallation [18].In the suit-
able laser scanning speed, the interval time is long enough
for melting region solidification before the next laser spot
irradiation. After serval spots accumulating, the fish scale-
like structure would form at the bottom of scanning line.

Roughness plays an important role in determining the
surface wettability. The calf serum and glycerol contact
angles (CA) and sliding angles (SA) are measured to inves-
tigate the wettability of as-prepared Ti-Ni surface. Fig. 2
shows the contact angle and sliding angle of sample pro-
cessed with different laser fluences from 3.5 J/cm? to 28
Jiem? at the same scanning speed of 50 mm/s. It can be
clearly seen that both calf serum and glycerol contact an-
gles increase with laser fluence. The SAs reveal to opposite
trend. This result is corresponding with the surface rough-
ness. When laser fluence is larger than 20J/cm?, the calf
serum CA is above 150° and SA is less than 10°, which
reach the standard of superhydrophobic surface. According
to their SEM images, we find that the rougher ridge struc-
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tures combined with fish-scale like microstructures lead to
high CA and low SA. For the low laser fluence, the ridge
part is flat, the calf serum would wet the ridge surface,
leading to relative low CA and high SA. For the high laser
fluence, the nano-micro binary structures covers the whole
ridge surface. Hence the calf serum is hard to wet the ridge
surface, which leads to high CA and low SA. According to
the Cassie model [19], nano-micro-binary structures can
capture a large amount of air, which is beneficial for form-
ing a composite solid-liquid-vapor interface to realize su-
perhydrophobicity. The apparent contact angle is formulat-
ed as follows:

cosdc=f, (1+cos6: )-1,where dc is the apparent contact
angle of the interface, 6. is the contact angle of smooth Ti-
Ni surface after FAS-17 modification, f; is the area fraction
for the solid surface in contact with the liquid droplet. By
measuring of surface tension instrument, it is found that it
is about 156°, 6, is 100°. Therefore, the area fraction can be
calculated from equation (1). The solid area fraction for the
laser processed Ti-Ni surface was 10.0%, obviously the air
in the proportion of the composite contact interface is as
high as 90%.

Fig. 5 shows the relationship between calf serum and
glycerol contact angles and sliding angles and laser scan-
ning speeds. Varying the scanning speed from 10mm/s to
80mm/s, we obtain surfaces with different contact angles
and sliding angles. Similarly to the influence of laser flu-
ence, low scanning speed means rougher surface. Thus,
calf serum and glycerol contact angles decreases with
scanning speed and sliding angles increase with scanning
speed. Because the scanning speed can severely impact on
the processing efficiency. Although, the surface processed
with scanning speed of 10mm/s can research superhydro-
phobicity. Its processing efficiency is too low to large area
fabricating superhydrophobic surface. According to the CA
and SA results of Fig. 5, we find that the optimal scanning
speed is 50 mm/s and laser fluence is 28 J/cm?, which can
balance the superhydrophobicity and processing efficiency.
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Fig. 5 Contact angles and sliding angles of Ti-Ni alloy surface
under different laser scanning speed.
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The corrosion may happen when the Ti-Ni alloy im-
plant into tissues. Corrosion resistance of the as-prepared
superhydrophobic surface is a key factor in determining the
possibilities of the superhydrophobic surface in further
medical implant applications. The Tafel polarization curves
of original Ti-Ni alloy surface and FAS-17 modified super-
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hydrophobic Ti-Ni surface are carried out to measure their
corrosion potential and corrosion current in 20 wt% calf
serum solution. As shown in Fig. 6 and Table. 1, it can be
noted that the superhydrophobic surface has better corro-
sion resistance than original Ti-Ni alloy surface because it
has higher corrosion potential (Ecor=52 mV) and lower
corrosion current (lcorr=3.21x10-6A/cm?) with comparison
of original Ti-Ni alloy surface (Ecor=180mV and
leorr=9.19x10-6A/cm?). The above results show that the
superhydrophobic surface has a good corrosion protection
to that of original Ti-Ni alloy surface. This maybe due to
the fact that the air layer trapped in microstructures can
form an air protective layer, which can prevent NaCl solu-
tion penetrating into the micro—nano hierarchical structures
and reduce the real contact area between NaCl solution and
microstructures [20].

—a—Superhydrophobic Ti-Ni surface
#—Ti-Ni shape memory alloy substrate

Log I (A, cm™)

05 04 03 -0Z 01 0.0

E/V ( vs, SEC)
Fig. 6 Tafel polarization curves of Ti-Ni shape memory alloy
surface and superhydrophobic Ti-Ni surface.

0.1 0.2 03

Table 1 The values of Ecorr and icorr

Sample Ecorr (MV) icorr (A/cmz)
Ti-Ni shape memory alloy -180 9.19x10°
substrate
Superhydrophobic Ti-Ni 52 3.21x10°

shape memory alloy

Self-cleaning ability is another very important to super-
hydrophobic surfaces for their practical applications. Figs.
7 (a)-(e) show the self-cleaning effect of the bare Ti-Ni
surface and the as-prepared superhydrophobic placed at a
fixed slope angle of 5°. Firstly, the original Ti-Ni alloy sur-
face and superhydrophobic are contaminated deliberately
with SiO, powder as dust. Subsequently, the water is
dropped to the upper side of the surface by a plastic drop-
per. When the water droplet slides along superhydrophobic
area, the rolling water droplet was able to pick up the dust
and slides away from the superhydrophobic area. When the
water droplet contacts the original Ti-Ni surface, owing to
the intrinsic hydrophilicity of original Ti-Ni surface, the
water droplet sticks at the surface. The SiO, dust might
adhere to the original Ti-Ni surface and cannot be com-
pletely removed even under water flushing. This experi-
ment indicates that the as-prepared Ti-Ni superhydrophobic
has an excellent lotus-like self-cleaning effect, which can
avoid the implant polluted by dust.
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Fig. 7 Time lapse images of self-cleaning test on the superhy-
drophobic Ti-Ni surface

4. Conclusions

By using 355nm ultraviolet nanosecond laser direct
writing technology, we prepare superhydrophobic and ole-
ophobic Ti-Ni memory alloy surface. We successfully fab-
ricated hierarchical micro/hano-trench textures composed
with fish scale-like microstructures at the bottom and
spherical microprotuberance covered by hairy nanostruc-
tures on the ridge when the laser fluence is 20 J/cm? and
laser scanning speed is 50mm/s. This unique hierarchical
micro/nano trench textures bring an excellent superhydro-
phobicity with the calf serum contact angles (CA) of 156°
and sliding angles (SA) less than 5°, meanwhile, the sur-
face shows oleophobicity with glycerol contact angles
(CA) of 130° and sliding angles (SA) of 30°. In addition to
excellent superhydrophobicity and oleophobicity, this sur-
face also has anticorrosion and self-cleaning ability. Fur-
thermore, we believe that this kind of superhydrophobic Ti-
Ni alloy surface would have some potential applications in
medical implant, such as heart stents and teeth pins.
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