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Abstract: A facile method to fabricate wettability pattern (two extreme wettabilities arranged in a pattern) to realize

water self-pumping is proposed on cemented carbide while not necessarily depositing other materials on substrate

surface. The water self-pumping is achieved by arranging wedge shaped superhydrophilic domain in superhydrophobic

substrate using laser machining. Through single factor experiments, it is found that the key to the extreme

wettabilities, micro- and nano-structures, is rendered by laser machining processes and is influenced by laser

parameters. Meanwhile, the proper laser parameters that are used to fabricate required micro- and nano-structures are

obtained. Finally, the water transport experiment is carried out, which shows that the velocity of water bulge could be

up to 362 mm/s when the wedge angle is 3°. The mechanism of the water self-pumping is analyzed and it is found that

the migration of water bulge is governed by Laplace pressure of the water bulge induced by the wedge micro-groove.
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0 Introduction

Surface with wettability pattern has gained
wide interests in various fields, such as fog and wa-

2 oil/water separation'®’, and funda-

ter collection
mental biochemical analyses'*’, etc. Wettability pat-
tern for liquid transport usually involves wedge
shaped surface that, together with its surroundings,
are superhydrophilic and can transport liquid . Sur-
face wettability pattern exceeds traditional microflu-
idics in two aspects: Bypassing complex muti-layer
fabrication techniques and avoiding unexpected bub-
ble trapping due to its open nature'®’.

Wettability pattern has been widely applied to
materials, such as paper'”’, glass'®, and metal """,
etc., through different techniques, induding photo li-

1 plasma etching'®', chemical deposi-

thography
tion"", polydimethysiloxane(PDMS) ", etc. Hong

et al.""" obtained patterned surface for microfluidics

*Corresponding author, E-mail address: xqhao@nuaa.edu.cn.
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through photo lithography by combining the nano
morphology and hydrophobicity of polytetrafluoro-
ethylene (PTFE), and the surface can be spin-coat-
ed onto glass and polymers. Gau et al.'"* deposited
hydrophilic molecules onto a hydrophobic substrate
and obtained wettability pattern with high wettabili-
ty contrast. West et al.'"*’ and Zimmermann et al."*
created patterned surface by plasma etching to re-
move part of hydrophobic domain. Swickrath et
15]

and Brinkmann et al.''"

al.! printed hydrophilic ink
on a hydrophobic substrate to get designed pattern.
In summary, all of the aforementioned work need to
deposit a functional layer onto the substrate rather
than utilize substrate materials themselves. In the
latter situation, the wettability pattern layer is easy
to be separated from the substrate. Further, these
studies strictly rely on substrate surface morphology
and surface chemical properties in order to robustly

stick the surface with the substrate. Consequently,
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pre-treatment including plasma etching'” is neces-
sary before deposition.

Water self-pumping on wettability patterned
surface could be realized by two means. One is

[17-18]

stripe patterning , where hydrophilic track is
stripe; the other is wedge patterning ™. Although
the water transports of the two configurations are
both governed by surface tension, they have distinct
flow properties. The flow of water in the former is a
typical capillary flow (water propagates in a thin
film morphology) , and governed by capillary force.
The flow in the latter is a droplet flow (water propa-
gates in a droplet morphology) and governed by La-
place pressure because water droplet is in a curve
during propagation.

We use a facile and portable method to con-
struct a wettability pattern on cemented carbide ma-
terial that supports water self-pumping. This con-
cept involves the fabrication of micro- and na-
no-structures on the substrate surface by laser ma-
chining technique. And after modification, extreme
wettability could be realized through self-assembly.
The pattern is designed to be a wedge shape so that
water bulge could self-pump under Laplace pres-
sure. The influence of laser parameters on micro-
and nano-structures is investigated and the migra-
tion of water bulge is also analyzed both theoretical-
ly and experimentally. This fabrication method does
not need expensive equipment and offers a promis-
ing application aspects on metal micro fluidic sys-

tems.
1 Materials and Methods

1.1 Materials

The material of samples is a mirror-finished ce-
mented carbide plate (YGS8, 5.5 mm thick and
100 mm long, Zhuzhou Cemented Carbide Cutting
Tools Co, Ltd). The following chemicals are used
for fluorinated treatment: trimethoxysilane, 0.8%
(weight fraction) in the corresponding fluorocarbon

solvent (Sicong Chemical, China).
1.2 Methods

The pattern is designed to be in wedge shape

so that surface tension could serve as a driving force
and in this way, water self-pumping could be real-
ized. The fabrication of wettability pattern in this pa-
per can be divided into several steps, as shown in
Fig.1. In step 1, the laser beam scanning in the
open air (20 min) imparts the required micro- and
nano-structures on whole cemented carbide surface,
making it possible to decrease the surface energy.
Note that laser scanning renders original hydrophilic
surface to superhydrophilic due to the formation of
micro- and nanostructures, as shown in Fig.1(a). In
step 2, the micro- and nano-structured sample is im~-
mersed in the fluoride solution for 30 min to de-
crease surface energy and heated in the vacuum ov-
en with 280 °C to decrease the surface free energy,
as shown in Figs.1(b) and (c). The aforementioned
steps make the cemented carbide from superhydro-
philic to superhydrophobic. In step 3, a designed
wedge shaped track is fabricated on the superhydro-
phobic substrate by laser scanning (10 min) , as
shown in Fig.1(d). In this step, the laser scanning
is used to remove the part of the superhydrophobic
surface and the newly exposed wedge groove is su-
perhydrophilic. In this way, a wettability pattern is
fabricated on the cemented carbide surface and the
total time is 60 min. The main purpose of steps 1
and 2 is to fabricate a superhydrophobic layer. Thus
these two steps could be integrated into one step,
which is called the under-liquid laser machining'**"'.
For severe friction application area, the under-liquid
laser machining method could improve not only the
robustness of wettability pattern, but also the manu-
facturing efficiency.

To investigate the influence of laser parameters
on micro- and nano-structures, a single factor meth-
od is adapted. While studying the influence of the
single pulse energy, the scanning speed v is set to
4 mm/s, times of scanning is set to 5, and the sin-
gle pulse energy (7) range is 0.25 mJ to 0.45 mJ.
Meanwhile, while studying the influence of scan-
ning speed, the scanning times is set to 5, the sin-
gle pulse energy is set to 0.35 mJ, and the scanning
speed range is 2 mm/s to 64 mm/s.

Scanning electronic microscopy (SEM, S-

3400N, Hitachi, Japan) is performed for visual
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Fig.1 Fabrication process and SEM of required micro- and

nano-structures

characterization of the micro- and nano-structures.
Wettability characterization is accomplished by a
contact angle meter (OCA25HTV, Dataphysics,
German). A 6 pl. drop of water is dispensed onto
the surface and 10 spots are selected to measure the
water contact angle (WCA). And the final value is
obtained by averaging the aforementioned data.
During the experiment, a 30 pl. drop of water
is dispensed perpendicularly onto the narrow end of
wedge without any initial speed. A high-speed cam-
era is set on the top of the sample to record the mi-
gration of water droplet. Meanwhile, another high-
speed camera is also set on the side view to capture
the droplet migration. And the migration speed is
obtained by measuring the displacement in a given

amount frames in the record of the top view camera.

2 Results and Discussion

2.1 Influence of single pulse energy on micro-

and nano-structures

Fig.2 depicts the variation of surface morpholo-
gies as t increases. Overall, as the pulse energy
reaches the surface of cemented carbide, the materi-
al of the surface is heated rapidly and some of them
are melted and when single pulse ends, the melted
materials cool down and turn into solid phase, as
shown in Figs.2(a) and (b). As t keeps increasing,
the temperature even exceeds the boiling point and
the materials are in an overheated condition. Accord-

[22]

ing to Rabelon equation"*", the pressure of vapor on

the surface is higher than that in the atmosphere.
Under this condition, the vapor pressure serves as a
driving force that makes the metallic vaporization es-
cape from material substrate and thrust the metallic
vaporization at the same time. As the thrust force ex-
ceeds the viscous force (the surface tension of mate-
rials) , the materials will finally be eliminated from
the molten pool, as shown in Figs.2(c¢)—(e). Fur-
ther, as t increases, the material temperature also
increases to the thermodynamic critical tempera-
ture, and phase explosion occurs where the density
of bubble increases until it reaches a critical value'*.
Thus the materials on the surface are transferred in-
to the mixture of vapor and tiny droplets and finally
escape from the surface through phase explosion.
When a single pulse ends, the temperature on the
surface will decrease significantly and turn into mi-
cro- and nano-structures, as shown in Fig.2(f). In
summary, a high single pulse energy could result in
more required micro- and nano-structures. In this pa-
per, 0.45 mJ single pulse energy is adapted to fabri-

cate required micro- and nano-structures.

87N A s

(d) =040m]  (c) =0.45 mJ

(f) micro- and
nano-structures

Fig.2 Influence of single pulse energy on surface morpholo-

gy

2.2 Influence of scanning speed on micro- and

nano-structures

Fig.3 shows the surface morphology as scan-
ning speed v increases. A low scanning speed is easi-
er for the formation of micro- and nano-structures.
However, as v increases, less micro- and na-
no-structures are observed. The number of pulse in

a unit laser spot N can be calculated by
fxXd

v

N:
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where f, d and v are the laser frequency, laser spot
diameter, and laser scanning speed, respectively. N
is inversely proportional to v, indicating higher ener-
gy in a given spot when v decreases. Thus, phase
explosion tends to occur under a low scanning speed
and the micro- and nano-structures form. When
scanning speed increases, less molten pools are ob-
served, as shown in Fig.3(c). However, when
scanning speed increases to 64 mm/s, the part of
the surface stays intact without any sign of etching,
as shown in Fig.3(e). It may be caused by non-uni-
formity of heat transfer. The part of the material
reaches a higher temperature and thus leads to mol-
ten phenomenon while other materials of the surface
stay in a low temperature and consequently stay in-
tact. In summary, a low scanning speed could result
in more required micro- and nano-structures. Conse-
quently, the scanning speed is set to 2 mm/s in this
paper. As a result, the laser parameters to fabricate

both domains can be found in Table 1.

200 pm

i

(a) V=2 mm/ »

!
(d)v=40mm/s  (e) v=60 mm/s  (f) micro- and

(b) v=10mm/s  (c) v=25 mm/s

nano-structures
Fig.3 Influence of scanning speed (v) on the surface mor-

phology

Table 1 Laser parameters for fabricating the wettability

pattern
Laser parame- Laser
/mJ v/( mmes ! . .
ter scanning times
Value 0.45 2 1

2.3 Water bulge migration

During the last fabrication step, the superhy-
drophobic layer is removed so that the superhydro-
philic area is approximately in a depth of 5 pm. Con-
sequently, distinct from the conventional wettability

pattern, the superhydrophilic area in this paper is

not on the same plane with the superhydrophobic ar-
ea. Thus the pinning effect and wettability contrast
ensure that the water can be transported along the
wedge groove.

A wedge groove with a wedge angle of 3° is ini~
tially chosen. Time-lapse images from side view in
Fig.4 show different stages for a water droplet mi-
gration. After contacting with the narrow end of the
wedge, the water quickly changes into the shape of
an asymmetric semi-ellipse where the leading front
is in a shape of meniscus, as shown in Fig.4(b).
The top view shows that the leading area of the
droplet 1s totally confined inside the wedge groove
and advanced in front of the bulge with a higher ve-
locity, which may be attributed to hemiwicing'®', a
phenomenon influenced by the micro-pillars in the
superhydrophilic domain. As the propagation contin-
ues, the height of bulge decreases constantly and a
long trailing area is also observed. Finally, the
bulge takes the shape of semi—cone. The velocity of
leading front slows down until the leading front
reaches the wide end, as shown in Fig.4(e).
Ref.[24] investigated that the critical condition for
the bulge morphology shift is determined by the
width of track and the volume of the bulge. In this
paper, more attention is focused on the bulge ad-
vancement rather than the whole process. Thus the
bulge migration can be found in Fig.5 (red area).
And the blue area denotes the semi-cone migration.
The red line denotes the fitted velocity curve. As
shown in the red area, advancement of the bulge is
accelerated until it reaches the maximum velocity
(350 mm/s). This indicates an ultrafast high trans-
port velocity compared with the water transport ve-
locity on the wettability pattern fabricated using de-

" or coating techniques*”. And then it be-

position'®
gins to slow down due to the morphology shift.
However, with the increase of time, the accelera-
tion decreases, indicating that the net driving force
decreases with the propagation of water bulge.

In the process of spreading, the bulge continu-

ously touches the wettability boundary (the bound-
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Fig.4 Real time-lapsed images (side view) of water

bulge propagation
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Fig.5 Variation of velocity (Red area denotes the migration

of water bulge while blue area denotes thin water film

after bulge morphology shifting)

ary between superhydrophilic and superhydrophilic
domain is also known as triple-line) , thus the La-
place pressure is served as a source of the driving
force that propels the droplet to the wide end. Be-
cause the migration is on the thin water film, the vis-
cous force is ignored in this paper. At the same
time, the Laplace pressure difference between the
leading and trailing area also induces a driving
force, as shown in Fig.6. Laplace pressure changes
with the advancement of bulge, thus the velocity is

closely affected by Laplace pressure. As a result,

Laplace pressure and velocity will change in a same

behavior.

Wettability

Leading fromt
Fig.6  Schematic illustration of driving force for the prop-

agation of water bulge

Theoretically, spreading of water droplets is in-
evitable as it always seeks to minimize the free ener-
gy of the whole system and the net driving force
may be obtained by taking the axial deviation of free

energy '

d
F,= _a (O'LGALG +osAs + O'SGASG)

where o; denotes the surface tension per unit inter-
face area between liquid (L), gas (G) and solid
(S), and A, the corresponding area value. Appar-
ently, A, is difficult to measure. To simplify mod-
el, another mathematical model must be developed.
The propagation of droplets is governed by Laplace
pressure induced from liquid/solid interface along
with the wedge side”’. The propogation would be
impossible if the droplet is in a stripe superhydrophil-
ic track™™'. Thus the net driving force could be ob-
tained by taking the deviation of Laplace pressure
5,18]

lengthwise ™',

The local Laplace pressure can be obtained by

Ap~ —
P

where ¢ denotes the surface tension and r the bulge

radius. The radius of bulge at a local area r(x) can

be obtained by

2sind(x)
where ¢ (x) is the local width of the wedge. Appar-
ently, Young’s equation is no longer suitable due to
continuous touch with the wettability boundary of
bulge'®’. However, WCA @ (x) can be considered
as higher than that in the superhydrophilic domain

(Os i = 2°) and lower than that in the superhydro-
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phobic domain (s . = 152°). Here, considering
a fitting value and the local Laplace pressure can be

expressed by

4o Sinﬁm

~

X tana

where x is the displacement and a the wedge angle.

5,18]

Thus, the driving force could be obtained by'

P dap 4o sind,

dx % tana

The calculation indicates that, during the ad-
vancement of bulge, the driving force will decrease
and the acceleration will decrease, which is consis-
tent with the observation in Fig.5. The acceleration
(the slop value of the fitting function) in Fig.5 de-

creases, indicating a decrease of Laplace pressure

gradient.

3 Conclusions

A new method to fabricate wettability pattern
(wedge shaped superhydrophilic track with superhy-
drophobic domain surrounded) on cemented carbide
has been demonstrated using laser machining tech-
nique. The micro- and nano-structure, which was
formed during laser irradiation and was responsible
for the extreme wettability properties, has been ana-
lyzed under different laser parameters. It was found
that the micro- and nano-structure tended to be
formed under low scanning speed as well as intense
laser pulse energy.

During water transport experiments, the water
droplet could be transported pumplessly with an ul-
trafast speed and it was found that the advancement
of water bulge was accelerated by the Laplace pres-
sure along the triple-line and at the same time, un-
der the Laplace difference between the leading and
trailing area of water bulge, which was also in con-
sistent with the observation in Fig.5. The Laplace
gradient decreased with the propagation of water
bulge, resulting in a decrease of transport accelera-
tion. In summary, the new fabrication method offers
a promising prospect for wettability pattern construc-

tion on metal surface, especially metals, such as

iron,

aluminum as well as alloys.
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