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Abstract

This paper presents a systematic approach to improve the hydrophobicity of microstructured
surfaces. It includes a contact angle prediction model for microstructures obtained by
nanosecond pulsed laser. Combining with the theoretical constraints for stable Cassie-Baxter
state this approach can be used to optimize microstructures dimensions for maximising
surface hydrophobicity. Laser machining experiments were conducted to evaluate the
prediction model. It shows that the proposed systematic approach can accurately predict the
contact angle and obtain microstructures dimensions for maximising surface hydrophobicity.
The results also indicate that the contact angle increases with the decrease of pitch of the
microstructures. Superhydrophobicity with maximum contact angle of 155.7° is obtained, for
the first time, on a micro structured surface (P030) of Zirconia with a pitch of 30 pm

machined under a laser power at 8W.
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1. Introduction

Zirconia (ZrOy) is widely used in dentistry for orthodontic brackets, implant abutments,
crowns and bridges, etc. due to its high strength, toughness, low wear, high resistance to
corrosion and good esthetical effects [1, 2]. At present, dentures made of zirconia are usually
fabricated by using tungsten carbide milling cutters with polishing as the final machining
process in order to achieve a good surface finish. Scotti found that the polished surface
accumulated fewer bacteria than a glazed surface possibly because fine surface roughness on
dental materials reduces the bacterial cell more than on irregular surfaces [3]. Some
researchers have verified that surface roughness causes enhanced bacterial adhesion by

supplying harbour within the surface irregularities [4, 5].

However, recent investigation found that nano/micro scale surface texturing alters surface
characteristics, causing them to be hydrophobic and moreover antibacterial [6]. Hydrophobic
and super-hydrophobic surfaces have received significant attention because of their anti-icing,
drag reduction, corrosion protection and anti-bacteria properties [7, 8]. Yilbas found that
textured surface composed of micro/nano poles on silicon materials would improve the
surface hydrophobicity significantly [9]. Thus, surface structure modification is an effective
way to obtain superhydrophobic surface. Different machining processes, such as micro
milling [10, 11], electrochemical deposition/chemical vapour deposition [12, 13], lithography
[14] or laser machining [15, 16] have been used to prepare such microstructures. However,
most of these processes have limited feasibility of preparing microstructures on zirconia. The
attainable dimension of the microstructures by using micro milling machining is restricted by
the available smallest diameter of milling cutters. Thus, micro milling process is difficult to
obtain structures at micron level. Moreover, rapid tool wear or tool breakage is another
problem when micro milling Zirconia which is a kind of difficult-to-machine material due to

its high hardness and strength. Electrochemical deposition/ chemical vapour deposition has



low stability and repeatability in machining microstructures. Lithography is an expensive and
low-efficiency process due to the high cost in the fabrication of micro structured template,
while nanosecond laser machining process has been found to be a very promising cost-
effective method for surface texturing due to its high-efficiency and contactless

characteristics [17-20].

Rajab examined a stainless steel surface processed by using a laser machining and found that
the stainless steel surface with the oval shaped and rounded topped surface features was the
best surfaces with less number of bacteria retention [21]. Tong’s research showed that the
distribution of staphylococcus aureus on surfaces possessing high contact angles would
become scattered. The phenomenon became even more apparent for superhydrophobic
surfaces in which the contact angle is larger than 150° [22]. Kwon integrated a series of
machining processes including laser machining and electrodeposition processes to
manufacture micro structures on stainless steel and found that the maximum contact angle
that could be achieved was 153° [23]. Yang [24] created superhydrophobic surface on
Inconel 718 with maximum contact angle of 156° by using a nanosecond laser. In these
studies, achievement of superhydrophobicity heavily relies on the right choice of
microstructures, either nature-inspired non-periodic microstructures which are usually
difficult to machine or brain-stormed periodic microstructures. Due to the lack of clear
understanding of relationship between dimensions of microstructures with surface
hydrophobicity costly and time consuming “trial and error approach” has to be resorted to

find out optimized dimension in these studies.

Zirconia is naturally a kind hydrophilic material. Currently the achieved maximum contact
angle is only 132° [25, 26] for laser structured Zirconia surfaces due to the lack of a
systematic approach to design the microstructures to achieve superhydrophobic surfaces (i.e.

contact angle larger than 150°).



This study will focus on the establishment of a prediction model for laser machined
microstructured surface and an optimization approach to design micro structure dimensions
to maximize its hydrophobicity. It will enable generate superhydrophobic microstructures on

Zirconia by the high-efficiency and low-cost nanosecond laser machining process.

2. Modelling of Cassie-Baxter state for micro pillar arrays

Two typical models, Wenzel and Cassie-Baxter models, have been developed to describe the
behavior of a droplet on rough surfaces [27, 28] in the study of hydrophobicity. According to
the Wenzel model, the droplet penetrates the structures. Alternatively, the droplet is not able
to wet the microstructure spaces for the Cassie-Baxter model. Thus, the droplet should have a
stable Cassie-Baxter state on the specimen surface in order to obtain the Zirconia specimen
possessing good superhydrophobicity. In this section, the condition of water droplet with

stable and robust Cassie-Baxter state will be investigated.

Due to the Gaussian distribution of the laser beam the cross section of the laser machined
micro groove will be also like a Gaussian curve as shown in Fig. 1 (a). The 3D geometrical
models of laser machined Gaussian pillar arrays are shown in Fig. 1 (b). In Fig. 1(a), a is the
depth of the Gaussian groove, b is the width of the micro pillar, and 6c¢ is the width of micro
groove. h is the sag in height of droplet between pillars. € is the intrinsic contact angle of
zirconia. We assuume that the sag of the water droplet above the micro groove has a spherical

shape and 7 is the radius of the spehere. P is the pitch of the grooves.



(a) 2D geometric model (b) 3D topography

Fig. 1. Geometrical model of laser machined Gaussian grooves at Cassie-Baxter state.

The contact angle at Cassie-Baxter state can be expressed as Eq. (1) [27]:

cos O =—1+ f(1+cos 6) (1)

where f'is the fraction of solid surface area wet by the liquid and it can be described as:

actual contact area b?
f= - )

planar area (b + 6c)2

From Eq. (1) and (2) it can be seen that the minimum value of f/ will help the contact angle
Ocg reaches its maximum value. In order to make the droplet keep a stable Cassie-Baxter state
on the micro structured surface, the microstructure should meet some geometrical and

chemical constraints, which are listed as follows.

First of all, the sag in height /4 should be smaller than a, thus the droplet cannot contact with

the bottom of the micro Gaussian groove. This can be expressed as Eq. (3).

a>h=3¢( 1_—;1:99) (3)

Eq. (3) can be further simplified as:
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Secondly, the state of droplet also depends on the balance between gravity and Laplace
pressure (F). The Laplace pressure is the pressure difference between the inside and the
outside of a curved surface that forms the boundary between a gas region and a liquid region
[29]. The pressure difference is caused by the surface tension of the interface between liquid
and gas. Thus, the Laplace pressure should be greater than weight (W) of the droplet. The
average droplet weight for every groove and the Laplace pressure (F) are shown in Eq. (5)
and (6). The constraint can be expressed by Eq. (7). The pillar can be approximated to

possess rectangular shape with side length b.

4
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where p is water density, g is gravity constant, R is the radius from the centre of the water
droplet to the boundary edge of water and Zirconia surface, yigis the surface tension between

liquid and gas.

Thirdly, principle of the lowest energy is a general rule in nature. Since the mechanical
system 1is trying to find a state of minimum surface free energy [30], the surface free energy
of Cassie-Baxter state (Ecg) should be smaller than Wenzel state (Ew) [28]. The Ecg and Ew
can be calculated by Eq. (8) and (9). The Eq. (10) is Young's equation [31]. The constraint
about the principle of the lowest energy can be expressed by Eq. (11). The side area of micro

pillar is processed as a frustum of a pyramid.
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where ys is the surface tension between solid and liquid, yse is the surface tension between

solid and gas.

Finally, there are some additional geometrical constraints. As shown in Fig. 1(b) the

relationship of b, ¢ and P can be expressed as:

b+6¢c=P (12)

For every specimen, the depth of micro groove is also limited by machining depth. Sz can
reflect the depth information of the specimens. The depth of the groove should be smaller

than Sz as shown in Eq. (13).

a<Sz (13)

In this optimize problem, Eq. (4), (12) and (13) are linear constraints while Eq. (7) and (11)
are nonlinear constraints. MATLAB Optimization Toolbox was used to solve the above
optimization problems and the parameters in this study are 92° intrinsic contact angle of
Zirconia (6), 1.06 mm radius from centre to edge of water and surface (R) and 0.073 N/m

surface tension between liquid and gas (y1g).



The predicted dimensions of a, b and ¢ for 5 different pitches and its predicted maximum
contact angle are shown in Table 1. With the increase of pitch from 60 pum (P060) to 180 um
(P180), the predicted maximum contact angle decreased from 135° to 118.3°. In addition, the
predicted dimension of ¢ increased from 4.5 pm to 7.86 pm. Thus, the dimension of b also
increased from 33 um to 132.8 um in order to make sure the water droplet have a stable

Cassie-Baxter state on the microstructures.

Table 1 Optimized dimensions of microstructures for maximizing contact angle

Predicted
P060 P090 P120 P150 P180
items
a(um) 87.0 101.6 76.5 133.6 76.5
b(um) 33.0 53.7 82.4 105.1 132.8
6¢(um) 27 36.6 37.8 45 47.16
Ocs (°) 135 131 123 121 118.3

3. Microstructure design and experimental details

The microstructured surface on zirconia was generated by laser ablation in order to verify the

predicted structure dimension and predicted maximum contact angle.

3.1 Pattern design and sample preparation

Five zirconia specimens were machined in this experiment. Each specimen has a diameter of
10 mm and thickness of 1 mm. Before laser machining, the specimens were rinsed with
ethanol in ultrasonic cleaning equipment for 10 minutes. Micro pillar-array designed for this
experiment is shown in Fig. 1 (b). The pitch for different specimens varies from 60 pm to 180
um for the five specimens. For each specimen, the pitch (P) is the same in the vertical and

horizontal directions.



3.2 Experimental setup

The laser machining experiments were carried out on a hybrid ultra-precision machine
equipped with a nanosecond pulsed Ytterbium fibre laser (IPG YLP-V2-100). The
experimental setup is shown in Fig. 2. The laser head is mounted on the Z axis and its laser
wavelength is 1064 nm. The laser source has nominal average output power of 20 W and
maximum pulse repetition rate of 200 kHz. During operation the laser beam passes through a
lens and focuses onto the surface of specimen and the workpiece is mounted on precision X-

Y-C axes stages.

) Nano-second laser
Specimen output head
X-Y-C stage
: Focus lens

Fig. 2. Experimental setup.

First of all, unidirectional laser machining was employed to generate Gaussian grooves on the
sample surface by horizontal machining strategy. After finishing the whole microgrooves,
vertical laser machining with same step distance was then employed to obtain the final pillar
array. The laser machining parameters are laser power of 8W, pulse repetition rate of 100K

with federate of 200 mm/min for the X and Y linear stages.



After laser machining, the specimens were rinsed with deionized water in ultrasonic cleaning
equipment for half an hour to remove the molten slag on the surface. Then, these specimens
were degreased in a 30-min ultrasonic bath in acetone and ethanol respectively. Finally, these
specimens were dried in an oven. Before measuring the contact angle, these specimens were
silanized in a vacuum oven wusing silane reagent (IH, 1H, 2H, 2H-
Perfluorooctyltriethoxysilane, 97%, Alfa Aesar Ltd), at 100°C for 12 hours to reduce their

surface free energies.

4. Results

4.1 Analysis of surface morphology

The morphology and surface roughness of the laser structured surface were measured by an
optical 3D surface measurement microscope (Alicona G4) and a scanning electron
microscope (SEM) (Hitachi TM-1000). The images on the left in Fig. 3 are the 3D surface
morphologies with measurement field of view of 710 um X% 540 um. Heights of each
measured microstructure are indicated in the colour scale bar. The recast layers of the melted
work materials were observed to form on the micro pillars. However, the micro pillar became
more and more clear and the micro grooves were gradually well separated with the increase
of pitch. SEM images of the machined surfaces (all measured under 500x Magnifications
with scale bars of 50 pum) are shown on the right in Fig.3. Thermally induced cracks were

observed on these surfaces and became more apparent with the increase of laser power.




(a) POGO

(c) P120

(d) P150



(e) P180

Fig. 3. Surface morphologies of specimens with different pitches.

4.2 Analysis of surface hydrophobicity

In this work, apparent contact angle on surfaces was measured by a drop shape analyser
(Kruss Ltd). A 5 puL droplet of deionised water was dropped on the smooth milled specimen
at atmospheric conditions. The side view was captured by an industrial camera and the
contact angle can be determined by image processing software. As shown in Fig. 4 (a), the
contact angle € is 92° for the smooth specimen. For each specimen, the contact angle of the

water droplet was measured three times and the average value was adopted.

Fig.4 (b) to (f) shows the captured image of the droplets in the contact angle measurements.
In the results, the increased pitch leads to a decrease of contact angle from 133.1° to 115.3°.
However, an exception was observed for the specimen P090 which has a contact angle of

104.5°. The mechanism of this abnormal phenomenon will be explored in the next section.



0=92°

(a) Original surface (b) P060

0=124.0

(c) P090 (d) P120

0=115.3 0=116.2

(e) P150 (f) P180

Fig. 4. Water droplet shapes for different specimens.

Fig. 5 shows the comparison result between the predicted maximum contact angle and
experimental value. First of all, the predicted and the measured contact angle both show trend
of decrease with the increase of pitch of the micro pillars. For specimens, P060, P120, P150

and P180, the difference between the predicted maximum contact angle and the measured



values are less than 5%. However, for specimen P090, the actual value of contact angle is far
from the predicted maximum value, which has 20.2% difference from the the predicted
maximum contact angle (131°). PO60 specimen, with a contact angle of 133.1°, has the best
hydrophobicity among all specimens in the experiment. The fitting curve of the predicted
maximum contact angle indicates that microstructure with pitch smaller than 60 pm will
result in even higher contact angle of above 133.1°. This will be verified by additional

machining experiment to be described in the follow section.
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Fig. 5. Comparison between the predicted maximum contact angle and measured value.

S. Discussions

The result in Fig. 5 shows that most of specimens have little deviations to the predicted
maximum contact angle. It also shows that the contact angle increases when the pitch of the
microstructures decrease. In this section, the mechanism and reason of these two findings will
be discussed. Additional experimental results will also be presented in order to further

evaluate the prediction model.

Since the contact angle is affected by microstructure pitch, the 2D surface profiles extracted

and measured under different pitches. The results are shown in Fig. 6 explaining some



contact angle of specimens are close to the predicted values and the others are far away from
the predicted maximum value. According to Eq. (12), the sum of b and 6¢ are constant value,
which is equal to the pitch P. In Fig. 6, the width of pillar » was measured and compared with
the predicted value. For every specimen, line Z=0 is the center line of least squares interface.
Therefore, the average width of pillar (b) at position Z=0 is used to represent the width of

pillar.

The cross-sectional profiles were taken in the middle of the microstructure along the latitude
direction. For P060, the average b is 31.03 um, which has 5.9% difference from the predicted
value of b (33um). For P120, the average b is 82.5 um, which is almost same as the predicted
value of b (82.4 um). In addition, the specimens P150 and P180 also have small deviations to
the predicted value of b, which are 1.6% and 1.1%, respectively. Thus, the dimensions of
actual microstructures are close to the predicted dimensions and that is the major reason of
experimental contact angle close to the predicted maximum value. However, for P090, the
average b is 40.53 pm which has 24.5% difference from the predicted value of b (53.7um).
The large deviation to the designed dimensions of microstructure is the reason of causing

such big differences between the measured and predicted contact angles.
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Fig. 6. Surface profiles of nanosecond laser machined specimens.

In order to verify the finding on the contact angle increasing with the decrease of pitch of the
microstructures, additional experiments were conducted, in which a specimen with a smaller
pitch of 30 um (P030) at a laser power of 8W was machined. As the minimum spot size of
this laser is about 15um the minimum pitch of the machine microstructure will be 30 um. The
SEM image of specimen P030 is shown in Fig.7. Very tiny cracks could still be observed.
The measured contact angle of P030 is about 155.7° as shown in Fig. 8. It is, therefore the
best hydrophobicity among all specimens and can be classified as a superhydrophobic surface.
Thus, it proves that microstrucutres with smaller pitch will have better superhydrophobicity

than large pitch.



High vac.

Fig. 7 SEM image of P030

Fig. 8 Water droplet shapes for P030

In previous laser machining experiment, the major dimensional deviation for the specimen
P090 is the width of micro pillar b which is smaller than the predicted value. Lower laser
power is expected to yield lower material removal rates. Thus, the reduction of laser power is
an effective method to increase micro pillar width. In additional experiments, a lower laser
power of 4W was used to manufacture a new specimen with pitch of 90 pm (P090-4W). The
measured surface profile of P090-4W taken in the middle of the microstructure along the
latitude direction is shown in Fig. 9. The average b is 57.1 pm, which is only 6.3% difference

from the predicted value of b (53.7um). After post processing, its experimental contact angle



is 127.4° as shown in Fig. 9 (b). It is now very close (only 2.7% difference) to the predicted

maximum contact angle (131°).
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Fig. 9. Surface profiles and water droplet shapes for P090-4W

Fig. 10 shows a complete comparison between experimental and predicted maximum contact
angles in this study. For all specimens, the experimental contact angle has a small deviation
(less than 5%) from the predicted maximum value. This indicates that the proposed contact
angle prediction model can be used to obtain best dimensions of microstructure and predict

its maximum contact angle for superhydrophobicity.
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Fig.10 The comparison between experimental and predicted maximum contact angle.

6. Conclusions

In this work, the prediction model of contact angle for laser machined microstructured
Zirconia surfaces was established. Together with the theoretical constraints for stable Cassie-
Baxter state, the prediction model can be used to optimize the dimensions of microstructures
for maximising surface hydrophobicity. The experimental results show that the proposed
model can accurately predict the contact angle within 5% deviation. Both experimental and
theoretical prediction results show that the contact angle will increase with the decrease of the
pitch of microstructures. Superhydrophobicity was successfully obtained with the maximum
contact angle of 155.7° on a micro structured surface (P030-8W) on Zirconia with a pitch of
30 um machined under a laser power of 8W. In the future, the effects of other geometrical
parameters such as depth and diameter of micro-dimple will be investigated in order to find
the best microstructures for superhydrophobicity. The measures to eliminate/minimize

microcracks in laser processing need to be investigated as well.
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