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Laser processing is a promising method for the modification and micro/
nano structuring of solid surfaces. The key factors which greatly affect
the quality of laser processing are the size of heat-affected zones (HAZ)
and surface debris. A water droplet assisted laser processing method on
carbon nanotube (CNT) coated surfaces is proposed in this paper. The
static contact angle (CA) and fragmentation induced by laser of the water
droplet on the surface of the system are conducted by experiment. The
results reveal that the surface of silicon can be changed from hydrophilic
to hydrophobic by introducing CNT coatings and the CA of water droplet
increases with the coating layers of CNTs. The water droplets, which
behaved as a focusing lens, could obviously enhance the laser intensity
underneath the water droplet. It was found that the smaller water droplets
show a much better focusing effect. The experimental results show the
proposed method has great potential to reduce the size of HAZ and
removes the spatter generation.

Keywords: Laser processing, carbon nanotubes, water droplet, contact angle,
[fragmentation

1 INTRODUCTION

Laser processing is a promising method for the modification and micro/
nano structuring of solid surfaces [1-6]. Among different types of lasers,
short pulsed lasers have a wide current application base and potential for
further industrial applications [7]. The interaction between lasers and mate-
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rials is very complicated due to the ultra-transient heat transfer process and
several influence factors, such as machining medium, laser parameters and
material parameters. The mechanism of laser-material interaction mainly
depends on the thermal effects, especially the heat-affected zone (HAZ)
and the molten phase [8, 9]. The formation of HAZ can generate heat dam-
age in solid materials by induced thermal stress [10]. Furthermore, the
deposit, recasting and spattering irregularly of the molten phase may reduce
the processing quality and precision [11]. Material ablation with minimum
debris and HAZ with low processing cost is one of the main challenges for
the successful implementation of laser micromachining as a competitive
technology in this field [12]. Accordingly, considerable studies have been
carried out, and several strategies such as ultra-short pulsed lasers [13, 14],
inert gas assisted laser processing [15, 16], ultrasonic-aided laser drilling
[17] and chemical assisted laser machining [18] have been developed to
resolve the problems.

Ultra-short pulsed (picosecond or femtosecond) lasers, as promising alter-
natives for machining ceramics, can effectively minimize the size of HAZs,
as the thermal diffusion is highly restricted within the extreme short laser
material interaction time [19]. Kurita et al. [20] found that femtosecond lasers
could reduce the HAZs compared to nanosecond laser. However, ceramics
engineered with femtosecond lasers can only be used in the mainstream once
femtosecond laser systems reduce in cost and when there are improvements
made to with regards to processing efficiency problems. Some studies dem-
onstrated that the formed debris resulting from the femtosecond laser ceramic
machining is hard to remove [21]. Water assisted laser machining, as an
advanced manufacturing method, can avoid or reduce the HAZs and debris
re-deposition [22]. The effect of the water during laser material processing
can convert the light energy into a mechanical impulse, producing higher
plasma pressure and longer duration of shock waves due to confinement [23].
However, they also observed that the shielding effect was induced by fila-
mentation and optical breakdown of water, which reduced the amount of
energy reaching the target [24]. Furthermore, the laser beam could be scat-
tered by laser induced gas bubble, affecting the precision of the processed
surface [25].

In this paper, pulse laser processing assisted by water droplets is further
investigated on a carbon nanotube (CNT) coated silicon system. Static con-
tact angles and pulse laser induced fragmentations of water droplets on the
CNT coated silicon surface were carefully measured. The relationships
between the volume of water droplets and the duration of laser irradiation,
giving rise to the shattering time of water droplets were analyzed. Specifi-
cally, the shattering time of water droplets will be much shorter with the
decrease of the volume of water droplets when the laser output power remains
constant. This indicates that the effect of a focusing lens consisting of smaller
water droplets will give rise to an enhanced sharpness in focus. It is believed
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that our results will provide important reference to the improvement of water
droplet-assisted laser machining.

2 EXPERIMENTAL TECHNIQUE

The experimental systems are divided into two parts: the static contact angle
test system and the water droplets fragmentation test system.

2.1 Static contact angle measurement of CNTs coated silicon surfaces

As illustrated in Figure 1, the experimental set-up for the static contact
angle measurements mainly used a contact angle meter (POWEREACH,
JC2000D4M), a micro-injector (Microliter Syringes, 5 ul), test samples and
a data collector. The surface of the silicon wafer was polished and the sili-
con wafers has a thickness of 600 um. The super-aligned CNT films were
pulled out from the super-aligned CNT arrays, which were synthesized on
silicon substrates by low-pressure CVD. Acetylene or ethylene was used as
the precursor, and the resulting silicon wafers were used as the substrates.
The growth temperatures and the growth time were in the range of 650-700
°C and 5-20 min, respectively. The height of the super-aligned CNT arrays
could be altered from 100 to 900 pm, dependant on the growth time. The
diameters of the CNTs ranged between 10-20 nm and most of the CNTs
were multi-walled. Different layers (1, 3, 5, 7-layer) of CNTs were spread
on the silicon wafer, and the thickness of the monolayer CNTs was of the
order of tens of nanometers. The volume of a water droplet, which was
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FIGURE 1
Schematic diagram of the contact angle test system.
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about 1 pl, was controlled by a micro injector and a stepping motor. The
contact angle of water droplets on the CNT coated silicon was measured by
the contact angle meter and the associated software. The water used was
deionized water (conductivity ~0.1 uS/cm) and all tests were done at room
temperature (about 20°C).

2.2 Fragmentation of water droplet induced by the pulse laser

As shown in Figure 2, the experimental set-up for the fragmentation of water
droplets induced by the pulse laser was comprised of a short pulsed laser, a
digital delay generator, a high speed CCD camera, several lenses, an LED
backlight, a three-dimensional stage and the tested samples. The wavelength,
the minimum pulse duration, the output power and the radius of focusing spot
of the pulsed laser (BWT BEIJING LTD, DS3-11312-103-K793DW13RN-
30W) were 792 nm, 20 us, 30 W and 100 pum, respectively. The temporal
distribution of the laser pulses could be switched between continuous and
pulse modes. The switch instructions of the laser and the CCD camera were
controlled by a digital delay generator (RIGOL, DG1022U). The fragmenta-
tion shape of the water droplets was recorded by a high-speed CCD camera
(Phantom v1611). A resolution of 1280 x 800 was used with a recording
speed of 3000 frames per second in the present experiment. An LED light
source was used as the supplementary lighting in the high speed imaging. The
brightness of the light source was regulated by a DC low-voltage power sup-
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FIGURE 2
Schematic diagram of the experimental system for fragmentation of water droplet induced by the
pulse laser.
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ply (Keysight, N5750A). A three dimensional stage (Daheng Optics) was
used to adjust the focusing location and distance from laser spot and water
droplet.

The sample used in this experiment was the 5-layer CNT coated silicon.
The water was deionized water (conductivity ~0.1 uS/cm) and the volumes of
the water droplets were approxiamtely 0.5 pl, 1.0 ul and 1.5 ul, controlled by
a micro-injector (Microliter Syringes, 5 ul). The experiments were conducted
in open conditions at room temperature (about 20°C), in a standard atmo-
sphere with approximately 60% relative humidity.

3 RESULTS AND DISCUSSIONS

3.1 Contact angles of droplets on different samples

Figure 3(a) shows a photograph of the pure silicon wafer and the 3-layer CNT
coated silicon wafer. It can be seen that the silicon surface colour changed
with the addition of the CNTS and the CNTs were coated very well onto the
polished silicon material. SEM images of the silicon surface with CNT coat-
ing can be seen in previous work [26]. Furthermore, the morphologies of the
CNT coated silicon surfaces were characterized by optical microscopy, which
is shown in the Figure 3(b). The CNT coatings contained a lot of interspaces
and the silicon was partly covered. These CNTs have relatively low surface
energy and formed periodic micro-scale columns, resulting in the hydropho-
bic properties of the CNT surface.

The static contact angles of the polished surfaces of pure silicon are shown
in Figure 4(a-e). The experimental results revealed that the surface of the
silicon could be changed from exhibiting a hydrophilic property to a hydro-
phobic property because of the coatings of CNTs. Specifically, the contact
angles of water droplets on different samples increased with the thickness of
CNTs. For example, the contact angle of a water droplet on the pure silicon

FIGURE 3
(a) Photographs of pure silicon surface and the 3-layer CNT coated silicon surface; (b) Micro-
scope photos of the silicon surface coated by the 3-layer CNTs.
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FIGURE 4
Contact angles of water droplets on (a) the pure silicon surface and (b-e) the different thickness
of CNT coated silicon surfaces.

surface was 48.1°, which indicated a hydrophilic property of the pure silicon
surface. The contact angles of water droplets on the silicon surfaces with 1, 3,
5, 7 CNT layers was 80.0°, 104.8°, 116.7° and 123.7°, respectively. This
shows the transition from the hydrophilic property to a hydrophobic property.

3.2 Ablation of CNTs and fragmentation of water droplets induced by
a pulse laser
The morphologies of incipient combustion of the 5-layer CNT coated on sili-
con surface and the fragmentation of water droplets with different volumes
(0.5 pl, 1.0 ul and1.5 pl) induced by continuous laser with output power 30
W are shown in Figure 5(a-c), Figure 5(d-f) and Figure 5(g-i), respectively.
When the water droplets on the 5-layer CNT coated silicon surface
were irradiated by the pulsed laser with a constant output power, the tem-
perature of the CNTs would continually rise until point was reached for
an incipient combustion state. The combustion of CNTs could obviously
change the interfacial tensions between water droplets and CNT coated
surface, and then induce the fragmentation instability of water droplets.
However, the cooling effect of water droplets would limit the burning
level of CNTs, and the absorbing heat from CNTs could not satisfy the
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FIGURE 5

(a- ¢) Morphologies of ablation of CNTs and fragmentation of the 0.5 ul water droplets; (d-f)
Morphologies of ablation of CNTs and fragmentation of the 1.0 ul water droplets; (g-i) Mor-
phologies of ablation of CNTs and fragmentation of the 1.5 pl water droplets.

condition of fragmentation instability for larger volumes of water drop-
lets. So there is a critical fragmentation volume of water droplets to a
constant thickness of CNT coating.

In the initial stages of the CNTs burning and fragmentation of water
droplets were record by CCD camera and are shown in Figure 6. These
results demonstrated that, when water droplets, located on the CNT coated
silicon surface, are irradiated by the pulsed laser, the combustion of CNTs
firstly occurs, and the fragmentation instability of water droplets subse-
quently takes place. For the same thickness CNT coated sample, the time of
incipient combustion of CNTs with a smaller water droplet is much faster.
So the effect of a focusing from the water droplets enhanced the sharpness
of the focus. The fragmentation instability of droplets could not be induced
by a time increase in laser irradiation when the volume of water droplet
exceeded one critical value.

The HAZ and surface debris induced by laser irradiation of the water
droplets on the surface of CNT coated silicon are shown in Figure 7. It was
found that the HAZ was the shape of a circle and the radius was small and
distribution was uniform. The diameter of spot focused by the water droplet,
as shown in the centre part of Figure 7(a), was about one half of the laser
irradiation point and so the focusing effect of water droplet was very clear.
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FIGURE 6
Initial time of CNTs incipient combustion and water droplet fragmentation.

FIGURE 7
Morphologies of (a) HAZ and (b) surface debris.

The distance of the HAZ from the machined hole was narrow and the distri-
bution was uniform because of the instant cooling down effect of the water
droplet. This possibly showed that the laser absorption ratio and ability of
silicon were all enhanced by the water droplet. The surface debris, as shown
in Figure 7(b), mainly was the combustion product of the CNTs, and had a
long distance (around hundreds of micrometers) from the machining spot.
This surface debris could also be cleaned easily. The water droplet fragmen-
tation was the main driver to removing the surface debris from the machining
spot location.
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4 CONCLUSIONS

In the present work, a water droplet assisted laser processing method on CNT
coated silicon surfaces is proposed. The static contact angle (CA) and frag-
mentation induced by laser of water droplet on the surface of the system are
conducted by experiment. Based on the results and discussion, the following
conclusions can be drawn:

The CNT coatings could change the surface characteristics of silicon
from hydrophilic to hydrophobic with the CNT layers. The contact angle
of water droplet on the silicon surface increased with the increase in
CNT layers.

Water droplets on CNT coated surfaces act as a focusing lens to enhance
the absorbing laser intensity and minimize the HAZ. The size of the
water droplet plays an important role to improve the focusing effects and
fragmentation instability of the water droplet.

There is a critical fragmentation volume of water droplets to a constant
thickness of CNT coating.

The proposed water droplet assisted laser processing method on CNT
coated surfaces can effectively reduce the HAZ and be used to enhance
the cleanability of surface debris.
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