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Abstract. Laser ablation in liquid has become increasingly more popular due to
it’s short preparation time, no need for hazardous chemicals, a wide selection of
nanomaterials , and it’s properties that can be easily tuned by adjusting
parameters in the ablation process. This research compares the production rate of
this synthesis process between variations of spatial distances between laser pulse
spots at the target, which is varied by controlling the galvo scanning speed of the
laser system. Variations of galvo scan speeds include: 250, 500, 1000, 2500,
5000, and 10000 mm/s. The production yield of each scan speeds are compared
by measuring the absorbance of the synthesized colloids with UV- VIS
spectrophotometry. Results showed that the ablation process with a scan speed
of 2500 mm/s has the highest production rate.

Keywords: Nanomaterials, Galvo Speed, Laser Ablation, Carbon Nanostructure,
Graphite.

1 INTRODUCTION

In recent years, carbon nanostructures such as graphene has become one of the most
promising materials due to it’s physical, mechanical, electrical, and chemical
properties. Graphene has found it’s use in various applications, such as external stimuli
based drug delivery systems for cancer therapy [1], water purification membranes
[2][3], electronics and solar cells [4], [5], biosensors [6], and structural reinforcement
[7]. Various methods are used to produce graphene and graphene oxide, such as
chemical vapor deposition (CVD), chemical exfoliation, electrochemical exfoliation,
epitaxial growth, liquid phase exfoliation, and mechanical exfoliation[8]. Laser
ablation in liquid is chosen in this paper due to it’s low preparation time, relatively
cheap and non-hazardous materials, and the absence of toxic or hazardous by products
[9], [10]. Generally, this method produces nanomaterials by generating a plasma plume
and a cavitation bubble at the surface of the target material using a pulsed laser. This
cavitation bubble containing the plasma plume is then quenched by the surrounding
liquid medium, resulting in rapid cooling (quenching) of the ablated target material and
inducing a shock wave [11]. This combination of thermal and mechanical action breaks
the weak Van der Waals bond between graphite layers, resulting in the release of carbon
nanomaterials into the medium [12].
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Previous researches have used various different laser systems, in which some used
lasers with relatively low pulse repetition rates (around 10Hz or less), while others use
higher repetition rates (>1kHz). The pulse duration and energy of these previous
researches also vary[13]-[21]. Increasing the repetition rate of the laser may increase
the production rate of the nanomaterials, however this will also result in the reduction
of efficiency due to the formation of plasma and cavitation bubbles at the surface of the
target material. This plasma plume acts as a shield throughout it’s lifetime, preventing
the next laser pulse from reaching the target material [22]. This issue can be addressed
by spatially separating the pulses, by passing the plasma plume before the end of it’s
lifetime. However, the size and lifetime of these plasma plumes vary with different
laser pulse energies and pulse durations[23]. The majority of researches regarding of
laser ablation in liquid use laser systems with pulse durations shorter than 10
nanoseconds. Meanwhile, these laser systems tend to be costly, with femtosecond
pulsed lasers ranging from $10,000.00 up to $250,000.00. The viability of laser systems
with much longer pulse durations (~100ns), a galvanometer for beam guiding method,
and with repetition rates in the kilohertz range such as in lasers for marking and
engraving purposes have not been thoroughly researched. With the hypothesis of
cavitation bubbles growing larger with longer pulse durations, this research aims to
investigate the viability of such lower-cost systems and identify problems occurring
during the production process. This research also hopes to help providing information
on things to be considered when utilizing similar laser systems, and how to optimize
the parameters (specifically the spot distances) for nanomaterial production.

2 EXPERIMENTAL METHODS

2.1  Materials and Equipment

Graphite target pellets (10 mm diameter, 4 mm thick) are prepared from graphite
rods using a mini lathe/CNC training unit (EMCO TU-2A). Targets are then submerged
in 20mm column of distilled water in a wide-mouth, small container. A galvo laser
(RAYCUS 30W, NdYAG-1064nm) is used to ablate the target. The laser has a gaussian
beam with a spot diameter of 0,05mm, with an average pulse duration of 135
nanoseconds.
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Fig. 1. Target preparation using a CNC training unit.

Fig. 2. Positioning of galvo scanner (a), sample (b), laser source (c), and computer (d) in the
ablation setup.

The weight of the sample, medium, and target is measured. Targets are then
submerged in 20 mm column of distilled water as liquid medium. All samples are
sonicated for 5 minutes to help reduce the amount of air bubbles trapped inside the
graphite targets. Targets are then irradiated with the laser for 5, 10, and 20 minutes. The
laser is set to maximum continuous power (30W) and the pulse repetition rate is set to
20 kHz for all samples. Six variations of beam travel speed (250, 500, 1000, 2500,
5000, 10000 mm/s) are used to compare between spot distances. The beam travel is
guided with a galvanometer head. A spiral pattern is used as beam guidance path.
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The distance between spots are calculated using the formula:

D =§—d
s (1

Galvanometer

s, e 8mm

Fig. 3. Illustration of the ablation process setup, and beam travel path along the target.
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Fig. 4. Illustrations of spot positions with galvo speeds of 250 (a), 500 (b), 1000 (c), 2500 (d),
5000 (e), and 10000 (f) mm/s.

In which D is the distance between laser spots, S is the beam travel speed, f is the
pulse frequency, and d is the spot diameter. When the spot distances are calculated
using formula in Eq. 1, the spot distances tested in this experiment are: -0,0375; -0,025;
0; 0,075; 0,2; and 0,45mm. Negative values of these spot distances indicate that the
adjacent spots are overlapping against each other, as shown in Figure 4.

The graphene solution is then transferred into a test tube for UV-VIS
spectrophotometry to determine the concentration of carbon nanostructures present in
the medium. Final liquid medium temperature is measured right after irradiation for
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each samples using a thermogun. Each variation of the samples are repeated three times.
The mean values of the peak absorption values and liquid medium temperatures are
then calculated to compare between spot distances.

3 RESULTS AND DISCUSSIONS

The UV-VIS absorption spectra is presented in Figure 5. The absorption spectra
show peak values around 320nm wavelengths. This is due to plasmonic absorption
resonance in the free electron cloud of carbon materials (n- electrons). The graphs show
that the peak absorption values of the samples generally increase with the increase of
ablation time and galvo scan speed up to 2500 mm/s. However, samples that are made
with galvo speeds of 250, 500, and 1000 mm/s show little to no increase of absorptivity
over ablation time after 10 minutes, indicating that the production has stopped after ten
minutes of continuous ablation.
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Fig. 5. UV-VIS absorption spectra of samples ablated with 250 (a), 500 (b), 1000 (c), 2500 (d),
5000 (e), and 10000 (f) galvo scan speeds.
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Fig. 6. Data summary of average peak UV-VIS absorbance values on all ablation time
variations (a), after 20 mins of ablation time (b), and liquid medium temperature on different
galvo scan speeds (c).

Table 1. Average peak absorption values and standard deviation on each time and scanning
speed variations
Scan Speeds (mm/s)
Time 250 500 1000 2500 5000 10000
(min) Abs Stddev Abs Stddev Abs Stddev Abs Stddev Abs Stddev Abs Stddev
5 032 015 038 0,12 040 0,11 041 0,04 036 0,01 037 0,03
10 038 0,08 039 0,11 042 0,14 048 0,04 042 0,05 046 0,08
15 039 0,05 037 0,04 041 0,18 058 0,01 047 0,04 047 0,05
20 0,39 0,12 039 0,11 042 0,08 0060 0,01 052 0,06 046 0,04

The temperature graph also shows a correlation with the increase of absorptivity,
specifically on galvo speeds below 2500mm/s. The medium temperature of these
particular samples rise up to around 75-80°C and remains constant after 10 minutes. A
footage taken during the production process shows that after these temperatures have
been reached, the laser beam becomes unfocused as it reaches the target material, as
shown on Figure . This phenomenon also introduces inconsistency in the ablation
process, increasing the standard deviation of the peak absorption values, as shown on
Table 1.

This phenomenon of unfocused laser beam can be attributed to the medium
temperature during the production process. It can be observed on Figure 7 that the laser
beam starts to induce a phase change (generating steam bubbles) before the laser beam
is able to reach the target. The phase change of the medium drastically changes the
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density and the refraction index of the medium along the beam path towards the target,
inducing a case of thermal blooming [24]. This phenomenon results in the scattering of
the laser beam, reducing the fluence below the ablation treshold of graphite which is
about 185 mJ/cm?(1,85 mJ/mm?) [25]. The fluence of the laser beam can be calculated
using formula in Eq. 2:
F=22=
wr 2)
In which F stands for the fluence of the laser beam, E stands for the laser energy on
each pulse, and r for the spot radius of the laser beam. Since the laser beam used in this
research has a gaussian profile, the laser fluence is multiplied by a factor of two.

]

-

Fig. 7. Footage snapshot of the production process. Sample is irradiated with 250mm/s (a) and
10000mm/s (b) galvo scan speeds. The unfocused beam is shown in the red circle.

When the laser is fully focused towards the target, the laser has a beam fluence of
1,52 J/mm? (152 mJ/mm?). Meanwhile the energy of the beam that successfully passes
through the liquid medium can be calculated using Beer- Lambert law[26]:

I = Iye () 3)

In which I stands for the intensity or fluence of the beam reaching the target, 10
stands for the intensity or fluence of the beam prior to entering the medium, k being the
absorption coefficient (0,135 cm™ @ 25°C [27]), and x being the length of path traveled
by the beam through the medium. With this formula, we get that the fluence of the beam
reaching the target prior to thermal blooming is about 1,16 J/mm? (116 mJ/mm?), which
is still above the ablation treshold of graphite. However, when thermal blooming starts
to occur, we can infer from the snapshot of the footage that the beam diameter expands
to roughly 2mm wide. By recalculating the fluence of the laser beam we get
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0,000955J/mm?(0,0955mJ/mm?) (without considering the absorption of water column),
and 0,0729mJ/mm? when reaching the target, considering the absorption of water
column, which gets far below the ablation treshold of the graphite target. This explains
how the nanomaterial production stopped after 10 minutes on 250, 500, and 1000mm/s
galvo speeds.

It is also worth noticing that the medium temperatures of samples with higher galvo
speeds tend to be lower than samples ablated with slower galvo speeds. This indicates
that the spatial bypassing of the plasma plume successfully reduces the amount of laser
energy scattered and absorbed into the liquid medium, increasing the power efficiency
and effectiveness of the production process.

The reduction of production yield on scanning speeds above 2500 mm/s can be
attributed to the increase of distance between the laser spot to the heat affected zone
(HAZ) generated from previous laser pulses on the target’s surface, as illustrated on
Figure 8. A study from Wagener et. al. shows that the increase of interpulse distances
after bypassing the cavitation bubble will reduce the production yield of nanomaterials
on each pulse. The heat affected zone generated from previous pulses aids in reducing
the required energy for the next pulse to ablate the target, which increases the ablation
yield of the next pulse. Bypassing the generated heat affected zone will diminish the
energy requirement reduction, which decreases the ablation yield on each pulse [28].

Interpulse

i distance
Cavitation

bubble

HAZ

Fig. 8. Illustration of different interpulse distances and laser pulse positions related to cavitation
bubble and HAZ formed by previous laser pulses.

4 CONCLUSION

This research aims to study the effects of laser spot distances towards the production
rate of carbon nanostructures, along with identifying the problems occurring during the
production process. According from the results, it can be concluded that increasing the
beam travel speed (galvo speed) of the process up to 2500 mm/s results in higher
production rate of nanomaterials. Production rate of nanomaterials then starts to
decrease on higher scanning speeds. Increasing the beam travel speed will also reduce
the energy lost and dissipated towards the liquid medium, reducing the medium
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temperature. The increase of liquid medium temperature increases the chance of phase
change of the medium along the beam path, scattering the laser beam and significantly
reduces the laser fluence hitting the target material.
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