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ABSTRACT

This paper reports the experimental studies and time-resolved observations of the ultrasound-assisted
water-confined laser micromachining (UWLM) process on metal workpieces using 532-nm nanosecond
laser pulses. UWLM is a new machining process proposed by the corresponding author (Wu, 2014).
During UWLM, a laser beam interacts with a workpiece’s front surface location immersed in water to
ablate the workpiece, and in-situ ultrasonic waves in water are also applied (for example, from above the
front surface using an ultrasonic horn) to the laser ablation site (which energize the water and generate
cavitations) to improve the machining process. This paper reports the experimental study of the UWLM
process on multiple types of metal workpieces and time-resolved in-situ observations of the process.
This kind of study on UWLM has been rarely reported in the literature. Under the studied conditions, it
has been found that the ablation depths produced by UWLM at 200 laser pulses are about 2.3-3.8 times
the depths by laser ablation in water without ultrasound. Through in-situ time-resolved shadowgraph
imaging observations, it has been found that one important likely underlying mechanism for the enhanced
material removal rate in the studied UWLM process is that the in-situ ultrasound in UWLM can reduce
the material cloud resulted from the previous laser pulse ablation that lingers around laser ablation site,

which can enhance the coupling of the subsequent laser pulse(s)’ energy to the workpiece.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Numerous fields have a need of micro-scale products, or
products with critical micro-scale features, which may require
micro-manufacturing technologies, such as a micromachining
process. Ehnmann (2007) gave a synopsis of the research and devel-
opment activities in the micro-manufacturing area in the United
States. Masuzawa (2000) gave a review on the state of the art
in the micromachining field. Laser micromachining is one of the
existing micromachining technologies, where laser beam energy is
delivered to a workpiece to remove materials and create or mod-
ify micro-scale features. Unlike mechanical micromachining, laser
micromachining does not involve mechanical tool contact with
workpieces, and hence does not have any related mechanical tool
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wear problem, or machining forces due to the mechanical tool-
workpiece contact. The latter permits the laser spot to move very
quickly on the workpiece (e.g., through a laser scanner). As a result,
although the volume of materials removed per laser pulse is often
small, laser micromachining still has a competitive productivity
(as compared with mechanical micromachining, such as mechan-
ical micro-milling) for many micromachining applications, where
a large number of micro-features at numerous locations need to
be produced, such that tool lifting, moving and dropping processes
consume a sufficiently large fraction of the production time if a
mechanical micro-milling approach is used. Laser micromachin-
ing trajectories can also be flexibly controlled and programmed. A
laser beam can be focused down to a few micrometers (or even
smaller) to machine very small features with high spatial resolu-
tions. Dahotre and Harimkar (2008) gave a detailed introduction
about laser machining.

Despite the aforementioned advantages, laser micromachining
often suffers from defects, such as debris deposition, heat affected
zone (HAZ), or other thermally induced detrimental effects. For
example, Matsumura et al. (2005) studied the debris generation in
silicon machining using femtosecond laser pulses, and revealed a
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related debris formation mechanism through small particle aggre-
gation. Chien and Hou (2007) studied the recast layer generated
during laser drilling of Inconel 718, and revealed some process
parameters that greatly affect the thickness of the recast layer,
which include the pressure of the assist gas during the process,
laser beam peak power, and laser beam focal position

One approach to potentially decrease one or more of the above
defects is to immerse the workpiece surface (or at least the laser
ablation site on the surface) in water during laser micromachin-
ing. Typically, water has a much higher thermal conductivity than
a gas medium, and hence may produce a cooling effect to the work-
piece. The water medium may also help decrease debris deposition
(i.e., produce a cleaning effect). Investigations on laser machining
in water have been reported in the literature. Kruusing (2004) gave
a review of some research work in this area, which found that
the application of water during laser machining can often reduce
defects such as debris re-deposition and cracks. Morita et al. (1988)
investigated laser drilling of silicon nitride ceramic in air and water
environments, and they found that the former process led to cracks
and recast layer in the workpiece, which were not observed in the
latter process. Tangwarodomnukun et al. (2010) studied the micro-
machining of silicon by dry laser machining and underwater laser
machining, and they found that the latter process can significantly
reduce HAZ.Lvetal.(2016) have studied laser drilling of Inconel 718
alloy in water using 8-ns laser pulses at the wavelength of 532 nm. It
has been found that in comparison with the holes produced by laser
drilling in air, the holes generated by laser drilling process in water
has less spatters on the surface, but higher in-wall roughness. The
etching rate achieved by laser drilling in water is lower than laser
drilling in air at low pulse energies, but at high laser pulse energies,
the etching rate can be three times higher than laser drilling in air.
Garcia-Giron et al. (2016) have studied laser ablation of alumina,
8YSZ and glass-ceramic workpiece samples confined in water and
in ethylene glycol using nanosecond laser pulses at 1064 nm, and
it has been found that the water-confined laser ablation can yield
higher ablation yields for all the three types of samples, while under
the confinement of ethylene glycol, machining can only be realized
for the brittle glass-ceramic sample.

Recently, a new machining process, called ultrasound-assisted
water-confined laser micromachining (UWLM), was proposed by
the corresponding author of the present paper (Wu, 2014). In the
proposed UWLM process, a laser beam is incident onto the front
surface of a workpiece (that is, the surface facing the incoming laser
beam) to remove materials from the workpiece to produce or mod-
ify micro-features, and in-situ ultrasonic waves are also applied to
the laser ablation location (e.g., from above the workpiece front sur-
face using an ultrasonically vibrating horn), which is immersed in
water. The ultrasonic waves energize the water and generate cavi-
tations, which may produce or enhance related beneficial effect(s)
in water, such as cleaning, to decrease or minimize laser machining
defect(s) (such as debris deposition that is often seen for laser abla-
tion in air), and may also generate a much higher material removal
rate than laser ablation in water without ultrasound. Other types
of liquids may also be potentially used in UWLM besides water.

The first journal article on the experimental study of UWLM by
the authors is Liu et al. (2014). It has been found by Liu et al. (2014)
that under the investigated conditions, UWLM can yield much less
debris deposition than laser machining in air, while it can pro-
duce much higher material removal rate per laser pulse than laser
machining in water without ultrasound for copper workpieces. Liu
et al. (2014) have also found that the enhanced material removal
rate, which has been obtained in the studied UWLM process, can-
not be achieved if a workpiece is laser-machined in water without
ultrasound, and then after the machining process, the workpiece is
treated by ultrasound in water using ultrasound conditions similar
to those in the studied UWLM process.

Charee et al. (2016) reported research work on ultrasonic
assisted laser machining of silicon in water, where the ultrasonic
waves were applied by ultrasonically vibrating the bottom wall of
the water container. Charee et al. (2016) have found that ultra-
sonic assisted laser machining of silicon in flowing water under
suitable ultrasound conditions may yield an enhanced machining
performance than general laser ablation in water. They attribute
this to the flushing effect, etc., of the water energized by ultra-
sound. However, they did not report any direct in-situ process
imaging evidence (during the machining process) for the underly-
ing mechanism of the ultrasound-assisted laser machining process
they studied. In addition, it should be noted that Charee et al. (2016)
showed that under suitable ultrasound conditions the laser-ablated
groove depth can be increased when ultrasound is applied, while
they also found that under many other studied conditions, the
laser-machined groove depth is shallower with ultrasound than
that without ultrasound.

So far, an in-situ time-resolved observation of the UWLM pro-
cess has been rarely reported, which is, however, very critical for
understanding the process mechanism. Besides, an experimental
study that investigates the UWLM process (that utilizes an ultra-
sonic horn placed above the workpiece front surface) on multiple
types of metal workpieces (instead of just on one type of metal) has
been rarely reported.

In this paper, experimental studies and time-resolved in-situ
observations of the UWLM process have been performed. Differ-
ent from the authors’ previous work in Liu et al. (2014), which
reported UWLM results on copper using ~50 laser pulses, in this
paper multiple types of metal workpieces, such as bronze, titanium,
and stainless steel besides copper, have been studied, where a vari-
ety of laser pulse numbers have been used. The ultrasonic waves are
generated by a vibrating horn placed near the workpiece surface.
The surface morphologies, profiles and depths of holes drilled on
the metallic workpieces through UWLM have been characterized
and compared with those drilled by laser ablation in water without
ultrasound. As shown later in this paper, under the studied condi-
tions using 15-200 laser pulses, the UWLM process has produced
much higher material removal rate per pulse than laser ablation
in water without ultrasound for all the different metals investi-
gated. In addition, in-situ time-resolved shadowgraph imaging of
the UWLM process has been performed in this study, which has
revealed one important likely underlying mechanism of the inves-
tigated UWLM process for the greatly enhanced material removal
rate, which will be discussed in more details later. In the authors’
previous work in Liu et al. (2014), an ultrasonic horn vibrating at
20kHz has been applied in the UWLM process, and the workpiece
surface is parallel to the lab ground (and hence the laser beam prop-
agation direction is vertical to the lab ground). To demonstrate that
the UWLM process can be performed under a different ultrasonic
frequency and a different workpiece orientation, in this paper a
40 kHz ultrasonic horn is used and the workpiece surface is vertical
(and hence the laser beam is parallel) to the lab ground as shown
later in Fig. 1. However, please note that it is not the purpose of this
paper to perform a comparative study of UWLM processes under
different ultrasonic frequencies or workpiece orientations, which
may be a good topic for future research work in this area.

It should be noted that the UWLM process is very different from
the ultrasonic vibration-assisted laser machining without water
confinement reported in the literature, and the latter does not
involve the effect of ultrasound-energized water (which is, how-
ever, a critical component in the UWLM process). Lau et al. (1994)
carried out a study of the drilling of aluminum-based metal matrix
composites using 2-ms laser pulses, where the drilling process is
assisted by ultrasonic vibration of the workpiece under an air jet at
20kHz (without any water confinement of the workpiece). It has
been found in the study that the ultrasonic vibration assistance can
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Fig. 1. Schematic diagram of the experimental setup for the UWLM process in this study and the related shadowgraph imaging observation (not drawn to scale; not all

components are shown).

increase the laser-drilled hole depth by up to 20%, and can also
result in less tapering. Zheng and Huang (2007) have performed
an investigation of laser drilling of Nitinol samples using femtosec-
ond laser pulses under the assistance of ultrasonic vibration of the
workpiece sample at 40 kHz without any water confinement, and
it has been found that the application of ultrasonic vibration dur-
ing laser drilling has enhanced the aspect ratio and the wall surface
finish of laser-drilled microholes.

2. Experiments

Fig. 1 shows the schematic diagram of the experimental setup
for the UWLM process and the related time-resolved shadowgraph
imaging observation. In this study, a Q-switched Nd:YAG laser
(Spectra-Physics, Quanta-Ray INDI) is employed. The laser is cou-
pled with a second-harmonic generator that gives a laser beam
at a wavelength of ~532 nm with a full-width-at-half-maximum
(FWHM) pulse duration of around 7 ns. The laser beam passes
through a plano-convex lens (focal length, f=75mm) and irradi-
ates the workpiece that is placed inside a water tank (the optics
between the lens and the laser are not shown in Fig. 1 for simplicity).
The water tank has four walls made of uncoated borosilicate glass.
The dimension of the tank is around ~120 mm x 120 mm x 75 mm,
and is filled with water. The path length of the laser beam in water
is about 50 mm. The UWLM process on different types of metal-
lic workpieces have been studied in this paper, which include 510
bronze, 101 copper, 304 stainless steel and titanium grade 2 sheets
(purchased from McMaster-Carr). The purchased 304 stainless steel
sheet comes with a mirror-like surface, and hence is used in the
experiments without being further polished. All the other work-
piece material sheets come with arough surface, which are polished
(using 2000-grit abrasive papers in the final polishing step) before
they are used in the experiments. The incoming laser pulse energy
to the tank is ~2.3mJ, which is measured by placing an energy
sensor (Coherent, J-25MT-10 kHz) between the tank wall and the
focusing lens before performing laser ablation on the workpiece. It
has been found that the pulse energy is reasonably stable during
the experiment.

The laser spot size on the workpiece surface immersed in water
has been roughly estimated based on the laser-produced crater
sizes on a titanium grade 2 sample and the ablation threshold of
the material. Vladoiu et al. (2008) studied the ablation of metals in

air using 4.5-ns laser pulses at the wavelength of 532 nm, in which
it has been found that the laser ablation threshold for titanium is
around ~1]/cm?2. If it is roughly assumed that the ablation of tita-
nium in water by the ~532-nm nanosecond laser pulses used in
this study has a similar ablation threshold fluence, then the laser
spot radius on the workpiece surface in this study can be roughly
estimated to be around ~45 pm, based on the measured radii of
craters on a titanium grade 2 sample ablated by 15 laser pulses
in water without ultrasound and on the approximate assumption
that the laser beam intensity and local fluence follow a Gaussian
distribution on the workpiece surface.

During the UWLM process, in-situ ultrasonic waves are gener-
ated by an ultrasonic micro-tip horn, which has a tip diameter of
~3.2mm and is driven by an ultrasonic generator at 40 kHz (Bran-
son, SLPe). The ultrasonically vibrating horn tip is placed near the
laser ablation location on the workpiece. During the UWLM pro-
cess, the horn is operated at 10% of its full amplitude (which means
the horn tip vibrates at a peak-to-peak amplitude of around 12 pm
according to the user manual: Sonifier” Cell Disruptor Model SLPe
User’s Manual EDP 100-214-254 Rev. B by Branson Ultrasonics Cor-
poration) throughout the period of laser ablation. As a comparison,
experiments have also been performed on laser ablation in water
without ultrasound. In this case, the horn is not vibrating, but is still
kept at the same location as that in the UWLM process.

Different numbers of laser pulses, 15, 30, 60, 100 and 200, have
been used for laser ablation in water with ultrasound (UWLM) and
for laser ablation in water without ultrasound on the four different
types of workpiece materials. The employed laser pulse repetition
rate is 2 Hz. To handle uncertainties in the experimental system,
typically four ablations have been performed under each experi-
mental condition, and also the UWLM process and laser ablation
in water without ultrasound are performed alternatively on the
workpiece. The surface profiles and hence ablation depths of laser
ablated workpieces are characterized using a confocal microscopy
system (Zeiss, LSM 710) that has an Argon laser (488 nm) illu-
mination source. For each experimental condition, typically four
ablations are performed, and the corresponding four depths are
measured using the confocal microscope, the average of which
gives the ablation depth under the experimental condition. The sur-
face morphologies of laser ablated workpieces are observed with a
scanning electron microscope (SEM) (JEOL, JSM-T330).
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Fig. 1 also includes the major components for time-resolved
shadowgraph imaging of the laser ablation process in water with
ultrasound (UWLM) and without ultrasound. The illumination
source for the imaging is a high brightness red LED (light-emitting
diode), which is driven by a pulsed current supply (not drawn).
The LED light passes through the collimating lenses (which is to
reduce its divergence), and then illuminates the region of inter-
est (the region near the laser ablated workpiece surface location),
and forms a shadowgraph image on the detector of a CMOS cam-
era (Point Grey, BFLY-U3-23S6M-C, 1920 x 1200 pixels). A macro
lens (Canon, MP-E 65 mm) is coupled with the camera to produce
a spatial magnification, The focus of the macro lens is adjusted to
be at the region above the laser ablated workpiece surface loca-
tion (here, “above” means the direction normal to the workpiece
surface and pointing out of the workpiece). The LED light is in a
pulsed mode with FWHM durations of ~200-~400 ns used in this
work. The relative timing of the laser pulse and the LED illumination
light pulse is controlled through a digital delay generator (Berke-
ley Nucleonics, Model 577). In the experiment, one image is taken
after one single laser pulse, where the delay time of the LED light
pulse after the laser pulse is varied from ~50 s to ~500 ms. In this
way, shadowgraph images at different times can be taken through
multiple experiments. During the experiment, the CMOS camera
is powered on and its exposure is also controlled using the delay
generator (connection line not drawn in Fig. 1). A notch filter (Thor-
labs, NF533-17) and a bandpass filter (Omega Optical, 625BP70,
center wavelength: 625 nm, FWHM bandwidth: 70 nm) are placed
in front of the macro lens to block most of the scattered laser light
(if any) at ~532 nm and to block most of the un-wanted light that is
outside the bandpass filter’s narrow passing wavelength range, in
order to facilitate the shadowgraph image formation on the camera
detector.

3. Results and discussions
3.1. Surface profile and ablation depth

Fig. 2 shows the two-dimensional (2D) surface profiles of holes
on a copper workpiece drilled by laser ablation in water with ultra-
sound (that is, by the UWLM process) in the left column and by
laser ablation in water without ultrasound in the right column.
The profiles are measured using a confocal microscope. Fig. 2(a)
to (e) shows the holes drilled by 15, 30, 60, 100 and 200 pulses,
respectively.

It can be seen from the figure that the hole depth increases as the
pulse number increases from 15 to 200 for both the UWLM process
and laser ablation in water without ultrasound. However, when
laser pulse number is the same, the hole depth produced by the
UWLM process is significantly larger than that produced by laser
ablation in water without ultrasound. Under the same laser pulse
number, the hole produced by UWLM also has a smaller taper angle
and steeper side walls. The images in Fig. 2 have clearly shown
a significantly much higher material removal rate for the UWLM
process than laser ablation in water without ultrasound under the
investigated conditions.

The hole drilled by UWLM in Fig. 2e is much deeper than all the
other holes shown in the figure. This corresponds to a much larger
amount of material removal, and a ridge can be observed around
the hole boundary in Fig. 2e, which is expected to be mainly due
to one or a combination of workpiece mechanical deformation and
laser-induced workpiece melt re-solidification, during the removal
of such a large amount of materials.

Fig. 3 shows measured 2D profiles of holes drilled on bronze,
stainless steel and titanium workpieces using 100 laser pulses
through UWLM (the left column) and through laser ablation in

water without ultrasound (the right column). For all the three types
of workpiece materials, the holes drilled by UWLM have larger
depths and smaller taper angles than those drilled by laser abla-
tion in water without ultrasound. Fig. 3 shows again that under the
investigated conditions, UWLM has much higher material removal
rates than laser ablation in water without ultrasound for the three
different types of metal workpiece materials. It should be noted
that for Figs. 2 and 3 even through a high gain of the detector of the
confocal microscope is used during the profile measurement, the
data for some points of the hole side and bottom walls is still miss-
ing, which is expected to be due to the relatively low reflectivity
of the relevant surface. The high detector gain has led to the fuzzy
profile of the un-ablated workpiece surface surrounding the hole,
which is expected to be due to the relatively high reflectivity of the
polished un-ablated workpiece surface. The hole drilled by UWLM
in Fig. 3a corresponds to a much larger amount of material removal
than all the holes produced by laser ablation in water without ultra-
sound in this figure. Similar to Fig. 2e, a ridge is observable around
the hole boundary in Fig. 3a, which is expected to be mainly due to
similar reasons mentioned earlier for Fig. 2e.

Fig. 4a-d shows the ablation depth vs laser pulse number for
holes drilled on copper, bronze, stainless steel and titanium work-
pieces, respectively. The depths are measured using a confocal
microscope. For the results on copper workpieces shown in Fig. 4(a),
laser ablation in water without ultrasound using 15 laser pulses
has yielded an ablation depth (i.e., hole depth) of ~42 pm, while
the depth produced by UWLM using 15 pulses is ~104 wm. The
difference in the ablation depths produced by UWLM and by laser
ablation in water without ultrasound increases as the laser pulse
number increases in the range shown in Fig. 4a. When the laser
pulse number is 200, the ablation depth produced by UWLM is
~397 wm, which is more than 3 times the depth produced by
laser ablation in water without ultrasound, which is ~129 pm. For
bronze, stainless steel and titanium workpieces, Fig. 4b to 4d shows
that the ablation depths produced by UWLM are still much larger
than those produced by laser ablation in water without ultrasound
under the same laser pulse number. When laser pulse number
is 200, the depths of holes drilled by UWLM are ~273%, ~383%
and ~234% of those produced by laser ablation in water with-
out ultrasound for bronze, stainless steel and titanium workpieces,
respectively.

3.2. SEM images

Fig. 5 shows the SEM images of holes on copper workpieces
drilled by the UWLM process (the left column) and by laser ablation
in water without ultrasound (the right column), using 15, 30, 60,
100 and 200 pulses.

In both columns of Fig. 5, the hole depths and diameters at 200
pulses are obviously larger than those at 15 pulses. However, the
hole morphologies produced by UWLM and by laser ablation in
water without ultrasound look very different in the SEM images.
Under the same laser pulse numbers, the holes produced by UWLM
appear much deeper with steeper sidewalls than those produced
by laser ablation in water without ultrasound, which agrees with
the profile measurement results by the confocal microscope shown
in Fig. 2. On the other hand, the holes produced by laser ablation in
water without ultrasound look much shallower.

Asintroduced earlier, during the experiments of laser ablation in
water without ultrasound, the ultrasonic horn is still placed nearby
(which is not vibrating), so that the only major difference from a
UWLM process is that the horn is vibrating ultrasonically in the lat-
ter process. In this way, the differences in the machining results can
be mainly attributed to the applied ultrasonic waves. For the holes
produced by laser ablation in water without ultrasound shown in
Fig. 5(f), (h) and (j), small craters can be observed near the holes,
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Fig. 2. Measured two-dimensional (2D) depth profiles of the holes drilled on copper through the UWLM process (i.e., laser ablation in water with ultrasound) (left) and
through laser ablation in water without ultrasound (right) using 15 (a), 30 (b), 60 (c), 100 (d) and 200 (e) laser pulses (the electronic version of the figure may look more clear

than its printed version).

100 pm

(c)

Titanium

Fig. 3. Measured 2D depth profiles of the holes drilled on (a) bronze, (b) stainless steel (SS) and (c) titanium workpieces through the UWLM process (left) and through laser
ablation in water without ultrasound (right) using 100 laser pulses (the electronic version of the figure may look more clear than its printed version).

and a hypothesized explanation for the formation of such craters by the non-vibrating horn placed nearby back to the soft copper
is that they are formed probably due to the pressure waves that surface (further work is still needed to verify this hypothesized
are generated during the laser ablation process and then reflected explanation). The pressure waves may be generated due to the
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Fig. 4. The depths of holes drilled on (a) copper, (b) bronze, (c) stainless steel (SS), and (d) titanium workpieces vs. laser pulse number, through the UWLM process (i.e., laser
ablation in water with ultrasound) and through laser ablation in water without ultrasound.

high-pressure plasma induced by laser ablation in water at around
the workpiece surface, and/or the evolution of cavitation bubble(s)
in water resulted from laser ablation (For example, Montross et al.
(2002) have reviewed the laser shock peening process, and the
review has shown that the pressure of the plasma induced by laser
ablation of a solid in water during the laser shock peening process
can often have a high pressure of a few GPa. Chen et al. (2004) have
studied laser ablation of a metal in water, in which it was shown
that both laser-induced plasma and the collapse of laser-induced
cavitation bubble can generate shock waves in water.). Such small
craters are not observed if the horn is removed. Such craters are
also not observed near the holes produced by the UWLM process
shown in Fig. 5. The reason is likely to be that the horn is vibrating
during the UWLM process, which may generate cavitation bubbles
near the horn surface. This may lead to a more scattered reflec-
tion of the pressure wave towards different directions, and hence
the wave reflected back to the copper surface near the hole is not
strong enough to generate a crater. Future work is still needed to

fu“yiél.%dsq{éwgﬁntetg%M images of the holes drilled on bronze, stain-
less steel, and titanium workpieces through the UWLM process (the

left column) and through laser ablation in water without ultrasound
(theright column)using 100 laser pulses. Again, the holes produced
by UWLM for all the three types of metal workpieces appear much
deeper with steeper side walls than those produced by laser abla-
tion in water without ultrasound. The small craters, as in Fig. 5f, h
and j, are not observed in Fig. 6. This is likely to be due to the higher
hardness of the workpieces in Fig. 6 than copper (based on the prod-
uctinformation from McMaster-Carr), and hence the pressure wave
cannot generate a crater.

3.3. In-situ shadowgraph imaging

Fig. 7 left and right columns show shadowgraph images for the
laser ablation process in water with ultrasound (i.e., the UWLM

process) and laser ablation in water without ultrasound, respec-
tively. The images are taken at delay times of ~50 p.s—~500 ms after
the shot of the corresponding laser pulse. After a high-intensity
nanosecond (ns) laser pulse irradiates a metal workpiece surface
immersed in water, a plasma plume at the workpiece surface may
be produced, which evolves with time, and may eventually lead to
a cavitation bubble in the ambient water. Fig. 7(a) and (b) show
the shadowgraph images taken at a delay time of t=~50us for
laser ablation with ultrasound (i.e., the UWLM process) and with-
out ultrasound, respectively. The images clearly show a bubble in a
near hemispherical shape right above the workpiece surface, whose
center is located at the laser ablation location.

In Fig. 7a, the vertical dashed line indicates the approximate
workpiece surface location, which is at the same corresponding
location for all the other images in Fig. 7. The polished workpiece
surface has a high reflectivity and a mirror image is formed on the
right side of the dashed line for objects near the workpiece surface.
At the delay time of t = ~50 s, the bubble shape and size produced
by laser ablation in water with and without ultrasound are similar.
At t=~130 s, the bubbles produced under both laser ablation con-
ditions reach their approximate maximum size as shown in Fig. 7(c)
and (d), where the bubbles still have a near hemispherical shape.
In Fig. 7(a)-(d), a bright spot near the bubble center can be seen.
This kind of bright spot is also observed in the shadowgraph images
given in Lazic et al. (2012) for a bubble produced by laser ablation
in water, which is expected to be mainly due to multiple reflections
of the illumination light at the bubble wall as mentioned by Lazic
etal. (2012).

After the bubbles reach their maximum size, they will shrink,
and also their shape will gradually deviate from the previous near
hemispheric shape. At t=~250 s, as shown Fig. 7(e) and (f), the
bubbles under both laser ablation conditions have collapsed, which
has led to a cloud that is expected to include smaller bubbles, and
the bubbles may undergo several rebounds. So far, there is no sig-
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Fig. 5. SEM images of the holes drilled on copper through the UWLM process (left) and through laser ablation in water without ultrasound (right) using 15 (a, b), 30 (c, d),
60 (e, f), 100 (g, h), and 200 (i, j) laser pulses.
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Fig. 6. SEM images of the holes drilled on bronze (a,b), 304 stainless steel (c,d), and titanium (e,f) workpieces through the UWLM process (left) and through laser ablation in

water without ultrasound (right) using 100 laser pulses.

nificant difference observed in the shadowgraph images for laser
ablation in water with ultrasound (i.e., the UWLM process) and the
images for laser ablation in water without ultrasound.

However, at a delay time of t=~10 ms, a small cloud of material
near the laser ablated workpiece surface location can be observed
in the image in Fig. 7(g) for laser ablation in water with ultrasound
(i.e., the UWLM process). The cloud of material appears like a faint
haze in the water region nearby, and looks darker in the region at
around the workpiece surface. It is expected that the cloud of mate-
rial is composed of small bubbles and/or materials coming from
the workpiece surface. Several larger bubbles can be seen in the
region a little bit below the laser ablation site, which are expected
to be bubbles pushed away due to the effects of the ultrasonic
waves generated by the horn. The effects likely include the acous-
tic radiation force and/or the acoustic streaming resulted from the
ultrasonically vibrating horn. Torr (1984) explained the physical
origin of the acoustic radiation force, and it has been demonstrated
that the contributing sources to the radiation force may include
the time-averaged sound pressure that is not equal to zero and
the beam-transferred momentum. Nowak et al. (2015) studied the
acoustic streaming and the translation of bubbles induced by an
ultrasonic horn at 20 kHz that can generate cavitations, in which
it has been found that due to the presence of cavitation the liquid
streaming velocities can be enhanced on average by a factor of 30

in comparison with the situation when cavitation is not present.
Fig. 7(h) shows the image for laser ablation in water without ultra-
sound at t=~10ms, where the material cloud in the region at
around the workpiece surface looks thicker than that in Fig. 7(g)
for the UWLM process.

Fig. 7(i) and (j) show the images at t=~500ms for the UWLM
process and for laser ablation in water without ultrasound, respec-
tively. In Fig. 7(j), a relatively thick material cloud still exists near
the laser-ablated workpiece surface location. However, in Fig. 7(i),
the material cloud appears much lighter, which is expected to be
due to the more effective cleaning effect of the water energized by
the in-situ ultrasonic waves from the horn during the UWLM pro-
cess than the water without any ultrasound applied. In other words,
some material in the cloud is driven away as a result of the ultra-
sonic waves from the horn, probably due to the acoustic radiation
force and/or the acoustic streaming resulted from the ultrasonic
waves.

During the laser ablation processes corresponding to Figs. 2 to
6, t=500ms is the time when the next laser pulse comes. For laser
ablation in water without ultrasound, it is expected that the thick
material cloud that is still at around the workpiece surface (as can
be observed in. Fig. 7(j)) will negatively affect the efficient coupling
of the laser pulse energy to the workpiece and may decrease the
laser intensity reaching the workpiece surface (through possible
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Fig. 7. Shadowgraph images of the area around a laser ablation site at different delay times after a corresponding laser pulse for the UWLM process (left column) and for laser
ablation in water without ultrasound (right column). For each image, the corresponding physical domain size is ~7.3 mm x 7.0 mm. The surface of the bronze workpiece is
indicated by the vertical dashed line drawn in Fig. 7(a), and the laser beam is schematically and approximately indicated by a horizontal arrow in some images (please note
the corresponding laser pulse ended long before the moments in these images). The insets in Fig. 7(i) and 7(j) give a further magnified view of the area very near the laser
ablation site, showing that the material cloud appears thicker in Fig. 7(j) than (i) (the electronic version of the figure may look more clear than its printed version).
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Fig. 8. Shadowgraph images of the area around laser ablation sites on different workpieces at ~500 ms after a corresponding laser pulse for the UWLM process (left column)
and for laser ablation in water without ultrasound (right column). The corresponding workpieces are: 304 stainless steel ((a) and (b)), 101 copper ((c) and (d)), and titanium
((e) and (f)). For each image, the corresponding physical domain size is ~7.3 mm x 7.0 mm. The approximate location of each workpiece surface is indicated by a vertical
dashed line, and the laser beam is schematically and approximately indicated by a horizontal arrow (please note the corresponding laser pulse ended long before the moments
in these images. The electronic version of the figure may look more clear than its printed version).

mechanisms, such as reflection and refraction at the bubble wall,
scattering and/or absorption of laser pulse energy by the bubbles
and workpiece material particles in the cloud. For example, Lazic
et al. (2012) have found that the bubbles induced by laser ablation
in water may cause beam defocusing and disturbance of the sub-
sequent laser pulse). This may greatly reduce the material removal
rate induced by the subsequent laser pulse(s). On the other hand,
for laser ablation in water with ultrasound (i.e., the UWLM process),
the in-situ ultrasonic wave from the horn can energize the water
and enhance the water cleaning effect, which can make the material
cloud at around the workpiece surface much lighter (as observed
in Fig. 7(i)). It is expected that this may significantly improve the
coupling of the subsequent laser pulse(s)’ energy to the workpiece,
which then enhances the material removal rate. The above revealed
mechanism is consistent with the authors’ findings under the stud-
ied conditions in Fig. 4 that the ablation depth difference between

UWLM and laser ablation in water without ultrasound is typically
larger as the laser pulse number increases. It should be noted that
Fig. 7 shows the imaging results for bronze, and similar imaging
results have also been obtained for copper, stainless steel and tita-
nium workpieces in this study, which are shown in Fig. 8.

It should be noted that eachimage in Figs. 7 and 8 is arepresenta-
tive one selected from multiple shadowgraph images taken during
multiple laser ablation experiments at about the same delay time
after the first laser pulse in each experiment (it should be noted
that the “first” pulse in each experiment may not be ablating a
fresh workpiece surface location, at which a certain number of laser
pulses may have already been fired during previous experiments).

In summary, the shadowgraph images in Figs. 7 (particularly
Fig. 7(i) and (j)) and 8 have revealed one important likely underly-
ing mechanism for the much higher material removal rate of UWLM
than laser ablation in water without ultrasound observed in this
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study for laser ablation using multiple (15-200) laser pulses. That
is, the material cloud induced by laser ablation in water without
ultrasound (which may consist of small bubbles and material par-
ticles coming from the workpiece surface) may linger at around
the workpiece surface for a relatively long time, which may affect
the coupling of the subsequent laser pulse(s)’ energy to the work-
piece, and hence reduce material removal rate. On the other hand,
the in-situ ultrasonic wave in the UWLM process can energize the
water, enhance the water cleaning effect, and reduce the amount of
lingering material near the laser ablation site, which can enhance
the energy coupling of the subsequent laser pulse(s), and there-
fore enhance the material removal rate. It should be noted that the
above revealed mechanism is not necessarily the only mechanism
involved. In addition, the involved mechanism(s) may also depend
on laser, ultrasound and other parameters in the UWLM process.
Therefore, extensive research work in the future is still needed to
study the UWLM process.

4. Conclusions

The ultrasound-assisted water-confined laser micromachining
(UWLM) process has been studied on copper, bronze, stainless
steel and titanium workpieces, where ultrasonic waves are applied
through a horn placed near the laser ablation location on the
workpiece front surface. Under the investigated conditions using
15-200 laser pulses, it has been found that UWLM can yield much
higher material removal rates than laser ablation in water with-
out ultrasound. One important likely underlying mechanism for the
enhanced material removal rate has been revealed through in-situ
time-resolved shadowgraph imaging, which is, the in-situ ultra-
sonic wave during UWLM can enhance the water cleaning effect,
and reduce the material cloud resulted from the previous laser
pulse ablation that lingers at around the workpiece surface, which
enhances the coupling of the subsequent laser pulse(s)’ energy to
the workpiece and hence increases the material removal rate.

This study has focused on the UWLM process at a low laser pulse
frequency (2 Hz).Itis certainly a good future research topic to inves-
tigate the UWLM process at much higher laser pulse frequencies.
In particular, a UWLM process based on intense and short ultra-
sound pulses with controlled timing relative to high-frequency
laser pulses will be a very interesting process to study.
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