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We observe and study the growth and collapse of cavitation bubbles generated during the pulsed laser ablation of
submerged targets in three liquid environments, water, ethanol, and n-butanol, utilizing a stroboscopic shad-
owgraphy system. The transient images of the final stage of bubble collapse when the bubble volume is at a
minimum are captured. Ethanol and n-butanol are subject to cavitation-induced reactions, which produce
gaseous products that hinder the implosive collapse of the bubbles. In contrast, laser-produced cavitation bubbles

in water achieve the smallest radii at the final stage of collapse, resulting in a sharper increase in localized
temperature and pressure that can drive a potential second etching. Our results emphasize the role of the
chemical effects of liquids on the implosive collapse of cavitation bubbles, providing a deeper understanding of
cavitation-related phenomena and liquid-assisted laser processing.

1. Introduction

The energy of cavitation bubbles is stored in the bubble/liquid sys-
tem during the growth stage and is focused and released during their
implosive collapse. It is this focusing of energy in both space and time
that produces the intense local heating, high pressure, and enormous
heating and cooling rates that result in the remarkable effects of cavi-
tation such as cavitation erosion and the emission of shockwaves and
light [1-3]. Previous studies on single-bubble sonoluminescence (SL)
have proved that the chemical nature of liquids has a significant effect
on the implosive collapse of cavitation bubbles [4]. SL occurs when a
trapped bubble of gas in the liquid is driven into high-amplitude pul-
sations by a strong sound wave, emitting an instantaneous flash of light
around the point of maximum implosion. Studies have revealed that SL
can be widely observed in aqueous liquids but is very weak in common
organic liquids [5-7]. At room temperature, the intensity of SL from a
single xenon bubble trapped in ethanol is only ~0.2% of that in water
[7]. An explanation for this phenomenon is that the cavitation-induced
reactions in organic liquids yield insoluble gaseous polyatomic products
inside the bubble that obstruct the compressional heating necessary to

generate SL [8]. In contrast, No and O, dissolved in water can be
removed from the bubble’s interior by reactions to form NO,, which
dissolves in and reacts with bulk water, leaving primarily monatomic
noble gases inside the bubble [9,10]. In addition, the decomposition of
water produces hydrogen atoms and hydroxyl radicals, which are
scavenged by the recombination or reactions with other gas molecules,
leading to an enhanced gas removal effect [11,12]. Although these hy-
potheses have been verified by the spectral results of SL [8,13], there is
still no image-based evidence of residual gaseous products in common
organic liquids.

Despite the use of various imaging techniques in the study of cavi-
tation bubbles such as high-speed photography [14,15], time-resolved
shadowgraphy imaging [16], and pump-probe microscopy [17], it is
still challenging to capture high temporal resolution images of the final
stage of bubble collapse at its minimum size. Because cavitation bubbles
collapse tens of microseconds after their origination and the final stage
of collapse lasts only a few nanoseconds or less, most imaging techniques
fail because of limited temporal resolution and recording time.

Pulsed laser ablation of submerged solid targets has been studied in
diverse applications including underwater laser micromachining
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[18,19], laser shock peening [20], and the preparation of nano-
materials [21]. Due to the strong confinement of a liquid environment,
a cavitation bubble forms after a laser shot and affects the subsequent
processes. In laser shock peening, previous studies have proven that the
violent collapse of a laser-produced cavitation bubble triggers the
generation of a strong shockwave that propagates through the targets
[22]. When preparing nanomaterials by pulsed laser ablation in liquid
(PLAL), the transient high temperature and high pressure reached in-
side the cavitation bubble at the final stage of bubble collapse may
result in the aggregation and phase transition of the already formed
nanomaterials [23]. An in-principle feasible method to observe the
final stage of the collapse of cavitation bubbles generated during
pulsed laser ablation of submerged targets is time-resolved shadow-
graphy in which one shadowgraph image at a specified delay time is
acquired in one experiment. Nevertheless, as the instant of final
collapse slightly changes in every experiment (~1-2 ps) due to fluc-
tuations in experimental conditions, e.g., laser pulse energy and im-
purities in the liquid, capturing a transient image of the elusive instant
of the final collapse is very challenging. Additionally, understanding
how to confirm the time interval between the acquired images and the
instant of final collapse (t;) is another challenge.

In our earlier work, we observed the temporal evolution of cavitation
bubbles generated during nanosecond (ns) laser ablation of submerged
metal targets within 1 ps after the laser shot [24]. We found that the
formation of shockwaves and cavitation bubbles are highly synchronous
when using low-energy laser pulses. Owing to the much higher propa-
gation velocity of the shockwaves, the profiles of the shockwaves and
cavitation bubbles can be distinguished several nanoseconds after the
origination. This finding provided us with the idea that the position of
the emitted shockwave after the bubble collapse can be employed as a
benchmark that approximately indicates the time interval between the
acquired image and the instant of final collapse. In this study, we pro-
vide high-resolution images specifically at and after the final stage of
bubble collapse. The transient images captured at the final stage of
collapse confirm the concept of a suppressed bubble collapse in ethanol
and n-butanol, providing image evidence that supports the theoretical
assumptions in previous studies [7,8].

2. Materials and methods

The experimental setup is described in detail in an earlier study [24].
In brief, a 1064 nm and a 532 nm Nd:YAG ns laser are employed for the
ablation and imaging, respectively. The focused 1064 nm laser beam
with a diameter of 48 pm and a pulse width of 20 ns irradiates the
polished titanium sample that is immersed at a depth of 5 mm below the
liquid’s surface. The energy of the laser pulses (e) used for the study of
the bubble dynamics is 620 pJ, which corresponds to a laser fluence (F)
of 68.5 J/cm?. Deionized water, chemically pure ethanol, and n-butanol
are used as the liquids. Table 1 summarizes the basic properties of these
liquids [25]. The experiment is conducted in ambient air without
additional gas dissolution in the liquid. Titanium samples are chosen for
this study because of their high boiling point (3560 K) [25], which
minimizes the production of laser-ablated materials that could affect the
bubble dynamics. The expanded 532 nm laser beam with a pulse width
of 4 ns passes parallel to the target’s surface, providing a shadowgraph
image on a CCD camera coupled with a 12X zoom lens and a 2X long
working distance objective. The delay time (t) of the two laser beams is

Table 1
Surface tension (), dynamic viscosity (u), density (p), and vapor pressure (py) of
the used liquids at 298 K.

Liquid ¢ (mN/m) u (mPa-s) p (kg/m3) pv (kPa)
Water 72.0 0.85 997 3.17
Ethanol 21.9 1.07 790 7.87

n-Butanol 24.1 2.54 815 0.86
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controlled by a delay generator and confirmed by two photodetectors
connected to an oscilloscope. Each acquisition triggers a single laser
shot, allowing one photograph to be acquired at a given delay time. The
laser ablation rate is calculated by measuring the volume of the laser-
ablated pits through a three-dimensional (3D) laser scanning micro-
scope (OLS4100, Olympus). The morphology of the laser-ablated sur-
faces is observed using a scanning electron microscope (SEM, FEI
Quanta 3D FEG).

3. Results and discussion

The pulsed laser ablation of submerged targets results in the for-
mation of plasmas accompanied by the emission of shockwaves. The
laser-induced plasmas propel the rapid expansion of the surrounding
liquids and thus lead to the formation of a cavitation bubble. When the
focused laser spot is relatively small, this process can be treated as an
intense point explosion underwater, and the initial (<900 ns after the
laser incidence) fluid displacement outside the bubble is a hemispherical
self-similar motion [24]. Afterward, the laser-induced bubbles further
expand to a maximum size and then collapse, as shown in Fig. 1. After
the collapse, a new shockwave is emitted, and the cavitation bubble
rebounds. The maximum radius of the laser-induced cavitation bubble
(Rmax) in water, ethanol, and n-butanol is 700 pm, 745 pm, and 740 pm,
respectively, and the lifetime of the cavitation bubble from origination
to the first collapse (T) in the three liquids is 120 ps, 114 ps, and 113 ps,
respectively.

Fig. 2a shows the details regarding the changes in bubble radius (R)
with t for the three liquids. Although the properties of the three liquids
differ, there are only minor differences in the maximum bubble size and
the bubble duration, which is consistent with previous results obtained
by high-speed photography [26]. The temporal development of the

Weber number (We = pRZR /o), which represents the ratio of the inertial
force to surface tension, and the Reynolds number (Re = p’R‘R/y),

which expresses the ratio of the inertial force to viscous force, are
depicted in Fig. 2b and c respectively, where R represents the velocity of
the bubble wall. Here, the changes of R as a function of ¢ are fitted with
7th order polynomial regressions. As shown in Fig. 2b, the We decreases
rapidly with the expansion of the cavitation bubbles. When the bubbles
grow to a size that approaches the maximum size, the We decreases to a
value <10% (shown in the inset of Fig. 2b). In comparison, the Re de-
creases more slowly with ¢ and is >10% during most of the evolution
(Fig. 2¢). These results prove that the bubbles’ growth and collapse are
dominated by the inertial force. In other words, the liquid density plays a
more critical role than the surface tension and viscosity.

By further comparing the temporal development of Re in the three
liquids, we found that the Re in n-butanol is much lower than that in the
other two liquids due to its higher viscosity. As the dynamic viscosity of
some organic liquids reaches hundreds of mPa-s, which are two orders of
magnitude higher than that of n-butanol, the effect of viscosity on the
bubble dynamics can be significant in these liquids, as demonstrated in
previous reports [27].

Considering an ideal situation by neglecting the thermal effects and
gas contents in the bubble, the time t. required for a total collapse from
R = Rpax to R = 0 of the bubble can be given by t. = 0.915Rnx+\/p/AD,
where Ap = po, —Po, P is the liquid pressure far from the bubble (~0.1
MPa), and po is the pressure within the bubble as it grows to its
maximum size (~0 MPa) [14,28]. The measured collapse time of the
laser-induced cavitation bubbles in water, ethanol, and n-butanol are 65
ps, 60 ps, and 56 ps, respectively, which are approximately equal to the
calculated t, (~64 ps, 61 ps, and 61 ps, respectively). This agreement
implies that there is a limited gas content inside the bubble and the
thermal effects are not evident during the bubbles’ growth and collapse.

We further observed the final stage of the bubble collapse under
high magnification. A shockwave is emitted after both the laser shot
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Fig. 1. Temporal evolution of the laser-induced cavitation bubbles in (a) water, (b) ethanol, and (c) n-butanol. Related videos describing the bubble evolution in

water and ethanol are provided in Supplementary Materials (Video S1 and S2).
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Fig. 2. (a) Changes in bubble radius (R) with t. Solid lines: fitted curves with
7th order polynomial regressions. (b, ¢) Changes in the Weber number (We) and
the Reynolds number (Re) with t. The inset in (b) shows the We near the
maximum bubble radii.

and the bubble collapse. The propagation velocity of the emitted
shockwave, which decays rapidly with time and then quickly reaches a
constant, depends on the released energy that drives the shockwave
propagation [29,30]. In our earlier work [24], we found that the
shockwaves emitted after the laser shots propagate with a nearly
constant velocity after ~20 ns when using low-energy laser pulses (e <
1.02 mJ). When e = 620 pJ, the average propagation velocity of the
emitted shockwaves in water, ethanol, and n-butanol within the initial
300 ns (s) is 1613 m/s, 1344 m/s, and 1443 m/s, respectively. The
change in e from 270 pJ to 1020 pJ only results in slight changes in
these values. Previous studies on the shockwave emission upon the
collapse of a cavitation bubble attached to a rigid wall also show that
the shockwave velocity decreases rapidly from 2520 m/s to 1500 m/s
in ~25 ns [30]. It is, therefore, reasonable to assume that the emitted
shockwaves after bubble collapse propagate with a nearly constant
velocity after the incipient stage. Thus, the position of the shock front
can be employed as a benchmark to estimate the time interval between
the acquired images and the instant of final collapse. We acquired
thousands of photographs around the instant of final collapse and
selected the ones that captured the shockwaves for analysis. The ¢ is

estimated based on the position of shock front: t; = Rs/s, where Ry is the
radius of the observed shock front.

Fig. 3 shows the acquired images when the size of the bubble was at a
minimum and immediately after. The first figures in Fig. 3(a-c) depict
the instant of final collapse as the shockwaves are not fully formed.
Traces of multiple shockwaves can be observed after the collapse. This
phenomenon is probably caused by the rugged surfaces that are formed
after the laser ablation, which may affect the propagation of the emitted
shockwaves. The position of the most visible shock front is employed to
calculate the . In water, the cavitation bubble is compressed into a
minuscule size during the collapse and then rapidly expands to a height
(H) of ~28 pm and a width (W) of ~179 pm after ~134 ns (Fig. 3a).
However, the implosive collapse of cavitation bubbles in ethanol and n-
butanol is hindered, and flat residual bubble layers are observed at the
instant of the final collapse, as shown in Fig. 3b and c. The H and W of
the residual bubble layers are ~42 pm and ~223 pm, respectively, in
ethanol and ~37 pm and ~199 pm, respectively, in n-butanol.

During the final stage of bubble collapse, the strong compression of
the bubble contents results in a dramatic increase in temperature and
pressure inside the bubble. It is difficult to quantitatively describe the
collapse of a bubble because, at the final stage of collapse, the fluid
pressure increases so dramatically that the assumption of liquid
incompressibility is no longer appropriate, and the pressure and tem-
perature within the bubble reach such high values that the thermal ef-
fects are not negligible. Consequently, we only compare the differences
in the development of the bubble collapse in the three liquids but we do
not give a precise calculation of the bubble pressure and temperature.

It is customarily assumed that the behavior of gas in the bubble is
polytropic; thus, the gas pressure and temperature can be determined
by [31]:
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Fig. 3. Shadowgraph images after the first collapse of the laser-produced
cavitation bubbles in (a) water, (b) ethanol, and (¢) n-butanol. H and W
represent the height and width, respectively, of the bubble layer when the
bubble volume is at a minimum.
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Here, Ry is the ambient radius corresponding to the size at which the
bubble contents are at Py (=1 atm) and Ty (=298 K), and a is the van der
Waals hard-core radius. When the bubble wall moves slowly compared
with the sound velocity in the gas, the pressure in the gas is uniform
throughout the bubble. The value of y depends on the rate of heat
transfer across the bubble wall relative to the collapse rate of the bubble.
If the heat transfer rate is high compared with the time scale of bubble
motion, then the gas in the bubble is maintained at the temperature of
the liquid and the pressure can be determined by an isothermal equation
of state with y = 1. In contrast, if the bubble wall moves very quickly
relative to the rate of heat transfer, the heat cannot escape from the
bubble and adiabatically heats the bubble on collapse. Thus, y is the ratio
of specific heats. The dimensionless Peclet number (Pe) can be used to
distinguish the relative strength of the heat transfer and is expressed as

Pe = ’R‘R/xl, where xj is the thermal diffusivity of the liquid [4].

Fig. 4 shows the changes in Pe with t in the three liquids during the
collapse. The Pe in ethanol and n-butanol is 3>10* even at the final stage
of collapse, which indicates that the bubble’s collapse is almost adia-
batic. Thus, the pressure and temperature within the bubbles rise rapidly
during the collapse, particularly at the final stage of collapse. Although
the bubble collapses adiabatically, a thin thermal boundary layer exits in
which the temperature also rises dramatically [32]. The generation of
gases due to the decomposition of organic compounds may occur both in
the boundary layer and inside the bubble and hinder further compres-
sion of the bubble. As a result, the residual bubble layers, as shown in
Fig. 3b and ¢, can be observed at the instant of final collapse in ethanol
and n-butanol. The decomposition of organic liquids during the collapse
of cavitation bubbles has been verified in the study of sonochemistry.
For instance, Tauber proved that the decomposition products of t-
butanol within a collapsing cavitation bubble include ethane, ethylene,
and acetylene [33]. Kerboua et al. proposed that the sonolysis of a water-
methanol mixture generates CH,OH, CH30, CH20, HCO, CO,, and CO
[34].

The Pe in water is 3>10° during most of the collapse, as shown in
Fig. 4, but decreases to ~10? at the final stage of collapse. Nevertheless,
this condition only lasts for ~0.1 ps when the effect of heat transfer is
obvious. Consequently, although the heat transfer is more evident in
water than in ethanol and n-butanol, the collapse of laser-produced
cavitation bubbles in water can also be regarded as adiabatic. Howev-
er, water is more stable than organic compounds and only fractionally
decomposes at temperatures higher than 2200 °C in which its decom-
position products are partially soluble and reactive [35]. According to
Egs. (1) and (2), if we assume an identical initial state with the cavita-
tion bubble containing few noble gases whose specific heat ratio is
~1.67 and neglect the van der Waals hard-core, the pressure and tem-
perature within the cavitation bubbles at the instant of final collapse are
proportional to RO and RO respectively, where Ry, represents the
minimum bubble radius at the final stage of collapse. Here, the Ry, in

n-Butanol

70 80 90
t(us)

100 110 120

Fig. 4. Changes of the Pe with t.
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water is assumed to be 5 pm, which is approximately the resolution limit
of our imaging system. The Ry, in ethanol and n-butanol is approxi-
mated by the volume of the residual bubble layer (V), assuming a cy-
lindrical shape [V = 7(W/2)2H = 2aRp,?/3], and is 95 pm and 82 pm,
respectively. Thus, in this case, the maximum pressure reached at the
minimum bubble volume is ~10° times higher in water than in ethanol
and n-butanol, and the maximum temperature is ~370 and ~280 times
higher in water than in ethanol and n-butanol, respectively. This
simplified estimation shows that the temperature and pressure within
the bubbles can be much higher in water due to the much smaller Rp,;y,.
However, even under these extreme conditions, no residual gas is visible
in our experiment at the instant of final collapse in water, as demon-
strated in Fig. 3a.

The pressure and temperature inside a cavitation bubble at its min-
imum size have already been studied theoretically and experimentally.
In the study of SL, many models have been developed, with different
degrees of sophistication, to predict the peak temperature within the
cavitation bubble in water during the collapse. The predicted tempera-
ture ranges from 6000 K to 20000 K [36,37]. Based on the spectrum of
the luminescence pulse generated during the bubble collapse, the
maximum temperature inside the collapsing bubble in water has also
been experimentally measured to be ~8150 K for bubbles with Rpax =
650 pm [38]. Furthermore, the maximum pressure acting on the rigid
wall at the bubble’s minimum size has been estimated in several pre-
vious works via the temporal evolution of the emitted shockwave after
the bubble collapse. Vogel et al. estimated a maximum pressure of 6 GPa
inside a laser-produced cavitation bubble with an Ry,ax of ~3.5 mm that
collapsed down to an Ry of 50 pm [39]. Using high-speed photography
with 200 million frames per second, Brujan et al. observed and studied
the shockwave emitted upon the collapse of a cavitation bubble attached
to arigid wall in water and produced by ultrasonic irradiation [30]. The
Rmax and Rpi, were measured to be 1.7 mm and 30 pm, respectively, and
the maximum pressure acting on the rigid wall was estimated to be ~8
GPa. They also studied the shockwave emission from the collapse of a
hemispherical cloud of bubbles [40]. The results show that the Ry, of
the cloud increases with increasing R,y and ranges from 18 pm at Rpax
=250 pm up to 35 pm at Rpax = 1260 pm. The maximum pressure acting
on the boundary materials is estimated to be 265 MPa for a bubble cloud
with Rpax = 300 pm and 1750 MPa for Rpyax = 1260 pm. Compared with
these results, the observed Ry, in our study is smaller due to the higher
temporal resolution of the imaging method. Thus, the pressure inside the
bubble could be even higher than the reported values. It is worth noting
that the pressure and temperature within the cavitation bubbles are
affected by the gas composition inside the bubble. Several properties,
such as the heat capacity ratio and the thermal conductivity, of the gas in
the bubble have dramatic effects on the bubble collapse. Because the
cavitation bubbles in our study are produced by laser ablation of a solid
target, the gas composition inside the bubble may be more complicated
due to the existence of laser-ablated products. Consequently, the real
pressure and temperature within the bubbles in our study may differ
from reported results.

Brujan et al. found that the maximum pressure of the shockwave
emitted during the bubble collapse is reduced when adding a few
organic polymers in water [41]. Many studies have also proved that
even a small addition of polymer additives to the test fluid can strongly
influence cavitation erosion and noise [42,43]. Previous studies on these
phenomena focus on the effects of viscoelasticity on the dynamics of
cavitation bubbles [44], whereas our results indicate that thermo-
chemical effects may also be significant. The potential decomposition of
the polymer additives can result in the generation of insoluble gaseous
products inside the bubbles, and thus the compressive heating and
pressure that increase during the collapse are dramatically suppressed.

The ablation rate and morphology of titanium specimens immersed
in the three liquids were further studied. As shown in Fig. 5a, the
ablation rate is higher in water than in ethanol and n-butanol, which is
consistent with previous reports [45,46]. Fig. 5b-d show the morphology
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Fig. 5. (a) Average ablation rate § after 20 laser shots under a laser repetition rate of 0.2 Hz. (b-d) SEM images of laser-ablated areas in (a) water, (b) ethanol, and (c)

n-butanol. F: 68.5 J/cm?.

of the laser-ablated areas. Due to the impact of the high-speed micro-jets
produced by the collapsing cavitation bubbles [39], the inner walls of
the laser-ablated pits are smooth without a pile-up of laser-ablated
materials. Crown-like structures can be observed around the laser-
ablated pits, which are formed due to the molten material movement
attributed to the recoil pressure caused by the ejection of laser-ablated
materials [47,48]. Additionally, there is a thermal damage zone
around the crown-like structures where a thin resolidified surface layer
can be found. Compared with that in water (Fig. 5b), this thermal
damage zone expands in ethanol and n-butanol (Fig. 5¢ and d). These
differences may mainly originate from the different thermophysical and
optical properties of the liquids and can also be partly explained by the
different bubble collapse evolution in the three liquids. The intense
compression of cavitation bubbles during the collapse triggers a dra-
matic increase in localized temperature and pressure. Previous studies
on SL have demonstrated that the time duration of a luminescence pulse,
which is caused by the strong heating of the gas content inside the
collapsing bubble, is ~5 ns when Rpyax ~ 700 pm [38]. Because the
temperature and pressure inside the bubble are extremely high at the
final stage of collapse, the collapsing bubbles may cause thermal damage
to the metal substrate. In water, the laser-induced cavitation bubbles
become minuscule at the final stage of collapse. Thus, the thermal effect
is concentrated in the laser-ablated pits, which, combined with the
impact of high-speed micro-jets, may drive a second etching and in-
crease the ablation rate. In contrast, the cavitation bubbles in ethanol
and n-butanol cannot be fully compressed due to the existence of
insoluble gases inside the bubble, and thus the thermal damage zone
expands. It is worth noting that we used a low laser repetition rate
during the measurement of the ablation rate. After each laser shot, re-
sidual bubbles were observed near the ablated areas, affecting the
following laser incidence and resulting in drastic fluctuations of the
ablation rate. This effect becomes substantial for high-repetition-rate
laser pulses. With this mechanism, the surface tension and viscosity of
the liquid may also have an impact on the laser ablation rate under high-
repetition-rate laser shots by affecting the stability of these residual
bubbles.

4. Conclusions

The growth and shrinkage of laser-induced cavitation bubbles are
dominated by the inertial force and thus the evolution of cavitation
bubbles in water, ethanol, and n-butanol is similar except at the final
stage of collapse. In ethanol and n-butanol, the cavitation-induced re-
actions generate gaseous products inside the bubble that hinder the
bubble collapse. However, in water, the cavitation bubbles can be
compressed into a minuscule size, resulting in a more dramatic increase
of localized temperature and pressure, which can trigger a potential
second etching. Our results show that although the maximum size and

lifetime of laser-induced cavitation bubbles are similar in the three lig-
uids, the collapse of cavitation bubbles is disparate due to the differences
in the chemical nature of the liquids.
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Appendix A. Supplementary material

See supplementary materials for the videos describing the bubble
evolution in water (Video S1) and ethanol (Video S2). Supplementary
data to this article can be found online at https://doi.org/10.1016/j.0p
tlastec.2020.106647.
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