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a b s t r a c t

We report a cavitation bubble formation in water induced by nanosecond pulsed laser ablation of a Zr-
based (Vitreloy 1) bulk metallic glass target. Only the first bubble occurs due to an explosive-boiling-type
ablation of the target. A theoretical model is developed to quantitatively describe the bubble nucleation
and its initial growth. The results demonstrate that the laser-induced plasma can induce the nucleation
of the bubble. Furthermore, it is revealed that the initial bubble growth is approximately adiabatic and
inertial, obeying the Rayleigh–Plesset theory, albeit the significant ablation. This work sheds insight into
themechanics ofwater-confined laser ablation ofmetallic glasses, and provides guidance for synthesizing
amorphous nanoparticles.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Cavitation bubbles are frequently observed during laser abla-
tion of solids in liquids. This intriguing phenomenon has versa-
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tile applications ranging from nanoparticle synthesis [1,2], sur-
face cleaning [3] to luminescence [4]. The dynamics of cavita-
tion bubble is of central importance since it reflects the funda-
mental response of liquid–plasma–solid system to laser ablation,
and thus has drawn increasing interest [5–8]. Usually, the con-
ventional Rayleigh–Plesset (R–P) theory is modified to reproduce
the ablation-induced bubble dynamics. It is demonstrated that the
initial evolution of a bubble is adiabatic and driven by inertial
forces [7], but its long-term dynamics should take into account the
target’s ablation and the energy or mass exchange from and to the
bubble [8]. In recent years, the pulsed-laser-ablation technology
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has been applied to a novel type of amorphous solids, i.e., metal-
lic glasses, that are frozen from highly viscous melts via the glass
transition [9,10]. This application has remarkably broadened the
utilization of metallic glasses as advanced materials [11,12], and
on the other hand, allows re-examining the traditional picture of
laser–solid interaction [13–15]. It is noted that, however, laser ab-
lation of metallic glasses was so far mostly performed in gaseous
conditions, with only one exception [16]. Up to now, it still remains
unexplored how a cavitation bubble emerges from a laser-ablated
metallic glass target within a liquid environment.

In this letter, we experimentally observed the formation of
cavitation bubbles during pulsed laser ablation of a typical Zr-
basedbulkmetallic glasswithin awater environment. A theoretical
model is developed to quantitatively describe the initial bubble
dynamics, where the bubble nucleation is mediated by the plasma
evolution and its growth obeys the R–P theory.

2. Material and methods

A typical Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 (at.%, Vitreloy 1) bulk
metallic glass was chosen as the target material. Targets (10mm×

10 mm × 2 mm) were cut by wire electrical discharge machining
of the as-cast material. Then, the target surfaces were polished to
remove oxides. The glassy nature of the targets was confirmed by
X-ray diffraction and differential scanning calorimetry. The targets
were submerged in filtered, de-ionizedwater. Single pulse ablation
experiments were performed by irradiationwith a Q-switched Nd:
YAG laser operating at a wavelength of 1064 nm and a maximum
output energy of 2.5 J per shot. The temporal profile of the laser
pulse is in the near-Gaussian distribution with a full width of at
half maximum (FWHM) of about 10 ns. The spatial profile of the
laser pulse is modulated to nearly flat shape. The incident laser
beam is focused with a quartz lens of nominal focal length of
600 mm. The laser beam was normal to the target surface, and
the beam path length in water is about 20 mm, minimizing the
possibility of nonlinear absorption of laser in water. The beam spot
size is controlled to be about 2.7 mm in diameter. We repeated
the experiments for three times. A new target was used for each
experiment, but the water was not changed. A Photron Fastcam
SA-X camera with a framing rate of 50,000 fps was used for the
tracking of cavitation bubbles induced by the laser ablation. The
morphologies of the irradiated areas were examined by using an
FEI Sirion scanning electron microscope.

3. Results and discussion

Fig. 1 (and Supplementary Movie, Appendix A) shows the
bubble evolution in water after the ablation of the Vitreloy 1
target. The first image captures the optically active plasma plume
that has already expanded into the entire viewing window. Since
the plasma lifetime is much shorter than the time between two
frames [17–19], the first snapshot is regarded as a reference for
time recording (t = 0 µs). The bubble expands for a duration
of about 800 µs and then shrinks, followed by the collapse
after 1440 µs. The maximum bubble radius exceeds 8 mm. It
is noteworthy that inside the initially expanding bubble, and
lasting for at least 100 µs, bright high-temperature matter is
ejected from the target surface. This indicates that an explosive
boiling process has taken place in the Vitreloy 1 glass after the
water-confined ns-pulsed laser ablation [14]. The glassy target
should have experienced an explosion-like vaporization from its
superheated liquid, resulting in a violent ejection of a high-
temperature mixture of vapor and droplets. We indeed observed
that some ablatedmatter rapidly penetrated through the boundary
of the bubble. Unfortunately, the present camera resolution cannot
identify the size of thesematter.With the unstable shrinking of the
first bubble, the stored ablated matter finally destroys the bubble,
leading to its collapse without rebounds (see the last six snapshots
in Fig. 1)

We further examined the laser-irradiated area, as shown in the
inset of Fig. 2(a). It is found that the actual irradiated area S is very
close to the focused beam spot size. Therefore, the maximum laser
intensity Imax is estimated to be about 4 GW/cm2. This value is
comparable to the explosive boiling thresholds for some crystalline
and glassy metals [14,20,21]. On the edge of the irradiated area,
surface ripples can be clearly observed (see Fig. 2(a)), implying
that significant thermo-hydrodynamic instabilities occurred due
to the present water-confined laser ablation [13,16]. Fig. 2(b)
exhibits the typical ablation pattern. An enlarged viewof the region
‘‘C’’ in Fig. 2(b) is presented in Fig. 2(c). Fig. 2(d) corresponds to
the region ‘‘D’’ in Fig. 2(c). It can be seen that large numbers of
molten-like droplets are distributed in the entire ablated area.
These droplets are at a microscale and display an actinomorphic
distribution around certain locally ablated sites (see Fig. 2(d)).
This ablation pattern is very different from that observed after
ablation in air where the thermal ablation dominates [14]. In
the present ablation in aqueous environment the confinement
of cavitation bubbles induces a more severe explosive boiling of
higher-degree superheated target material, leading to a coupled
thermo-mechanical ablation. This is consistent with the violent
ejection of bright ablated matter observed in Fig. 1. However, we
find that there is no ablated matter deposited back on the ablated
area after the bubble collapsed. A possible reason is that, for a long-
lived bubble, the delayed shrinking and collapse guarantees that a
substantial amount of the ablated matter stored in the bubble can
be delivered into the water instead of being deposited back on the
target surface. Nevertheless, some nanoparticles with an average
size of about 50 nm can be observed at the edge of the irradiated
area (see Fig. 2(e) and (f)). We believe that these deposited
nanoparticles belong to the ablatedmatter that penetrates through
the boundary of the bubble. These results support the idea that the
bubble cavity is an important site for nanoparticle generation [1,2].

Since the ablated matter mainly enters the water, the laser
pulse energy for subsequent pulses might be reduced. This could
affect the bubble dynamics in latter ablations, if the water is
not changed. Fig. 3(a) shows the temporal evolution of the
bubble radius, respectively, corresponding to three sequential
ablations. Obviously, the decrease of the pulse energy decreases
the maximum radius (rmax) and lifetime (tmax) of the bubbles.
Nevertheless, if the bubble radius and time are normalized by rmax
and tmax, respectively, the three curves of the bubble dynamics will
collapse into one (see Fig. 3(b)). This implies that the underlying
mechanism for the dynamics of these bubbles is identical at least
in the early stage, although their absolute values may be different.

It is well known that the bubble dynamics, i.e., the temporal
variation of bubble radiusR (t), can bedescribedby theRP equation
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where PB (t), ρW , P∞, σ and η, respectively, denote the internal
pressure of the bubble, the mass density, the far-field pressure,
the surface tension and the dynamic viscosity of the surrounding
liquid. For the water-confined ns-pulsed laser ablation of metals,
the surface tension and viscosity effects can be neglected if the
bubble size and lifetime are of the order of 10−3 m and 102 µs,
respectively [7]. However, the precise solution of the simplified
RP equation is still challenging. It usually requires the nucleation
state of a bubble as additional adjusting parameters [8] or resorts
to the experimental measurements [7,22]. Actually, the bubble
nucleation originates from the fast evolution of laser-induced
plasma, which has been confirmed experimentally [18,23].
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Fig. 1. Sequence of images (Size: 15 mm× 8.5 mm; Exposure time: 20 µs) of an evolving bubble after a single-shot nanosecond pulsed laser ablation of the Vitreloy 1 glass
target in water.
When the laser pulse with a near-Gaussian intensity profile
I (t) is focused on the Vitreloy 1 target through water, atomization
and ionization of the irradiated spot occur and a plasma is thus
produced. It is reasonable to assume that the incident laser energy
is mainly absorbed by the plasma, which is transferred to the
internal energy of the plasma and the external work against the
plasma boundaries [24–26]

SI (t) dt = dW + de, (2)

where dW = p (t) dH (t) with the average pressure p (t) and
the thickness H (t) of the plasma. Following Fabbro et al., [26] a
constant fraction α of the internal energy of the plasma represents
the thermal energy eT , and the fraction (1−α) being the ionization
energy. Regarding the plasma as an ideal gas [24–26], eT can be
expressed by eT = 3p (t)H (t) /2. Eq. (2) then becomes

SI (t) = p (t)
dH (t)
dt

+
3
2α

d
dt

[p (t)H (t)] . (3)
After the laser pulse is switched off at t > τ (pulse width 10 ns),
the plasma expands adiabatically,

p (t) = p (τ )


H (τ )

H (t)

γ

, (4)

where γ is the adiabatic exponent of the plasma. The initial
conditions are:

H (0) = 0 and p (0) = 0. (5)

The boundary conditions are:

dH (t) /dt = uW (t) + uT (t) , (6)

where uW (t) and uT (t) are the moving velocities at the interfaces
between the plasma layer and its neighbors, i.e., the confining
water and the Vitreloy 1 target, respectively. The two terms are
determined by the dynamic response of the water–target system
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Fig. 2. The water-confined laser-irradiated morphology of the Vitreloy 1 glass target. (a) Surface ripples on the edge of the irradiated area. Inset: full view of the irradiated
area. (b)–(d) Typical ablation patterns at different magnifications. (e) and (f) Nanoparticles deposited back on the edge of the irradiated area.
under the plasma pressure p (t) and its time ṗ (t), i.e. [25],

uW (t) =
p (t)
ρW cW

; uT (t) =
p (t)
ρT cT

, t ≤ τ . (7)

uW (t) = f (p (t) , ṗ (t)) ; uT (t) = g (p (t) , ṗ (t)) , t > τ

(8)

where cW and cT are the longitudinal sound velocities in water and
in the target, respectively. The functions f and g are determined
by the equation of state of the water [27] and the elastic-perfectly
plastic constitution of the Vitreloy 1 target [28]. In order to obtain
the plasma evolution, p (t) and H (t), Eqs. (3)–(8) should be solved
simultaneously. To this end, a coupled explicit finite differential
code with first order precision is developed [24,25], by combining
the LS-DYNA explicit package [29] with the LS-PREPOSTD code.
The relevant properties/parameters of the calculations are given
in Supplementary Table 1 (Appendix A).

The calculated temporal variation of the plasma pressure p (t)
and the thicknessH (t) is shown in the inset of Fig. 3(b).Within the
pulse width, the plasma pressure increases rapidly and reaches a
peak of about 3.79 GPa at 12.5 ns. After extinguishing of the laser
pulse, the plasma cools down and its pressure rapidly attenuates
to a relatively stable level of 102 MPa after about 500 ns. At
that moment, the plasma expansion, which firstly experienced a
fast-growing stage, also becomes stable. These calculated results
are consistent with the observation that the plasma reaches the
maximum volume after a few hundred nanoseconds [18,23]. Wu
et al. [19] have also found that, for the ∼1 GW/cm2 laser ablation,
the plasma length can only expand in 1 µs after the laser peak.
Therefore, we reasonably choose the plasma state at 500 ns as the
onset/nucleation point of the cavitation bubble. We then obtain
the initial pressure PB (0) ≈ 0.16 GPa of the bubble. Based on
the volume conservation, the initial radius R0 of the bubble can be
calculated by 4πR3

0/3 = H0S, where H0 ≈ 22.4 µm. For the first
bubble, its initial evolution is usually assumed to be adiabatic [7].
In addition, we neglect mass transfer from and to the bubble,
although it may affect the long-term dynamics of the bubble, as
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Fig. 3. (a) Temporal evolution of the bubble radius obtained after three sequential
laser ablations of the Vitreloy 1 glass target in water. (b) Comparison between the
experimental and theoretical results concerning the normalized bubble dynamics.
Inset: the calculated time evolution of the plasma pressure (red curve) and
thickness (blue curve). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

observed in Fig. 1. The bubble pressure thus follows

PB (t) = PB (0)


R0

R (t)

3ϕ

, (9)

where ϕ is the adiabatic exponent of the vapor. Uniting Eqs. (1)
and (9), we theoretically reproduce the temporal variation of the
bubble radius R (t) after the ns-pulse laser ablation of theVitreloy 1
target inwater. After normalization, the calculated result ismarked
by a solid line in Fig. 3(b), which agrees well with the experimental
measurements. Such agreement provides important clues for the
dynamics of a cavitation bubble inwater due to the ns-pulsed laser
ablation of the Vitreloy 1 glassy target. First, the stable state of the
plasma induced by laser ablation can be regarded as the nucleation
point of the cavitation bubble. This process is theoretically
modeled in the present letter, although its experimental evidence
is clear [18,23]. Second, the initial evolution of the first bubble is
accompanied by the target’s ablation in the form of an explosive
boiling [14]. But the latter does not significantly affect the former.
In our model, therefore, mass exchange between the bubble and
its environment is neglected. Nevertheless, the significant target’s
ablation should be responsible for the disappearance of the bubble
rebound. Third, the bubble follows an approximately adiabatic
evolution, where no thermal energy is transferred from and to the
bubble, as recently revealed by Lam et al. [7]. At last, the bubble
evolution is driven mainly by inertial forces. Both the surface
tension and the viscosity effects can be neglected in the present
case.
4. Conclusions

Single pulsed ablations of a Vitreloy 1 bulk metallic glass target
were performed in water by a nanosecond laser. We observed the
ablation-induced cavitation bubbles that can survive formore than
1000 µs with a maximum radius of about 8 mm. We propose
a theoretical model to describe the initial bubble dynamics.
This model considers the laser-induced plasma to initiate the
nucleation of the bubble, and further assumes that the initial
growth of the bubble is approximately adiabatic and driven by
inertial forces. The calculated bubble dynamics is in agreement
with that experimental results. Thus this work can yield deeper
insight into the mechanics of water-confined laser ablation of
metallic glasses and even provides a possible way to produce
amorphous nanoparticles by laser ablation.
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