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ABSTRACT
We use a state-of-the-art, ultrafast camera to probe the
nanosecond pulse laser ablation of a metallic glass target in
water. The laser-induced plasma of metallic glass is
captured for the first time. We further observe a series of
shock waves in water and the cavitation bubble on the
target surface. The shock waves inherit the rapid expansion
of the plasma, satisfying the momentum conservation. But
the cavitation bubble stems from the nucleation of the
surrounding water due to the heating of the plasma. We
find that the bubble growth deviates from the Rayleigh-
Plesset theory. The primary reason for this deviation is the
effect of ablation products due to the temporal overlap
between the explosive boiling and the bubble dynamics.
Our findings provide a fundamental understanding of
underwater laser ablation of metallic glasses, which is an
important step to forward such ablation-related applications.
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1. Introduction

Interaction between high-energy laser and metallic glasses continues to fascinate
researchers because of the engineering and scientific significance [1–10]. During
such interactions, laser-induced plasma plays an important role. For example,
the strength and plasticity of metallic glasses can be effectively tuned by
plasma-generated shock wave (SW), which is known as laser shock peening
[11–13]. Irradiated by nanosecond pulse lasers, the surfaces of metallic glasses
usually exhibit the Kelvin-Helmholtz instability in air and the Saffman-Taylor
fingering in water [14–16]. It has been accepted that these unique hydrodynamic
instabilities are ascribed to the strong interaction between the expanding plasma
plume and the molten layer. During underwater laser ablations, the cavitation
bubble is frequently observed to take place on the target surface, which provides
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an ideal place to produce nanoparticles with desirable structures and properties
[17–21]. By considering the plasma-induced nucleation of the surrounding
water, the cavitation bubble dynamics has been quantitatively described for a
metallic glass target [22]. More importantly, the existence of plasma will
change the transfer of laser energy into the target, and thus affects the thermal
ablation processes (e.g. explosive boiling) [23–25]. Despite its paramount impor-
tance, the laser-induced plasma has not yet been captured experimentally for the
targets of metallic glasses. It is a fortiori unknown when and how the plasma
excites SWs and cavitation bubbles.

In this work, we conduct in situ, high time-resolved observations of nanose-
cond pulse laser ablation on a typical Zr-based bulk metallic glass in water. The
laser-induced plasma and the plasma-excited SWs and cavitation bubble are suc-
cessfully observed, and the underlying mechanisms for these physical phenom-
ena are revealed as well.

2. Experiment and method

We adopted a typical Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 (Vitreloy 1) metallic glass as
the target material. The targets were cut into rectangular specimens (10×10×3.6
mm3), and their glassy nature was confirmed by X-ray diffraction and differen-
tial scanning calorimetry. Single-pulse ablation experiments were conducted by
using a Nd:YAG laser (wavelength 1064 nm and pulse energy 1.9 J), and the
schematic illustration of the experimental setup is shown in Figure 1. The

Figure 1. Schematic illustration of the experimental setup for the nanosecond laser ablation of
the Vitreloy 1 target in water.
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temporal profile of the laser pulse approximates to a Gaussian distribution and
its full width at half maxima (FWHM), i.e. the pulse width, is about 10 ns. The
target was submerged in filtered and de-ionized water. The incident laser beam
was normal to the target surface. The laser energy intensity IInc was fixed to be
about 3.7 GW/cm2. An ultrafast camera (Specialised Imaging SIMD) was used to
in situ record the physical processes associated with the laser ablation. This
camera can consecutively record 16 images with a size of 1280×960 pixels at
all frame rates up to 1,000,000,000 fps. The trigger of the camera and the laser
pulse was controlled by a pulse generator (BNC 575) with the time accuracy
of 10 fs. The time window for each record equals 16 times the inverse of selected
frame rate. The delay technique of trigger time was used to overlap the time
windows, thus permitting longer time records. All images were illuminated by
multiple head high-intensity flash system (Specialised Imaging AD500).

3. Results and discussion

3.1. Laser-induced plasma

Figure 2 shows the recorded images of the initial plasma from the Vitreloy 1
target irradiated by the nanosecond pulse laser in water. The first image (0 ns)
corresponds to the start point of the FWHM of laser pulse. During the first
10 ns, i.e. the pulse width, the bright plasma expands dramatically with a velocity
of about 44-50 km/s along the target surface. In contrast, the expansion velocity
along the laser path direction is only about 1.5 km/s, which is far below than that
in the air [26]. The constraint of water greatly limits the outward expansion of
the plasma. The brightness enhancement of the plasma implies the dramatic
increase in its temperature and pressure within the 10 ns pulse width. The
peak temperature and pressure can be as high as 104 K and 109 Pa, respectively
[27]. In this stage, we also observe the laser-induced plasmatization of

Figure 2. Experimental capture of the plasma induced by the laser irradiation on the Vitreloy 1
target in water. Bright spots are observed on the laser path, indicating the laser-induced plas-
matization of water.
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surrounding water, shown as many bright spots on the incident laser path. After
about 10 ns, the plasma begins to cool accompanied by the decrease in its bright-
ness. Eventually, the temperature, pressure and size of the plasma will reach a
steady state at tens of nanoseconds after the laser pulse termination [22, 27].
This means that even without the further input of laser pulse energy, the high
temperature and pressure plasma will still ‘pressurize’ and ‘warm’ both target
and surrounding water, giving rise to other physical processes [28, 29]. To the
best of our knowledge, this is the first time one can experimentally capture
the laser-induced plasma of a metallic glass.

3.2. Shock wave

The rapidly expanding plasma usually imposes a pulse-like impact on the both-
side constraints. Following the impact, an outward compressive SW and an
inward one are generated simultaneously, and then propagate into the water
and the target, respectively. Figure 3 shows the propagation of the SWs in
water due to the present laser ablation. The corresponding full-process images
are presented in the supplementary material, Figure S1. The first image (at
∼100 ns after the laser irradiation) captures the critical process when the
outward primary SW is just separated from the plasma edge. Before this separ-
ation time (100 ns), the SW is overlapped with the plasma, and not visible until it
travels beyond the plasma. This primary SW initially looks like a shadow around
the illuminant plasma, and then propagates into the water with a planar front

Figure 3. Spatiotemporal evolution of the plasma-excited shock waves in water. The time
records take the first image of Figure 2 as the reference point.
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before ∼600 ns. After that, the plane wave gradually changes into an ideal
spherical wave. This is because, with the increase of propagation distance, the
plasma can be approximately regarded as a point source of blast. In addition
to the primary SW, it is interesting to observe that a new SW with the planar
front will appear every about 1.4 μs. During the current observation window
of 5.2 μs, there appear three plane waves propagated from the target to the
water. According to their appearance orders, these plane waves are numbered
as 1st, 2nd and 3rd SW, respectively.

We measure the propagation distances D of the observed four SWs with time
t, and further calculate their propagation velocities Vw in water. The results are
presented in Figure 4. For the primary SW, its initial Vw is about 2.2 km/s at
100 ns and then decays gradually toward the sound speed in water (∼1.5 km/
s) at the duration of ∼1 μs. This velocity decay process corresponds to the
observed transition from the planar to the spherical front; see Figure 3.
Obviously, the primary SW is initially supersonic, and its travel dynamics
before 600 ns obeys the Taylor-Sedov theory [30, 31]: D � t0.72, where the
decay rate of 0.72 is close to that (0.67) of an ideal plane wave. Based on the
work of Pezeril et al. [32], the pressure of the outward primary SW is estimated
to be ∼0.74 GPa at the separation time (100 ns), and before that its average
pressure is about 3.57 GPa. The detailed calculation is provided in the sup-
plementary material. These pressure values of the primary SW agree well with
the plasma pressure calculated previously [22]. Such an agreement implies
that the plasma-induced SW is nearly an adiabatic process dominated by the
momentum conversion.

Figure 4. Measured propagation distances (filled balls) of the shock waves from the target
surface and the calculated propagation velocities (open circles) of these shock waves in water.
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For the subsequent three plane waves in water, their propagation velocities
keep a constant of about 1.5 km/s, indicating the nature of the sound wave.
As mentioned above, the interval time of the four SWs is almost the same as
∼1.4 μs, from which we can infer two important facts. First, the plasma-
induced compressive wave propagated into the target is an elastic (or sound)
wave. It means that the initial stress amplitude of the compressive wave is less
than the Hugoniot elastic limit (HEL) of the target. The peak pressure of the
inward SW is calculated to be ∼3.51 GPa in the supplementary material. This
pressure is indeed lower than the reported HEL (6-7 GPa) of Vitreloy 1 [33].
It must be pointed out that the pressure between the plasma, the outward and
inward SWs resides in a momentum balance state during the initial 100 ns.
Second, the 1st, 2nd and 3rd SWs are a result of the reflection and transmission
of the inward SW at the interfaces of target-holder and target-water, respectively.
Considering the longitudinal sound velocity (∼5174 m/s) of the Vitreloy 1, the
interval time (∼1.4 μs) matches well with that an elastic wave takes one round
trip within the target thickness (3.6 mm).

Figure 5 presents the t-X (time versus distance) diagram that details how the
inward SW propagates in the target and two-side media. When an elastic wave
propagates to a non-free interface, it converts into a reflected wave and a trans-
mitted wave. The transmitted wave enters the adjacent medium, but the reflected

Figure 5. Time versus distance (t-X) diagram that illustrates how the inward shock wave propa-
gates in the metallic glass target and induces the periodic plane waves in water. The red arrows
indicate the compression waves and the green arrows indicate the tensile waves. The ordered
numbers (0-6) indicate the different stress states of the three media.
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wave travels backward. In fact, the observed three plane waves (Figure 3) are the
transmitted waves at the target-water interface when the inward SW has com-
pleted a reciprocating propagation inside the target. For the k-th plane wave,
it has experienced k and k-1 reflections at the target-holder and target-water
interfaces, respectively, and 1 transmission at the target-water interface. The
detailed calculation and description of the stress state of these plane waves are
provided in the supplementary material. We find that these plane waves
appear alternately as a compression wave and a tensile one and their stress
amplitudes decrease rapidly with increasing reflection.

3.3. Cavitation bubble

At about 560 ns after the laser irradiation, we identify the nucleation of a
primary cavitation bubble on the target surface, which is shown in Figure 6.
The bubble nucleation results from the close contact between the hot plasma
and the surrounding water. The latter will reach a supercritical state and then
adiabatically expands to an inflating bubble [25]. It is worth noting that some
microbubbles form on the laser path almost at the same time (Figure 3),
although their sizes are much smaller than the primary bubble. Obviously,
these microbubbles are nucleated by the plasmas of water. After nucleation,
the primary bubble begins to grow. The growth dynamics in terms of the
bubble radius R(t) is usually described by the Rayleigh-Plesset (RP) equation
[22, 34, 35]:

rW RR̈+ 3
2
Ṙ
2

( )
= PB(t)− P1 − 2

s

R
− 4

hṘ
R

, (1)

Figure 6. The plasma-induced nucleation of the cavitation bubble on the target surface. The
time (560 ns) takes the first image of Figure 2 as the reference point.
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where PB(t), rW , P1, s and h, respectively, represent the internal pressure of the
bubble, the density, the far-field pressure, the surface tension and the dynamic
viscosity of the surrounding water. We, as usual, measure the bubble radius
R(t) as the maximum perpendicular distance from the front of the bubble to
the target surface. The internal pressure of bubble PB(t) is determined by its
radius:

PB(t) = PB(0)(R0/R(t))
3w, (2)

where PB(0), R0 and ware the initial internal pressure and radius of the bubble,
and the adiabatic exponent of the vapour, respectively. Here, PB(0) is equal to the
plasma pressure (about 100 kPa) at the nucleation time (560 ns) [22]. We obtain
R0 based on the volume conservation:

4pR3
0/3 = H0p

D0

2

( )2

. (3)

We regard the initial bubble in Figure 6 as a flat cylinder, where H0 and D0 are
the thickness and diameter of the cylinder, respectively. The parameter Ṙ0 is
determined by fitting the slope of the initial bubble radius with the time. Rel-
evant parameters for the calculation of the bubble dynamics are summarised
in the supplementary materials, Table S2. Figure 7 shows the comparison
between the theoretical prediction and the experimental measurements (see
the supplementary materials, Figure S2).

From Figure 7, we see that the early stage (before 300 μs) of the bubble growth
is roughly consistent with the theoretical prediction, but during the first tens of
microseconds the experimental data are overestimated by the theory. Particu-
larly after 300 μs, the data gradually deviate downward from the prediction.
We think that this deviation is ascribed to the influence of the ablation products
and the limited size of the target surface. Figure 8 presents the results about the
initial expansion of the cavitation bubble at 2 μs frame interval. We find that the
microbubbles nucleated by the plasmas of water completely disappear from the
laser path after 18 μs. However, a cloud of shadow appears again outside the
bubble at 24 μs, as indicated by the black arrow in Figure 8. The shadow exhibits
a dispersed distribution without significant movement. We believe that the
shadow consists of microbubbles, but they are induced by the high-temperature
ablation products suspended in water. These ablation products should result
from the superheating of the Vitreloy 1 target and resultant explosive boiling.
According to our previous study [20, 24], the explosive boiling takes place at
∼20 ns after the end of the laser pulse and this process can last for tens of micro-
seconds. Obviously, the observed microbubbles just appear within this temporal
range, which provides evidence for the occurrence of the explosive boiling. But at
the current time-resolution of 2 μs, the explosive boiling process is not captured.
A possible reason is that the high photosensitivity threshold of used imaging
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Figure 8. Initial expansion stage of the cavitation bubble on the target surface at 2 μs interval.
The microbubbles are observed outside the bubble when it grows.

Figure 7. Comparison between the theoretical prediction (solid line) and the experimental
measurement (filled squares) of the bubble dynamics. The insets show the bubble with the
maximum radius and its collapse.
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setup exactly ignores the luminance of these high-temperature matters.
However, after the ablation products enter the water, they will excite a shade-
like microbubble nucleation of the surrounding water.

The temporal overlapping between the explosive boiling and the bubble
dynamics incurs the prediction deviation because the traditional RP theory
does not take into account the effect of mass exchange for bubble [22, 35].
From the observation of the spatial location of the microbubbles in Figure
8, some of ablation products directly enter the water before the bubble
nucleation. These suspended products increase the density and viscosity of
the surrounding water, thus suppressing the bubble growth. This suppression
effect is particularly obvious under the multi-pulse laser ablation [22, 36]. The
rest of the ablation products are trapped inside the primary bubble, which
slows down the bubble growth and meanwhile speeds up its collapse. Actu-
ally, we indeed did not observe the rebound of the bubble; see the supplemen-
tary materials, Figure S2. The different ways via which ablation products enter
the water have been evidenced by the final nanoparticles with different struc-
tures and compositions [20].

The secondary reason for the deviation comes from the limited size of the
target surface. It is well accepted that the large-size target surface can provide
the stable support for the bubble growth, which is an important precondition
for using the Rayleigh-Plesset theory. In the present work, the size of the
target surface is 10×10 mm2. From the observations of the bubble growth in
the supplementary materials, Figure S2, we find that the bottom size of the
bubble reaches the maximum (10 mm) at about 200 μs, and then does not
increase anymore without the further support from the target surface. After
about 300 μs, the bubble bottom starts to shrink, which exactly corresponds to
the deviation of the perpendicular radius downward from the theoretical predic-
tion; see Figure 7. Therefore, the unstable bottom of the bubble also contributes
to its earlier collapse.

4. Conclusions

In summary, the physical processes associated with the underwater laser abla-
tion of a Vitreloy 1 metallic glass were directly observed by a very high time-
resolved camera. The laser-induced plasma was captured to initiate within the
pulse-width time. The rapidly expanding plasma excites the outward and
inward SWs that propagate into the water and the target, respectively. The
outward SW will separate from the plasma and evolve from a planar supersonic
to spherical sound wave. The inward SW is responsible for the repeated appear-
ance of a series of planar sound waves in water. The nucleation of the cavitation
bubble on the target surface was observed at ∼560 ns after the pulse end, which
is due to the thermal effect of the plasma. We reveal that there is a temporal over-
lapping between the explosive boiling and the growth dynamics of the bubble,

10 X. SONG ET AL.



and therefore the latter cannot be well described by the traditional RP theory. In
addition, the limited size of target surface incurs the unstable bottom of the
bubble, which also leads to its early collapse.
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