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In this paper, we perform a single nanosecond pulse laser ablation of a Zr-based metallic glass (Vitreloy 1) target
in water. The violent ejection of high-temperature ablation matter is observed from the target by means of
explosive boiling, which is accompanied by a formation of cavitation bubble. These ablation products entered
the water include a rich variety of nanoparticles that can be classiﬁed into three diﬀerent types: full amorphous,
amorphous-crystalline composite, and polycrystalline. The amorphous nanoparticles have relatively smaller
sizes and a uniform elemental distribution. The latter two types of nanoparticles exhibit a unique core-shell
feature with an obvious compositional segregation. It is proposed that the diversity of the nanoparticles closely
depends on the diﬀerent pathways that they enter the water: directly before the bubble formation or via the
bubble, in which the cooling rate and the glass-forming ability of ablation products are two competing factors.

1. Introduction

feasible route to produce nanoparticles with desirable structures and
properties [23–26]. For metallic glass targets, however, it is still unknown whether nanoparticles can be formed from the ejected ablation
matter into water. What are their structures or compositions if the
answer is aﬃrmative? These questions have never been veriﬁed so far,
which deserves further investigations to provide additional evidence for
the ablation mechanism revealed previously.
In this work, we perform the nanosecond PLA of a Vitreloy 1 metallic glass target in water, during which both the ejection of ablation
matter and the cavitation bubble are real-time observed in situ. For the
ﬁrst time, three types of nanoparticles with full amorphous, crystallineamorphous composite, or completely polycrystalline structures are
found in the ablation products that eventually enter the water. The
possible formation mechanism for these nanoparticles has been brieﬂy
discussed as well.

The ﬁrst laser device was built in 1960 [1], and the metallic glass
was ﬁrst discovered in the same year [2]. For the past decades, lasers
are commonly used as a processing technology of metallic glasses
[3–11], which expands their applicability as advanced structural or
functional materials. In recent years, the mechanism for pulse laser
ablation (PLA) of metallic glasses has attracted increasing attention
[12–16]. When a laser pulse is applied a solid target, complex physical
and mechanical processes occur, which involves plasma formation
[17,18], athermal or thermal ablation [15,16,19], shock wave [20,21],
etc. For nanosecond PLA of metallic glasses, the thermal ablation is
dominated via normal vaporization and boiling or phase explosion,
depending on the applied laser energy ﬂuence. It is experimentally
shown that, compared with crystalline targets, metallic glasses are
prone to undergo superheating and explosive boiling [14]. This critical
phenomenon is evidenced by the violent ejection of high-temperature
matter from the target and the formation of a liquid-gas spinodal ablation pattern. The similar mechanism is also active in the underwater
PLA of metallic glasses, although an additional cavitation bubble can be
observed on the target surface [22]. Usually, the ejected matter can be
captured by the bubble and gets eventually delivered into the water
after the bubble has collapse. This provides a relatively simple and

⁎

2. Experimental
A typical Zr41.2Ti13.8Cu12.5Ni22.5Be10.0 (Vitreloy 1) metallic glass
was used as the target material, because of its good glass-forming
ability (GFA) and relatively high thermal stability [27]. The surfaces of
the targets (10 mm × 10 mm × 2 mm) were polished to remove oxides.
The amorphous structure of the targets was conﬁrmed by both X-ray
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laser in water. A high speed camera (Phantom v2512) with a framing
rate of 50,000 fps was used to observe the process of laser ablation. A
signal generator was applied to trigger the laser beam and the highspeed camera simultaneously.
After ablation, the surface morphologies of the targets were examined by using FEI Quanta 200 scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spectroscopy (EDS).
Structural characterizations of the ablation products were performed by
a ﬁeld emission high-resolution transmission electron microscope
(HRTEM, JEOL 2100F) operated at 200 keV. The composition and
elemental distribution of the ablation products were further mapped
through EDS by displaying the integrated intensities of the signals of the
individual elements as a function of the beam position when operating
the TEM in scanning mode (STEM). For the TEM observations, the
suspension containing the ablation products was dropped on a carboncoated copper grid using transferpette.

Fig. 1. Schematic of the experimental setup.

diﬀraction and diﬀerential scanning calorimetry. Single PLA experiments were performed by irradiation with 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 nearGaussian distribution with a full width of at half maximum (FWHM) of
about 10 ns. A schematic of the experimental setup is shown in Fig. 1.
The incident laser beam was focused by a quartz lens with a focal
distance of 660 mm normally to the target that was placed inside a
vessel with 80 ml of ﬁltered, de-ionized water. The distance between
the lens and the target is 580 mm, and the beam path length in water is
about 20 mm, minimizing the possibility of nonlinear absorption of the

3. Results and discussion
Fig. 2 (and Supplementary Movie S1, Appendix A) shows the typical
underwater-PLA process recorded by the high-speed camera, and the
characteristic stages along a time-axis are illustrated at the bottom of
Fig. 2. The second snapshot captures the optically active plasma plume
that has already expanded into the entire viewing window. For the ns
pulse width, an amount of laser energy can be absorbed by the plasma
plume, i.e., the so-called “plasma shielding” eﬀect [28]. Nevertheless,

Fig. 2. Snapshots (Size: 13.9 mm × 10.4 mm; Exposure time: 20 μs) of the ejection of the high-temperature matter with an evolving bubble after a single-shot
nanosecond PLA of the Vitreloy 1 target in water. The sketch at the bottom of the ﬁgure shows the main stages during the PLA.
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Fig. 3. Surface morphologies of the Vitreloy 1 target after underwater PLA. (a) Full view of the ablation area. Ablation voids and molten droplets observed in the
central (b and c) and the edge (d and e) regions of the ablation area. (f) SEM-EDS result of molten droplets.

high-temperature matter is vigorously ejected from the target surface
into water. This phenomenon can last for several tens of microseconds,
which is ascribed to the explosive boiling [14]. By absorbing energy
from the laser pulse, the amorphous target is rapidly heated up to the
thermodynamic critical temperature. At this critical point, the superheated liquid boils in an explosive-like manner, and a mixture composed of high-temperature vapor and droplets is ejected violently into
the water.
As shown at the bottom of Fig. 2, there is a time overlap for the
explosive boiling and the cavitation bubble. The explosive boiling
usually occurs with a time lag on the same as the pulse width after the
laser extinguished [14,32]. The nucleation of the cavitation bubble
occurs usually several hundred nanoseconds after the laser extinguished

the lifetime of the plasma plume is still much shorter than the time
(20 μs) between two successional frames. As a result, we only capture
one snapshot about the plasma. It is reasonable to take this time as the
beginning of the snapshots (t = 0 μs). According to our previous study
[22], the plasma pressure will increase rapidly to a peak value within
about a pulse-width time. After the extinguishing of the laser pulse, the
plasma cools down and its pressure and volume attain to a relatively
stable state, which induces the nucleation of a cavitation bubble. Due to
the mirror symmetry on the ﬂat surface of the target [29], the dynamic
evolution of the bubble can be approximately described by the Rayleigh-Plesset equation [22,30,31]. The entire bubble dynamics process
lasts about a few hundred microseconds. In addition to the cavitation
bubble, we observed that a large amount of small-scaled and bright
121
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Fig. 4. TEM characterizations of the nanoparticles with the amorphous structure. (a) and (b) Typical morphologies of the amorphous nanoparticles. (c) and (d)
HRTEM images with the electron diﬀraction pattern in the inset of (d).

additional, and its atomic ratio exceeds 20%, which most probably
stems from the conﬁned water or its vapor. This result demonstrates
that the ablation products experience an oxidation reaction due to the
high-temperature-and-pressure (HTP) environment during the underwater PLA [33].
As observed in Fig. 2, the vast majority of ablation products are
released into the surrounding water via three diﬀerent pathways. The
nanoparticles that are in the focus of this work are expected to suspend
in the water. After transferred on to a carbon-coated copper grid, the
nanoparticles were carefully characterized by TEM. According to their
morphologies, two types of nanoparticles exist: One is structurally
homogeneous, and the other displays an obvious core-shell structure.
The former is of a diameter usually less than 30 nm. But the diameter of
the latter can reach about 100 nm. Moreover, all nanoparticles are
structurally stable when they are exposed to the TEM electron beam,
similar to an amorphous nanoﬁlm of Vitreloy 1 [34] or other low-dimension structures of metallic glasses [35–40].
Fig. 4a and b shows the typical nanoparticles with a homogeneous
structure. The HRTEM images of these nanoparticles are presented in
Fig. 4c and d. Obviously, these nanoparticles display a mazelike pattern
without any crystalline fringes, indicating their amorphous structures.
The inset of Fig. 4d shows the electron diﬀraction pattern of the nanoparticle by fast Fourier transformation (FFT) of the dashed square
region. A halo ring is obtained, which further conﬁrms that these
homogeneous nanoparticles are full amorphous.
Fig. 5a and b shows typical nanoparticles with core-shell structures.
HRTEM observations indicate that there are three kinds of core-shell
nanoparticles. The most frequently observed structures consist of
amorphous shells and polycrystalline cores, as presented in Fig. 5c and
d. The results clearly show that the electron diﬀraction pattern of shells
is a full halo ring without any detectable diﬀraction spots. The cores of
those nanoparticles show a polycrystalline structure with diﬀerent
crystallographic orientations and interplanar spacings. The second kind
of core-shell nanoparticles (Fig. 5e) has single-crystal cores, but the
shells still remain amorphous. This is conﬁrmed by Fig. 5f, where the
single-crystal diﬀraction spots are identiﬁed as a FCC structure. Fig. 5g

[22]. Therefore, the explosive boiling starts before the bubble nucleation, and covers the initial stage of the bubble dynamics. In other
words, a part of the ablation products can directly enter the water before the bubble forms. This is conﬁrmed by the snapshot (20 μs) of
Fig. 2, where a large amount of bright high-temperature matter is
present in water beyond the bubble front. The remaining fraction of the
ablation products cannot directly enter into the water, instead they will
be trapped ﬁrstly by the cavitation bubble. With the expansion of the
bubble, the bright ablation products that reside in the bubble cool down
gradually. After reaching its maximum radius (the snapshot of 400 μs),
the bubble starts to shrink. Eventually, the stored ablation products
destroy the bubble and are released into the water, leading to the collapse of the bubble without rebound. It is also noticed that, during the
initial expansion stage of the bubble, a few ablation products with
particle-like appearance rapidly penetrate through the boundary of the
bubble. Based on our observations, there are at least three diﬀerent
pathways for the ablation products to enter the water: before the bubble
formation, during the bubble expansion, and after the bubble collapse.
Fig. 3a shows the full-view of the typical surface morphologies of
the Vitreloy 1 target after the underwater PLA. By measuring the actual
ablation area, the laser ﬂuence can be estimated to be about 28 J/cm2,
and the corresponding laser intensity is about 2.8 GW/cm2. The entire
ablation area can be divided into a relatively ﬂat central region and a
frilled edge region. The close-up views of the two regions are displayed
in Fig. 3(b-c) and (d-e), respectively. In both regions, many ablation
voids are observed, indicating the occurrence of the explosive boiling.
Importantly, we observe many molten droplets on the micro-scale, and
large numbers of particles with sizes ranging from several to several
hundreds of nanometers. Those nanoparticles are very diﬃcult to be
observed by SEM. It is reasonable to believe that these droplets or
particles belong to the ablation products that are ejected from the target
surface, but deposited back on the ablation area due to the long-term
conﬁnement of the bubble. Fig. 3f gives the SEM-EDS result for these
droplets or particles. The peaks of Zr, Ti, Cu, and Ni elements are
identiﬁed, but the lightest element Be cannot be detected by EDS.
Compared to the initial composition of Vitreloy 1, the element O is
122
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Fig. 5. TEM characterizations of the nanoparticles with the core-shell structures. (a) and (b) Typical morphologies of the core-shell nanoparticles. HRTEM images of
the nanoparticles with (c) and (d) amorphous shell – polycrystalline core, (e) and (f) amorphous shell – FCC-single-crystal core, (g) and (h) polycrystalline core –
shell. Insets show the electron diﬀraction patterns of the corresponding dashed square regions. The interplanar spacings are indicated by white parallel lines.

latter about doubles that of the former. Most of amorphous nanoparticles are smaller than 20 nm in diameter, and the diameters of coreshell nanoparticles are mainly concentrated in the range of 15–45 nm.
These amorphous nanoparticles with sizes of a few nanometers are
expected to be building blocks for the synthesis of nanoglasses, a new
type of nanostructured solids beyond the limits of nanocrystalline materials [41,42].
Fig. 7a shows that amorphous nanoparticles have a uniform distribution of the chemical compositions. There is no obvious elemental
segregation for Zr, Ti, Cu, Ni, and O. Again, the Be element cannot be

presents the last kind of nanoparticles with polycrystalline core-shell
structures, and the entire nanoparticle displays complex distributions of
diﬀraction spots, indicating the polycrystalline nature of the entire
nanoparticle, as shown in the inset. Multiple-oriented crystalline lattices with diﬀerent interplanar spacings are distinguished in both core
and shell, as marked in the insets of Fig. 5h. It is noteworthy that the
latter two kinds of nanoparticles are rarely observed.
Fig. 6 shows the size distribution of both amorphous and core-shell
nanoparticles. We ﬁnd that the number of amorphous nanoparticles
more than triples that of core-shell, but the average diameter of the
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Fig. 6. Size distribution of (a) amorphous and (b) core-shell nanoparticles.

Fig. 7. HRTEM images and STEM-EDS elemental maps of (a) amorphous nanoparticles, (b) amorphous shell – crystalline core nanoparticles, and (c) polycrystalline
core – shell nanoparticles.

Fig. 8. Time-temperature-transformation (TTT) diagram of the ablation products illustrating the formation mechanism of nanoparticles with diﬀerent structures.
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structurally uniform, while the latter nanoparticles display interesting
core-shell structures with a compositional segregation. We suggest that
the diversity of nanoparticles strongly depends on the spatiotemporal
relation of explosive boiling with the dynamics of cavitation bubble.
The amorphous nanoparticles can be formed if the ablation products
directly enter the water before the bubble forms. The core-shell nanoparticles are usually trapped by the bubble where a complex thermomechanical environment provides a possibility of partially or full
crystallization.
Although the purpose of the present study itself is not to produce
nanoparticles, we can learn some useful suggestions for producing nanoparticles in the future work. Based on our ﬁndings, during the underwater PLA, the cavitation bubble seems adverse to the formation of
amorphous nanoparticles, even if a metallic glass with good GFA is used
as the target. This explains why amorphous nanoparticles have only
rarely been obtained in previous underwater-PLA studies. In order to
obtain amorphous nanoparticles, an eﬀective strategy might be based
on the delay or even inhibition of cavitation nucleation as far as possible, thus permitting the vast majority of ablation products to directly
enter the liquid. Therefore, suitable liquids with lower nucleation rates
should be carefully chosen as the conﬁned media. At the same time, the
chosen liquid should have a relatively high thermal conductivity and a
high chemical stability. On the contrary, partially or full crystallized
nanoparticles with unique core-shell structures are preferably available.
In addition, the detailed eﬀects of laser parameters and target surface
on the formation of nanoparticles deserve to be further studied in our
latter work.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jnoncrysol.2019.05.009.

detected because of its low atomic mass. As mentioned above, the additional high-concentration of the element O results from the laser-assisted chemical reaction between nanoparticles and conﬁned water or
its vapor [33]. For the core-shell nanoparticles in Fig. 7b and c, there
are some evidences of compositional segregation. The contents of elements Cu and Ni, due to the positive mixing enthalpy [43], tends to
concentrate in the crystalline core, although the absolute stoichiometry
is not determined. The full polycrystalline nanoparticles show a more
intensive CueNi segregation. Actually, such a decomposition or phase
separation is detrimental to the GFA of metallic glass, and usually acts
as a trigger of crystallization [44,45]. In addition, mixing of O will
signiﬁcantly reduce the GFA of the Vitreloy 1 [46].
At last, we brieﬂy discuss the formation mechanism of the obtained
nanoparticles, which is illustrated in Fig. 8 as a time-temperaturetransformation (TTT) diagram of the ablation products. In summary,
the pathways by which the nanoparticles enter the water may determine their ultimate structures. It is believed that the amorphous
nanoparticles belong to the ablation products that directly enter the
water before the bubble formation. Based on previous studies [14,15]
and our present observations (Fig. 2), this part of ablation products
could experience an extremely rapid cooling at a rate higher than
107 K/s. This cooling rate is much larger than the critical value (~1 K/s)
for the glass formation of Vitreloy 1 [47]. Furthermore, the surrounding
water decreases the possibility of the coalescence of ablation products.
Both factors favor the formation of amorphous nanoparticles by
avoiding the TTT nose, which compensates the detrimental eﬀect due to
the oxidation.
According to the analysis presented above, the results indicate that
the core-shell nanoparticles come from the ablation products trapped
by the cavitation bubble. Their multiple core-shell structures are closely
related to the complex thermo-mechanical conditions inside the bubble.
First, the thermal conductivity inside the bubble is lower than that in
the surrounding water. The stored nanoparticles will remain hot for a
longer time [48], which provides suﬃcient time for phase separation
and subsequent crystallization. Second, both pressure and temperature
inside the bubble evolve with the bubble dynamics. They will reach a
peak at the latter stage of bubble shrinkage [31,49–51], usually exceeding 1 GPa and 103 K, respectively. This HPT condition in the bubble
decreases the potential barrier of nucleation of crystals [52]. On the
other hand, such an extreme environment is propitious to the oxidation
reaction of ablation products. All these factors mentioned above signiﬁcantly reduce the GFA of nanoparticles, and meanwhile leads to a
relatively low cooling rate. Furthermore, the higher concentration of
ablation species in the bubble promotes the aggregation and growth of
the nanoparticle. Therefore, the nanoparticles inside the bubble will
experience a partial or even full crystallization and reach a larger size.
The cooling rate of the outer layer of nanoparticles is usually higher
than that of the inner core. This explains why most of the core-shell
nanoparticles have an amorphous shell, but a crystalline core. If the
cooling rate is low enough, it is possible to form the completely polycrystalline core-shell nanoparticles, as observed in Fig. 5g and h. The
single-crystal-core nanoparticles may well come from the ablation
products that are transitorily trapped by the bubble and then quickly
penetrate it.
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