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We report for the first time the nanosecond pulse laser ablation of a typical Zr-based (Vit 1) bulk metallic
glass in a water environment, paying attention to the target surface morphology after ablation. Quite
interestingly, a SaffmaneTaylor fingering instability can be observed, which results from the strong
interaction between the phase explosion-induced plasma plume and the resultant molten Vit 1 layer
confined in the water medium. The instability condition is obtained via a perturbation analysis, and its
characteristic size is well predicted. Our observations reveal the nature of liquid structure of metallic
glasses.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Laser ablation of solid targets in an atmosphere of liquids
(mainly, water) is an intriguing technique for (i) producing micro/
nano particles [1,2] that are very useful in material science,
analytical chemistry and bioanalysis fields [3,4], (ii) material pro-
cessing [5], (iii) surface modification of materials [6,7], and so on
[8]. Promotion of these applications depends, to a large extend, on
the in-depth understanding of the ablation mechanism, i.e., how
material is liberated from the targets. Over the past decades,
various methods have been developed to identify ablation mech-
anisms [9e14], among which target surface morphologies after
ablation provide useful clues [5,6,15e17]. Bulk metallic glasses
(BMGs) represent a relatively young class of materials with both
glassy-state structure and metallic-bonding character, processing
a series of superior properties [18e23] and showing widespread
potential applications as structural and functional materials
[24e28]. Due to rapid heating and cooling, lasers have been widely
used to welding, cutting, cladding, alloying, glazing, annealing,
melting or ablating the small-scaled amorphous alloys such as
ribbons, films and wires [29e33], very recently extending to BMGs
[34e37]. Through laser-processing, microstructures [29,31e33,37],
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magnetic properties [30], forming ability [38], and mechanical
properties [35e37] of this kind of glassy alloys can be significantly
improved, whereas only few works have focused on the surface
patterns [39e41]. Furthermore, it is noted that, however, the laser-
BMG interaction in a liquid-confined environment has not been
reported yet. In this paper, for the first time, we performed nano-
second pulse laser ablations of a typical Zr-based BMG in a water
medium. An interesting ablation surface morphology, viscous
fingering, was observed, and its underlying mechanism was
quantitatively discussed as well.

2. Experimental

We choose a typical Zr41.2Ti13.8Cu12.5NiB10e22.5 (Vit 1) BMG as
target materials: plates with the thickness of about 2 mm, the
length of 10 mm and the width of 10 mm. The Vit 1 target was
polished mirror-like, as shown in Fig. 1. The glassy structure of the
targets was ascertained by X-ray diffraction (XRD) in a Philips PW
1050 diffractometer using CuKa radiation. It can be seen from Fig. 2
that the target before the laser ablation showed only broad
diffraction maxima and no peaks of crystalline phases were visible.
Fig. 3 shows a schematic diagram for the laser ablation to the Vit 1
BMG target. A Q-switched Nd:YAG solid state laser was used to
generate the laser beamwith wavelength of 532 nm, pulse width tp
of 10 ns, and maximum pulse energy of 500 mJ. The energy of laser
pulse was measured by a joule meter (Coherent EPM 1000) prior to
the practical ablations. The laser beam produced a Gaussian spatial
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Fig. 1. SEM image of the Vit 1 target surface before the pulse laser ablation.

Fig. 3. Schematic for the pulse laser ablation to the Vit 1 BMG target.
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distribution of energy, and was focused by a lens at the surface of
Vit1 BMG target. The target and was placed in a small beaker and
a precise positioner was used to support the beaker for adjusting
the target for the best focusing of the laser beam at the target
surface. The environment water is filtered, de-ionized; the target
was covered by 5 mm thick water layer, and then single pulse laser
ablation experiments were performed. During the laser ablation,
the target and water were maintained at room temperature and
ambient pressure. Here, the pulse laser energy is fixed to be 300mJ;
thus the fluence is estimated to be about 238 J/cm2 based on the
observed ablated area with the diameter of about 400 mm [see
Fig. 4(a)]. After ablation, a high-resolution scanning electron
microscope (HRSEM, FEI Sirion, spatial resolution 1.5 nm) was used
to examine the surface morphology of all targets. It is noted that
there are no obvious phase change of ablation surface [see Fig. 2]
due to the rapid heating and cooling rate during the pulse laser
ablation.
Fig. 2. XRD patterns for the ablation surface of the Vit 1 BMG before and after the
pulse laser ablation.
3. Results and discussion

Fig. 4(a) presents the full-view of the typical surface
morphology of the Vit 1 BMG target after the ablation. A high-
magnification micrograph of the region “B” in Fig. 4(a) is shown
in Fig. 4(b). It can be seen that the whole ablation area mainly
consists of a relatively smooth central region “I” and a rough outer
region “II” with the starfish-shaped boundary. Note that many
ripples form near the edge of the ablated area and their charac-
teristic spacing is about 1 mm, as shown in Fig. 4(c). The rough
region “II” shows the cell-like vein patterns [see Fig. 4(d)], very
similar to the fracture surface of this material under uniaxial
compression [42]. It must be pointed out that, with the attendant
cell-like patterns, many melted droplets and pores can be clearly
observed. This implies that a significant thermomechanical process,
i.e., material ejection, should occur in this region. A close-up view of
the area “E” in Fig. 4(a) is presented in Fig. 4(e) and (f) at different
magnifications. Surprisingly, the “arms of the starfish” are actually
an interesting fingering phenomenon. The characteristic size of the
fingers is of several micrometers.

The ablation morphology presented in Fig. 4 provides some
paramount information that allows us to reveal the complex
process of lasereBMG interaction in water. As compared with the
case in ambient air [41], we find that the ablation in the present
water case is much more aggravated. This means that the water
plasma breakdown is not at work even in the current high-fluence
case. If that happens, the amount of laser energy delivered to the
target should remarkably decrease and the ablation of the target
should be mitigated due to the strong absorption of the laser by the
breakdown plasma in the environment water [7,16]. Therefore, the
532 nm laser light is absorbed mainly by the Vit 1 target via the
transparent water. For one pulse duration, the thermal diffusion
length
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where ierfc is the inverse of the complementary error function, and
z is the coordinate parallel to the laser beam. In this equation, the
initial temperature T0 is about 300 K, the optical reflectivity R is
adopted as 0.4 [46], the incident light intensity IL is 2.38 � 1014 W/
m2, the density r and the specific heat for Vit 1 BMGs are 6125 kg/
m3 and 400 J kg�1 K�1, respectively [44,47].

Fig. 5 shows the estimated temperature with respect on time at
100 nm below surface based on Eq. (1). One can see that in a period
of nanoseconds the temperature rises up tow105 K. The extremely



Fig. 4. The surface morphology of the Vit 1 BMG ablated by a nanosecond pulse laser with singe shot in a water environment. (a) The full view of ablated area consisting of a smooth
region “I” and a rough region “II”. (b), (c) and (d) Close-up views of the area “B” marked in (a) at different magnification. (e) and (f) correspond to the area “E” in (a), showing
SaffmaneTaylor fingering.
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high temperature in such a thin Vit 1 layer excites a plasma at the
Vit 1ewater interface. The plasma then equilibrates with the
surrounding water and Vit 1, leaving behind a molten Vit 1 layer on
the surface. In the process, some of the water vaporizes or
Fig. 5. Estimated time dependence of temperature at 100 nm below the target surface
of Vit 1 BMG.
dissociates, generating an assembly of bubbles at the center of
ablation area. This leads to a rounded smooth region “I”, as shown
in Fig. 4(a). According to the result shown in Fig. 5, one can estimate
that the temperature rise rate at the irradiated surface is much
greater than that necessary for phase explosion to occur, 109 K/s.
This suggests that the molten layer in an atmosphere of the
expanding plume further undergoes phase explosion and becomes
less viscous, leaving behind the liquid droplets and pores at the
ablated surface [see region “II” in Fig. 4]. The phase explosion, in
turn, makes the plume expansionmore intensive. It is expected that
the expanding plume with low viscosity would penetrate into the
more viscous molten-layer (i.e., the rippling region) outside the
plume. The interface between them is liable to unstable; such
configuration obeys the SaffmaneTaylor (SeT) instability. Subse-
quently, it is interesting to seek the instability condition and predict
the characteristic size of resultant patterns.

We consider the case where a less viscous plume pushes
a more viscous Vit 1 melt, molded in an Eulerian coordinate
system (x, y, z), as shown in Fig. 6. The incident direction of laser is
along the negative z-axis; the plane (x, y) is the target surface. The



Fig. 6. Development of SaffmaneTaylor fingering instability at a meniscus-shaped
interface between the plasma plume and the molten Vit 1.
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motion of both fluids is confined to a narrow gap between the
water and the unmelted Vit 1. The fluid fields of both plume and
Vit 1 melt satisfy the NaviereStokes equation; their solutions are
difficult to obtain due to the complicated boundary conditions. It is
noted that we are only interested with the onset condition under
which the interface between the two fluids will grow unstably to
SeT fingering. Assume that the original plasma plume has
a meniscus-shaped front with a local curvature k that is deter-
mined by the surface tension s and the negative pressure p at the
point 0 by k ¼ p/s. It must be pointed that the change of p along
the x direction will advance the meniscus-shaped interface. Then
the fluid meniscus is applied with a perturbation that is consid-
ered as an infinitesimal waviness in the y direction having
a wavelength l and an amplitude x in the x direction, as shown in
the inset of Fig. 6. Now we focus on whether the perturbation will
grow or die out by examining the transfer of flow between peaks
and valleys of the waviness.

Due to the applied perturbation, the meniscus at point I requires
a new negative principal curvature which produces a decrease in
negative pressure at the interface to a level

pI ¼ s
�
kþ k2x

�
; (2)

where k ¼ 2p/l is a wave number. At position I0 in the melt at the
same distance x as that of point I, the negative pressure is the same
as that in its unperturbed state, i.e.

pI0 ¼ skþ dp
dx

x: (3)

where dp/dx is the negative pressure gradient that drives the
instability. If the negative pressure at I0 is larger than that at the
new perturbed interface at I, the melt will flow from I to I0. In this
case, the perturbation of that wavelength will grow into an SeT
fingering, and the instability condition is
dp
dx

� k2s: (4)

This equation tells immediately a critical wavelength that may
lead to runaway instability, i.e.

lc ¼ 2p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s
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r
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Perturbation with a wavelength smaller than lc will die out,
whereas the one with a wavelength larger than lc will grow into
SeT fingering. However, the instability usually occurs at a special
set of wavelength or wave number, which is the dominant (fastest)
mode instability. This dominant wavelength lm is usually

ffiffiffi
3

p
times

lc [48,49]. In fact, lm corresponds to the width of the fingering
observed finally. For the current nanosecond pulse laser on Vit 1
BMGs in water, the surface tension s is 0.83 N m�1 [41], the surface
pressure pulse is estimated to be about 20 atm [50]. Base on the
Fig. 4(e) and (f), xw 10e20 mm, thenwe obtain that dp/dxw 2 atm/
mm. Therefore, ls is calculated to be about several micrometers, in
a good agreement with the experimental observations. Further-
more, the viscosity is a very important factor for the Vit 1 melts that
should influence the SeT instability and resultant fingering
morphology. For metallic glass melts, with increasing the viscosity,
the surface tension usually increases, whereas the negative pres-
sure gradient reduces. This leads to the increase of the critical
wavelength for the instability [see Eq. (5)], implying the retardance
of the SeT instability. On the other hand, if the SeT fingering
instability can occur for the higher viscosity case, the final char-
acteristic size of fingers should be larger than that for the lower
viscosity case.

4. Conclusions

In summary, single pulse ablations of a Vit 1 BMG were per-
formed by nanosecond lasers in awater-confined environment. The
target surface morphology after the ablation provides clearer
evidence for the phase explosion mechanism in present ablation
case. The phase explosion results in ejection of material in the form
of a plume, which acts on the molten Vit 1 layer due to the
confinement of water. Such interplay between them produces
an interesting hydrodynamic instability phenomenon, i.e.,
SaffmaneTaylor fingering. The experimental observationsmay lend
new insight into the mechanism for the pulse laser ablation of
BMGs in liquids and even the nature of liquid structure of metallic
glasses.
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