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In this work, we comprehensively investigate the response of amorphous and crystalline Zr-based alloys under nanosecond pulse
laser ablation. The in situ multiphysics processes and ablation morphologies of the two alloy targets are explored and compared.
The results indicate that the dynamics of laser-induced plasma and shock waves obey the idea blast wave theory and are
insensitive to the topological structures of targets. Both targets experience significant superheating and culminate in explosive
boiling. This ablation process leads to the formation of a hierarchical structure in the resultant ablation crater: microdents covered
by widespread nanovoids. The amorphous target shows shallower microdents and smaller nanovoids than their crystalline
counterparts because the former has a smaller heat-affected zone and experiences a higher degree of superheating. The hier-
archical structure can adjust the surface wettability of targets from initial hydrophilic to hydrophobic, showing an increase of the
contact angle approximately 119% for amorphous alloy compared with the crystal approximately 64%. This work demonstrates
that amorphous alloys have a better performance against nanosecond pulse laser ablation and provides a feasible and one-step
method of wettability modification for either amorphous or crystalline alloys.
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1. Introduction

Over the past decades, laser technology has shown versatility
for amorphous alloys (i.e., metallic glasses) by laser welding
[1,2], cladding [3-6], additive manufacturing [7,8], and
shock peening [9,10]. Ablation is the fundamental process of
laser-solid interaction, accompanied by rapid material re-
moval in the form of plasma, vapor or molten droplets. Laser
ablation can thus serve as an effective method in the surface
modification, precision micromachining or nanoparticle
synthesis of amorphous alloys [11-16], which expands their
applications as functional materials. The responses of solids
to laser ablation are closely related to both laser parameters
and solid properties/structures. In general, the pulse width of
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the laser can largely affect the ablation mechanisms. This is
because the characteristic time required for the laser energy
to be converted into heat energy absorbed by solids is on the
order of 1 picosecond [17-19]. Therefore, when the pulse
width increases from femtosecond to nanosecond or micro-
second, laser ablation exhibits an obvious transition from
nonthermal to thermal features [20-26]. In addition to normal
melting and vaporization, laser-induced plasma and ex-
plosive boiling appear with increasing laser intensity during
laser thermal ablation. The plasma can further stimulate
other concomitant phenomena, including shock waves and
cavitation bubbles (if in liquids) [27-29]. These phenomena
impose complex perturbations on the molten solid surface,
resulting in the formation of various ablation patterns, such
as ripples [23], dimples [26], grooves [13], tracks [30], and
keyholes [31].

It is commonly believed that a liquid-like disordered
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structure makes amorphous alloys more susceptible to laser
ablation. For example, under femtosecond laser irradiation, it
was found that a Zr-based bulk amorphous alloy suffers
deeper nonthermal ablation than its crystalline counterpart
[32]. The underlying reason is that the amorphous structure
has no grain boundaries to excessively dissipate the energy
of hot electrons. Under microsecond laser processing, it was
observed that an amorphous Ni-based alloy displays a rela-
tively larger melt pool than its crystalline counterpart [21].
This is ascribed to the low thermal conductivity of disordered
structures so that more laser energy accumulates on the
surface of amorphous alloys. Under nanosecond laser irra-
diation, however, there is no answer as to whether amor-
phous alloys undergo more pronounced thermal ablation
than their crystalline counterparts. Laser thermal ablation in
air usually involves the formation and evolution of plasma
and shock waves and violent explosive boiling [25]. The
detailed difference of these processes deserves careful in-
vestigation between amorphous and crystalline alloys.

In this work, ablation by a nanosecond pulse laser is
conducted on a typical Zr-based amorphous alloy and its
polycrystalline cousin. We compare the response of two
different targets with laser thermal ablation by both in situ
observations of the ablation process and postmortem char-
acterizations of ablation morphologies. The underlying me-
chanism is explained based on a thermodynamic model
proposed by Jiang et al. [25]. Finally, how the ablation
morphologies affect the surface wettability is explored and
discussed.

2. Experiment setup

Zr-based amorphous alloys (Vitreloy 1) with a nominal
composition Zr,; ,Ti;535Cu;, sNijooBey, s (at.%) were chosen
as the target materials. The as-cast targets were cut into
10 mm X 10 mm square shapes with a thickness of ap-
proximately 2 mm. The polycrystalline counterparts were
obtained by heating the as-cast targets up to 773K at a
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constant heating rate of 5 K/min, followed by isothermal
annealing for 2 h and subsequent cooling to room tempera-
ture at the same rate. To avoid oxidation, the targets were
sealed in a quartz tube filled with pure nitrogen during the
above process. Both amorphous and crystalline targets were
mechanically ground using SiC papers and polished to a
mirror-like appearance with a diamond gel suspension.
Single-pulse laser ablation was conducted with a Q-switched
Nd:YAG laser operating at a wavelength of 1064 nm and a
fixed output energy of approximately 1.9 J per shot. The
temporal profile of the laser pulse approximates a Gaussian
distribution, and its full width at half maxima (FWHM)), i.e.,
the pulse width, is approximately 10 ns. All ablations were
performed in an atmospheric environment and under a nor-
mal incident of the laser beam.

An ultrafast camera (Specialised Imaging SIMD) was used
to synchronously record the physical processes associated
with laser ablation at a frame rate of 10000000 fps. After
ablation, the surface morphologies of the targets were ex-
amined by using scanning electron microscopy (SEM, Ge-
miniSEM  300) equipped with energy dispersive
spectroscopy (EDS), atomic force microscopy (AFM, Veeco
DI MultiMode) and optical profilometry (Bruker GT-K). A
contact angle meter (Kruss DSA100) was used to evaluate
the surface wettability of the targets, and water droplets of
5 pL were selected for measurements. The amorphous or
crystalline nature of the targets was confirmed by X-ray
diffraction (XRD, Rigaku Smart Lab 9) with Cu K radiation.

3. Results and discussion

3.1 Laser-induced plasma and shock wave

Figure la and b show the high spatiotemporal-resolved
imaging of the nanosecond laser irradiation of the amor-
phous and crystalline Vitreloy 1 targets, respectively. De-
spite their very different topological structures, the two
targets exhibit very similar physical processes accompanied
by laser ablation. Bright plasma is observed on the target
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Figure 1 High spatiotemporal-resolved imaging of the ablation process for the a amorphous and b crystalline targets irradiated by the nanosecond pulse

laser.
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surface after laser pulse termination, and then it expands
rapidly with a hemispherical shape and reaches the max-
imum size at approximately 600 ns. At the same time, a
shock wave is visible to separate from the plasma front edge,
as indicated by the arrows in Figure 1. After that, the shock
wave continues to expand, while the plasma begins to at-
tenuate. The attenuation of plasma is manifested as an ob-

vious dimming from the edge in the time range of 0.8-1.2 ps.

Another light emission with a hemisphere shape can be ob-
served inside the attenuated plasma at approximately 1.0 ps.
This light emission is attributed to the violent ejection of
ablated material, which is composed of high-temperature
vapor and droplets. It is well accepted that the instantaneous
ejection of ablation matter provides convincing evidence for
the explosive boiling of the superheated liquid. In fact, the
occurrence of explosive boiling can be traced back to tens of
nanoseconds after laser pulse termination [25,33,34], but
here, it is obscured by plasma emission before 1.0 ps. The
matter ejection quickly expands outward with an explosive
feature after 1.2 ps. The observed ablation process is sche-
matically illustrated in Figure 2.

We further measure the propagation dynamics of laser-
induced plasma and shock waves in the current time window
(1.5 ps), as presented in Fig. 3, where the largest distance D
from their front edge to the target surface is plotted as a
function of time ¢. Consistent with the direct observations in
Fig. 1, the amorphous and crystalline targets have almost the
same dynamics of plasma and shock waves. Except for a
slight discontinuity at the moment (600 ns) when the shock
wave separates from the plasma, their dynamics can be so-
lely fitted by the power law: D ~ **¥ The decay rate
(0.448) is close to that (0.4) of ideal blast wave theory for a
spherical wave [33,35]. This implies that all energy is in-
stantaneously released by a point source and that the shock is
strong enough to neglect the ambient pressure. Vorob’ev et
al. [36] proposed a numerical expression to estimate the
velocity of laser-supported detonation waves in air:

visow = 8:48(1/ P)'", (1)

where [ is the incident laser intensity, normalized by
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Figure 2 A schematic illustration of the physical phenomena that oc-
curred during nanosecond laser ablation of the solid target.
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100 MW/cm’, and P is the ambient gas pressure, normalized
by 1 atm. Under the current conditions, the laser intensity / is
estimated to be approximately 2.2 GW/cm’, obtained by the
ratio of the pulse laser power to the real area of the ablation
crater (see Fig. 4). This intensity ensures the occurrence of
explosive boiling for the Vitreloy 1 targets in the air en-
vironment [25]. Then, we have the normalized /~22.4 and
the normalized P=1. Thus, v;gpw is calculated to be ap-
proximately 24 km/s. From the measurement in Fig. 3, we
find that in the initial 100 ns, the plasma propagates for ap-
proximately 2.3 mm, which corresponds to an averaged ve-
locity V of approximately 23 km/s. Such agreement implies
that the initiation of the hypersonic-velocity plasma or shock
wave can be regarded as a detonation wave induced by a
high-energy laser. This is different from that of underwater
laser ablation, where the initial shock wave is a planar de-
tonation wave due to the strong confinement of water [29].
Furthermore, based on the calculated or measured V, the
initial pressure of the shock wave can be calculated as [37]:

P=pr 8 (GPa), )
where ¢ and p denote the acoustic velocity (0.34 km/s) and
density (1.293 g/cm3) of the ambient air, respectively. The
initial pressure of the shock wave is calculated to be ap-
proximately 339 MPa. This value is close to the theoretical
result of plasma pressure under similar conditions [38],
which confirms that the plasma excites shock waves by
momentum transfer. Such a momentum balance mechanism
is also satisfied for underwater nanosecond laser ablation
[29], although in the latter, the pressure value is much higher
than that of in-air ablations with the same conditions. We
must note that another compressive wave is simultaneously
excited by the plasma and propagates inward to the target, as
illustrated in Fig. 2. The two shock waves have the same
peak pressure as the plasma at the critical moment of their
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Figure 3 Propagation distances versus time of the plasma and shock
wave from the target surfaces of the amorphous (black squares) and

crystalline (red circles) targets. The dashed line is the best-fitting result

with the power law: D ~ t0‘448.
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Figure 4 SEM/EDS results of the ablation morphologies for the a-d amorphous and e-h crystalline targets. a, e Full view of the ablation craters. b, ¢ and f-g
Porous nanostructures at different magnifications. d, h EDS element mapping corresponding to areas ¢ and g, respectively.

formation [29]. The above results indicate that the laser-
induced plasma and shock wave are less related to the atomic
packing configuration of targets. A previous study focused
on the plasma behavior of conventional crystals (Cu, Al, and
stainless steel) also showed that the plasma dynamics were
insensitive to the target materials but highly dependent on the
laser parameters [39]. It is noted that the pressure of the
inward shock wave is much smaller than the Hugoniot elastic
limit of the two targets [40]. Therefore, under the present
laser conditions, thermal ablation is the dominant damage of
target surfaces.

3.2 Ablation morphology

Figure 4 presents the SEM results of the ablation morphol-
ogy for the amorphous and crystalline targets. The ablation
craters of the two targets have similar shapes and sizes,
which are determined by the laser spots, as shown in Fig. 4a
and e. The entire ablation crater involves a relatively flat
inner region and a ripple edge. The surface ripple formation
is ascribed to the Kelvin-Helmholtz hydrodynamic in-
stability occurring at the interface between the molten layer
and the expanding plasma, which has been quantitatively
described in our previous work [23]. Enlarged views of the
inner regions of the two targets are displayed in Fig. 4b, ¢ and
f, g. A porous nanostructure is widely distributed in see-
mingly flat inner areas. The nanovoid morphology is gen-

erally considered to be one of the typical characteristics of
explosive boiling, which corresponds to the loci where vapor
bubbles nucleate and grow in the superheated liquid. Figure
4c and g compare the nanovoid morphology of the amor-
phous and crystalline targets. At the same scale, there exists a
general difference in the nanovoid size. Furthermore, Fig. 4d
and h show the EDS element mappings measured from the
region in Fig. 4c and g, respectively. The elements Zr, Ti, Cu,
and Ni are distributed uniformly in the porous region, in-
dicating that the formation of nanostructures is not accom-
panied by the segregation of constituent elements. The crack-
like patterns in Fig. 4a and e are due to the solidification of
some residual superheated liquid that is not completely ab-
lated by explosive boiling.

Table 1 gives the quantitative results of element compo-
sition inside and outside the craters of the amorphous and
crystalline targets. In addition to the four elements men-
tioned above, O is present, but the lightest element Be cannot
be detected by EDS. We find that the present laser ablation
does not change the original composition of targets sig-
nificantly. The involvement of O stems from the air en-
vironment, and the exterior of the ablation crater contains
more oxygen than the interior. This can be explained by the
shielding effect of the plasma or vapor, which suppresses the
direct contact between the high-temperature molten pool and
air. The glass natures of the two targets are verified by the
XRD patterns before and after ablation, as shown in Fig. 5.
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Table 1 Element compositions inside and outside the ablation craters of
the amorphous and crystalline targets

Element (at%)
Zr Ti Cu Ni (0]
Inside 51.98 14.97 15.16 11.96 5.93
Amorphous .
Outside  49.42 14.39 15.77 12.31 8.12
Inside 53.41 15.58 15.69 10.81 4.51
Crystalline

Outside ~ 50.67 15.31 15.37 11.59 7.06

Target

Before ablation

Crystalline

Afterablation
Crystalline ‘

Intensity (a.u)

20 (%)

Figure 5 XRD patterns of the ablation craters for the amorphous and
crystalline targets before and after laser ablation.

The amorphous target shows typical diffuse scattering peaks
before ablation, and laser ablation does not introduce ob-
vious crystallization. For the crystalline counterpart, the
target shows a tendency from multiple crystallization peaks
to diffuse scattering peaks.

Figure 6 shows the surface contours of the ablation craters
for the amorphous and crystalline targets, including the flat
inner region (Fig. 6b-e) and the ripple edge (Fig. 6a, c, d, ).
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The edge ripples are distributed symmetrically about the
center and cover a width of approximately 200 pm. Most of
the edge ripples are higher than the datum plane and have a
height value in the range of 10-20 um. A sunken circle area
is closely adjacent to the ripples and has a width of ap-
proximately 200 um and a depth of approximately 10 um.
The distinct height variation between the raised ripples and
sunken circle means that the molten material has a severe
flow and redeposition on the crater edge. The inner region is
mainly composed of slight dents with depths of less than
1 um, as shown in Fig. 6b and e. Some protuberances and
grooves are distributed on the micron dents, and their height
variation is in the range of 5 um.The results in Fig. 6 show
that the ablation craters of the two targets have almost the
same characteristics. Nevertheless, these ablation features
display the size difference on the micron scale: the maximum
depth of the crystalline target in different regions is generally
larger than that of the amorphous target.

Combining Figs. 4 with 6, we confirm that nanosecond
laser thermal ablation produces hierarchical micro/nanos-
tructural craters, namely, microdents covered by nanovoids,
via explosive boiling. This kind of ablation morphology is
clearly different from conventional molten-induced craters.
For the latter, the crater has the maximum depth at its center
and becomes gradually shallow toward the edge [13,21,30].
Next, the possible mechanism of the observed hierarchical
structure is briefly explained. When the target is irradiated by
the laser, the laser energy will turn into heat on picosecond
time scales and lead to a temperature rise [17]. Under the
current conditions, the target is rapidly superheated beyond
its boiling point and enters a metastable liquid state. When
the temperature approaches the thermodynamic critical
point, the superheated liquid beaks down into a mixture of
droplets and vapor; see Fig. 2. The violent ejection of abla-
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Figure 6 Surface contours of the ablation craters for the a-¢ amorphous and d-f crystalline targets.
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tion materials leaves the microdents on the target surface.
Meanwhile, vapor bubbles nucleate and grow within the
superheated liquid, and nanovoids are formed when the re-
sidual liquid is solidified [25].

The SEM observations in Fig. 4 indicate that the two tar-
gets have a significant size difference in the nanovoids. A
more precise scan for these nanostructures is performed by
AFM, as shown in Fig. 7. Figure 7a and b present the 3D
morphologies for the nanovoids of two targets, and the
characterized area is 5 pm X 5 um. The frequency of the
crystalline target at the height extremum is higher than that
of the amorphous target. Figure 7¢ gives the surface profiles
along the white lines in the 3D map of Fig. 7a and b. The
widths of the porous nanostructure are approximately
100 nm, and most of their depths do not exceed 30 nm. By
comparison, we find that the height fluctuation of the crys-
talline material is obviously more severe than that of the
amorphous material. The statistical results of the height va-
lues obtained from the whole 3D map are given in Fig. 7d
and e. Obviously, the crystalline target has a larger extreme
value and a wider distribution of the height values than the
amorphous target. The minimum depths are approximately
—17 nm and —30 nm for the amorphous and crystalline tar-
gets, respectively. More than 90% of the heights are dis-
tributed in the range of (—10, 10) nm for the amorphous
target and (—20, 20) nm for the crystalline target. This means
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that the nanovoids of amorphous materials are generally
smaller, but their number is greater than that of crystalline
materials.

3.3 Mechanism of laser thermal ablation

Based on the multiscale observations of the ablation craters
mentioned above, we know that the amorphous and crys-
talline targets show similar ablation features on different
length scales, such as ripples, dents, grooves, and nanovoids.
However, compared with the crystalline targets, the amor-
phous targets exhibit relatively shallower microdents and
smaller nanovoids. It is well known that the ablation mor-
phology under a nanosecond pulse laser depends on the
thermodynamic processes experienced by the target. To ex-
plain the size difference in ablation features of two targets,
we calculate the time-dependent temperature 7(x, ¢) along the
target depth by the 1D heat convection-diffusion equation
[25,41]:

oT(x,t) ox, OT

PC ot ol _oax

2
- K% +all RO (D)e ™, 3)

where p, C,, K and aare the density, heat capacity, thermal
conductivity and absorption coefficient of the target, re-
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Figure 7 AFM patterns of the nanovoid structures for the a amorphous and b crystalline targets. ¢ Surface profiles along the white lines in a and b. d, e The
statistical values of the heights from the whole 3D patterns in a and b, respectively.
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spectively, and R(T,) is the reflectivity of the laser pulse by
the target surface, which is a function of the surface tem-
perature 7, = 7(0,f). A detailed description for each item in
Eq. (3) can refer to our previous work [25]. This partial
differential equation is solved by the finite difference
method. The surface vapor pressure p, can be further cal-
culated according to T, by the modified Clausius-Clapeyron
equation. The relevant physical or material parameters used
in calculations come from Refs. [25,42] and are listed in
Table 2, where the thermal conductivity is significantly
different for the two targets.

Figure 8a shows the calculated temperature profiles 7(x, 7)
within the two targets at different times. We can see that the
target surface always undergoes the maximum temperature
rise, and the temperature at each time decreases from the
surface toward the inside. This result confirms one more time
that explosive boiling rather than subsurface superheating is
the only physically sound mechanism for the nanosecond
laser thermal ablation of metal targets, either amorphous or
crystalline. We also note that the surface depth that can reach
the boiling point (7;,=3792 K) is approximately 0.5 pm,close
to the depth of the microdents in Fig. 6. This means that the
superheated liquid beyond T, participates in violent ejection
via explosive boiling. In addition, the region affected by high
temperature within the crystalline target is slightly deeper
than that of the amorphous target. Such a size difference at
the microscale is also consistent with the experimental ob-
servation of the crater depth in Fig. 6. In fact, grain bound-

Table 2 The relevant parameters of the targets and the nanosecond laser
used

Parameters Notation Value/expression
Density of target p 6125kgm”
Heat capacity of target Cp 420Jkg 'K
Thermal conductivity of K, 48 Wm ™ K
amorphous target
Thermal conductivity of K. 9 Wm™' K
crystalline target ¢
Absorption coefficient o 0.0l nm"'
Reflectivity R R(T))
Laser intensity Iy 22 GWem®
Laser fluence E, 2Jem
a 107 cm™
Adjustable coefficients o
b lem™J
Absorbed fluence E, 0.3E,
Vaporization coefficient 0 0.82
Molar mass M 60 g mol '
Latent heat L 438 kJ mol '
Boiling point T, 3792 K
TCP T, 7196 K
Reduction coefficient 1) E(52TIT,)3
Density (1)12 lsllilél)erheated 4 6020 kg m>
Density of vapor n (107%-107)p
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aries in crystals serve as a fast diffusion path facilitating the
transport of heat. The absence of grain boundaries in amor-
phous alloys is not conducive to heat transfer, so the heat is
prone to accumulation at shorter distances below the target
surface. Therefore, the amorphous target has a higher surface
temperature but a shallower heat-affected zone than its
crystalline counterpart.

Figure 8b shows the surface temperature 7, and vapor
pressure p, of the two targets. The target surface is rapidly
superheated above 7, within a pulse width of 10 ns. Ex-
plosive boiling usually initiates at the peak temperature 7; of
the superheated liquid. This temperature 7;is 6685 K at 19 ns
for the amorphous target and 6239 K at 24 ns for the crys-
talline target. During the heating process, the surface vapor
pressure also rapidly increases from the standard atmo-
spheric pressure p,, to the maximum p, of approximately 190
py and 134 p, for the amorphous and crystalline targets, re-
spectively. Compared with the crystalline target, the amor-
phous target experiences a higher degree of superheating and
explosive boiling but at an earlier time.

It has been revealed that the nanovoids in the ablation
crater result from the spontaneous nucleation of vapor bub-
bles within the superheated liquid. The critical radius that
bubbles can nucleate is evaluated as [25]:

o= \/ 3p1 Lalp)) (4)
c C b
2Lp [T~ Tu(pi)]
a 7
Amorphous Crystalline
[ —1Ins ----1Ins
{ Sns 5ns
s]0 —10ns ----10ns
14 —151ns ----15ns
. —20mns ----20ns

T7:=3792K 25 ns 25 ns
------------------------------- 30 ns 30 ns
35ns 35ns
40 ns 40 ns

Temperature (10° K)
(98]
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=
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Time (ns)

Figure 8 Calculated time evolution of a the temperature profiles within
the amorphous and crystalline targets and b the surface temperature and
vapor pressure.
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where g and g, are the densities of superheated liquid and
vapor, L is the latent heat of evaporation, 7; and p, are the
peak surface temperature and pressure of the superheated
liquid, and T, is the saturation temperature that links p; by
the Clausius-Clapeyron equation. The critical time of nu-
cleation 7, is defined as the time lag between normal boiling
and explosive boiling, which can be determined from Fig.
8b. Thus, r. is calculated to be approximately 5 nm and 9 nm
for the amorphous and crystalline targets, respectively. The
calculated r. is approximately 1/3 of the AFM measurements
(~15 nm and ~30 nm in Fig. 7). Such a size gap should result
from the further growth of the nucleated bubble into the
observed nanovoids. The relatively smaller », for the amor-
phous target is consistent with the higher degree of super-
heating and more violent explosive boiling (Fig. 8). This is
because increasing 7; corresponds to an increase in p;, which
leads to a decrease in r,.

3.4 Surface wettability

Finally, it is interesting to study the surface wettability of the
micro/nanostructures induced by laser ablation [14-16],
which in turn is helpful for understanding the ablation me-
chanism. Before ablation, the polished surface of the amor-
phous target shows a contact angle of approximately 53°,
while 72° for the crystalline counterpart, as shown in Fig. 9a.
Obviously, the initial surface of Vitreloy 1 alloys is hydro-
philic. After ablation, both amorphous and crystalline targets
show an enhanced contact angle of approximately 117°+1°,
as shown in Fig. 9b. Such hydrophobic behavior should be
due to the hierarchical ablation morphologies, as shown in
Figs. 4, 6 and 7.

Usually, there are two factors affecting the contact angle,
that is, the surface free energy (SFE) y and the surface to-
pological morphologies. We first consider the contact si-
tuation before ablation, as illustrated in Fig. 9c. Here, the
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surface morphologies mainly result from the toughness of
the polished surface. The contact angle can be described by a
toughness-modified Young’s equation [43], i.e., the so-
called Wenzel model [44]:

Vsg " Vs
EETA (%)
where 6 and 6 are the apparent and intrinsic contact angles,
respectively, and R, is the surface roughness factor defined as
the ratio between the actual and projected areas. The sub-
scripts s, g and 1 represent solid, gas and liquid, respectively.
Before ablation, the values R, are comparable for both
amorphous and crystalline surfaces by careful polishing. The
value of y, is determined by the liquid droplet and atmo-
spheric environment, which can be regarded as constant.
Amorphous alloys reside in thermodynamically metastable
states where the dynamics of atoms are highly active, espe-
cially near the surface [45,46]. Therefore, their SFE y,, is
higher than that of the crystalline target. On the other hand,
increasing y,, will enhance the attraction between the liquid
molecules and the solid atoms, facilitating the spreading of
the liquid drop on the target surface, thus decreasing y, [47].
Therefore, according to Eq. (5), the equilibrium contact an-
gle of amorphous alloys is theoretically smaller than that of
their crystalline counterparts. This agrees with the experi-
mental measurements in Fig. 9a.

We further consider the contact situation after ablation, as
illustrated in Fig. 9d. Here, the surface morphologies become
hierarchical micro/nanostructures, which change the inter-
face of the droplet-target from full to partial contact. Thus,
the real interface can be regarded as a composite of solid-
liquid-gas. The contact angle 6 of this composite surface is
described by the Cassie-Baxter model [48]:

cost = ficos, +f,cos0,, (6)
where subscript 1 denotes the solid target, subscript 2 de-

notes air, and f; and £, are their respective fractions occu-
pying the whole surface area, which satisfies f; + f, = 1. The

cosf* = Rj-cosﬁi = Rf

(o %&.

,/, Rq: 0-5 nm
arget

i Before ablation

Figure 9 Surface contact angles for the amorphous and crystalline targets a before and b after laser ablation. Schematic illustration of the contact situations

between the water droplet and target surface ¢ before and d after laser ablation.



X. Song, et al. Acta Mech. Sin., Vol. 38, 221480 (2022)

contact angle 6, of air to water is 180°, and 6= 117° according
to Fig. 9b. Thus, we obtain the relation

(1+cosd, )f; = 0.546, (7)

which satisfies both amorphous and crystalline targets. From
Fig. 9a, the contact angles § for the two targets are 53° and
72°. Therefore, we can further obtain a relation about the
solid-water contact area f; for the two targets, which reads

Wamer _ 17, ®)

Deryst

This relation indicates that for the amorphous target, the
solid area fraction in the ablation crater is only approxi-
mately 81.7% of that of the crystalline material. This analysis
agrees well with the results in Fig. 7, where the amorphous
target indeed shows a larger number of nanovoids with re-
latively smaller sizes. Such removal of more solid matter is
also well explained by the higher degree of superheating and
explosive boiling, as shown in Fig. 8.

4. Conclusions

The ablations of an amorphous Vitreloy 1 alloy and its
crystalline counterpart are comprehensively studied under a
nanosecond pulse laser in air. By comparison, we can derive
important conclusions as follows.

(1) Despite very different topological structures, the two
alloys share similar dynamics for laser-induced plasma and
shock waves. The rapidly expanding plasma excites the
shock wave propagating into air, which is dominated by
momentum transfer.

(2) Both alloys suffer significant thermal ablation in the
form of explosive boiling, which incurs an ablation crater
with a hierarchical morphology: microdents covered by na-
novoids. Compared with crystalline alloys, the ablation
crater of amorphous alloys is of relatively shallower depth
but consists of a larger number of nanovoids with smaller
sizes.

(3) The morphologies of ablation craters are further ex-
plained by theoretical analyses. The underlying mechanism
is that the amorphous alloy target experiences a higher de-
gree of surface superheating and explosive boiling but has a
relatively smaller heat-affected zone than the crystalline
target. In other words, for amorphous alloys, significant
explosive boiling is confined within a relatively shallower
ablation depth, thus showing a better performance against
nanosecond pulse laser ablation.

(4) The present laser thermal ablation provides a feasible
way to modify the surface wettability of alloys, either
amorphous or crystalline. The initially hydrophilic surface
can become hydrophobic due to the ablation-induced hier-
archical surface morphologies. The amorphous target shows
a more obvious increase in the surface contact angle, which

221480-9

is ascribed to a substantial amount of matter removal via
highly violent explosive boiling.
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