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Surface rippling on bulk metallic glass under nanosecond pulse
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We report an interesting surface ripple patterns in the irradiated area of a Zr-based bulk metallic
glass by nanosecond pulse laser with single shot. Such surface rippling phenomenon can be
ascribed to the Kelvin-Helmholtz instability at the interface between the molten layer and the
expanding plasma plume. The analytical instability criterion is obtained via a perturbation analysis.
Furthermore, the model demonstrates that the characteristic spacing of the ripples is dominated by
the density, transverse velocity of the plasma wind, and the surface tension of the molten layer. The
predicted spacing agrees well with the experimentally observed values. The results are fundamentally
useful for laser-processing bulk metallic glasses (BMGs) and even for understanding the nature of
flow in BMGs. © 2011 American Institute of Physics. [doi:10.1063/1.3656700]

Since the first operating devices in 1960," high-power
laser has captured much attention of the scientific and engi-
neering community. In the course of practical applications,’
the laser-induced surface patterns open a window into under-
standing the mechanism for the laser-material interactions.>”
It is noted that, however, previous works mainly focused on
crystalline materials (metals, alloys, semiconductor, etc.) or
traditional glassy materials. Bulk metallic glasses (BMGs)
with both glassy-state structure and metallic-bonding charac-
ter show a series of intriguing mechanical, physical, and
chemical properties, having wide range functional and struc-
tural applications.® ' Due to rapid heating and cooling, lasers
have been widely used to welding, cutting, cladding, alloying,
glazing, annealing, melting, or ablating the small-scaled amor-
phous alloys such as ribbons, films, and wires,l3_17 very
recently extending to BMGs."®'” Through laser-processing,
microstructures,'>~'” magnetic properties,'* forming ability,°
and mechanical properties'® of this kind of glassy alloys can
be significantly improved, whereas only few works have
focused on the surface patterns.'**"?? Its underlying physics
is still unclear and deserves further investigations. In this let-
ter, we observed a concentric surface ripples on a typical Zr-
based BMG irradiated by single pulsed nanosecond laser. The
possible mechanism of such rippling phenomenon is quantita-
tively discussed in terms of the hydrodynamic instability.

A typlcal BMG Zr41,2Ti13,8Cu10Ni12_5B622,5 (Vlt 1)
was adopted as target materials. Target specimens
(10mm x 10mm x 2mm) were cut by wire electrical dis-
charge machining the as-cast materials. Then, the target
surfaces were electro-polished. The glassy nature of the tar-
gets was confirmed by x-ray diffraction (XRD). In order to
examine the response of the original structure of Vit 1 BMG
to the laser, single pulse laser ablation experiments were per-
formed using a Q-switched Nd: YAG solid state laser (wave-
length as 532 nm, pulse duration as 10 ns, and maximum
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pulse energy as 500 mJ) in ambient air and at room tempera-
ture. After irradiation, a high-resolution scanning electron
microscope was used to examine the surface morphology of
all targets.

Figure 1(a) displays the typical surface features of the Vit
1 BMGs irradiated by single pulse laser with the intensity of
about 2.5 x 10"> W/m? As marked by “A” in Fig. 1(a), there
exists a concentrated ablated region (about 200 um diameter)
at the center of the irradiated area. Fig. 1(b) shows a high-
magnification micrograph of this ablated region, where the
ablation-induced plasma plume would occur due to the pulse
energy higher over the ablation threshold of material. A close-
up view of the area “B” in Fig. 1(a) is presented in Fig. 1(c).
An enlarged view of the area “C” in Fig. 1(c) is presented in
Fig. 1(d). Figures 1(e) and 1(f) correspond to the areas “D”
and “E” in Fig. 1(d), respectively. It is noted from these fig-
ures that the material undergoes melting in the region from
the outer boundary of the central ablated region to the edge of
the irradiated area. Quite interestingly, concentric ripples at a
microscale are prone to form prior to the material solidifica-
tion. The characteristic spacing of the ripples is approximately
about 5 um (see Figs. 2(d) and 2(e)). As indicated in Fig. 2(f),
the ripple spacing decreases at the edge of the irradiation area
due to the solid-boundary effect. The observed spacing values
are much greater than the incident laser wavelength (532 nm).
This implies that the light interference effect’ should be
excluded, whereas a certain hydrodynamic mechanism should
become operative.® The large scaled ripple-type surface pat-
terns look much like an unstable interface between the wind
and the water in a pond when the wind skitters along the water
surface. In the present case, the molten Vit 1 at the irradiated
area plays the role of “water,” and the “wind” comes from
expansion of the high pressure plasma plume generated at the
central ablated region. The laser-induced plasma plume and
the molten Vit 1 pool constitute two fluid layers with different
density and horizontal velocity. In hydrodynamics, this kind
of configuration turns our attention to the Kelvin-Helmholtz
(K-H) instability.”> We therefore identify the K-H instability
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FIG. 1. The irradiated morphology of the Vit 1 BMG by a nanosecond pulse
laser with singe shot. (a) The full view of irradiated area. (b) The concen-
trated ablated region marked by “A” in (a). (c) A close-up view of the area
“B” in (a). (d) An enlarged view of the area “C” in (c). (¢) and (f) correspond
to the areas “D”” and "E” in (d), respectively.

as a viable mechanism if the predicted instability wavelength
is consistent with the characteristic spacing of the observed
ripples.

The relative motion of two layers of fluids, i.e., the Vit 1
melt and the plasma plume, is modeled in an Eulerian coor-
dinate system (x,z). The incident direction of the laser is
along the negative z-axis. The expanding plume is located in
region I, z > 0; the melted Vit 1 in region II, z < 0. The ini-
tial interface is at z = 0. To be specific, we suppose that the
streaming only takes place in the x-direction. Both fluids are

FIG. 2. (Color online) Prediction of ripple spacing /, with the change of
density p,, and initial horizontal velocity ug; of the expanding plasma.

Appl. Phys. Lett. 99, 191902 (2011)

considered as incompressible and viscid, during which the
effects of surface tension and gravity are involved. The gov-
erning equations for the full field including the upper plume,
the lower melt and their interface are given by

pdu/dt = —dp/dx + uVu, 1)

pdw/dt = —9p/dz — pg + uV*w + 66(z — 240) 0%z, Ox°,

)
dp/dt =0, 3)
V- (uw) =0, @)
dz, /dr = wy, 5)

where Egs. (1) and (2) are the equation of motion along the
x-direction and z-direction, respectively, Eq. (3) the incom-
pressible condition, Eq. (4) the continuity equation, and
Eq. (5) the interface continuity condition. In these equations,
p is the density, u is the horizontal velocity, w is the vertical
velocity, p denotes the coefficient of viscosity, p is the pres-
sure, g is the gravity acceleration, o is the surface tension
constant, J is the Dirac delta function, the subscript “s”
denotes the interface, and zy = 0 is the initial position of the
interface.

The K-H instability can be studied by imposing a pertur-
bation {u',w',p’, p’, 1/, 2.} of the form expi(wt + kx) on the
initial static state {uo, wo, po, Po; o, Zs0 } and then concentrat-
ing on the evolution of the disturbed interface. In order to
highlight the essential physics, we assume that uy = u(z),
wo =0, pyg = po(z), and p, = const. Here, k is the wave
number, and w = y + i, here o is related to the rate of insta-
bility growth. The stability of the interface is now deter-
mined by the sign of «. If o < 0, it is stable; in the opposite
case, unstable.

Inserting the perturbation into Egs. (1)—(5) and only con-
sidering the first order terms of the perturbation, we can
obtain the governing equation for the perturbed velocity w',

D [—poi(w + kuo)DwW + ipokDugw’
+ Uy (D2 — kz)Dw’ — i,u’szuO}
+ poi(e + ikug)kPw — po(D? — K2)kPw
= gk*2Dpy — ok*z 8(2), (6)
where D = 9/9z. Through the integral approximation, the
boundary condition that is satisfied at a surface of disconti-
nuity is obtained as follows:
As[—poi(® + kug)Dw' + ipgkDugw’
+11o(D* — K*)DwW' — it kD*ug — pok>Dw'|
= gk*[As(po) — ok*/g]z,, (7)
where Ay =f. 10 — f-,—0. Keep in mind that the domain of
interest is the two thin fluid layers in the vicinity of the inter-

face. Therefore, we shall further suppose that the two fluids
are streaming with the constant velocities ug; and ug, as well
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as constant densities p,; and py,. In this case, we can obtain
the solution of Eq. (6) except for the interface, that is,

wh = Zi(o + kug )e ™™ (z > 0), ()

wh = Zli(w + kugy)e  (z < 0). ©)
Applying the boundary condition (7) to the solutions, we
have the spectral equation for the initial growth rate « of the
perturbation,

a4ot4—|—a3oc3 +6120(2+a10(+610 =0. (10)

The coefficients of this polynomial are determined by the ini-
tial static sate of liquids and the perturbation wave number.
According to the Routh-Hurwitz criterion,24 the instability
criterion for the interface between the upper plasma plume
and the lower molten Vit 1, i.e., the onset condition for the
K-H instability, can be obtained,

2
(o1 + Hoo)

(uo1 — 1402)2 >
pm#%z + Pozﬂ%l

[ak +%(Poz - 901)}- D

It can be readily seen from this criterion that the difference in
initial horizontal velocity ug; — ug, incurs the interface insta-
bility; the surface tension o, gravity g, and the density differ-
ence py, — Po; suppress the instability development. As for
the viscosity, the increase in the ratio of the upper viscosity to
lower viscosity L, /1y, facilitates the K-H instability. In other
words, the larger the plasma viscosity is, and the smaller the
melt viscosity is, the easier their interface instability occurs.

Based on the instability criterion (11), the dynamic bal-
ance between the stabilizing and destabilizing effects deter-
mines a critical wavelength,

1= (ttor + po2)’  4no (12)
© Poty + Poakdy (uor — ugn)”
Perturbations with a wavelength smaller than A, will die out,
whereas the ones with a wavelength larger than A, will grow
exponentially. However, the instability must occur at a spe-
cial set of wavelength or wave number, which is the domi-
nant (fastest) mode instability. This dominant wavelength /,,
is usually v/3 times A..*> In fact, 4, corresponds to the ripple
spacing observed finally. For the current pulse laser on Vit 1
BMG with the intensity of ~10'> W/m?, the velocity of Vit 1
melt may be taken to be zero compared to the plasma plume
velocity, which is larger than ~10° m/s.® The density of Vit
1 in the liquid state pgy, ~ 6 X 103kg/m3,26 which is much
greater than that (~1-2 kg/m?) of plume.?” The Vit 1 melt
has the viscosity of about 10" Pas that is much larger than
that (close to atmospheric viscosity, 10" uPas) of plume.?®
Considering that pg; < fpp, po; <K pop» and up — 0, the
ripple spacing is actually determined by the density and ini-
tial horizontal velocity of the expanding plasma for fixed
o~ O.83Nm’1,29 as shown in Fig. 2. In fact, there is a trend
that the plasma with lower density has the higher velocity.*®

Appl. Phys. Lett. 99, 191902 (2011)

Therefore, the predicted 4, usually ranges from the corner
“A” to “B,” between 1 and 6 pum. The actually measured
spacing of the surface ripples (see Fig. 1) falls nicely in this
range of values. Such agreement validates the K-H instability
mechanism for the observed ripples on the Vit 1 BMG by
nanosecond pulse laser with single shot. The laser-induced
fluid dynamics instability implies that the BMGs have the
capability to even energy absorption and resultant flow upon
the nanosecond pulse laser. The BMG can behave a liquid
with the supply of energy even at nanosecond time scale,
showing the super fluidity. This is because the BMGs have
very short mean free path of electron and lack in gain boun-
daries,”! compared to the polycrystalline alloys.
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