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Transport Phenomena and Droplet
Formation During Pulsed Laser
Interaction With Thin Films
This work investigates transport phenomena and mechanisms of droplet formation d
a pulsed laser interaction with thin films. The surface of the target material is alte
through material flow in the molten phase induced by a tightly focused laser energy
Such a process is useful for developing a laser-based micromachining technique. E
mental and numerical investigations of the laser-induced fluid flow and topography v
tions are carried out for a better understanding of the physical phenomena involved i
process. As with many machining techniques, debris is often generated during
material interaction. Experimental parametric studies are carried out to correlate
laser parameters with the topography and droplet formations. It is found that a nar
range of operation parameters and target conditions exists for ‘‘clean’’ structures to
fabricated. The stop action photography technique is employed to capture the su
topography variation and the melting development with a nanosecond time resolutio
a micrometer spatial resolution. Numerical simulations of the laser-induced surface
formation are also performed to obtain the transient field variables and to track
deforming surface. The comparison between the numerical and experimental work
that, within the energy intensity range investigated in this work, the surface deform
and droplet formation are attributed to the surface-tension-driven flow, and the re
pressure effect plays an insignificant role in the surface topography developm
@S0022-1481~00!02903-0#
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1 Introduction
Droplet formation is a common problem in laser machinin

Many studies have attributed droplet formation to fluid flow ins
bilities that develop from disturbances in the molten surface of
target ~@1#!. These disturbances lead to a wavy surface due
thermocapillary effects, which grow into surface structures due
the capillary wave instability. Droplets may then form from th
capillary wave instability itself, or due to other instability mech
nisms. The initial temperature disturbances can be attributed
number of factors, including laser spatial intensity distributio
that oscillate over time, as is the case with non-Gaussian l
beams, or a surface roughness that may cause nonuniform ab
tion of the incident laser beam.

The purpose of this work is to study the transport phenom
and droplet formation in a pulsed laser thin film interaction. Lit
work has been done on analyzing droplet formation arising fr
the use of lasers with Gaussian intensity distribution where
fluid flow is dominated in the radial direction. Because of t
intensity distribution of the Gaussian laser beams, it is doub
that capillary wave instabilities are contributing factors to drop
formation. Balandin et al.@2# studied the flow of iron containing
surface active impurities irradiated by a nanosecond pulsed la
No discussion of droplet formation was included. Dimitrov@3#
observed droplets in his study but gave no explanations or theo
to the droplet mechanisms either. Bennett et al.@4# used a finite
element method to study the fluid flow and heat transfer in
nanosecond pulsed laser texturing process of magnetic disk
strates. Fluid flow was attributed to both thermocapillary a
chemicapillary forces. The chemicapillary forces resulted fr
mass diffusion of phosphorous due to a concentration grad

1To whom correspondence should be addressed.
Contributed by the Heat Transfer Division for publication in the JOURNAL OF

HEAT TRANSFER. Manuscript received by the Heat Transfer Division, Aug. 1
1999; revision received, Apr. 19, 2000. Associate Technical Editor: A. Majumd
Copyright © 2Journal of Heat Transfer
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caused by depletion of phosphorous at the free surface. W
et al. @5# performed a parametric study which demonstrated t
for a narrow range of laser pulse energy, holes could be form
due to the flow in the radial direction as shown in Fig. 1, with
debris found in the surrounding area. However, above
narrow energy range, the strong radial flow could lead to drop
formation.

In a pulsed laser micromachining process, flow acceleratio
high. Common instability mechanisms such as Rayleigh-Taylo
Kelvin-Helmholtz can occur. The Rayleigh-Taylor instability o
curs when two superposed fluids of different densities are ac
erated toward each other. If the density of the overlying fluid
less than the underlying fluid, the motion will be unstable f
disturbance wavelengths greater than the critical wavelength,Lc ,
which is calculated by~@6#!:

Lc52pS g

g~r12r2! D
1/2

(1)

6,
r. Fig. 1 Laser-induced phase change and Marangoni flow
000 by ASME NOVEMBER 2000, Vol. 122 Õ 763
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Fig. 2 Results of experimental parametric study for 0.3 mm chromium film on
quartz substrate
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wherer1 is the density of the underlying fluid,r2 is the density of
the overlying fluid,g is the surface tension, andg is the accelera-
tion of gravity.

The Kelvin-Helmholtz instability can occur at the interface
two fluids of different density in relative horizontal motion. Flow
will be stable for relative velocities given by the criteria

~v12v2!2,
2~r11r2!$gg~r12r2!%1/2

r1r2
. (2)

The critical wavelength above which instability can develop
the Kelvin-Helmholtz instability is also given by Eq.~1!. It should
be noted that Eqs.~1!–~2! are approximations developed for in
viscid, two-dimensional flows. In reality, flow instabilities will b
three dimensional in nature, possibly due to nonuniform hea
by the laser, which will lead to nonuniform velocity, density, a
recoil pressure distributions.

In the pulsed laser-induced fluid flow, the gravitational force
small compared to the acceleration forces that result from
large surface tension gradient at the molten surface. The gra
tional term in the above equations therefore should be repla
with a flow acceleration term in a flow stability analysis.

In this work, the possible mechanisms of droplet formation d
ing pulsed laser interaction with thin chromium films are inves
gated. An in situ photography technique with a nanosecond t
resolution is employed. This experiment shows the transient
pography changes of a thin chromium film irradiated by a pul
Nd:YLF laser with a 20-nsec pulse width. A numerical code
used to calculate the transient velocity and temperature fields
free surface motion. Results of experimental and numerical w
are used to analyze the possible mechanisms of droplet forma

2 Experimental Study
A parametric study~@5#! was performed on laser machining o

thin chromium films deposited on glass substrates. Topogra
changes and debris formation patterns induced by a pu
Nd:YLF laser were investigated. A narrow range of energy d
sity levels was found in which debris-free surface structures co
be obtained. This energy range lies between a threshold for
formation at low energy, and a threshold for droplet formation.
low pulse energy, above the threshold for hole formation,
pulse energy is large enough that surface-tension gradients in
hole opening. As pulse energy increases, radial flow beco
rapid enough that inertial effects dominate and cause drople
separate from the molten pool. A summary of the resulting top
raphy changes and droplet formations resulting from 20-n
pulses focused to a 9.5-mm radius is shown in the microphoto
graphs in Fig. 2. A debris-free 7.5-mm diameter hole created in
the chromium film by a 0.95-mJ pulse is shown in Fig. 2~a!.
Increasing pulse energy to 1.6mJ resulted in a 10-mm hole diam-
eter and formation of droplets. At this energy level the holes
still relatively clean since few droplets are formed; however,
creasing the energy further increases the number of droplets.
is seen in Fig. 2~c! for an 11-mm hole created by a 2.0-mJ laser
pulse. Figure 2~d! again shows an increased number of dropl
for a 13-mm hole resulting from a 2.7-mJ pulse. This pattern con
tinues as energy increases, and the droplets become unifo
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dispersed around the outer edge of the hole, as seen in Fig.~e!
for a 15-mm hole created by a 3.6-mJ pulse. Atomic Force Mi-
croscopy verified that the surface deformations seen in Fig. 2
holes. The holes created by 0.9 and 2.1-mJ pulses are shown in
Fig. 3. The 0.9-mJ pulse energy is just above the threshold
hole formation, and the resulting hole is asymmetric. Howev
the hole does show that material is displaced to the outer edg
the hole and built up around the edges due to the surface-ten
driven flow as illustrated in Fig. 1. The 2.1-mJ pulse energy shows
a similar pattern with improved symmetry. Power densities in t
study are on the order of 62 MW/cm2 for the highest energy used
No plasma is formed at the highest laser power density.

An in situ photography technique, the stop action photograp
is developed to capture the transient melting and fluid flow p
cesses~@5#!. The experimental diagram is shown in Fig. 4.
pulsed nitrogen laser pumped dye laser with a visible wavelen
of 600 nm and pulse width of 2.5 nsec was used to illuminate
surface of the specimen. The dye laser illuminates the speci
through a long working distance microscope objective syste
which magnifies the specimen surface by 400x. Both the dye la
and the Nd:YLF laser are triggered by a pulse-delay genera
The delay between the two laser pulses is controlled by the pu
delay generator, such that the dye laser is triggered after
Nd:YLF laser and exposes the film at the desired time. A 35-m
camera captures the illumination of the dye laser and stops
motion of the fluid on film. A 600-nm filter with a 40-nm band
width is placed in front of the camera to remove any light fro
sources other that the nitrogen laser pumped dye laser. This e

Fig. 3 AFM results: „a… 0.9 mJ pulse. Vertical scale is 0.4 mmÕ
div., horizontal scale is 0.86 mmÕdiv. „b… 2.1 mJ pulse. Vertical
scale is 0.3 mmÕdiv., horizontal scale is 1.1 mmÕdiv.
Transactions of the ASME
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nates infrared light from the Nd:YLF laser that is reflected fro
the specimen surface, and thermal emission from the speci
surface and hot vapor. Only one photograph can be taken of
hole resulting from a laser pulse, therefore many photogra
were taken at each pulse energy level and trigger delay set
The experiments were repeatable, and the photos shown are
resentative of the results of several experiments at each d
time. The actual delay is measured by two fast photodiodes,
corrections are made for differences in optical path lengths
times for signals to reach the oscilloscope through cables.
measured delay is between laser peaks by approximating tem
distributions of the lasers as triangles. Two photographs are ta
of each hole, one in situ, and the other several seconds afte
laser pulse has ended~`!. Comparison of the two photograph
allows the determination of the time at which changes in the h
geometry have ended. The 35-mm camera views an area o
proximately 2503250mm, which limits the resolution of the op
tical system since only a small area of approximately
360mm is of interest in experiment. Only enlargements of t
area of interest are presented.

The stop action photography is performed for 20-nsec f
width half-maximum~FWHM! laser pulses incident on 0.3-mm
chromium films deposited by DC sputtering in ultrahigh vacuu
The focused laser radius is again 9.5mm. The parametric study
~Fig. 2! showed that randomly dispersed droplets were crea
around the outer edge of the hole for the 1.6, 2.0, and 2.7mJ
pulses, with the number of droplets increasing with pulse ene
The 3.6-mJ pulse increased the number of droplets and scatt
them further away from the edge of the hole as seen in Fig. 2~e!.
The in situ photographs for a 2.0-mJ experiment are shown in Fig
5. Surface deformation within the laser-irradiated zone is see
11 nsec. The deformed region within the laser-irradiated z
undergoes a rapid change between 17 and 34 nsec as sho
Figs. 5(b–d). There is also a central region which has a high
reflectivity than the rest of the deformed area, Figs. 5(d– j ). This
central region decreases in brightness with time until it is
visible in the 150-nsec photo in Fig. 5~k!. The explanation for the
high reflectivity spot is that the surface tension gradient is low
near the center of the laser-irradiated zone than it is near the o
edge of the laser-irradiated zone. Therefore, the center area o
irradiated zone does not begin to flow as early as the outer reg
As time progresses, the flow pulls the chromium away from
center of the molten pool, leaving only glass in the center and t
decreasing the reflectivity. After 249 nsec no changes are see
the surface geometry, indicating that the surface deformation
cess is complete. The final hole diameter is approximately 11mm.
Note that the photographs taken by the stop action photogra
~Fig. 5! have slightly poorer spatial resolution than those tak

Fig. 4 Experimental diagram of stop-action photography
Journal of Heat Transfer
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under an optical microscope after the process is complete~Fig. 2!.
Individual droplets are not clearly seen in Fig. 5.

Photographs of the transient surface topography resulting f
2.7-mJ laser pulses are shown in Fig. 6. Surface deformation
visible at 14 nsec and the hole size increases little after this ti
Similar to the 2.0-mJ experiment, a central high reflectivity spo
appears within the laser-irradiated zone that dissipates in bri
ness with time. The modified area becomes distorted at the o
edge between 98 and 184 nsec. This is the unstable fluid
leading to the formation and separation of droplets. This distort
is due to scattering of light by droplets in all directions, maki
less light incident on and reflected off the target. This results i
blurring effect, making the holes appear larger, thus the final ho
are smaller when compared to those in the intermediate tim
Thermal lensing may also contribute to this blurring, but it on
affects the very vicinity of the hole since the heat-affected zo
on the order of 1 micron, is much smaller than the blurred ar
Individual droplets become visible in the photograph at 184 ns
After 283 nsec no changes are seen in the hole diameter or dr
patterns surrounding the hole, indicating that the surface mo
cation process is complete. The final hole diameter is appr
mately 13mm.

Photographs of the transient surface topography induced
3.6-mJ laser pulses are shown in Fig. 7. Surface deformation
seen at 14 nsec followed by expansion of the deformed area
25 nsec. A central high reflectivity spot, similar to those seen

Fig. 5 Transient micrographs of 0.3- mm chromium film irradi-
ated by 2.0- mJ 20-nsec laser pulses. Indicated time is with re-
spect to the beginning of the laser pulse at tÄ0.

Fig. 6 Transient micrographs of 0.3- mm chromium film irradi-
ated by 2.7- mJ 20-nsec laser pulses. Indicated time is with re-
spect to the beginning of the laser pulse at tÄ0.
NOVEMBER 2000, Vol. 122 Õ 765
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Fig. 7 Transient micrographs of 0.3- mm chromium film irradiated by 3.6- mJ
20-nsec laser pulse. Indicated time is with respect to the beginning of the laser
pulse at tÄ0.
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Figs. 5–6, is also seen in the photographs at 3.6mJ, but this bright
spot diminishes after 50 nsec. Similar to the previous experime
the outer edge becomes distorted from 64 to 152 nsec due to
separation of droplets from the edge of the hole. Changes in
surface topography continue much longer in this experiment,
droplets are not seen until 281 nsec, as seen in Fig. 7~o!. The flow
has ceased at 429 nsec since no changes in the surface topog
are seen after this time. The final hole diameter is approxima
15 mm.

The three in situ experiments presented here all indicate m
ing within the first 20 nsec of the laser pulse, with rapid ho
expansion while the laser pulse is incident on the surface. F
flow is observed long after the laser pulse is completed at 40 n
and lasts for over 250 nsec. Solidification time increases w
increasing pulse energy, ranging from approximately 249 nsec
a 2.0-mJ pulse, to about 429 nsec for a 3.6-mJ pulse. The experi-
ments show rapid flow development and droplet formationafter
the end of the laser pulse. The flow lasts longer with increas
pulse energy.

3 Numerical Modeling
A numerical model of the pulsed laser surface modificat

process is developed. The energy transfer and fluid flow indu
by the laser irradiation are governed by the mass, momentum,
energy conservation equations

¹•v50 (3)

r
]v

]t
1r~v•¹!v52¹p1¹~m¹•v! (4)

r
]h

]t
1r~v•¹h!5¹•S k

cp
¹hD1Q (5)

In these equations,v is the velocity vector,p the pressure, andh
the enthalpy. The thermophysical propertiesr, m, k, andcp are,
respectively, the density, viscosity, thermal conductivity, and s
cific heat. The enthalpy method~@7#! is employed in the energy
equation, Eq.~5!, to calculate the solid-liquid phase change. Ph
transition in the glass substrate is neglected, and flow of the s
ened glass is neglected due to its high viscosity. The volume
heating termQ is used to describe the nonuniform absorption
the laser energy in the target, since the laser energy is abso
exponentially along the optical axis, and is Gaussian in distri
tion along the radius of the laser beam. The absorption of la
energy is modeled as instantaneous heating with a triangular
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poral distribution of 20 nsec~FWHM!. Therefore, the entire
length of the laser pulse is 40 nsec. The absorbed laser ener
estimated by calculating the reflectivity of chromium at the la
wavelength, which is calculated from the complex index of refra
tion of chromium to be 63 percent.

At the surface of the laser melted region, fluid flow is induc
due to the tangential forces of the surface tension gradient cre
by the temperature gradient along the free surface. Therefore
boundary condition at the free surface in the tangential directio
expressed as

t•t5t•¹g1~ t•¹T!
]g

]T
5mn•¹~v•t! (6)

The boundary condition normal to the free surface is the bala
between the normal component of the surface traction vector
the surface tension forces due to the curved free surface and
pressure

n•t52
g

Rc
2pr (7)

whereRc is the radius of curvature,pr is the recoil pressure, and
g is the surface tension. The equation that governs variation
the free surface with time is given by

]S

]t
1v•¹S50 (8)

whereS is the free surface geometry.
At the free surface, the recoil pressure is related to surf

temperature by the kinetic theory~@8#! as

pr5po expH DHlv~T2Tlv!

RTTlv
J (9)

The molar mass flux,j̄ v due to evaporating atoms at the fre
surface is given by~@8#!

j̄ v5Apr~2pMRT!21/2 (10)

and this molar mass flux is related to the thermal boundary c
dition at the evaporating surface as

kl¹T52DHlv j̄ v . (11)

Equations~9!–~11! are used as boundary conditions for the ene
equation.po is the atmospheric pressure,DHlv is the enthalpy of
vaporization,Tlv is the equilibrium boiling temperature,T is the
Transactions of the ASME
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Table 1 Thermophysical properties of chromium „†10,18–22‡…

Melt Temperature 2133 K Enthalpy of Fusion 16.933 kJ/mo
Equilibrium Boiling Temperature 2953 K Enthalpy of

Vaporization
344.3

Refractive Index @l51.047mm 4.521 i4.29 Molar Weight 52.01 kg/kmol
Activation Energy E555 kJ/mol Density 7100 kg/m3

Viscosity at Melt Temperature m50.000684 kg/m•sec
Surface tension g51.70020.00032(T2Tm) N/m
Thermal Conductivity k569.910.15979T20.0004212T213.926531027T3

21.5974310210T412.4025310214T5 W/m•K
Specific Heat cp5236.2311.0788T20.0015052T219.737931027T3

21.8628310210T4 J/kg•K
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surface temperature, andR is the universal gas constant. In E
~10!, A is a ‘‘sticking coefficient,’’ which is the fraction of vapo
particles hitting the surface that stick to it. For metals, the value
A is approximately unity~@8#!.

Boundary conditions at the far field are given by

v50 (12)

¹T50. (13)

A no-slip boundary condition is used at the chromium/glass in
face, because the dynamics of three-phase interface is not
known and thus not considered in this work. Numerical calcu
tions are carried out using the computational fluid dynamics co
FIDAP ~Fluent Inc., Lebanon, NH!. The system is modeled a
two-dimensional axisymmetric due to the symmetry of the in
dent laser beam. Thermophysical properties used in the sim
tions are listed in Table 1. Whenever possible, temperat
dependent material properties are used. The tempera
dependence of viscosity is modeled as an Arrenhius relation
given by ~@9,10#!

m5mo exp~E/RT! (14)
Journal of Heat Transfer
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wheremo is a reference viscosity which is normalized such th
Eq. ~14! results in the viscosity at the melting temperature giv
in Table 1 when the melting temperature is used in Eq.~14!. E is
the activation energy and is estimated by~@9#!

E50.431Tm
1.348 (15)

The surface tension data are for pure chromium obtained f
Brandes and Brook@10#. The original values are from Allen
~@11,12#! which were measured at the melting temperature~@11#!
and calculated for higher temperatures~@12#!. The surface tension
of metals that have been exposed to atmospheric conditions
have chemically active surface impurities such as oxygen and
fur. It has been reported that these surface active impurities
alter the surface tension significantly, such that the surface ten
can actually increase at temperatures slightly above the me
temperature~@13–15#!. Bostanjoglo and Nink@16# and Balandin
et al. @2# reported that the effect of an increased surface tens
above the melting point in metals during laser melting of th
films could cause thickening of the thin film at the center of t
laser spot. Therefore, the effect of oxidation could be significa
Fig. 8 Calculated transient velocity field of a 0.3- mm chromium film irradi-
ated by a 2.0- mJ, 20-nsec laser pulse
NOVEMBER 2000, Vol. 122 Õ 767
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However, for chromium with oxygen and sulfur impurities, th
only experimental data in literature shows a negative tempera
coefficient ~@17#!. Therefore, only a negative temperature coe
cient of surface tension is considered in the simulation.

Calculations are performed for incident laser pulse energie
2.0 and 2.7mJ with 20 nsec pulse width~FWHM! and a radius of
9.5 mm incident on a 0.3mm chromium film. A domain with a
radius of 12mm and axial depth of 0.9mm is used. The axial
depth consists of the 0.3-mm thin chromium film and a 0.6-mm
glass substrate. The glass substrate is much thinner than that
in the experiments; however, the thermal penetration depth
the glass is very small within the time period of interest, appro
mately 0.13mm. Due to the same reason, the domain size in
radial direction, 12mm, is large enough to contain the temperatu
and fluid field development. The grid size of the thin film is 6
nodes in the radial direction and 12 nodes in the axial direction
grid independence study is performed for the 2.0mJ, 20 nsec laser
pulse by varying the number of grids in the radial direction. G
sizes of 60312 and 80312 were tested and little differences we
found. The Quasi-Newton~Broyden’s update! method is used to

Fig. 9 Transient „a… center node temperature, „b… maximum
velocity, and „c… center node recoil pressure of 0.3- mm chro-
mium film irradiated by 2.0 and 2.7- mJ 20-nsec pulses
768 Õ Vol. 122, NOVEMBER 2000
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solve the system of nonlinear equations. Time integration is p
formed by the backward Euler method. Approximately 200 ho
of CPU time is required to complete each simulation on a Hew
Packard 715/50.

The transient velocity field resulting from a 2.0mJ pulse is
plotted as a half-domain in Fig. 8, with thez-axis as the axis of
symmetry. The velocity field begins to develop on the thin mel
surface layer halfway into the laser pulse, seen at 24 nsec in
8~a!, and flows away from the center of the irradiated area due
the surface tension gradient along the free surface. The flow
celerates to 11.7 m/sec at a time of 53 nsec in Fig. 8~b!, and the
velocity peaks at 13.7 m/sec at 99 nsec, and decreases slowly
this time. The velocity is still well developed with a maximum
velocity of 8.5 m/sec at a time of 192 nsec, as seen in Fig. 8~d!. At
238 nsec, the maximum velocity has actually increased when
location of the maximum velocity is moving toward the center
the irradiated zone. The size of the velocity field has decrea
significantly since the molten pool is solidifying. The maximu
velocity decreases rapidly until it is almost zero at 258 nsec
seen in Fig. 8~f !. Note that the fluid flow field does not develo
until after the laser pulse has ended~40 nsec! and topography
development occurs long after the laser pulse has ended. This
be seen in Figs. 8~c–f !. These results compare well with the e
perimental results. The experimental study showed droplets
side of the holes, resulting from the high velocity radial flow aw
from the center of the molten pool.~This will also be discussed in
Section 4.! The numerical results also correlate well with the
situ photography experiment, which showed flow developm
during the later half of the laser pulse, and rapid changes in
laser-irradiated area after completion of the laser pulse. The
merical model also shows that the center of the laser-irradia
zone will be thicker than the remaining modified area early in
process because the surface tension gradient is the lowest t
resulting in the lower velocity fluid flow.

The transient maximum temperature, velocity, and recoil pr
sure are plotted in Figs. 9~a!, ~b!, and~c!, respectively, for the 2.0
and 2.7-mJ laser pulses. The maximum temperature is reache
approximately 30 nsec, however, the fluid flow in the molten p
is still accelerating at this time for both laser energy levels. Fig
9~b! shows that the velocity continues to increase long after
end of the laser pulse. Note that the radial velocity in the mol
pool increases rapidly when pulse energy increases, increa
inertial effects. Recoil pressure peaks at the same time as
maximum temperature~see Eq.~9!!, and is only significant during
the first 60 nsec of the process. Figure 8 shows that the topo
phy of the free surface developed long after the laser pulse en
therefore, it is unlikely that recoil pressure contributes sign
cantly to the process. This is due to the fact that the topogra
development occurs long after the laser pulse has ended, whil
recoil pressure is negligible after 50–60 nsec. In order to de

Fig. 10 Final surface topography of 0.3- mm chromium film ir-
radiated by 2.0 and 2.7- mJ 20-nsec incident laser pulses
Transactions of the ASME
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mine if recoil pressure has an impact on the results, simulat
are performed with and without the recoil pressure term in Eq.~7!
for both 2.0 and 2.7-mJ laser pulses. Due to the time required
perform a simulation with a temperature-dependent viscosity,
tests are performed using a constant viscosity. The results o
simulations show no changes in the transient velocity field o
the final surface topography. It is thus concluded that surface
sion dominates the fluid flow, and that the recoil pressure has
significant influence on the processes studied in this work.

Plots of the final surface topography are shown in Fig. 10
2.0 and 2.7-mJ 20-nsec incident laser pulses. The 2.0-mJ pulse
results in a hole that is approximately 8mm in diameter and 0.2
mm deep. The 2.7-mJ pulse results in a hole that is approximate
12 mm in diameter and 0.2mm deep. These diameters are smal
than the experimental values of approximately 11mm for the
2.0-mJ pulse, and 13mm for the 2.7-mJ pulse. The differences
between the experimental and numerical hole sizes could be
tributed to limitations of the numerical model. One of the limit
tions of the model is the limited knowledge of material properti
This is because thin film thermal properties and high-tempera
thermal properties are not well known. The current model u
bulk material properties that are linearly extrapolated for h
temperatures. Another limitation of the model is that the den
change from the solid to liquid phase is not accounted for, wh
may affect the surface topography and the velocity fi
development.

4 Instability of the Laser-Induced Fluid Flow
The results of the experimental and numerical studies are u

to analyze the instability mechanisms and droplet formation in
laser-induced molten pool. Although flow instabilities and drop
formation are not simulated due to their three-dimensional nat
the results of the two-dimensional model can be used to ob
acceleration data for an order of magnitude estimation. The
culations for the 2.0 and 2.7-mJ pulses predict maximum flow
accelerations of approximately 3.533108 m/sec2 and 1.29
3109 m/sec2, respectively. Replacing the gravitational accele
tion term in Eq.~1! with these acceleration values gives critic
wavelengths of approximately 5.5mm for the 2.0-mJ pulse and 2.9
mm for the 2.7-mJ pulse. These values are on the same orde
magnitude as the molten pool diameter in the present study, th
fore, perturbation in the molten pool can lead to a Rayleig
Taylor instability development. Growth of such an instabili
could lead to a wavy surface, allowing droplets to initiate from t
peaks of the waves. Inspection of Figs. 2~d–e! shows that the
ridges of material around the holes have a wavy pattern, and
2~e! shows droplets connected to the peaks of the wavy ridge

For the Kelvin-Helmholtz instability, if gravitational accelera
tion is used, Eq.~2! predicts flows to be stable for relative veloc
ties less than 24 m/sec, which is on the same order of the ca
lated maximum velocity. However, the critical wavelength is
the order of 33 mm, much larger than the domain of interes
this study. On the other hand, if acceleration of the melt is use
Eqs.~1!–~2!, the critical wavelength will decrease to the order
several microns; however, the relative velocity below which
flow is stable increases to values over 1000 m/s, much higher
the velocities encountered in the present study. Therefore,
unlikely that the Kelvin-Helmholtz instability is present in th
process.

The microphotographs of the laser-irradiated surface show
Fig. 2 show droplets outside the edge of the holes. Numer
simulations and in situ photographs suggest that these droplet
due to the high radial flow velocity moving fluid away from th
center of the molten pool after the laser pulse has ended. Dro
may form when the high velocity flow gains enough inertia
overcome the surface tension forces which hold the fluid toget
allowing material to shear away from the ridge built up at t
outer edge of the holes. The Weber number is a nondimensi
ratio of inertial forces to surface tension forces and is defined
Journal of Heat Transfer
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(16)

where v is the velocity,g is the surface tension, andLc is a
characteristic length scale. Since resolutions of the current in
experimental techniques are not good enough to measure the
velocity, the calculated velocity values are used to estimate
Weber number. A value of 0.5mm is used for the characteristi
length, which is approximately the diameter of the droplets m
sured by SEM. For the 2.0-mJ simulation, a maximum velocity o
13.7 m/sec is achieved, and the Weber number is calculated t
approximately 0.34, which indicates that surface tension for
dominate. The Weber number for the 2.7-mJ simulation is calcu-
lated to be 1.56 at a maximum velocity of 29.1 m/sec, indicat
that inertial forces dominate. These calculations of the We
number correlate well with experiments, which show that a la
increase of the number of droplets occurs when the laser p
energy varies from 2 to 2.7mJ.

5 Conclusions
Fluid flow and droplet formation occurring in a pulsed las

thin film interaction have been studied. Experimental in situ ph
tography of the process shows rapid fluid flow after completion
the laser pulse with evidence of flow instability at the outer ed
of the melted region. Results of a numerical model including
flow development and total time duration correlate well with e
perimental results. Instability analysis shows that the critical
stability wavelength is smaller than the molten pool. Thus, per
bations in the molten pool larger than the critical wavelength m
lead to instability development. The calculated Weber num
also correlated well with droplet formation. It is concluded th
the fluid flow and droplet formation are due to the surface-tensi
driven flow, and the recoil pressure due to surface evapora
plays a minor role in the laser fluence range used in the work
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Nomenclature

A 5 sticking coefficient
cp 5 specific heat
E 5 activation energy
G 5 gravitational acceleration
H 5 enthalpy
j̄ v 5 molar mass flux
k 5 thermal conductivity

Lc 5 characteristic length scale
M 5 molar weight
N 5 surface normal vector
P 5 pressure

Pr 5 recoil pressure
po 5 ambient pressure
Q 5 volumetric heat generation
R 5 universal gas constant

Rc 5 radius of curvature
T 5 surface tangential vector
T 5 temperature

Tlv 5 equilibrium boiling temperature
Tm 5 equilibrium melting temperature
V 5 velocity vector
V 5 velocity

We 5 Weber number

Greek Symbols
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DHlv 5 enthalpy of vaporization
S 5 free surface geometry
g 5 surface tension

Lc 5 critical instability wavelength
r 5 density
t 5 surface traction vector
m 5 viscosity

Subscripts

1 5 underlying fluid
2 5 overlying fluid
l 5 liquid
s 5 solid
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