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Abstract

A microsensor has been developed to measure the spreading of molten metal microdrops upon impact with a solid surface with a time
resolution below Jus. The sensor consists of fine conducting lines made of a gold (Au) and titanium (Ti) two-layered structure on an
insulating surface. The spreading of molten metal on the sensor leads to a resistance drop, which is converted to diameter evolution. Its
measurements are made with a digital oscilloscope, which is much faster than state-of-the-art visualization systems. This work demonstrates
the ultrafast sensing capability with a molten tin (Sn) microdrop. The sensor is especially useful for measuring the rapid expansion of the
contact area in the very early stages of impact, which determines the degree of splashing.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ods for measuring the drops’ dynamic behavior. Molten
metal drops are often generated in inert-gas chambers to
The impact of liquid drops on solid surfaces is funda- minimize oxidation, preventing optical access to impinging
mental to many industrial processes including erosign events. Moreover, the time scale of the microdrop impact
spray cooling[2], and fuel-engine wall interactioi3]. To process is too small to be resolved by even state-of-the-art,
experimentally understand those processes involving waterhigh-speed video systems. For example, the characteristic
or hydrocarbon drops in general, high-speed photographyspreading time of a drop witlh = 300pm andU = 1 m/s
and videography have been used primafity6]. A drop is 300ws, which may further decrease for a smaller drop
spreads upon impact with a time scale- D/ U, with D and and/or a higher impact velocity. As a matter of fact, drop
U being the drop diameter and the impact velocity, respec- velocity can reach tens of meters per second in spray form-
tively, when impact inertial force dominates capillary and ing processes, further reducing the characteristic spreading
viscous forceg7]. For instance, when a water drop bf= time [10]. Especially, the impact of molten metal drops
3mm andU = 1 m/s collides with a solid surface, the drop traveling at high speed often results in splashing, i.e., the
spreads into a thin disk within approximately 3 ms. Consid- unstable expansion of a drop’s periphery during spreading,
ering that high-speed video systems take images at approx-and in extreme conditions even satellite drops are formed.
imately 1000-10,000 frames per second, the “overall” mor- The degree of splashing is determined by an expansion rate
phology evolution of the foregoing drop can be visualized in the very early stages of impafitl]. The time range for
with conventional techniques. these steps falls within tens of microseconds and thus is ex-
In addition to the aforementioned applications, the tremely difficult to record with video systems. High-speed
deposition of drops plays a crucial role in such emerging photography can, in principle, achieve such a small time
technologies as solder-jet bumpii@] and droplet-based resolution, but requires multiple drops having identical im-
manufacturing9]. These technologies use “molten metal” pact conditions be reproduced to reconstruct the impact
drops with diameters ranging from tens to hundreds of mi- procesgd5]. Such a task consumes considerable time and is
crometers, imposing significant difficulties on optical meth- impractical for studying the high-speed impact of molten
metal microdrops, for which the drop generation itself is
often challenging.
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change in which thermal parameters, such as temperatureRt = R R 1)
thermal conductivity, specific heat and latent heat, partic-
ipate in addition to fluid-dynamic parameters as density, whereRy is the initial resistance of the sensbrthe num-
surface tension, viscosity, and contact angle. Experimen-ber of current paths connected due to the spreading molten
tal measurements of such a complex process are essentiahetal, andR) the resistance of the current path. It is assumed
for clear theoretical understanding. A novel microsensor, that the resistance of each electrical path is the same as the
therefore, was developed to measure at ultrahigh speed theesistance of each sensing line because the microdrop cov-
spreading process of molten metal microdrops. The sensorers only a fraction of the sensor, whose surface measures
overcomes the limitations of conventional optical visual- 5mm x 5mm; the dominant resistance to the current thus
ization systems in terms of measurement speed and accesresults from individual sensing lines. The drop base diame-
sibility to the drop deposition area. This paper describes ter as a function of timej(z), is related toN as
the design and working principle of the spreading sensor. ()
The apparatus and method adopted in this work to deliver N = 200130
a molten metal microdrop to the sensor are also explained. ! S
Finally, experimental results that demonstrate the sensorwherei; andis are the width and the spacing of grid lines,
operation are presented. respectively. Combinindegs. (1) and (2)the evolution of

a drop’s base diameter can be obtained by measuring the

temporal resistance change:

spreading on a subcooled solid target undergo a phase < 1 N>—1

()

2. Spreading sensor A = 204 + 2R, <L 3 i) 3)
Ri(n)  Ro
Based on the idea that the most significant parameter to Here we note that the microsensor's sensing lines have
be measured during the drop spreading process is the expan: . , . ; gl :
sion of the drop’s base diameter, we designed a microsensorrmIte width and spacing, hence the sensor's resistance is

that can generate an electrical signal indicating the diameter.converteOI to a discrete value of the spreading diameter. For

of the drop/substrate contact area. A schematic of the mi- lI:]lJeS;[rrlztlIJ(l)z;}naszlrjgebtgtisesé)r:et\?v?r::%r?;irct:fir]:roﬁ:]éze ::';Legv\?r:
crosensor is shown iRig. 1L The sensor consists of a finely g 9 '

spaced resistance network on an insulating layer. The sens!” Fig. 2 Wh.en the contact diameter reaches one spacing,
As, two sensing lines are connected and the resistance de-

Ing lines are much finer than shown in the figure, as a Sensorcreases from its initial value. This resistance remains nearl
surface contains 1250 sensing lines. As a drop spreads on ) y

the sensor surface, the closely spaced electrical resistors argons_tan'g, 'f the transient period is neglected wher_1 the sens-
covered with molten metal, which is electrically conduct- Ing line is incompletely covered, untll the spreading metal

ing, and consequently are connected electrically. This Ieadstouches the next sensing lines. Thus the second drop of resis-

to a drop in the total resistance of the netwaRk, which is tance tqkes place when th? diameter reaaBQSZ()q +.)”5)'
given by The resistance falls each time the contact diameter increases

by 2(% 4+ As) because the number of resistances connected
in parallel increases. Therefore, the maximum uncertainty
in the diameter corresponding to one resistance value is
l 7 mm . 2(M + XAs), which in turn is the measurement resolution.
The width and spacing of the sensing lines should be
g small enough to spatially resolve the drop spreading process.
For the current study)| and is are selected to be 2
for a drop size of the order of 1Q0m. Gold was used as
Sel?:ieng\\A‘ the sensing line material and silicon oxide as the insulating
layer. Titanium was used for the adhesion layer between
them. The fabrication process is illustratedrig. 3. Fig. 4
shows a scanning electron microscopy (SEM) image of the
surface of the microsensor.
The resistance of the individual sensing line is given by

5 mm

Insulating
base

5mm

L
R =2 (4)

— A
JL Jf where pe, L, and A are the resistivity, length, and
cross-sectional area of the sensing line, respectively. Since
2 um 2 um thin-film resistivity differs from bulk resistivity, the resis-
Fig. 1. Schematic of the microsensor. tivity of a Ti-Au film deposited on a wafer in the same
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Fig. 3. Microsensor fabrication process: (1) LPCVD (low pressure chem-
ical vapor deposition) of Si® (2) Micropatterning of photoresist. (3)

_>| = }‘_ ‘.{ 2 I‘— Evaporation of Ti/Au and liftoff to obtain patterned sensing lines.
5 ]

Mk orifice with pressure applied from an inert gas supply. The
microdrop ejected molten Sn formed a laminar jet, which was vibrated
Direction of by a piezoelectric transducer at a specified frequency. The
Al g disturbance due to the vibration grew, due to the Rayleigh
instability, until the jet broke up into a stream of uniform
drops. This method has an advantage over conventional gas
(a) atomization and plasma spray in that the drop size, velocity,
and temperature at impact can be obtained precisely while
A those conventional processes produce molten metal drops in
Ry (—= randomly distributed dynamic and thermal states. In addi-
8 C tion, the current method generates microdrops with a higher
impact velocity than that of molten metal drops generated
by a drop-on-demand methti2].
The initial jet velocity,vj, and the drop diameteR), are
determined by the nozzle diametéy, the perturbation fre-
quency,f, and the mass fluxiz, using mass conservation:

. 4 i
— & [ 2+ %) —] = U= 7 pd2’ ©)

(b) 13
Eﬂ) , ©)

Fig. 2. Relationship between resistance and contact diameter. (a) IncreasingD = (n of

spreading diameter upon impact. (b) Resistance change corresponding to

increasing diameter. wherep is the density of molten Sn. The velocity of a drop,
U, and the drop temperatur€, at impact are obtained from

manner and with the same thickness as the sensing lines othe initial velocity, vj, the initial temperature, and the dis-

the sensor was measured by the four-point probe method.tance from the generator to the sensor. More details of the

The film resistivity was measured to bel2«< 107 Qm, computation are presented [ib3]. In this work, an orifice

thereby givingR| = 2.6 k2. 200pm in diameter, a vibration frequency of 4.22 kHz, and a
melt temperature of 30GC were used. Then the drop impact
conditions were such thd = 373um, U = 4.15m/s, and

3. Experimental apparatus T = 281°C (the melting point of Sn is 23Z). The temper-
ature of the sensor was kept atZ7. The Reynolds number

To demonstrate the sensor’s capability, the following ex- and the Weber number, respectively defineBas- pUD/u

periment was performed to measure the transient spreadandWe = pU2D/c, are non-dimensional parameters deter-

ing behavior of a molten microdrop. In this work, molten mining the fluid dynamic process during spreading. Here

tin (Sn) microdrops were delivered to the sensor by a mi- ando denote the viscosity and the surface tension, respec-

crodrop generator, shown Fig. 5 The metal contained in  tively. For this experimenRe = 5860 and/\e = 102, hence

a crucible was melted by a heater and ejected through anthe condition falls in an inviscid, impact-driven regirfi§.

Microsensor
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Fig. 4. SEM image of the microsensor surface.

Time evolution of the sensor resistandg, was obtained
by measuring the voltage across the sensor while a con-
stant current was supplied:R; = V/I. The voltage was
recorded by a digital oscilloscope (Tektronix TDS 420A)
and a constant current is provided by a DC power supply (HP
E3616A). The temporal resolution of the measurement was
determined by the data acquisition rate of the oscilloscope,
which is much higher than the frame rate of high-speed
video techniques. Considering the characteristic spreading
time scale of a microdrop used in this study- 90 s, the
sampling rate was set to obtain voltage data every.8.4

4. Results and discussion

Fig. 6(a) shows the voltage response from the microsen-
sor. The sensor response exhibits initially a rapid voltage

Thermocouple Piezoelectric
actuator

Inert gas supply

=

Crucible L Shaft & disk
vibration
transmitter
Heater
Liquid metal
—o0 .
Orificé D.C voltage source

O+

Charging plate
Uniform droplets
Substrate

X-Y linear table

Fig. 5. Schematic of the microdrop generator.

drop followed by a mild decrease to about 160 After

reaching a minimum, the voltage increases gradually. Since
a constant current of 28 mA was supplied, the resistance
of the sensor behaved in the same manner as the voltage.
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Fig. 6. Measurement results. (a) Voltage response from the microsensor.
(b) Diameter evolution as converted from the voltage response.
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(a) (b)

Fig. 7. Micrographs of a pure tin splat deposited on a sensor used for the experiment. (a) Overall view of the sensor and the splat. (b) Magnified top

view of the splat.

The signal can be converted to a transient diameter profile
by Eqg. (3) Fig. b) shows the diameter evolution thus 900
obtained. Upon impact, the drop/substrate contact diam- 800 -
eter rapidly increases and the spreading diameter reaches
750pm in the characteristic spreading time £ 90us), 700 Y
which amounts to 90% of the maximum spreading diameter Py
(835um). The maximum spreading diameter is reached in //

% ——=- Eq.(7)

(o))
o
o

Experiment

o
o
o

166us. A micrograph of the splat deposited on the sensor
is shown inFig. 7. Using the image, the splat diameter
is measured to be 8dn, which agrees with the sensor
measurement within 3% of error. The fact that the final
splat diameter and the maximum spreading diameter mea-
sured by the sensor are nearly identical suggests that the
increase in sensor resistance after reaching the minimum 100
is not due to the decrease in spreading diameter but to the (@)
peel-back of the outer region of the solidifying drop. There- OO 50 100 150
fore, in Fig. 6(b), actual spreading diameter data are con- Time ( p1s)
fined to the time range from zero to approximately 86 60
However, the peel-back process recorded by the sensor 3o
can be utilized to investigate many important parameters
such as the solidification rate and drop/substrate bonding
strength. @)
One of the most prominent advantages of the sensor un-
der investigation is that it can measure spreading area ex-
pansion at ultrahigh speed, i.e., as fast as a digital oscillo-
scope can run. To exploit this merit, the diameter increase in
the initial range was investigated. In the very early stage of
inertia-driven spreading, which is the case here, it is known
that a drop undergoes a kinematic spreading phase in which
the rim jet from the bottom of the drop is not yet developed
and no morphology change is observable in the descending
upper regior14]. After the kinematic phase, a lamella jet 0
emerges from the drop bottom accompanying the collapse of 0 5 10 15 20
the upper regionkig. 8@) compares the experimental data Time (s)
with a theoretical curve representing the kinematic phase rig. g, initial spreading behavior. (a) Diameter of drop/substrate contact
[11,14] area. (b) Rate of diameter increase.
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d = 2(DUtHY/2, 7) The thinner the sensing lines and their spacing become, the
higher the spatial resolution becomes.
whered andt denote the drop base diameter and time, re-  An immediate application of this sensor would be to re-

spectively. The two curves match unti= 25us. In exper- late the initial rim jet velocity to splashing behavior, as dis-
iments with non-solidifying drops, the kinematic phase is cussed earlier. This relationship is particularly important in
reported to last only .Qt [14], which corresponds to |9s the molten metal droplet deposition process, which often

in the current drop impact condition. Thus, the lamella jet suffers from splashing and subsequent satellite drop ejection
formation is suppressed longer in the current situation than because metal has a high density and the process involves
in ordinary liquid drops, presumably due to solidification a high-impact velocity. Such phenomena lead to imperfect
at the bottom of the molten drop, which forms a thin solid drop merging that causes porosity formation, and a poorly
layer that hampers the lamella ejection. controlled drop-solidification rate. That is, satellite drops
The experimental data make it possible to calculate the freeze too fast to merge into a deposition layer that is solidi-
velocity of the drop/substrate contact area expansion in thefying. Therefore, a search for optimal deposition conditions

very early stages of impact. The expansion velooigyyary- for droplet-based deposits and high-quality coatings can be
ing with time can be obtained as guided by this newly developed microsensor.
d(tiy1) — d(1)
)= 0= 8
ve(t;) AL (8)

where At is the time difference between the two neighbor-
ing measurement momentsands; 1. Fig. 8b) shows the
expansion speed for the initial 28. The expansion reaches
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