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Eutectic growth under acoustic levitation conditions
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Samples of Pb-Sn eutectic alloy with a high density of>81%° kg/nt are levitated with a single-axis
acoustic levitator, and containerlessly melted and then solidified in argon atmosphere. High undercoolings up
to 38 K are obtained, which results in a microstructural transition of “lamellas—broken lamellas—dendrites.”
This transition is further investigated in the light of the coupled zone for eutectic growth and the effects of
ultrasound. The breaking of regular eutectic lamellas and suppression of gravity-induced macrosegregation of
(Pb and (Sn dendrites are explained by the complicated internal flow inside the levitated drop, which is
jointly induced by the shape oscillation, bulk vibration and rotation of the levitated drop. The ultrasonic field
is also found to drive forced surface vibration, which subsequently excites capillary ripples and catalyzes
nucleation on the sample surface.
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I. INTRODUCTION netic, electromagnetic, or electrostatic for¢@g—22. Elec-
tromagnetic field may have the strongest levitation ability
The investigation of eutectic growth is of interest in both but the sample must be conductive and with a high melting
technological applications and fundamental studies as an exemperature to avoid being overheated to evaporate by the
ample of spontaneous pattern formation in natlre10.  eddy current inside the sample. For dielectric substances or
Eutectic growth involves the interacting nucleation and co-those metallic substances with a low melting temperature, it
operative growth of two or more solid product phases withinis proper to employ acoustic levitation because there are no
one liquid parent phase. Since the pioneering work by JacKimits to the electric and magnetic properties of the sample,
son and Hunf11], theoretical descriptions of eutectic growth and no coupling with strong heating effect like that in elec-
have been extensively studied on the basis of the couplelomagnetic levitation.
diffusion field ahead of growth front and the marginal stabil- So far, containerless melting and solidification of low-
ity of the liquid-solid interface[12]. The resultant micro- density organic materials has been performed with a single-
structure is strongly dependent on heat, solute, and massis acoustic levitation techniqU®3-26. Since the force
transportation in the liquid phase ahead of liquid-solid inter-produced by acoustic field is comparatively weak, it is diffi-
face, which can be controlled by cooling rate or undercoolcult to extend this technique to high-density metallic sub-
ing prior to solidification. In practice, the natural or forced stances. We have managed to enhance the levitation force
convection is also an important mechanism to govern thend stability of a single-axis acoustic levitator remarkably by
heat and solute transportation in a complicated way. Deneptimizing its geometric parametef27,2g. We also man-
drites and eutectics are two of the most typical morphologiesged to control the various instabilities caused by heating
in solidification processes. During the solidification of a eu-and cooling processes during acoustic levitation. These en-
tectic system, there also exists competitive growth betweernble us to melt and solidify the acoustically levitated samples
eutectics and dendrites. The undercoolings, which lead to aof Pb-Sn eutectic alloy which has a high density of 8.5
entirely eutectic growth for a composition range, make upx 10° kg/nr.
what is known as the coupled zone of eutecfit3]. In the studies of undercooling and solidification of acous-
Containerless processing eliminates the heterogeneotigally levitated substances, there is a strong concern that
nucleation catalyzed by the contact between the melt surfaagitrasound may influence the undercooling and solidification
and container wall§13-1§. This allows achievement of processes. The work of Ohsakaal. [24] has shown that
large undercoolings and rapid solidification far from thermo-ultrasound occasionally prematurely terminates undercooling
dynamic equilibrium. As a result, a metastable, amorphouspf the levitated succinonitrile drops by initiating nucleation
or solid solubility extended microstructure is possible tothat was explained by the cavitation effect. Since a liquid
form [15]. For binary eutectic alloys, containerless processdrop levitated in acoustic field often experiences complicated
ing techniques provide chances to undercool the melts favibration, oscillation and rotation, the diffusion field for heat
below their equilibrium freezing temperatures, which resultsand solute transportation may be affected remarkably by the
in rapid eutectic growth and “lamellar-anomalous” micro- induced internal flow inside the drop. In this paper, we ex-
structural transition when the undercooling exceeds a criticalend the application of the single-axis acoustic levitation to
value[16]. the containerless melting and solidification of Pb-Sn eutectic
The containerless state of an object can be achieved kalloy. The characteristics of eutectic growth under acoustic
levitation techniques employing acoustic, aerodynamic, maglevitation conditions, including nucleation and crystal
growth, are discussed in terms of a containerless state and
complicated movement of the levitated samples inherently
*Corresponding author. Email address: Imss@nwpu.edu.cn related to ultrasonic field.
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transducer is turned on. Then the sample is levitated and
controlled in a stable state by adjusting the reflector-emitter
— interval. During the following heating and cooling processes,
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the variation of argon wavelength resulting from temperature
o ! o change leads to serious deterioration of the resonant state of
! the acoustic field. Therefore, careful adjusting of the
offreslileesiio reflector-emitter distance has to be performed according to
Cll s 1 ° . the temperature variations to keep resonance inside the glass
8 =4 / 9 tube during the remainder of the experiment. The samples
o) f\'v—g,/l o are usually heated to a temperature 30—40 K above the eu-
ollevdilesedlo tectic temperature, and then subjected to cooling. The solidi-
o # i o fied samples are sectioned, mounted in epoxy resin, and pol-
6 ! ished for metallographic investigation. The microstructures
E are analyzed by an XJG-05 optical microscope, a Regaku/
i Dmax IlI-C x-ray diffractometer and a HITACHI S2700
LTJ i { scanning electron microscope.
Ar : 10 Vacuum
! Ill. PHYSICAL CONDITIONS OF ACOUSTIC LEVITATION
FIG. 1. Schematic of experimental setup: 1, transducer; 2, emit- WITH HEATING AND COOLING

ter; 3, reflector; 4, sample; 5, thermocouple; 6, resistance coils; 7,
cooling tube; 8, Glass tube: 9, vacuum chamber; and 10, adjustin
handle.

During the heating and cooling processes of acoustically
Rvitated samples, there are great changes in the density and
sound speed of the gas medium, which strongly affects the
Il EXPERIMENTAL PROCEDURE levitation _force and stabilit_y :_;md often leads to a failure of
the experiment. The facts lie in two aspects: either the sound
Figure 1 shows schematically the main parts of the singleintensity becomes too small to counteract the gravity, or it
axis acoustic levitation system capable of performing heatindgpecomes too large to keep the stability and integration of the
and cooling of the levitated samples. The driving componentiquid drop. In the former case, the sample falls down and
is a magnetostrictive transducer working at a frequency oattaches to the reflector; whereas in the latter case, the liquid
16.7 kHz. The ultrasonic vibration produced by the trans-drop is drastically flattened and then buckled or atomized.
ducer is amplified and introduced into the emitter head by & he buckling of the liquid drop ultimately leads to the fall or
horn that connects the emitter with the transducer. A reflectodisintegration of that drop. The physical conditions that are
with a spherically concave surface is placed below the emitstrongly affected by heating and cooling process inclyte:
ter to produce the necessary strong standing wave for levitaFhe wavelength dependent resonance of the acoustic field,;
tion of the sample against gravity. The sample is levitated at2) the density and wavelength dependent acoustic levitation
the first resonant state, and is heated by two resistance coilsrce; and(3) the density and wavelength dependent thresh-
placed above the vibrating head and below the reflector, resld pressures to entrap a sample and to initiate drop instabil-
spectively. In order to avoid violent convection of the gasity.
medium during heating and cooling, the levitation system is In the present experiment, in order to avoid the violent
enclosed by a glass tube without hermetic sealing. The cookonvection induced by inhomogeneous temperature field, the
ing of the sample is conducted indirectly by water flowing heating and cooling are performed in a very slow rate. There-
inside a copper coil around the levitator. The levitator alongfore, the gas medium can be regarded as in a quasistatic state
with the heating and cooling units is enclosed inside aof thermodynamic equilibrium. Moreover, the acoustic vibra-
vacuum chamber made of transparent polymethyl methacrytion and the by-produced acoustic streaming are beneficial to
late, which is evacuated to 0.1 Pa and then back-filled with promote temperature homogeneity between the heating
atm argon gas. The temperature is measured by a NiCr-NiSiource and the levitation region. Thus, to have a brief insight
thermocouple. The tip of this thermocouple is placed abovénto the physical conditions of the single-axis acoustic levi-
the levitated sample with a separation of about 1 mm. tation with heating and cooling, we will not discuss the tem-
A spherical sample acoustically levitated in a terrestrialperature gradient here. Considering argon as an ideal gas,
condition always experiences large shape deformation afteand the atmosphere pressure inside the vacuum chamber
melting, especially when the density of the sample is highemaintaining at unit atm, the density and sound speed of ar-
to require more intense acoustic field. This deformation oftergon vary with temperature in the forms pf= py(273IT),
arouses unexpected violent instability. To reduce this deforandc=c,(T/273)"2 respectively. Herepo=1.78 kg/m, and
mation degree and make the melting process accomplisty,=319 m/s are the density and sound spee@al73 K.
smoothly, the solid sample to be levitated is shaped into &he Pb-Sn eutectic alloy has an expansion coefficient much
disk of 4 mm diam and 1.2 mm thickness which is near thesmaller than that of argon, and its density and volume varia-
final equilibrium shape of the melted liquid drop. The sampletion with temperature change are neglected.
is placed on the center of the reflecting surface at first and For a plane standing wave approximation, the resonant
heated to a temperature around 373 K, before the ultrasonondition of the acoustic field is described as
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H=0.5/T/273\o, (1)

where,H is the interval between the emitter and the reflector

and\y=19.1x10 3 m is the wavelength of argon at 273 K.
According to the classic formula of acoustic radiation

force with the plane standing wave approximat{@®,30,

the minimum sound pressure to entrap a samplé g con-

dition can be expressed as

4pspogcy) M2
m— 5 7Tf 0

Radiation Power (W)

T 1/4

where,p,=8.5x 10° kg/m is the density of the Pb-Sn eutec- 0 . . :
tic alloy, fo=16.7 kHz is the frequency of the acoustic field, 0.56 0.58 0.80 0.62 0.64
andg=9.8 m/€ is the gravitational acceleration. H/x

When the sound pressure exceeds a critical threshold, the FIG. 2. Resonance of the acoustic field at different temperatures.

levitated liquid _d_rop W'”. become dfas“ca"y flattene_d an(_j HereH is the reflector-emitter interval, andis the wavelength.
unstable, and disintegration or buckling may occur to it. This

threshold pressure can be evaluated3s

340_p0 1/2
Rs

resonance of the acoustic field. For a typical heating process,
3) the interval begins withH=13.15 mm atT=373 K, and

ends withH=15.54 mm aflf =503 K. Practically, it is hard

to follow Eq. (4) in the experiment by manual operation.
where,o=0.44—(T—823)x0.13<10 3 N/m is the surface Instead, we always make the reflector-emitter interval
tension of the liquid, andRs=1.58<10"° m is the equiva- ~ slightly larger than the resonant condition of Ed). Thus,
lent radius of the drop in a spherical shape. It is obvious thalvhen the temperature increases, the resonant condition is
the actual sound pressure amplitygeshould be maintained  strengthened and levitation force is enhanced, which lifts the
in the scope ofp,<pe<py during the stage when the sample towards the thermocouple tip above it. Once this
sample is in the liquid state. takes place, we adjust the interval slightly longer, to weaken

As to the acoustic levitation system depicted in Fig. 1,the resonant condition and keep a certain separation between

where a spherically concave reflecting surface is applied, ththe thermocouple tip and the sample. By this means, the
acoustic field between the reflector and the emitter is actuallgcoustic field is kept in a state very near the resonant condi-
not a plane standing wave. Therefore, the resonant conditiomion. Similarly, when the temperature decreases, the reversed
the minimum entrapping pressure and the instability thresheperation is conducted.
old pressure have a deviation from that described in Egs. The total force exerted on the sample is the sum of the
()—(3). We have developed a two-cylinder model to de-acoustic radiation force, the gravitational force, and the
scribe the single-axis acoustic levitation sys{@",28. This  buoyancy(the buoyancy is negligible in the present gase
model shows that the resonant state and the levitation forche characteristics of the total force can be depicted by the
and stability are strongly dependent on the geometric paranpotential energyJ (defined as in Ref.32]). Figure 3 shows
eters of the levitator with reference to wavelength. In thethe distribution of the sound pressuge and the time-
present experiment, the geometric parameters of the levitator
are fixed, whereas the wavelength of argon varies with heat-
ing and cooling performance. Consequently, there appears a 15 Em'“er
new factor to influence the physical conditions of acoustic 10 Q_J/

levitation that depends upon the variation of the ratios of 28
geometric parameters to wavelength, now aroused by tem- N
perature change. Reﬂ“t‘"

Based on this model, the resonant condition correspond-

Pm=Co

_
L
'

z (mm)
O <.n

ing to the present experiment is calculated, as shown in Fig. r(mm)

2. The resonant peak location has a weak dependence on  (b) - F——

temperature. This dependence can be linearly fittetl As 15_ﬁ7j\5:“;t:r’/_‘_

=0.56+7.827<107° T, in the temperature range of 373 a 104 122 —

<T<503 K. Therefore, the present resonant condition can E 5F] ~3 |

be written as N Ohig Reflector =
20 10 0 10 20

H=(0.56+7.827< 10 °T)T/273\,. (4)

r (mm)

Equation(4) indicates that during the heating and cooling  FIG. 3. Contours ofa) sound pressurp (unit: X 10* Pa), and
processes, the reflector-emitter interval should be adjuste@) force potentiald (unit: X 10°® Nm) at 456 K. The symbol 4"
carefully according to the temperature variation to keep thelenotes potential minimum where the sample is located.
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FIG. 4. Temperature dependence of the maximum levitation T
force. Here,vo=0.34 m/s. FIG. 5. Temperature dependence of the sound pressure level at

. . given vibration amplitudes of the emitter. Hepg, is the minimum
averaged potentidl for the total force aff=456 K. It is  sound pressure to entrap a sample, pds the threshold pressure
visible that the acoustic field between the reflector and emitbeyond which disintegra’[ion or buck”ng may occur to the levitated
ter is no longer a plane standing wave and there exists @rop.
pressure gradient in the horizontal directions, which can also
provide radial restoring force. It can been seen that at the first71.6 dB and a maximum pressure of 174.0 dB for the stable
resonant mode, there is only one potential well to entrap theavitation of Pb-Sn eutectic alloy at the melting point. When
sample, and the vertical position is shifted downward bethe temperature increases, this range is narrowed, which
cause of the gravitational field. As defined in our previousmeans that the higher the temperature is, the more difficult to
work [27,28), the maximum levitation force around a poten- control the liquid drop within a stable pressure range. Figure

tial well can be expressed by 5 also shows the actual sound pressure at a resonant state as
fpoR%2 (27332 a functi_on of the temperature at given_ vibration intensitigs of
FM:(ZT,)ZJ(_) Euv, (5)  the emitter. At a fixed vibration amplitudey,=0.34 m/s, if
Co T the temperature increases above 477 K or decreases below

) o ) _ 438 K, the liquid drop will either fall down or be chopped by
wherew, is the vibration amplitude of the emitter surfate, he acoustic field. Since the pressure is proportional to the
is the vibration frequency, ané is the dimensionless vibration amplitude of the emitter surface, the input power
maximum levitation force that strongly depends on the geointo the transducer should also be adjusted appropriately to
metric parameters with reference to wavelength. Since thguaranteg,,<po<py . In fact, we can maintain the emitter
wavelengthi is a function of temperatur&,, is also depen- intensity at a comparatively high level to ensure sufficient
dent on temperature. Figure 4 shows the temperature depelevitation force, and at the same time slightly weaken the
dence of the maximum levitation force, which indicates thatresonant condition to avoid the sound intensity being too
in the heating process, the maximum levitation force has &rge. This method proves to be successful in our experiment.
quick decline as the temperature increases. This decline is
attributed mainly to the decrease Ef\,,(T). Therefore, to IV. RESULTS AND DISCUSSIONS
guarantee thdt,, is larger than the weight of the sample and
the sound pressure is below the threshold for drop instability,
the vibration amplitude of the emitter should be adjusted The location of the Pb-Sn eutectic alloy in the phase dia-

A. Eutectic growth and resultant microstructures

appropriately in the heating and cooling processes. gram is shown in Fig. 6, which has a composition of 61.9
Considering that the acoustic field is no longer a planewt% of Sn, and an equilibrium eutectic temperature of 456
standing wave, Eqg2) and(3) can be rewritten as K. The density of this alloy is 8:810° kg/m® at room tem-
3\ 112 va perature. Figyre 7 shows the typical cooling curves of the
b= a(T) Pspogco) (l) 6) Pb-Sn eutectic alloy in the experiment. Because of the slow
m 37rf 273 cooling rate(5—8 K/min), the temperature measured by the
nearby thermocouple is rather accurate before and late after
_ 3.40p,| the recalescencg26]. During and soon after the recales-
Pu=A(T)Co Rs ’ ™ cence, the abrupt release of heat from the sample will lead to

a temperature difference of about 3—5 K between the sample
where, a(T)=1.595+1.239<10 3T—2.192<10 ®T2 and and the thermocouple. This heat release along with the state
B(T)=0.997+9.156x 10 4T—1.858< 10 °T? are two co- change of the sample from liquid to solid makes the sample
efficients fitted by the calculated data based on our numericalibrate and rotate more violently, which can be reflected by
model. Figure 5 shows the variation gf, and py, as a the quivers in the cooling curves. The beginning of the
function of temperature, which gives a minimum pressure ofabrupt temperature rigeecalescengellows us to determine
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FIG. 6. Binary phase diagram of Pb-Sn eutectic system and
calculated coupled zone for eutectic growth.

the undercoolings. In our experiment, a maximum under-
cooling of 38 K (0.083¢) has been obtained. The solidifi-
cation process of highly undercooled melts after nucleation
involves two distinct stage$1) the initial rapid solidification
accompanying recalescence, corresponding to the tempera-
ture rise in the cooling curves; an@) the following slow
solidification after recalescence, corresponding to the ther-
mal plateau. For small undercoolings, there is an obvious
thermal plateau after the recalescence event. As shown in
Fig. 7, the duration of the thermal plateau fdT =17 K is

40 s. When the undercooling increases, the duration time
shortens, and when undercooling exceeds 31 K, the plateau
becomes unclear. This behavior shows the characteristics of
the solidification from highly undercooled melts.

The microstructure evolution of Pb-Sn eutectic alloy with
the increase of undercooling is shown in Fig. 8. Under static
and near-equilibrium conditions, Pb-Sn eutectic grows in the
form of alternating lamellas ofPb) and (Sn phases, as
shown in Fig. 8). This lamellar structure is observed in
samples undercooled by up to 17 K in our experiment. When
the undercooling exceeds 31 K, the microstructure is charac-
terized by dendrites composed of both lead-rich and tin-

)004789 B85 kV x80. 0 1

460
FIG. 8. Microstructural transition of Pb-Sn eutectic alldg)
450 under static conditior(b) acoustically levitatedAT=17 K, and(c)
< acoustically levitatedAT=38 K.
% 440 reach phases, as shown in Fig(c)8 This “eutectic-
® dendrites” transition can be explained by a eutectic coupled
g 430 zone, which is defined as the range of compositions and in-
5 terface temperatures in which the eutectic growth leads the
Foaop T~ growth front. The boundary of the coupled zone can be cal-
culated by comparing the growth velocities of the eutectic
410 . L with that of the dendrites possessing the same composition,
10 05 00 05 10 15 20 on the basis of eutectic growth theory by Trivedi, Magnin,
Time (min) and Kurz[33] and the dendritic growth theory by Lipton,

Kurz, and Trivedi|34]. For dendritic growth, the growth ve-
FIG. 7. Cooling curves and recalescence of acoustically levidocity V, dendrite tip radiusR, and undercoolin\ T satisfy
tated Pb-Sn eutectic alloy. the following equation$34]:
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5 TABLE I. Physical parameters used for the calculation of eutec-
tic growth and dendritic growth in Pb-Sn eutectic alloy.
4}
Eutectic compositiorCg (wt. %) 61.9
= 3 Eutectic temperaturég (K) 456
E Volume fractionf of (Pb) phase 0.374
E of Equilibrium partition coefficienk, of Pb phase 0.307
> | Equilibrium partition coefficienk, of Sn phase 0.066
1+ . Liquidus slopem,, of (Pb) phase K/(wt. %)] 2.27
. :/AT=25K / Liqu.idus slopemg oI (Sn) phasg K/(wt. %)] 0.86 B
00 0 20 3'0 4'0 5'0 I6.0 7‘0 30 Cap!llary constante, of (Pb phase(m K) 4.5%x10
Capillary constantr of (Sr) phase(m K) 7.5x1077
AT(K) Characteristic diffusion lengthy (m) 5x 1010
FIG. 9. Calculated crystal growth velocities in undercooled Prefactor of diffusion coefficierb, (m*s) 3.23x10°°
Pb-Sn eutectic alloy. Activation energyQ for solute diffusion(J/mo) 19600
Heat of fusionAH (J/mol) 7280
AT=AT AHAT+AT,+AT,, (8) Specific heat of alloy melC,_[J(mol K)] 30.63
Liquid-solid interface energy™, of (Pb) phase(J/nf) 4.3x10 2
I'/o* Liquid-solid interface energy’; of (Sn) phase(J/n?) 5.8<10 2
R= 0P &—26.PE.] ©) Thermal diffusion coefficient (m?9) 1.5x10°5

whereAT., AT, AT,, andAT, are the partial undercool-
ings due to solute diffusion, heat flow, dendrite tip curvaturewhen the undercooling is larger than 25 K, the secondary
and nonequilibrium kinetics, respectively, is the Gibbs- (Sn) phase will grow in a dendritic manner rather than grow
Thomson coefficientg™ = 1/(47?) is the stability constant, by cooperating with thePb) phase in a lamellar eutectic
0, and 6, are the unit thermal and solute undercoolings, manner. This agrees with observed microstructures as shown
andP, are the thermal and solute Peclet numbers,&arashd  in Figs. 8b) and 8§c). The physical parameters used for the
&, are the thermal and solute stability functions, respectivelyabove calculation are listed in Table I.

For eutectic growth, the inter-relationship between the It has been reported that in high undercooling conditions,
growth velocityV, interlamellar spacing, and undercooling metastable phases may appear in the Pb-Sn sy8&@jnThe

AT is described by the following two equatiof33]: samples with different undercoolings are analyzed by x-ray
) Ll diffraction (XRD). No metastable phase is found in the un-
AV=at/Q (10) dercooling range of 0—38 K in our experiment. The XRD

pattern of Fig. 10 indicates that the microstructures are com-

=mal1+—8 | posed of(Pb) and(B-Sn) phases.
MAT=ma| 1+ 5o GPian) )
Herea' andm are two constants determined by the volume B. Breaking of eutectic lamellas and suppression
fraction, capillarity constant, and liquidus slope (&%) and of gravity-induced macrosegregation

(Sn) phasesQ" andP are two functions with the diffusion  When levitated by ultrasound in a contact-free state, some
coefficient, solute partition coefficient, and the solute Peclehew characteristics of the solidified Pb-Sn eutectic alloy are

number at the liquid-solid interface as their arguments. Theyso found. At a small undercooling of 17 K that lies inside
details of these definitions can be found in H&3].

The calculated eutectic coupled zone is superimposed on
the phase diagram in Fig. 6. It predicts broad composition
(43-78 wt % Shmand undercooling0—25 K) ranges within ¢ Pb
which the lamellar eutectic growth manner is dominant. © p-Sn
Whereas, beneath the eutectic coupled zdR&) or (Sn)
dendrite is preferential to grow. In this case, an anomalous
eutectic microstructure may also appear in pradtidd. The
work of deGroh and LaxmanndB5] on Pb-Sn eutectic alloy
shows thatPb) dendrites nucleate and grow first, making the
remaining liquid richer in tin and thus promoting subsequent
growth of tin-rich off eutectics or the growth of tin-rich den-
drites. The primary(Pb) phase is not a potent nucleant for
eutectic growth; on the contrary, it is the secondé®y) 0 a0 50 80 70 80 90
phase that nucleates the eutectic groj@®)]. Figure 9 shows 26 (deg)
the comparison of the calculated growth velocities among
the eutectic,(Pb) and (Sn dendrites, which indicates that FIG. 10. X-ray diffraction patterns of Pb-Sn eutectic alloy.

Intensity (arb.units)
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the coupled zongsee Fig. &)], a microstructure consisting v, is the amplitude of the particle velocity of the acoustic
of broken and distorted lamellas has been observed in addiield. If the sound intensity is sufficiently large, the sample
tion to some fractions of remnant regular lamellas. Thesevill be located very near the pressure nodes of the acoustic
broken lamellas are quite different from those regular lamelfield, whereF is characterized by restoring force. Therefore,
lar structures predicted by the coupled zone in static condithe frequency of the drop vibration in the vertical direction is
tions. If the undercooling goes beyond the coupled zone,

both the(Pb) and (Sn phases nucleate and grow into den- f zpo_fo 1 /i (13)
drites. Due to the large density difference between lead and " 2¢® N peps

tin (ppp=11.4x10° and pg="7.3x10° kg/m®), (Pb) den-
drites generally sink downward ar{@n) dendrites float up-
ward, which results in serious gravity-induced macrosegre
gation in the common terrestrial conditiof85]. It is _
interesting in Fig. &) that(Pb) dendrites have also appeared ¥ 10' Pa), and the experimental parametéas 456 K ¢

in the top part of the acoustically levitated sample under=412m/s, ~ f=16.7kHz, p;=1.07 kg/mt,  ps=85
cooled by 38 K, and the gravity-induced macrosegregation is* 10° kg/n?, the value off, becomes 13 Hz, much lower
effectively suppressed. These characteristics of solidificatiotNan the acoustic frequency. During the experiment, the am-

are probably caused by the ultrasonic vibration, the nonuniPlitude of the drop vibration is kept under contfabt larger
form radiation force, and the complicated fluid flow inside than 0.5 mm by careful adjustment of the reflector-emitter
the sample, rather than the containerless state. distance when temperature varies. However, when the re-

When a liquid drop is levitated in an acoustic field, the calescence event takes place, it is difficult to control this
influence of the penetrated acoustic wave inside the drop iuctuation because of abrupt temperature rise. In this case,
negligible, since the liquid alloy has an acoustic impedancdhe fluctuating amplitude may jump upto 1-2 mm. The large
of 1.7x10Ns/n?, much larger than that of argon, 4.4 amplitude and low frequency vibration of the drop will

X 1P Ns/n?, leading to penetration in the order around &/0Use violent convection inside the liquid part of the

1075 of the acoustic intensity into the liquid alloy. Neverthe- S&mPple. _ . . .
less, the second-order acoustic pressure and acoustic stream-110ugh the acoustic wave inside the drop is negligible,

ing intervening with the drop surface can induce complicated€ drop surface is forced to vibrate by the first-order pres-
shape oscillation, bulk vibration, and rotation, which drive SUré at a frequency the same as the acoustic f@84Q.

internal flow inside the liquid. Furthermore, the first-order PU€ t0 the high sound intensity, the drop is usually drasti-

acoustic pressure can also interact with the drop surface@!ly flattened, and can be considered as a membrane. The
within a thin layer to arouse forced surface vibratj6,3§ vibration of the membrane is a forced one because the acous-

and acoustic cavitatiof24]. tic frequency is much higher than that of the “drumhead”
For a near spherical inviscid liquid drop, the frequency ofTode of the membrank8]. The velocity of this vibration
small oscillation is expressed by the Rayleigh relationshig@kes the form ofr=Re v, exp(—jwt)], with

where f is the frequency of the acoustic fielg, is the
pressure amplitude; is the speed of sound, ang is the
density of the sample. Given SR172dB (py=1.13

[39], 2kRp, coskZ r2v2
p= PO (14)
f2_n(n+2)(n—1)a 12 iwpgmh(r) R
- 2 3 ’
" 4m°psRs whereR is the radius of the membrane digkjs the radial

position on its surface is the distance of the disk below the

wheren is the resonant numbaer, is the surface tension, and pressure node from which it is levitatesh=27f, is the
ps andRg are the density and equilibrium radius of the drop.angular frequency, ant is the half-thickness of the mem-
Considering the Pb-Sn eutectic sample melt=0.49 N/m)  brane. According to Eq(3), for a typical flattened drop,
with a typical mass of 0.14 g, and the typical resonant mod@r/h~5, the velocity amplitude at the center of the mem-
n=2, the oscillation frequency is 54.5 Hz. Although the vis- brane becomes~ 10~ m/s and the corresponding displace-
cosity and large deformation of the drop are not negligible inment is~ 107 m only. This vibration amplitude is too weak
this case, they do not change the frequency too much. Thg induce internal flow inside the drop. However, because of
shape oscillation of the drop levitated in the acoustic field ishe high frequency of this vibration, the corresponding accel-
characterized by alternating expanding and contracting of theration is large enough~10° m/s>~1(? g) to excite capil-
equator and polar, driving internal flow between the equatofary waves on the drop surface.
and polars inside the drop. In a steady acoustic field, this For the single-axis acoustic levitation, the rotation of the
oscillation will soon be damped out due to the viscosity ofdrop around the symmetry axis is uncontrolled, which pro-
the drop. But in this experiment, the acoustic field is alwaysduces centrifugal force to flatten the drop furthét]. When
under adjustment, which inevitably excites shape oscillationthe rotation is accelerated or decelerated by random external

Translational vibration of the drop exists in both vertical torque, there will appear laminar flow between the outer
and horizontal directions. Simplifying the acoustic field as alayer and the inner layer of the drop, due to the inertia dif-
plane standing wave, the acoustic radiation fd2#%30 ex-  ference. A summary of the characteristic parameters for the
erted on the sample B= (5/6)7Rkp;v4 sin(%2). Here,Rs  above movements has been listed in Table II.
is the equivalent radius of the sample in spherical shape, The application of vibration during solidification has been
is the density of the medium gasjs the wave number, and extensively studied in the past 3 decades. The striking effects
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TABLE Il. Estimated movement parameters of the acoustically
levitated Pb-Sn eutectic alloy drops.

Movements FrequenciHz) Amplitude (um)
Shape oscillation 54.5 ~107
Vertical vibration 13 16~10°
Surface vibration 16700 ~10

Rotation 0-10
Capillary waves 8350 ~10°

include refining grain size, degassing the melt, suppressing
the shrink pipe, and reducing segregatid@—4§. The cor-
responding mechanisms are usually interpreted in two as-
pects. One is the acoustic cavitation effect and the other is R XN YYD
the acoustically induced bulk flow inside the melts. Since the e N ‘\@ (‘ f.i”
direct action of the intense ultrasound only plays in a thin N\ oe 5y 4
layer of the drop surface when levitated acoustically, the :
characteristics of broken lamellas and suppression of macro-
segregation must be attributed to the internal flow of the
melt. As analyzed above, the flow inside an acoustically levi-
tated drop is a much complicated one, jointly initiated from
the shape oscillation, translational vibration and rotation,
with a wide range of amplitudes and frequencies. The roles
of vibration-induced flow inside the melt have been found to
change the concentration and temperature gradient ahead of
the liquid-solid interfacd 43,44, and also to counteract the
buoyancy- and/or thermocapillary-driven convectjidb,46].

The latter role can explain the reduction of the gravity-
induced macrosegregation (Pb) and (Sn) dendrites. Since

the movement of the acoustically levitated drop is a combi-
nation of oscillation, vibration, and rotation, it is natural to
assume another role of this movement, i.e., stirring the liquid
part of the sample, which may be responsible for the break-
ing of the eutectic lamellas.

C. Capillary wave related surface nucleation

The complexity of the movement of an acoustically levi-
tated drop can also be manifested by the capillary wave ap-
pearing on the surface of the drop. An effect of the nonuni-
form acoustic radiation force is that it compresses the ; B > -
levitated liquid drop into a pancakelike shafg8]. More- pee4832 23 kv x2.00k ‘9.00sm
over, it often “hits” into a dimple at the central part of the
top or bottom surface of the levitated sample, where the ul- FIG. 11. () “Spreading ripples” on the top surface of a pan-
trasound and energy are usually focuf@8l. A clue that this cakelike sample undercooled by 15 &) enlargement of the cen-
nonuniform radiation force also influences Pb-Sn eutectic soral part of the ripples shown iia), which is characterized by
lidification is found at the surface of such a dimple, as showrProken and distorted lamellar eutectics radiating from the ripples
in Fig. 11(a), which looks like the spreading ripples on a genter;(c) e_nlargement of the broken and distor_ted lamellar eutec-
disturbed water surface. The ripples were believed to be thlcS shown in(b). HereN denotes the center of ripples.
capillary waves generated by the parametric instability ex-
cited by a low-amplitude surface vibrati¢87,38. The fre-
guency of the capillary wave is half that of the acoustic vi-
bration[37]. And the capillary wavelength, is given by the
classic Faraday dispersion relatif8v]

a wavelength of 173m, primarily agreeing with the spacing

of the solidified ripples in Fig. 1(). The enlargement of this

dimple surface shows broken and distorted lamellar eutectics

radiating from the ripples center, as shown in Fig(bll
wi=0k3lps, (15  which is apparently a nucleation site. A detailed study of

these broken and distorted lamellar eutecfiEsy. 11(c)]
where w, is the angular frequenc¥. is the wave number shows a morphology similar to that formed inside the
2m/\., ando is the surface tension. This relationship givessamples[Fig. 8(c)]. These broken lamellas are also analo-
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gous with the anomalous eutectics formed under rapid solidi- 3
fication conditiond16] in respect of morphology.

According to Danilov’s theory31], there are two modes
of the capillary wave induced by an external acoustic field on
the surface of the flattened drops. Wheh/2=1, whereh is
the thickness of the flattened drop, the frequencies of the
symmetric and antisymmetric waves are the same and equal
to half of the acoustic frequendyraraday effegt This con-
dition is satisfied in the present experimerii /2~ 18).
Considering that the drop is in a cylindrical symmetry, and
the amplitudes of the two modes are the same on the drop 0 ) . ) {
surface in the present case, the displacement of the capillary 0 100 200 300 400 500 600
wave can be expressed as r (um)

p (10°Pa)

7= 1o expl kt)exp —jwct)sinh(k.z)Jo(Ker),  (16) FIG. 12. Pressure amplitude distribution of the capillary wave

. . . . on the drop surface.
where 7 is the displacement of the capillary waweis the

radial position on the drop surfacejs the vertical position  mych higher than that in the bulk melt. The initial pressure
with z=0 being the equator plane of the drak, is the  distribution of the capillary wave is plotted in Fig. 12 by
Bessel function of order 0, angh, is a coefficient determined  assuming the pressure amplitude to be the critical pressure

by the initial condition. Here, P.=2.28< 10" Pa. It is obvious that the cavitation is more
Pk, likely to take place at the center of the drop disk surface.
K= P —2ysk§ (170  Therefore, it is not surprising that both the capillary waves
S C

and the nucleation originate from the same site.

in which, P is the pressure amplitude exerted on the drop
surface ands=1.76x 10”7 m?/s? is the viscosity of the lig- V. CONCLUSIONS

uid sample. If P exceeds a critical value ofP, The containerless melting and solidification of Pb-Sn eu-
=8vspskchwq, x will be positive, and the excitation over- actic alloy samples with a high density of &a0° kg/m?
comes damplng am_j_the capillary wave grows. This th_resholq,\awe been successfully accomplished by applying a single-
pressure gives a critical accelerationagt=4vskewe, Which  — ayis acoustic levitation method. The physical conditions for
is estimated to be 1:310° m/s’ at the present experiment giapile levitation during heating and cooling are analyzed,
and is of the same order as that predicted by(&4). There- \yhich are strongly affected by the temperature variation and
fore, it is reasonable that the capillary ripples are excited bysnhould be carefully controlled during the experiment. The
the forced surface vibration of the flattened drop. Moreoveryqiten Pb-Sn eutectic drops are highly undercooled by up to
it should be noticed in Eq(14) that the distribution of the 3g k far beyond the coupled zone for eutectic growth,
surface  vibration amplitude takes the form of (1 which results in a microstructural transition from lamellar
—r*/R%)™% It means that the surface vibration is most in- gytectics to dendrites @Pb) and (Sr) phases as the under-
tense at the center of the sample disk. Thereby, it is easy {goling increases. Compared with the common static condi-
understand that the capillary ripples originate from the cenyions, some additional characteristics are observed in the mi-
tral part of the sample disk. _ crostructures of acoustically levitated samples: the breaking
Once the capillary ripples are excited, they grow expo-of the eutectic lamellas, suppression of gravity-induced mac-
nentially ir_1to instability or are dumped out by the viscosity rosegregation ofPb) and(Sn) dendrites, and heterogeneous
of the liquid drop. In the former case, there appears a larggcleation related to capillary ripples on the sample surface.
pressure perturbation in the thin layer of the drop surfacethe proken lamellas and reduction of gravity-induced mac-
which may further generate cavitation if there are preexisyosegregation may be attributed to the complicated internal
tence gas microbubbles. It is well known that the cavitationfio\ inside the levitated drop, jointly induced by shape os-
effect produces transient ultrahigh pressiwveich can be up  cjjjation, bulk vibration, and rotation of this drop. The
to 5 GPa[47]) after the collapse of the microbubble and spreading ripples on the sample surface are believed to be
initiates nucleation in the undercooled liquid by raising thecapillary waves excited by forced surface vibration and the

local melting temperature and lowering the local activity en-grigin of the capillary waves is also found to be a potent
ergy for nucleatio24]. The rise of melting temperature can pcleation site.

be expressed bysTy=(TywAV/AH)(P—Py), where, Ty
=456 K is the melting temperature at atmospheric pressure,
Po. AV=6.7X10 % m¥mol and AH=7280 J/mol are the
volume change and enthalpy change due to liquid-solid This work was supported by the National Natural Science
transformation, respectively. For a high pressure of 1 GParoundation of China under Grants Nos. 50221101,
the local melting temperature of Pb-Sn eutectic alloy will be50101010, and 50271058, Huo Yingdong Education Founda-
elevated by 42 K, which makes the undercooling level andion under Grant No. 71044, and the Doctorate Foundation of
nucleation probability at the vicinity of the cavitation site Northwestern Polytechnical University.
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