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The dynamic solidification of Sn-38.1% Pb eutectic alloy within an ultrasonic field is investigated at a frequency of 35 kHz. As 
the sample height H is reduced, the effect of ultrasound on macrosegregation becomes more prominent, and the volume fraction of 
spherical eutectic cells increases correspondingly. When H equals the wavelength λ in liquid alloy, the introduction of ultrasound 
enlarges the distribution region of the primary (Sn) phase, but reduces the domains of the Sn-Pb eutectic and primary (Pb) phases. 
Meanwhile, a “dendritic-equiaxed” structural transition occurs in the primary (Sn) phase, and its grain size is significantly reduced 
within the ultrasonic field. Once H decreases to λ/2 and λ/4, the ultrasonic field promotes crystal nucleation and suppresses fur-
ther undercooling of the bulk liquid alloy. Theoretical analyses indicate that the local high pressure induced by the cavitation ef-
fect and the stirring effect due to acoustic streaming are the main factors dominating the eutectic growth mechanism during dy-
namic solidification. 
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The dynamic solidification of liquid metals and alloys 
within an ultrasonic field has been extensively studied in the 
field of material physics [1–8]. The propagation of the ul-
trasonic wave not only transmits acoustic energy into the 
liquid alloy but also brings about such nonlinear effects as 
acoustic cavitation and streaming, which influences the mi-
crostructures of solidified alloys and improves their proper-
ties for the intended application [1–4]. The most beneficial 
uses of ultrasound in solidification include reducing grain 
size [4–6], degassing melts and suppressing shrink pipes 
[8,9]. Campell [2] reviewed the effects of various kinds of 
vibration on solidification, and summarized that sound in-
tensity, frequency and vibration mode are the three key fac-
tors. Nevertheless, another important parameter, the critical 
size of alloy sample within which ultrasound can function, 
has been neglected by most researchers. In fact, when an 
ultrasonic wave travels through a solidifying alloy melt,  
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reflection and transmission always take place because of the 
existence of the solid-liquid interface. During solidification, 
the mutual motion between growing solid phases and liquid 
alloy induces sound attenuation because the propagation 
distance increases [10]. These result in the weakening of 
both the cavitation effect and acoustic streaming [11]. As a 
consequence, the ultrasound is effective only within a lim-
ited volume, outside of which the sound intensity is insuffi-
cient to affect the solidification process.  

In addition, great efforts have been made to investigate 
dendritic growth in the presence of ultrasonic waves. How-
ever, eutectic growth within an ultrasonic field, which in-
volves the nucleation and growth of two or more eutectic 
phases, is more complicated and requires more in depth 
investigation. Sn-Pb alloy is a typical binary eutectic system 
with many applications. The main objective of this work is 
to examine the microstructural transition of the Sn-38.1%Pb 
eutectic alloy along the direction of wave propagation in 
alloy samples with different heights. The effective domain 
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that ultrasound can operate is determined by the variation of 
microstructural characteristics in different zones of the alloy 
samples. Finally, the mechanism of Sn-Pb eutectic growth 
within an ultrasonic field is discussed. 

1  Experimental procedure 

The experiments were performed in a solidification appara-
tus incorporated with an ultrasonic generator. Sn-38.1%Pb 
alloy was prepared from high purity elements of 99.9% Sn 
and 99.9% Pb. Three different samples of height H=λ, λ/2 
and λ/4 (λ=66 mm is the wavelength in liquid alloy) were 
selected. Each sample was contained in a Φ10×13×80 mm 
Al crucible, and heated by an electrical resistance furnace in 
an argon atmosphere to prevent oxidization. The melt tem-
perature was monitored by a NiCr-NiSi thermocouple and 
was recorded by a type 3067 recorder. The cooling curves 
were measured at both the top and bottom of the H=λ and 
λ/2 alloy samples and in the middle of the H=λ/4 due to its 
small height. The vibrating device consists of two parts: a 
KNbO3 piezoelectric transducer with a resonant frequency 
of 35 kHz and an emitter with an end plane of Φ 9.6 mm. 
When the melt temperature dropped to 100 K higher than 
the Sn-Pb eutectic temperature TE, the longitudinal ultra-
sonic wave was introduced to the alloy melt by the pre-
heated emitter from the top of the sample until it solidified 
completely. The resonance condition of the acoustic trans-
ducer was kept invariant for all the samples, and the sound 
intensity at the sound source was about 12 W/cm2. 

After the experiments were conducted, the solidified 
samples were sectioned longitudinally, mounted in epoxy 
resin, and polished. The microstructures were analyzed with 
a Zeiss Axiovert 200 MAT optical microscope and a FEI 
Sirion 200 scanning electron microscope. 

2  Results and discussion 

2.1  Solidification process of the H=λ sample within an 
ultrasonic field 

Figure 1(a) shows the cooling curves of the H=λ sample for  

the Sn-31.8% Pb eutectic alloy. It is apparent that the solidi-
fication process is uniform and non-directional. During 
static solidification, the undercooling ΔT at the top and bot-
tom of the sample is 9 and 10 K, respectively. When the 
ultrasonic field is applied, the undercooling at the top of the 
sample is 5 K, while at the bottom it is 9 K. Obviously, the 
ultrasonic field reduces the undercooling at the top of the 
sample, but has almost no influence at the bottom. This 
suggests that the effect of ultrasound on suppressing under-
cooling weakens with the wave propagation distance.  

Figure 2 presents the growth morphologies of the 
Sn-38.1%Pb eutectic alloy along the sample axis. In the 
static case, three distinct zones appear from top to bottom in 
the sample, as shown in Figure 2(a)–(c). In Zone I, a large 
amount of primary (Sn) phase forms, which is characterized 
by coarse and well-developed dendrites with an average 
length of 262 μm. There is also regular Sn-Pb eutectic dis-
tributed in the vicinity of the primary (Sn) phase. The la-
mellar Sn-Pb eutectic microstructure presented in Figure 
2(b) is unique to Zone II. The average interlamellar spacing 
is 2.0 μm. In Zone III, the microstructure is characterized by 
large quantities of primary (Pb) dendrites distributed in a 
Sn-Pb eutectic matrix. It should be mentioned that primary 
(Pb) dendrites become coarser and more densely-packed at 
the bottom of the sample. The mean length of a primary 
(Pb) dendritic stalk is 308 μm, and the secondary arm spac-
ing is 28 μm. The metallographic measurement results plot-
ted in Figure 3 reveal that Zones I, II, and III take up 22%, 
13%, and 65% of the total sample height, respectively. 

When the ultrasonic field is applied, the alloy sample can 
again be divided into Zones I′, II′, and III′, as shown in Fig-
ure 2(d)–(f), whose height fractions are 51%, 6%, and 43%, 
respectively. In comparison with the corresponding height 
fractions of the three zones during static solidification, it is 
found that the ultrasonic field significantly alters the mac-
rosegregation pattern by extending the domain of the pri-
mary (Sn) phase, while shortening the domains of the Sn-Pb 
eutectic and primary (Pb) phases. Moreover, an evident mi-
crostructural transition also takes place within the ultrasonic 
field. In Zone I′, the primary (Sn) phase forms equiaxed 
grains, and the average grain size decreases dramatically to 
36 μm. Meanwhile, a lot of spherical eutectic cells are  

 

Figure 1  Cooling curves of Sn-38.1% Pb eutectic alloy. (a) H=λ; (b) H=λ/2; (c) H=λ/4. 
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Figure 2  Growth morphology of the Sn-38.1% Pb eutectic alloy when H=λ. (a)–(c) Static; (d)–(f) ultrasonic. 

observed in Zone I′, as seen in Figure 2(d). In Zone II′, the 
lamellar Sn-Pb eutectic that is shown in Figure 2(e) tends to 
be fragmented or deviate from its original direction of 
growth, resulting in the degradation of the regularity of the 
lamellar eutectic structure. This is quite different from that 
in Zone II of the static case, where the (Sn) and (Pb) phases 
grow strictly parallel to each other. However, the eutectic 
interlamellar spacings in the two zones are almost the same. 
The primary (Pb) phase in Zones III′ shows no obvious mi-
crostructural variation, and the primary dendritic stalk 
length, as well as the secondary arm spacing, is very close 
to that in Zone III. From the above microstructural charac-
teristics, it is clear that the ultrasonic field affects the solidi-
fication process of the sample strongly at the top and  

weakly at the bottom. The change is confined to Zones I′ 
and II′, with no effect on the growth process of the primary 
(Pb) phase in Zone III′. This demonstrates that the ultra-
sonic wave attenuates so sharply in liquid alloy that the ef-
fective range of the ultrasonic field is as small as λ/2 and far 
less than λ under the present sound intensity. 

During the static solidification process of the Sn-38.1% Pb 
eutectic alloy, the (Pb) phase nucleates first throughout the 
whole alloy melt. Due to its large density, the primary (Pb) 
phase sinks to the bottom of the alloy sample by Stokes 
motion to form coarse dendritic structures there. Following 
the primary (Pb) phase, the (Sn) phase also develops into 
dendrites from the residual Sn-enriched melt and floats to 
the top of the sample. Subsequently, the Sn-Pb eutectic 
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grows from the remaining melt. Thus, the macrosegregation 
is characterized by the three distinct zones with different 
microstructures separated in the vertical direction. When the 
ultrasonic field is applied, the variation of macrosegregation 
pattern depends mainly on the effective range of the ultra-
sonic field. In Zone I′, the undercooling level is reduced by 
the ultrasound. This inhibits the growth of the primary (Pb) 
phase, and leads to the cooperative growth of the Sn-Pb 
eutectic. In contrast, primary (Pb) phase still grows in Zone 
III′ because the undercooling is higher there. Because of the 
distance between the sound source and Zone III′ is greater 
than the effective range of the ultrasonic field, neither the 
growth nor the sinking motion of the primary (Pb) phase is 
influenced by the ultrasound. Similarly, once the primary 
(Sn) phase appears in Zone III′, it floats upwards. As soon 
as the primary (Sn) phase enters to the effective range of the 
ultrasonic field, acoustic streaming weakens the buoy-
ancy-driven convection and homogeneously disperses the 
clouds of formed (Sn) nuclei within the effective region. 
This is why the macrosegregation patterns can be modified 
within the H=λ sample. 

2.2  Microstructural characteristics of H=λ/2 and λ/4 
samples within the ultrasonic field 

Since the ultrasonic effective length is nearly λ/2, H is re-
duced to λ/2 and λ/4 in order to investigate the effect of 
ultrasound on the Sn-Pb eutectic growth mechanism. Figure 
1(b) and (c) depict the cooling curves of the H=λ/2 and λ/4 
samples. In the static case, the undercooling ΔT at the top 
and bottom of the H=λ/2 sample is 16 and 10 K, respec-
tively. In contrast, the undercooling at both positions drops 
to 7 K in the presence of ultrasound. Similarly, the bulk 
undercooling of the H=λ/4 sample decreases from 17 K 
during static solidification to 10 K in the ultrasonic field. 
This confirms that ultrasound promotes crystal nucleation 
and prevents the bulk undercooling of the alloy melt.  

In the case of static solidification, macrosegregation is 
gradually suppressed as the sample height is reduced. The 
height fractions hf of the three kinds of microstructures in 
each sample are plotted in Figure 3. The solidification mi-
crostructures in the H=λ/2 sample consist of a large amount 
of the Sn-Pb eutectic and a few small primary (Pb) den-
drites. The former occupies about 70% of the total height of 
the sample, whereas the latter is distributed within the re-
maining 30%. With the introduction of ultrasound, the 
height fraction of the (Pb) dendrites sharply declines to 7% 
of the sample height, leaving the Sn-Pb eutectic in the re-
maining 93%. In the static case, the primary (Pb) phase 
composes only a minor 18% part of the H=λ/4 sample, 
whereas it disappears in the ultrasonic case, leading to the 
formation of a 100% Sn-Pb eutectic structure in the solidi-
fied sample. Hence, the ultrasound facilitates the suppres-
sion of macrosegregation when the alloy sample height is 

decreased.  
Figure 4 displays the Sn-Pb eutectic growth morpholo-

gies in the H=λ/2 alloy sample. In the static case, the Sn-Pb 
eutectic grows in a coupled manner to form a regular la-
mellar structure and the average interlamellar spacing is 
about 1.4 μm. When the ultrasonic field is applied, a large 
number of spherical eutectic cells are observed closely in-
terconnected in the solidified sample. Figure 4(c) and (d) 
present the enlarged views of two typical eutectic cells. In 
Figure 4(c), the spherical eutectic cell consists of anomalous 
eutectic in the center and lamellar eutectic growing epitaxi-
ally. This kind of microstructure reveals that nucleation 
takes place at the center of the eutectic cell, and the anoma-
lous eutectic structure forms prior to the lamellar eutectic. 
In the eutectic cell illustrated in Figure 4(d), the lamellar 
Sn-Pb eutectic grows radially from the center to form a 
spherical shape. The interlamellar spacing of the Sn-Pb 
eutectic within the ultrasonic field is about 5.0 μm, which is 
much larger than that during static solidification. Evidently, 
ultrasonic field brings about a coarsening of the Sn-Pb 
eutectic structure. 

The Sn-Pb eutectic structure in H=λ/4 sample is almost 
identical to that in H=λ/2 sample, which will not be dis-
cussed in further detail here.  

 

Figure 3  Height fractions of the three kinds of microstructures versus sam-
ple height. (a) (Sn) phase+eutectic; (b) eutectic; (c) (Pb) phase+eutectic. 
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Figure 4  Microstructures of Sn-38.1% Pb eutectic alloy when H= λ/2. (a) Lamellar eutectic structures after static solidification; (b) spherical eutectic cells 
within ultrasonic field; (c) a spherical grain of anomalous eutectic; (d) a spherical grain of lamellar eutectic structure. 

2.3  Eutectic growth mechanism within the ultrasonic 
field 

Based on the above microstructural characteristics, it can be 
concluded that there are two microscopic effects of ultra-
sound on Sn-38.1% Pb alloy: (1) ultrasound promotes crys-
tal nucleation and suppresses bulk undercooling of alloy 
melt and (2) a large number of spherical eutectic cells form 
in the presence of ultrasound. 

Due to the fact that the bulk undercooling of the alloy 
melts in the present experiments is relatively small, hetero-
geneous nucleation is the dominating nucleation mechanism 
in both static and dynamic cases. According to the classical 
nucleation theory, the activation energy for nucleation ΔG is 
expressed as [12] 

3 2
m

2 2
m

16π
( ),

3
T

G f
H T
σ

θΔ = ⋅
Δ Δ

             (1) 

where σ is the liquid-solid free energy; Tm is the melting 
temperature; ΔHm is the latent heat of fusion, measured in 
J/m3; θ is the wetting angle of the solid phase on the het-
erogeneous nucleus; and f(θ)=(2+cosθ)(1–cosθ)2/4 is the 
wetting angle factor. Solidification occurs only on the con-
dition that at least one nucleus forms in the melt, that is, 
I·V·t≥1, where I is the nucleation rate, V is the volume of 
the alloy melt, and t is the solidification time. Take H=λ/4 
alloy sample as an example. According to its cooling curve 
in the static case shown in Figure 1(c), t is 32 s. Thus, it can 

be estimated that f(θ)≤0.05143 and θ≤43° during its solidi-
fication process. 

The cavitation effect is a principal promoter of nuclea-
tion. When a strong ultrasonic wave travels through alloy 
melt, it can generate cavities and small bubbles. These gas 
bubbles are inherently unstable and can continuously grow 
by absorbing gas from the surrounding alloy melt. If the 
sound pressure reaches the threshold value, the bubbles can 
collapse to a small fraction of their original sizes, generating 
a huge local transient pressure of up to 1–5 GPa. This, in 
turn, affects the nucleation process by elevating the local 
melting temperature.  

In addition, although both Sn and Pb metals are purified 
before experimentation, it is impossible to avoid solid im-
purities within alloy melts. As the ultrasonic wave propa-
gates, the wetting status between these heterogeneous solid 
particles and alloy melt can be greatly improved by de-
creasing the wetting angle between the crystal embryos and 
impurity particles. This provides potential heterogeneous 
nucleation sites and initiates solidification at small under-
cooling values.  

The relationship between pressure P and melting tem-
perature Tm can be expressed by the Clausius-Clapeyron 
equation [12]:  

( )E
m E

m

,
T V

T T P P
H
Δ

Δ 0= + -              (2) 

where TE is the melting point of the Sn-38.1% Pb eutectic 
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alloy at the atmospheric pressure P0, and ΔV is the volume 
change during the liquid-to-solid transformation. The in-
creased local undercooling ΔTLocal induced by local high 
pressure is illustrated in Figure 5(a). Assuming a high local 
pressure of 1–5 GPa is produced by the cavitation effect, 
ΔTLocal is raised by 29–145 K, which further changes the 
activation energy for nucleation. The nucleation activation 
energies of (Sn) and (Pb) phases in H=λ/4 alloy sample are 
calculated based on eq. (1) through eq. (2) with respect to 
pressure and wetting angle. The physical parameters used in 
the calculations are derived from [13], and listed in Table 1. 
It can be seen clearly in Figure 5 (b) and (c) that the activa-
tion energies of the (Sn) and (Pb) phases decrease with the 
increase of the local pressure and decrease of the wetting 
angle. At a fixed wetting angle, the local GPa–magnitude 
pressure reduces the activation energies of both phases by 
two orders of magnitude. This suggests that cavitation sites 
are favorable locations for nucleation. On the other hand, as 
the wetting angle varies from 43° to 1°, the nucleation acti-
vation energies of the two eutectic phases are lowered by a 
remarkable six orders of magnitude. The reduction of the 
nucleation activation energy indicates the promotion of nu-
cleation in the alloy melt. Therefore, the decrease of the 
wetting angle and the local high pressure produced by the 
cavitation effect are the two main reasons for the inhibition 
of bulk undercooling.  

During the Sn-Pb eutectic growth process within the ul-
trasonic field, both temperature and concentration fields 

show spatial symmetry because of the stirring effect caused 
by acoustic streaming. Once nucleation takes place at the 
cavitation sites, anomalous eutectic structures develop in 
their vicinity due to the high local undercooling [14,15]. 
Furthermore, the cavitation sites (i.e., nucleation sites) al-
ways acts as center points of the circulation flow in the liq-
uid adjacent to the crystals [16], which facilitates radial 
symmetry of temperature, concentration, and flow fields, 
and ensures symmetry of the solid-liquid interface in three 
dimensions. Subsequently, owing to the rapid release of 
latent heat, the lamellar eutectic grows epitaxially from the 
anomalous eutectic, leading to the formation of a spherical 
eutectic cell shown in Figure 4(c). In addition, if eutectic 
growth is stimulated by heterogeneous nuclei, under the 
combined effects of small undercooling and symmetrical 
concentration and temperature distribution, the lamellar 
eutectic comes out from the center to form a regular spherical 

Table 1  Physical parameters in the calculations [13] 

Physical parameter Value 

Eutectic temperature TE (K) 456 

Latent heat of fusion of (Sn) phase ΔHm-Sn (J/m3) 4.41×108 

Latent heat of fusion of (Pb) phase ΔHm-Pb (J/m3) 3.21×108 

Volume change of (Sn) phase ΔVSn (%) 2.3 

Volume change of (Pb) phase ΔVPb (%) 3.5 

L/S interfacial energy of (Sn) phase σSn (J/m2) 5.8×10–2 

L/S interfacial energy of (Pb) phase σPb (J/m2) 4.3×10–2 

 

Figure 5  Local undercooling and nucleation activation energy of Sn-38.1% Pb alloy. (a) Local undercooling versus pressure; (b) nucleation activation 
energy of (Sn) phase versus pressure and wetting angle; (c) nucleation activation energy of (Pb) phase versus pressure and wetting angle. 

 

Figure 6  Schematics of nucleation and growth process of spherical eutectic cells. (a) Cavitation induced nucleation and ultrasound activated heterogeneous 
nucleus; (b) anomalous eutectic growth at large local undercooling and lamellar eutectic growth at small local undercooling; (c) two types of spherical eutec-
tic cells. 
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eutectic cell, as presented in Figure 4(d). A schematic dia-
gram of the nucleation and growth process of the two kinds 
of spherical eutectic cells is shown in Figure 6. It should be 
noted that acoustic streaming also enhances solute interdif-
fusion between the two eutectic phases and increases the 
diffusion distances, resulting in larger interlamellar spacing 
in Sn-Pb eutectic cells compared with the eutectic cells 
formed during static solidification. 

3  Conclusions 

The dynamic solidification of a Sn-38.1% Pb eutectic alloy 
within an ultrasonic field is investigated, and the main con-
clusions are as follows:  

(1) The ultrasonic field significantly modifies the mac-
rosegregation pattern in Sn-38.1% Pb alloy sample by ex-
tending the distribution range of the primary (Sn) phase and 
shortening those of the Sn-Pb eutectic and primary (Pb) 
phases. Meanwhile, a “dendritic-equiaxed” structural transi-
tion occurs to the primary (Sn) phase, and its grain size is 
significantly reduced by the ultrasonic field. Once H de-
crease to λ/2 and λ/4, macrosegregation is greatly sup-
pressed or even eliminated by the ultrasound.  

(2) There are two typical kinds of spherical eutectic cells 
formed within the ultrasonic field. One is composed of a 
lamellar eutectic structure growing epitaxially from the 
anomalous eutectic at the center of the cell, and the other is 
composed entirely of lamellar eutectic coming out from the 
center of the cell. During the eutectic growth process, radial 
symmetry of both the concentration and temperature fields 
induced by acoustic streaming ensures that the solid-liquid 
interface is symmetric in three dimensions.  

(3) The bulk undercooling of the alloy melt is lower 
within the ultrasonic field than during static solidification. 
Two major factors, the higher local undercooling in the al-
loy melt caused by higher local pressure from the cavitia-
tion effect, and the decrease of wetting angles between the 
crystal embryos and heterogeneous particles resulting from 
the propagation of the wave both stimulate crystal nucleation 

before large underocooling is achieved.  
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