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Although the ultrasonic treatment of molten aluminum has been studied for long period, there is still much to be
revealed for this process. Many studies have focused on the investigation of acoustic cavitation and streaming
under the horn tip and their effects on the treatment efficiency. However, to the best of our knowledge, no
attempt has been done to explain phenomena occurring near or on the melt free surface. Thus, the goal of this
study is to investigate phenomena occurring at the free surface during ultrasound irradiation and clarify their
possible influence on the ultrasound treatment performance. The results of high temperature and water model
experiments reveal that ultrasound irradiation significantly promotes the formation of alumina particles on the
melt free surface around sonotrode, and part of these particles can be entrained into aluminum melts.
Furthermore, TEM observation results suggested that the entrained alumina inclusions can serve as nucleation
sites for the primary AlsZr compounds. Most importantly, the oxidation and entrainment of particles from free

surface are likely to be controllable by the immersion depth of sonotrode into molten aluminum.

1. Introduction

The first pioneering works on the treatment of liquid metal by ul-
trasound (hereinafter referred to as UST) can date back to the 1930s. [1]
There are two important phenomena, namely cavitation and acoustic
streaming, which occur when ultrasound vibrations are introduced in a
liquid under appropriate conditions. Specifically, the vibration ampli-
tude should exceed a threshold value for a stable cavitation field to be
generated. This threshold value depends on such factors as type of
liquid, content of gas and solid impurities in liquid. For instance, it was
found that the peak-to-peak threshold amplitudes in tap water and
commercially pure aluminum melt were 4-5 pm and 10-11 pm
respectively at a frequency of 20 kHz. [2,3] Another phenomenon is
acoustic streaming which is initiated in the cavitation zone beneath
sonotrode tip due to an attenuation of the ultrasound energy there. [4].

The utilization of cavitation and acoustic streaming for improving
the solidification structure of aluminum alloys has been extensively
investigated in the past[5-11]. It has been recognized that these two
phenomena can play different roles during solidification process

* Corresponding author.
E-mail address: un.jincheng.q8@dc.tohoku.ac.jp (J. Sun).

https://doi.org/10.1016/j.ultsonch.2022.106209

depending on the temperature of ultrasound irradiation. When UST is
performed at a temperature near or lower than Ty (hereinafter Ty
referred as to liquidus temperature), a number of mechanisms are
responsible for the UST effects. These mechanisms include mainly
fragmentation and modification of primary solidifying phases as well as
improvement in fluidity of melt in the mushy zone. There is a large
volume of literature on this topic including books [12-14] and papers
[16-18]. Their main results can be briefly summarized as follows. At
temperatures lower than Ty, cavitation bubbles, when collapse near
primary solidified crystals, can cause their mechanical fragmentation
[15-18], which is considered to be the main mechanism of micro-
structure refinement at T < Tr. In addition, cavitation-induced micro-
streaming influences the mass transfer between the melt and growing
crystals, and this is capable of changing the crystal shape [16]. This
effect is commonly called modification. Besides, when ultrasonic vi-
brations are introduced into the sump of a DC caster, the acoustic
streaming and turbulent oscillations alter characteristics of the mushy
zone [19-21] that can be effective in preventing hot-tearing in high-
speed casting of aluminum alloys [22] and in improving the quality of
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billet surface [18].

At temperatures higher than Tj, the main role of ultrasound treat-
ment is dispersion and activation of refiner particles when they are
introduced to the melt. Typical examples of such particles are AlP, TiB,
and TiC which promote nucleation of primary silicon (AIP) or aluminum
(TiBg, TiC) grains. It has been recognized that this effect is due to the low
lattice misfits between the crystal structure of solidifying phases and
refiners. For example, in casting of Al-Si hypereutectic alloys [23,24]
particles of primary silicon can be significantly refined by ultrasound
vibrations introduced in the melt. This refinement effect was found to
result from the dispersion of AIP particles in cavitation zone that en-
hances the particle nucleation potency [25]. Besides, some primary
intermetallic compounds of Al-Ti or Al-Zr-Ti systems can also serve as
nucleation sites for aluminum grains. For example, Wang et al. [11]
investigated the effect of ultrasonic melt treatment on the refinement of
primary AlsTi intermetallic in an Al-0.4Ti alloy, and found that
cavitation-enhanced nucleation via improved wetting of native particles
plays the dominant role in refinement when the UST is applied in the
fully liquid state. Atamanenko et al. [19] revealed that the grain size and
morphology of pure aluminum can be significantly refined with 10 s UST
in the liquid state.

At the same time, results of some recent studies reveal that the
refinement and modification effect of UST at T > T, can be achieved
even when no refiners are added. For examples, Eskin [7] reported that
oxide particles in aluminum melt can promote the nucleation of cavi-
tation bubbles during ultrasound irradiation, and these bubbles then can
enhance the melt degassing and influence the solidification phenomena.
During the casting process of aluminum alloys, it is difficult to avoid
entering oxide particles in the melt. Particularly such oxides as alumina
and its spinel are often entrained into molten aluminum. Obviously, the
main source of such particles is oxidation of aluminum and alloying
elements by atmospheric moisture and oxygen. According to recent
studies, fine oxide particles can serve as nuclei for some intermetallic
compounds and a-Al grains. The finding provides a plausible explana-
tion of why the refinement effect of ultrasound is sometimes observed
even after the treatment at temperatures higher than T, without refiner
addition. For example, Wang et al. [15] clarified the refining mechanism
of primary Al3Ti compounds during an ultrasonic treatment at a tem-
perature at which the compounds still do not exist in the melt. They used
an edge-to-edge matching model and experimental determination of
crystallographic orientation relationships between the a-AlyOs and
primary Al3Ti particles and the results confirmed high potency of
a-Aly03 particles as nucleation sites for the Al3Ti compounds. Sreekumar
et al. [26] suggested that the calculated lattice misfit of solid aluminum
at 660°C with v-Al203 and a-Alp03 is 3.38 % and —0.48 % respectively.
These results indicate that these oxides can be highly potent for nucle-
ation of a-Al grains. Mechanisms of enhanced heterogeneous nucleation
during solidification in binary Al-Mg alloys were investigated by Li et al.
[27] They found that one of them can be attributed to MgAl;O4 particles
acting as potent sites for nucleation of a-Al grains with a lattice misfit of
1.4 %. A well-defined orientation relationship between o-Al and
MgAl;O4 was also observed and identified [28] to be: 8.5 degrees (-1
1-1a-Al//(2-2 2)MgAl;04, and [—110]a-Al//[—110] MgAl»04, and it
was also demonstrated that the native MgAl;O4 particles are sufficient to
enhance the heterogeneous nucleation of a-Al. The effect of melt con-
ditioning on segregation of solute elements and nucleation of aluminum
grains in a twin roll cast aluminum alloy was examined by Kim [29]. The
results suggested that MgO particles can act as a substrate for nucleation
of aluminum however this. Specifically, oxide particles of about 1 to 5
pm in size possess a higher potency to nucleate aluminum grains under
lower undercooling of heterogeneous nucleation onset. On the other
hand, finer oxide particles with the size of about 100 to 200 nm
requiring larger undercooling degree were found to be pushed towards
the grain boundaries during solidification and could not serve as
nucleation sites.

Thus, the results of the above-mentioned studies suggest that non-
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metallic inclusions, particularly alumina, which inevitably enter the
aluminum melt, may additionally contribute to the improvement of
solidification structure. This effect should be especially significant when
the nucleation potency of such inclusions is enhanced by ultrasound.

Recent findings, however, suggest that the role of ultrasound vibra-
tions may be not limited to the dispersion and activation of inclusion
particles that are already present in melt. Another useful effect is that
ultrasound vibrations can promote formation of oxide particles and their
entrainment in the molten bath. It is a well-known fact that the surface
of aluminum melt is covered with thin oxide film due to extremely high
affinity of aluminum to oxygen. Such films with nanometer thickness
[30] can be fragmented into tiny particles which can be entrained into
the melt. Nevertheless, to the best of our knowledge, no study has been
done to investigate these phenomena under application of ultrasound
vibrations.

Entrainment of particles from the free surface, however, has been a
subject of considerable interest in other fields such as mechanical stir-
ring and agitation. For example, Komarov et al. [31] investigated
incorporation of fine particles into liquid from the free surface of a large-
scale swirling vortex created around the axis of a rotary impeller in a
cylindrical vessel. Two feasible mechanisms for particle penetration
behavior were proposed. The first one is an oscillating motion of the
vortex free surface causing particles to enter into the liquid due to in-
ertial force. Then, such particles could be easily entrained into the liquid
bulk due to turbulent eddies. The second mechanism is related to
capillary phenomena which force the liquid to rise up through narrow
capillaries between the particles. Kang et al. [32] used discrete element
model coupled with volume of fluid method (DEM-VOF) to simulate the
entrainment of floating particles from the free surface into a turbulent
flow in stirred vessels. The results revealed that the entrainment process
can be divided into three stages, namely pull-down, dispersion and cycle
stage, sequentially. It was found that particles incorporate from the free
surface into the liquid bulk due to an increase of pulling force in the
vertical direction. As mentioned above, introduction of ultrasound vi-
brations in the melt is responsible for such phenomena as cavitation,
acoustic flow and turbulence and, hence, can influence the behavior of
particles on the free surface including their formation and entrainment
in the melt bulk.

Thus, the main goal of present study is to examine whether ultra-
sound vibrations influence the formation of oxide particles at the free
surface of molten aluminum and to investigate the behavior of such
particles, particularly their entrainment into the melt bulk. The exper-
iments include two parts, namely high temperature experiments using
pure aluminum or an Al-Zr alloy, and water model experiments. In high
temperature experiments, particles, collected after 2-hour ultrasonic
treatment, were analyzed for phase composition and size distribution.
Then, non-metallic inclusions in aluminum ingots were investigated
with PoDFA (Porous Disk Filtration Apparatus) method to confirm the
presence of alumina particles in the melt and to examine their charac-
teristics Possible mechanisms of particle entrainment were clarified by
water model experiments using a high-speed video camera. The results
obtained were explained taking into account cavitation-related phe-
nomena and downward acoustic flows. Besides, SEM and TEM obser-
vations were performed to examine the probability for the particles to
serve as nucleation sites for the deposition of Al-Zr primary compounds.

2. Experimental
2.1. High temperature experiments

Approximately 2 kg of commercially pure aluminium (99.9 %) was
charged into a CP crucible of 122 (0.D.) x 98 (I.D.) x 200 (H) mm in
size. Aluminum contained iron and silicon as impurities in concentration
of 0.06 % and 0.04 %, respectively. In experiments with Al-0.4 %Zr, 190
g of Al-5 %Zr master alloy was charged into the crucible together with
aluminum.
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The charge was then melted and heated up to 1173 K using an
electrical resistance furnace placed on an elevating platform as shown in
Fig. 1 (a). The melt was held for 2 h before treatment. The ultrasonic
treatment was performed inside the furnace at a constant temperature of
1023 and 1083 K for pure Al and Al-0.4 %Zr alloy, respectively. A K-type
thermocouple was used to monitor the melt temperature. According to
the Al-Zr phase diagram shown in Fig. 2, the liquidus temperature (Ty) of
Al-0.4 %Zr alloy was approximately 1073 K. Therefore, UST was per-
formed above Ty. More details can be found in our earlier publication
[33].

The ultrasound equipment was basically the same as that used in the
above-mentioned publication. The only difference is that in the present
study UST was done inside the furnace. Therefore, before UST, the dis-
tance between the sonotrode tip and the melt surface was gradually
reduced for the sonotrode preheating for 30 min. The sonotrode was
made of SizN4-based ceramics. It is worth noting that the sonotrode has
extremely high erosion resistance. [34] Therefore contamination of melt
by SigNy particles during 2-hour treatment can be neglected.

After that, the sonotrode was immersed in the melt as shown in Fig. 1
(d) to start UST. Temperature range and duration of ultrasound treat-
ment, vibration amplitude of sonotrode tip and melt pouring tempera-
ture are summarized in Table 1. The melt temperature during the
ultrasonic treatment process was controlled by changing the furnace
output power. Finally, the melt was poured into a steel boat mold with a
length and width of 250 and 35 mm, respectively. The cooling rate was
determined from preliminary measurements using a fast response K-type
thermocouple and a datalogger with a sampling rate of 1 ms/s. At the
ingot location, from where all samples were cut, the cooling rate was 20
K/sec.

Observations during the UST process revealed a formation of tiny
black particles on the surface of pure Al melt around the sonotrode. The
particles were collected before casting and then analyzed for the phase
composition by XRD. (SmartLab 9kw, Rigaku) Additionally, the particle
size distribution was analysed by a particle size analyzer (Seishin, LMS-
2000e, Japan). For the sake of comparison, experiments without UST
were also carried out under the same conditions. The ingots obtained in
the experiments with and without UST were then used to analyze non-
metallic inclusions, particularly alumina particles, by PoDFA tech-
nique (Porous Disk Filtration Apparatus). This technique is the
commonly used industry standard for assessing the cleanliness of
aluminum melts. More details about the principle of PoDFA analysis can
be found in the relevant literature, for example in [35]. In the present
PoDFA test, approximately 2 kg of aluminum melt was passed through a
ceramic filter with diameter of pores 77 pm. Then, following the stan-
dard procedure, a part of filters with the solidified aluminum was used
to prepare samples for observation and analysis of particles trapped in
the filter pores. Appearance of such a sample is illustrated in Fig. 3, and
the filter part is marked by the red dotted square. The sample
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Fig. 2. Al-Zr phase diagram.

Table 1
Ultrasonic treatment and casting conditions for pure Al and Al-0.4%Zr alloy.
UST
Material Temperature Amplitude (pm, Time  Pouring
range (K) p-p) (h) temperature (K)
Pure Al 1023 £ 10 58 2 963 + 2
Pure Al - - - 963 + 2
Al-0.4 % 1083 + 10 58 2 1023 + 2
Zr

microstructure was observed by an optical microscope (Olympus,
BX53M, Japan) and field-emission scanning electron microscope (FE-
SEM; JEOL JSM-6500F) with emphasis on the two areas: the interface
between filter and solidified Al as well as inside the filter pores filled by
Al. More details can be found in the following section.

After experiments using Al-0.4 %Zr alloy, samples of 10x10x5 mm®
in size were cut out from the ingot and then prepared for analysis using
standard metallographic techniques. The microstructure was observed
by a field-emission scanning electron microscope (FE-SEM; JEOL JSM-
6500F) and Transmission electron microscope (TEM; JEM-ARM200F
(JEOL)) with 200 kV accelerating voltage.

2.2. Water model experiments

Fig. 4 is a schematic diagram of setup used for water model

(a)

Ultrasonic
Genera’tor I
Al-5%Zr alloy « | WS Transducer CE
and/or \ Horn

99.9% pure Al
Data logger

Crucible

Thermocouple

Heating Furnace Pure Al melt

Melt preparation

or N .
Al-0.4%Zr melt i@;

(d)

T

Preheating

Treatment

Fig. 1. Schematic representation of experimental setup and procedure for high temperature experiments.
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Fig. 3. A photograph of a sample after PODFA analysis.

experiments. As mentioned above, the main goal of these experiments
was to directly observe particles entrainment phenomena from the free
surface of a water bath during ultrasound irradiation. For this purpose, a
high-speed camera (FASTCAM Nova S12, Photron) equipped with a
lense (LEICA Z16 APO, Leica) was installed in the opposite side of a high
intensity LED light device (UFLS-751-08 W-UT, U-Technology). As
indicated in Fig. 4, an acrylic vessel with dimension of 190 (L) x 30 (W)
x 210 (H) mm was used. A special plate-shaped ultrasound sonotrode
was designed for these experiments. The sonotrode tip had width and
thickness of 20 and 6 mm, respectively. 20-kHz ultrasonic vibrations
were introduced through this sonotrode in the water bath at an ampli-
tude of 52 pm (peak-to-peak). The amplitude was measured using a
high-speed laser displacement sensor (LK-G5000, Keyence, Japan) in the
air environment. Table 2 present the properties of polymethyl

Amplitude (p-p): 52um

Ultrasonic
Generator

Transducer
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methacrylate particles used in these experiments as model particles.

The experiments were carried out according to the following
procedure:

*The vessel was filled by water and placed between the above-
mentioned video camera and light source.

*The sonotrode was immersed into water to a depth of around 10
mm.

*The particles were added to the water surface in the vicinity of
sonotrode.

*The high-speed camera and light were switched on to start
recording at a frame rate of 500 fps and a shutter speed of 1/1000 sec.

*The ultrasound irradiation into water was started.

During ultrasound irradiation process, the phenomena occurring
near the sonotrode were recorded by the video camera. The size of video
images was approximately 550 um in width and 280 pm in height. The
pixel resolution of image was 256 x128. Thus, dimension of each pixel
was around 2 um. A number of snapshots was taken to explain particles
entrainment phenomena from the water free surface and the corre-
sponding video documents can be found in supplementary materials.

3. Results
3.1. Formation of alumina particles on the melt surface

Fig. 5 shows the black particles on the melt surface after 2-hours UST.
As it can be seen from Fig. 5(a), the Al melt surface is free of black parties
before UST. However, a large number of black particles are clearly seen
around the sonotrode as indicated in Fig. 5(b). Fig. 6(a) shows their XRD
spectrum. It is seen that is the particles are composed of aluminum and
its oxide including a-Aly03 and y-Al;Os. As for the first oxide, a number

Table 2
Properties of particles used in the water model experiments.
Material Density, p, Wetting Angle, 6 Diameter, d,
kg/m? deg. um
PMMA 1200 76 60

Horn

Light source

Added Particles

Fig. 4. A schematic diagram of setup for water model equipment.
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Sonotrode

(a) Before UST
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(b) After UST

Fig. 5. A photograph of the Al melt surface before (a) and after (b) UST.
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Fig. 6. XRD results for black particles collected from the melt surface after 2 h UST: (a); and their size distribution: (b).

of small peaks were detected. On the other hand, only two y-Al,O3 peaks
were observed in the spectrum presumably because the other peaks were
overlapped with the a-Al;O3 peaks. The appearance of strong Al peaks
because some amount of aluminum might enter the sample during col-
lecting process. Another reason might be that some relatively large
particles could be composed of aluminum core and alumina shell. Fig. 6
(b) presents the size distribution of collected particles. It is seen that the
distribution follows a logarithmic normal probability distribution with
the average size of 8.036 um. The formation process of these particles
will be discussed in the next section.

3.2. PoDFA analysis results

It should be noted that the PoDFA analysis provides both qualitative
information on the nature of inclusions and quantitative information on
the inclusion quantity. Particularly, one of the characteristics which can
be evaluated from the PoDFA analysis, is the number of inclusions per
unit surface area of filter. Fig. 7 presents two optical microscopy pho-
tographs of filter surface when samples with UST (a) and without UST
(b) were used for filtration. A greater number of particles can be seen

after 2-hour UST as compared to the case without UST. In addition,
quantitative estimates were made based on the total surface area of filter
occupied by the particles after filtration of 1 kg melt. This value is
commonly adopted in the PoDFA analysis. The results revealed that the
amount of inclusions increased significantly from 46x10~* mm?/kg to
494x10~* mm?/kg after 2 h of ultrasonic irradiation.

Fig. 8 presents a typical cross-sectional SEM image of a part of filter
after the PoDFA analysis. Red-dotted lines separate areas inside filter
pores from those corresponding the filter material between pores.
Obviously, pores remain filled with solidified aluminum after the
filtration treatment. In the case without UST, it is difficult to find in-
clusions in the pore, as shown in Fig. 8(b). However, a significant
number of black rounded and polygonal inclusions are readily seen in
the pore when an ingot after 2-hour UST was used for the PoDFA
analysis. EDS analysis revealed that these inclusions are alumina parti-
cles. It is worthy of note that the size of inclusions agrees well with that
of alumina particles collected from the melt surface (Fig. 6(b)). Thus, it
is clear that UST results in entrainment of particles from the melt surface
into the bulk, and these particles are fine alumina inclusions.
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(b) without UST

Fig. 7. The optical microscopy photos of samples after PODFA analysis.

(a) With UST (b) Without UST
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Fig. 8. SEM images of a part of filters after PODFA tests: (a) sample after 2 h UST; (b) without UST.
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Fig. 9. Typical SEM microstructures of Al-0.4%Zr after 2 h UST.
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3.3. Microstructural observation of Al-0.4%Zr alloy

Fig. 9(a) presents a typical SEM image of primary AlsZr particles
after 2-hour UST. In order to see microstructural details, a part of image
in the red-dotted square was enlarged and shown in Fig. 9(b). The
particle composition was confirmed by the EDS point analysis showing
that the atomic ratio of Al and Zr is around 3:1. Two dotted circles
indicate the location of two smaller particles appear to be embedded in
one of the above-mentioned AlsZr particles.

Fig. 10 reveals elemental mapping results for one AlsZr particle
shown in Fig. 9. It is clearly seen that the particle is mainly composed of
Al and Zr, but two fine particles embedded into the bulk of the large one
contains oxygen. The bright field image and its mapping results in
Fig. 11 also clearly indicate that the particle includes Al and Zr. More
importantly, Fig. 11(b and d) reveals that the embedded particle consists
of Al and O elements. As will be revealed in the next discussion section,
these two particles are aluminum oxide particles.

3.4. TEM observation results

In order to identify the crystal structure of the particles and in-
clusions, TEM analysis was performed. The selected area for TEM
investigation is marked by the upper red circle in the left side of Fig. 12.
The specimen prepared using a focused ion beam (FIB) equipment for
TEM observation is shown in Fig. 12(a). The TEM analysis indicates that
the particle is composed of AlsZr phase, which has tetragonal DOa3
structure (Fig. 12(b)), and the inclusion is composed of a-Al,O3 phase
with a hexagonal structure (Fig. 12(c)). The Al,O3 inclusion is projected
along the [010] zone axis, and the AlsZr particle is projected along the
[0-31] zone axis. The high-resolution transmission electron microscopy
(HRTEM) image in Fig. 12(d) shows the interface between the a-AlyO3
inclusion and AlsZr particle. It clearly seen that, despite the quite
different crystal structure, AlsZr is tightly bound to the surface of Al;O3
inclusion suggesting that such inclusions can serve as nucleation sites for
the primary AlsZr compounds. Similar results also have been reported
by Wang et al. [36] and Jung et al. [37] The authors of the latter study
obtained high-quality HR-TEM images revealing formation of a thin
layer of y-Al;,03 phase on the surface of alumina particles. This phase
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was shown to have a small (111) planar mismatch with (114) plane of
Al3(Zr,Ti) used in their experiments. It is worth noting that some small
amount of y-Al;O3 phase was detected by XRD in powder collected from
the melt surface in our experiments, as shown in Fig. 6(a).

4. Discussion

Thus, the above experimental results reveal that irradiation of high-
intense ultrasound waves into molten aluminum promotes formation of
oxide particles on the melt free surface and their entrainment from the
surface into the melt bulk. These particles can serve as nucleation sites
for crystallization of new phases, particularly intermetallic compounds.
Below is a discussion on possible underlaying mechanisms and related
phenomena.

4.1. Results of water model experiments

First, water model experiments were carried out to observe the
entrainment of model particles into a water bath. Fig. 13 presents
snapshots of video recording data showing the behavior of model par-
ticles on the free surface and their entrainment into the cavitation zone.
Fig. 13(a) shows the initial situation, namely the profile of the free
surface before starting the ultrasound irradiation. It is particularly
remarkable that the free surface deviates from horizontal level revealing
that the wetting angle is slightly lower than 90 degrees. After the ul-
trasound is turned on, the particles begin to move up the inclined surface
of water towards the sonotrode as shown by arrows in Fig. 13(b), where
they are entrained into downstream moving in parallel to the sonotrode
wall and finally enter into the cavitation zone as can be seen from Fig. 13
(c). Mechanisms and driving forces of particle motion will be discussed
below. Some particles also can be entrained into water from the free
surface during its oscillations. The red-dotted square in Fig. 13(e) shows
a local deformation of the free surface after disturbing by ultrasound
causing the free surface oscillations and particle entrainment. The fre-
quency of the free surface oscillations is much lower compared to the
frequency of ultrasound waves because the oscillations are caused
mainly by large-scale turbulent eddies and acoustic streaming. This
mechanism is probably similar to that observed by Komarov et al. [31]
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Fig. 11. (a) TEM bright field image in the vicinity of particle 2, and (b-d) EDS mapping results.
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Fig. 12. TEM investigation of the particles and inclusions: (a) TEM image of a part of Al3Zr particle; (b) the selected area electron diffraction (SAED) pattern of Al3Zr
particle; (c) SAED pattern of the Al,O3 inclusion; (d) HRTEM image of the interface between the AlsZr particle and the Al,O3 inclusion.

for a case when particles were entrained into water due to oscillating
motion of vortex in a mechanically agitated water bath. Another inter-
esting phenomenon is shown in Fig. 13(h and i). Some of the particles
are seen to be aligned along a straight line indicated by the red arrow in
Fig. 13(h). This arrangement of particles remains unchangeable for a
while as seen from Fig. 13(i). Also, it is seen that other particles begin to
line up in the same direction. Eventually, all particles were transferred
into the cavitation zone. The line arrangement of particles is probably
caused by the primary Bjerknes force acting on the particles in water in

the presence of standing waves. Standing waves can form in the vessel
due to reflection of ultrasound waves from the walls and free surface.
This phenomenon has been well documented by Louisnard [38] for the
case of fine bubble arrangement in a Bjerknes force field.

Thus, based on the results of water model experiments, it can be
summarized that particle can be entrained from the free surface into the
cavitation zone due to a number of mechanisms including downward
acoustic flow, free surface oscillations and eddies near the sonotrode.
One more factor influencing the entrainment phenomena is wettability
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(i) Particles move with downward flow
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: Sonotrode

(ii) Particles entrainment because of the oscillating free surface

Sonotrode

Fig. 13. Snapshots showing the particles penetration into water near the sonotrode: (i) particles move downward; (ii) particles are entrained due to oscillations of

free surface; (iii) particles move along with eddies.

of particles by liquid. Obviously, the poorer the wettability is, the more
difficult it is for particles to penetrate into liquid. As alumina is poorly
wetted by molten aluminum, the penetration of alumina particles into
melt is expected to occur to a lesser extent compared to the PMMA
particle case.

4.2. Consideration on phenomena occurring at the free surface

As mentioned above a lot of alumina particles were discovered on the
surface of pure Al melts after 2-hour UST. Accumulation of such particles
was observed especially around the sonotrode. It is clear that aluminum
melt is immediately oxidized to form a thin oxide layer when its surface
is exposed to oxygen-containing atmosphere. The notable feature of this
layer is a very small thickness and high melting temperature, more than
2000°C. Therefore, alumina layer floats on the free surface of liquid
aluminum as island-like films or conglomerates of particles which can be
easily broken into smaller fragments or individual particles. Moreover,
since the density of alumina is larger than molten alumina, the particles
are retained on the surface only under the action of capillary forces.
Also, it is obvious that Al oxidation at melt surface occurs not only due to
reaction with atmospheric oxygen but also with the moisture. In this
case, a reaction of Al with HoO produces hydrogen and alumina.
Hydrogen dissolves in the melt that can facilitate cavitation inception
and make the cavitation zone wider. Although experimental in-
vestigations of cavitation zone present serious difficulties, some char-
acteristics of cavitation zone can be predicted numerically. For example,
Fang et al. [2] predicted distribution of cavitation bubble volume frac-
tion, p and the boundary of cavitation zone. Both are presented in
Fig. 14. It is worth noting that the cavitation zone shown by the solid
white line, extends not only downward but sideward of the sonotrode
wall.

It is reasonable to assume that some cavitation bubbles generated in
such a cavitation zone can become stable and float up to the free surface
covered by oxide films. The collapsing or bursting of these bubbles at the
free surface can cause its local disturbance or even droplet formation.
Besides, collapsing bubbles can generate micro-jets directed to the free

beta ()

0.0005-
£

%0.0004

-0.0002

O,

Fig. 14. Predicted distribution of bubble volume fraction and the boundary of
cavitation zone (solid white lines) under the flat-tip sonotrode. [2].

surface. This phenomenon has been demonstrated by the experimental
observations of Zhang et al. [39] revealing that cavitation bubbles
induce micro-jet towards the free surface of water and such a micro-jet
can cause formation of a hump on the free surface. Moreover, the effects
of breaking or fragmentation of oxide films under the action of
cavitation-induced micro-jet have been investigated by several re-
searches [39-43]. For example, Zhang et al. [42] found that the high
pressure generated by collapsing bubbles induces a shear force resulting
in a shear deformation of oxide films. As a result, the films can be
fragmented into tiny particles if the shear force is large enough or the
cumulative shear deformation reaches the critical value. Obviously, the
above-mentioned phenomena can cause not only a fragmentation of
oxide films but an increase of aluminum oxidation due to a constant
renewal of the surface in contact with oxidizing gas. Fig. 15 shows a
schematic representation of the fragmentation process of oxide films by
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the micro-jet. Fig. 15(a) shows a sonotrode immersed into Al melt during
UST, and a part of the free surface in the red dotted circle is magnified
and shown in Fig. 15(b and c).

Then, a part of particles, accumulated around the sonotrode, can be
entrained into the bulk of melt as suggested by the above results of water
model experiments. The main phenomenon, responsible for the particle
entrainment, is the local acoustic streaming which occurs in the vicinity
of sonotrode. Although the video recording equipment, used in the
present study, did not allow direct observations of microscale turbulence
and flows near the sonotrode surface, the entrainment of particles here is
well documented by our water model experiments. Another evidence in
support of this entrainment mechanism can be found in the above-
mentioned study of Fang et al. [2] where the authors showed experi-
mentally and numerically that liquid flows down from the free surface to
the cavitation zone when ultrasound vibrations are introduced through a
sonotrode with a flat tip. Thus, alumina particles can be entrained from
the free surface of melt directly into the cavitation zone where they can
be subjected to the further fragmentation and activation leading to
improvement of their nucleation potency.

4.3. Possibility for controlling oxidation and entrainment of particles

The experimental results of the present study and the following
discussion showed that the formation of alumina particles and their
entrainment into molten aluminum occur in the vicinity of sonotrode.
Therefore, both the particle formation and entrainment should be
affected by conditions of ultrasound treatment. In the present study, the
ultrasound treatment was performed for a long time using only 2 kg of
aluminum melt. Clearly these conditions are favourable for the forma-
tion and entrainment of oxide particles. Long treatment time was
required to collect a sufficient amount of oxide particles for their anal-
ysis. It is obvious that in actual practice, for example in ultrasonic
casting, the treatment is performed under quite different conditions.
Particularly, aluminum melt flows faster and passes through the near-
sonotrode region for a much shorter time as compared to the treat-
ment in a crucible. Furthermore, in practice the ultrasonic treatment
time is usually much shorter. Therefore, the amount of oxide particles
formed on the surface and entrained into melt can be expected to be
much lower compared to our experiment case. Nevertheless, the
following two factors, namely immersion depth of sonotrode in the melt
and wettability between the sonotrode materials and aluminum melt are
assumed to be of significant importance for controlling the formation
and entrainment of oxide particles from the melt surface into its bulk.
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Below is a brief consideration on each of these factors.

The important role of sonotrode immersion depth can be seen from
the above direct observations of particle motion in the vicinity of
sonotrode in the water model experiments. In the present study, the
sonotrode tip was submerged into the water bath to a small depth so that
the cavitation zone was located close to the free surface. As a result, the
cavitation bubbles and acoustic flows in the cavitation zone affected
significantly the behavior of the free surface and particles floating on it.
In the high temperature experiments, the sonotrode tip was submerged
into the melt to a relatively small depth. This is assumed to be one of the
reasons why such a great amount of alumina particles were observed on
the melt surface and in the PODFA samples. Immersion of the sonotrode
deeper into the melt will increase the distance between the cavitation
zone and the free surface that can suppress the formation and, more
importantly, entrainment of oxide particles into the melt. Moreover,
since ultrasound sonotrode is designed in such a way that the vibration
amplitude is maximum at its tip, a deeper immersion of the sonotrode tip
in the melt will provide a smaller vibration amplitude of sonotrode side
wall at the location of the free surface. This may give an additional
opportunity to control the particle formation and entrainment rates.

Finally, some comments should be made concerning the wettability
between aluminum melt and sonotrode material. This factor may be
important because the particle entrainment seems to occur in the im-
mediate vicinity of sonotrode side wall where the liquid surface forms a
meniscus and its curvature can be either positive or negative depending
on the wettability and surface tension. The observations of the present
study reveal that particles can be entrained into liquid even when the
sonotrode surface is well-wetted by liquid and meniscus curvature is
positive. This situation corresponds to that of ultrasound treatment
using a metal sonotrode which is well-wetted by liquid aluminum. On
the other hand, since non-reactive stable ceramics like silicon nitride are
poorly wetted by liquid metals, the use of ceramic sonotrode can pro-
mote the particle entrainment due to a negative curvature of meniscus in
this case. On the other hand, it is well known that ultrasonic vibration
improves wettability of solids. This is supported, for example, by Sar-
asua et al. [44] who reported that ultrasonic vibrations result in
reduction of the contact angle with no return. Therefore, we believe that
the profile of aluminum melt surface near the sonotrode is not too
different from what we observed in the water model experiments. Val-
idity of this suggestion, however, should be carefully investigated in the
follow-up studies.
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Fig. 15. A schematic representation of the fragmentation process of oxide films by the micro-jet: (a) a sonotrode immersed into Al melt during UST; (b) the cavitation
bubble with micro-jet moves towards melt surface; (c) the micro-jet breaks oxide film.
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5. Conclusions

In the present work, the ultrasound-disturbed free surface phenom-
ena and their influence on ultrasonic treatment performance of
aluminum alloys were investigated. The following phenomena were
considered and investigated in the high temperature and water model
experiments using ultrasound irradiation. (1) formation of oxide parti-
cles on the melt surface; (2) the behavior of the water free surface near
the ultrasound sonotrode; (3) entrainment of particles from the free
surface into water and aluminum melt; (4) nucleation of AlsZr inter-
metallic compounds on the surface of alumina particles. Based on the
above results and discussion, the following conclusions can be drawn
from this study.

1. Ultrasound irradiation greatly enhances the formation of alumina
particles on the melt free surface around sonotrode. This is because
cavitation-driven microstreaming, bubble burst and oscillations
occurring near or on the free surface, disturb the surface enhancing
its renewal. Besides, acoustic streaming, generated in the melt,
causes the free surface to flow from the crucible sidewalls to sono-
trode resulting in the accumulation of alumina particles near the
sonotrode.

2. Another factor influencing the particle entrainment is oscillations of
water free surface near the ultrasound sonotrode caused by large-
scale turbulent eddies and acoustic streaming.

3. A part of particles can be entrained from the free surface into the
cavitation zone and then transferred to the liquid bulk, as confirmed
by PoDFA tests.

4. The primary AlsZr compound was found to be tightly bound to the
surface of entrained alumina inclusion suggesting that the alumina
particles can serve as nucleation sites for the AlsZr compounds.

5. Immersion depth of sonotrode into molten aluminum can be a very
important operation variable to control the formation and entrain-
ment of oxide particles from the free surface into the melt. This is
because many free surface phenomena are strongly affected by
cavitation and acoustic streaming occurring in the vicinity of the
sonotrode tip.
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