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Abstract: A transient 3D model was established to investigate the effect of spatial interaction of ultrasounds
on the dual-frequency ultrasonic field in magnesium alloy melt. The effects of insertion depth and tip shape of
the ultrasonic rods, input pressures and their ratio on the acoustic field distribution were discussed in detail.
Additionally, the spacing, angle, and insertion depth of two ultrasonic rods significantly affect the interaction
between distinct ultrasounds. As a result, various acoustic pressure distributions and cavitation regions are
obtained. The spherical rods mitigate the longitudinal and transversal attenuation of acoustic pressure and expand
the cavitation volume by 53.7% and 31.7%, respectively, compared to the plate and conical rods. Increasing the
input pressure will enlarge the cavitation region but has no effect on the acoustic pressure distribution pattern.
The acoustic pressure ratio significantly affects the pressure distribution and the cavitation region, and the best
cavitation effect is obtained at the ratio of 2:1 (P,5:P,).
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11In l,l‘Od uction machining processes, extraction techniques, and metal
melt treatment methods ). Among these areas, the
Ultrasonics have the potential to alter physical, chemical, ultrasonic treatment of molten metals holds significant
and biological properties of materials, making them prominence, and has been garnering increasing attention
highly promising for usage in engineering, earth and development.
science, and life science ). The widespread interest in The research on ultrasonic treatment of metal melts
ultrasonics originates from the various nonlinear effects it began in the former Soviet Union. Sokolov's study
induces, including acoustic distortion, acoustic radiation showed that ultrasonic can refine the dendrites of
pressure, cavitation effect, and acoustic streaming . various light metals and accelerate the solidification
These nonlinear effects of ultrasonics offer a wide range process . In the following decades, ultrasound research
of advantages including thermal effects, melt agitation, entered a period of vigorous development. Researchers
diffusion enhancement, and promotion of chemical represented by Eskin et al. have carried out a number of
reactions in the acting medium "7\, Nevertheless, the experimental studies on power ultrasonic treatment of
development of ultrasonic applications varies across light alloys, especially aluminum alloy melts, showing
different domains. Ultrasonic technology has found that ultrasonic assisted direct-chill casting of aluminum
mature applications in surface cleaning, emulsification, alloys can achieve significant melt degassing and
dispersion, metal welding, and non-destructive testing. grain refinement effects "*'?. The theory of ultrasonic
However, there are still several areas that require further degassing is applied to aluminum melts based on
improvement in the field of ultrasonics. These include hydrogen measurements in as-cast alloys. The analytical
model is found on the principal theory of bubble
*Qi-chi Le expansion and flotation caused by rectification diffusion
Ph. D, Professor. His research interests mainly focus on casting and of dissolved gases into oscillating bubbles. Another

solidification, plastic deformation of magnesium alloys, and development of
new wrought magnesium alloys. To date, he has published more than 360
peer-reviewed papers and has been granted more than 70 patents.

major application of ultrasonic is in the refinement
of solidification structures. The explanation for the
mechanism of ultrasound-induced refinement is not
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singular. The cavitation bubble absorbs heat from the
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melt during formation and growth, creating local subcooling ..

At the moment of bubble collapse, the released high
temperature, high pressure and micro jets will change the phase
equilibrium and melting point of the local melt, thus increasing
the nucleation rate. Studies on ultrasonic water modelling have
demonstrated that cavitation bubbles can indeed alter local phase
equilibrium and melting point and cause local subcooling that
favors nucleation. Ultrasound-induced undercooling has also
been observed in low melting point metals such as Bi and Bi-Sn
alloys ", It is believed that the cavitation effect will break the
primary nuclei and dendrites to inhibit the growth of dendrites,
while the acoustic flow effect will promote the dispersion of
tiny nuclei. These two effects work together to achieve the
solidification refinement effect '), Moreover, it has also been
suggested that ultrasonic treatment could increase the wettability
of inclusions (oxides) in the molten metal, resulting in acoustic-
induced capillary effect and thus promote heterogeneous
117 Unfortunately, due to the opacity and high
temperature of the molten metal, there is no direct evidence for

nucleation !

the above conjecture. Although the mechanism of ultrasonic
melt treatment is not very clear, the effect of ultrasonic on
improving the solidification structure of metal is beyond doubt,
which has been proven by a great number of research results.
Both technological practice and theoretical research show that
ultrasonic treatment of metal melt has better microstructure
refinement effect than electromagnetic treatment.

Although ultrasonic melt treatment has shown unique
advantages and broad prospects, the industrial application of
this technology still faces many difficulties. These difficulties
include the strong attenuation of acoustic energy in the melt
and the instability of the physical parameters of the melt during
production. In recent years, some adverse factors restricting
the application of ultrasound have been gradually overcome.
For example, the maximum power of high intensity ultrasonic
transducers is up to 5 kW. However, problems, such as the severe
attenuation of ultrasound in molten metals, which are inherent
to the nature of ultrasound, are obstacles to the application of
ultrasonic in melt processing. Studies have shown that variable
frequency (real-time frequency variation) and multiple frequency
(combination of different frequencies) ultrasound modalities
are effective in enhancing the non-linear effects of ultrasound
compared to conventional single-frequency ultrasonic field "'
Multi-frequency ultrasonic has been applied in the fields of
sonochemistry, fluid engineering and medical diagnostics. Studies
in fields such as acoustic catalysis and sonochemistry have shown
that multi-frequency resonance can enhance cavitation efficiency
and optimize the effect of ultrasonic treatment. Feng et al. >
found that 28 kHz+0.87 MHz dual-frequency resonance and
28 kHz+1 MHz+1.87 MHz triple frequency resonance
significantly increased the cavitation yield, and suggested that
multi-frequency resonance could significantly enhance the
perturbation effect of ultrasounic on the sample solution and
may even disrupt the surface continuity of the solution, thus
increasing the number of cavitation nuclei. Brotchie et al. *'!
found that acoustic luminescence and sonochemical reactions
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were significantly enhanced under dual-frequency excitation
at 20 kHz+355 kHz. Qin et al. *” found in the experiment on
rice degradation by ultrasonic that dual-frequency ultrasonic
not only improved the degradation efficiency but also increased
the extraction rate of cadmium compared to single-frequency
ultrasonic, and the frequency selection of dual-frequency
ultrasonic field was also a crucial factor.

Dual-frequency ultrasonic has been applied to magnesium
alloy melt treatment on the basis of its good response in various
fields ™. Results show that variable frequency ultrasonic and
dual-frequency ultrasonic are more effective in refining the
as-cast structure and improving the morphology and distribution
of the second phase at the same power compared to single-
frequency ultrasonic. For example, the grain refinement
efficiency of ZK60 magnesium alloy subjected to dual-frequency
ultrasonic was 30.1% higher than single-frequency ultrasonic,
and the yield strength, tensile strength and elongation of ingots
were increased by 20.5%, 20.7%, and 30.0%, respectively >\
Dual-frequency ultrasonic not only overcomes the severe
attenuation of acoustic energy to a greater extent, but also solves
the complex electrical control system problem of variable
frequency ultrasonic, showing greater application potential.
As a new melt processing technology, its application method
and effect need to be further improved and optimized, which
depends on the in-depth research on its essential mechanism.
Various influence factors are to be studied for dual-frequency
ultrasonic, such as the frequencies combination, the choice of
input pressure, the spatial position of the radiating rods, the
design of the rod shape, etc. Few literature reports were found
to discuss the influence of dual-frequency ultrasonic and its
characteristic parameters on metal preparation.

Therefore, to investigate the impact of spatial interaction
of ultrasounds on dual-frequency ultrasonic treatment, a
transient 3D model of pressure acoustics was developed. AZ80
magnesium alloy was selected as the experimental material. The
influences of the spatial position and tip shape of ultrasonic rods,
input pressures and their ratios on the distribution of acoustic
pressure and corresponding cavitation area within the system
were discussed in detail. The primary objective of this study is
to provide fundamental data and process optimization for the
preparation of magnesium alloy using dual-frequency ultrasonic
technology. By uncovering the underlying mechanisms of this
technology, it can lead to advancements in related equipment
development and promote its industrial applications. Additionally,
a deeper understanding of dual-frequency ultrasonics can
facilitate research into new ultrasound processes, opening up
possibilities for innovative applications in various fields.

2 Numerical methodology

2.1 Geometric model

Figure 1 shows the 3D geometric model in this numerical
simulation. The AZ80 magnesium alloy melt to be processed in
the crucible is regarded as a cylindrical model with a height
of 350 mm and a radius of 100 mm. Two ultrasonic rods with a
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diameter of 30 mm were introduced from above the liquid level
and inserted into the melt at a certain depth. Point O is the center
point of the top surface. Points A and B are situated on the top
surface, with Point A being 35 mm away from Point O and Point B
being 70 mm away from Point O. The Line AB is perpendicular
to the longitudinal section of the model. Points M and N are
positioned at the center points of the 15 kHz ultrasonic radiator
and 20 kHz ultrasonic radiator, respectively. Points P and P, are
located in the cross-section of z=300 mm, Point P, is at the top
edge, and the Line PP, is perpendicular to the longitudinal section.
Points O,, A, B;, M,, and N, are projection points of Points O, A, B,
M, and N at the bottom.

R=100 mm

H=350 mm

- Soft boundary
- Hard boundary
- Pressure boundary

Impedance boundary

Fig. 1: Schematic diagram of a 3D geometric model for
dual-frequency ultrasonic treatment
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2.2 Meshwork

The accuracy of calculations is closely linked with the choice
of mesh size. Table 1 lists the sizes and types of three different
meshes shown in Figs. 2(a-c). To select a reasonable mesh
size, the acoustic pressure distribution along Line OO, was
calculated for several cases with different mesh sizes (mesh
type: free tetrahedron), as shown in Fig. 2. It is evident that
the calculation results in these three cases are nearly identical,
indicating that all the three mesh size settings meet the
requirements for accurate calculations. However, the smaller
the maximum cell size, the larger the number of domain units
generated, which significantly increases the computational
effort and solution time. To balance the computational
accuracy and solution time, the mesh with a maximum size of
10 mm is a more sensible choice.

Table 1: Size and type of mesh

Number of domain

Maximum unit size

()] units
8 1,018,756
10 592,026
12 304,735
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Fig. 2: Mesh for acoustic pressure distribution calculation with different maximum sizes of 8 mm (a), 10 mm (b),
12 mm (c), and calculated acoustic pressure distribution along Line OO, (d)
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2.3 Governing equations

The equation used to describe sound waves in a melt is derived from the

governing equation of fluid flow, which is expressed as **:

1o 4 1 9 1 ) 4
pc Ot 3p pc- ot P ot\ p 3p Vel

where p is the average density of the melted medium, c is the acoustic velocity
in the melt, p is the acoustic pressure, ¢ is the time, u is the dynamic viscosity
of the melt, and Q is the mass source term in the continuity equation.

Since the dynamic viscosity of the alloy melt in the liquid phase is
small, the mass source term Q can be ignored to simplify the acoustic field
calculation. Assuming that the melt medium is incompressible, the melt flow
is adiabatic and the ultrasonic maintains the property of linear propagation
in the homogeneous melt medium, the Eq. (1) can be simplified as:

1 o%*p 1
——>-V| =W |=0 )

Assuming that the ultrasound remains resonant in the melt medium, the
Eq. (2) can be solved by a finite method in the COMSOL Multiphysics
analysis software, and a solution of the form is obtained as:

P(x,y,z,t) =p (x,y,z) e (3)

where x, y and z are the space coordinates, @ is the angular frequency of the
acoustic wave, given by w=2xft (f'is the ultrasonic frequency), P is transient
acoustic pressure, e is natural constant, and 7 represents the imaginary number.
Then, the spatial variation of the acoustic pressure p(x, y, z) can be given by

solution of the Helmholtz equation **:

2 )
1 0]
V(—Vp] ——2p =0
p pe

The propagation behavior of ultrasonic waves in a melt can be calculated
by the Helmholtz equation [Eq. (4)] as long as the acoustic pressure
boundary conditions of the physical model and the vibration frequency and
propagation velocity of the ultrasonic waves in the melt are determined.
It should be noted that to obtain an accurate numerical solution of the
Helmholtz equation, the discretization step size 4 should be adjusted to
satisfy the following condition:

Table 2: Parameters used in this simulation

Parameters (unit) Description Value
f (kHz) Frequency of ultrasound 15, 20
po (MPa) Total input acoustic pressure 5.4 (2.7+2.7)
o (kgrm?®) Density of melt 1,780
¢ (m-s™) Speed of ultrasound in melt 4,000
u (Pa-s) Dynamic viscosity of melt 1.12x10?
Pg (MPa) Cavitation threshold 0.9
Z (Pa-s‘m™) Impedance 4.1x107
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where 1 is the wavelength and £ is the wave
number (k=w/c). However, under this condition,
the errors of the finite element solution increase
sharply as the wave number & increases, which
is termed as pollution effect. To overcome this
problem, an adequate refined mesh was used,
which was clarified in Subsection 2.2.

2.4 Boundary conditions

Figure 1 illustrates the four boundary conditions
defined in this geometric model: (1) the end
surfaces of the ultrasonic rods are defined as the
pressure boundaries, p=p,sin(2xfi), where p, is the
initial acoustic pressure; (2) the interface between
the melt and air is defined as a soft boundary,
where p=0; (3) the side walls of the ultrasonic
rods inserted into the melt are defined as the
hard boundaries, where dp/0n=0; (4) the inner
wall of the crucible is defined as the impedance
boundary, (1/p(0p/on))+(iwt/Z)=0, where Z is the
acoustic input impedance of the external domain,
n refers to the outer normal direction of domain
boundary. The acoustic parameters and the physical
properties of the AZ80 magnesium alloy required in
this numerical simulation are described in Table 2.

In the negative pressure phase of the acoustic
field, the initial cavitation nuclei in the liquid grow
into cavitation bubbles as a result of tensile stress,
and then they expand or even collapse. Therefore,
the minimum acoustic pressure required to
generate the cavitation effect is defined as the
cavitation threshold Pg. Based on the assumption
of "cavitation nucleus", the cavitation threshold
is closely related to the equilibrium radius R, of
the cavitation nucleus according to the analysis
and calculation of the stability of the initial
cavitation nucleus in liquids. A larger equilibrium
radius (R,) corresponds to a smaller cavitation
threshold, which increases the possibility of
generating cavitation effects. According to our
previous work, the cavitation threshold for AZ80
magnesium alloy in this simulation model was set
to 0.9 MPa ®. The value of the impedance Z can
be calculated from the equation Z=p,c,*", where
p; and ¢; are the density and speed of sound of the
impedance boundary (inner wall of the crucible),
respectively. In this model, the impedance Z is
calculated to be 4.1x10” Pa-s'm™.

2.5 Convergence study

The physical field interface of this numerical
model was transient pressure acoustics. The
maximum number of nonlinear iterations of the
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calculation process was set to 4, the termination technique
of model calculation was Tolerance, and the Tolerance factor
was set to 1. To ensure that the calculation time is sufficient
to judge the stability of the calculation results, the output time
was set to 30xT,, in this model, where T, is a cycle of the
ultrasonic frequency of 20 kHz. Considering the accuracy of the
calculation results and the calculated amount, the calculation
step was set to T,y/15, as further reduction of the step size
cannot improve the accuracy of the calculation. Figure 3 shows
the variation of the acoustic pressure at the midpoint of the Line
0O, under the dual-frequency ultrasonic treatment. The acoustic
pressure shows a regular variation within the set computation
time. In other words, the calculation results under this parameter
setting are stable, i.e., the convergence of the model is
guaranteed.

3 Results and discussion

3.1 Effect of rod spacing on dual-frequency
ultrasonic melt treatment

The numerical calculation of the ultrasonic fields with different
spacings of ultrasonic rods was carried out to explore the
effect of the rod spacing on the dual-frequency ultrasonic
melt treatment. The insertion depth and included angle of two
ultrasonic rods are set to 30 mm and 60°. Five different rod
spacings were selected, ranging from 30 mm to 150 mm. The
tip shape of radiating rod is flat unless otherwise stated. Figure 4
shows the acoustic pressure distributions in the melt with
different rod spacings. The highest acoustic pressure region is
always concentrated at the radiating surface, and the acoustic
pressure attenuates rapidly as the ultrasonic wave propagates
in the melt. Ultrasonic-induced cavitation is the key to grain
refinement of ultrasonic melt treatment >, Cavitation events
can be triggered when the acoustic pressure inside the melt is
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Fig. 3: Verification of convergence of numerical model

greater than the melt cavitation threshold. The specific derivation
process is not demonstrated in this study. The corresponding
cavitation regions calculated for different rod spacings are
displayed on the left side of the figure in a mirrored fashion. With
a rod spacing of 30 mm, the high acoustic pressure area is in the
ellipsoid shape near the ultrasonic rods, as shown in Fig. 4(a).
In the cases of 60 mm and 90 mm, the cavitation regions are
elongated into a peanut shape, as shown in Figs. 4(b, c). When
the rod spacing is further increased to 120 mm or 150 mm, the
cavitation region in the melt only appears at the radiating surface
of the two rods, as shown in Figs. 4(d, ¢). Figure 4(f) illustrates
the cavitation volume at different rod spacings. The cavitation
volume tends to increase and then decrease with the increase of
the rod spacing. The maximum cavitation area can be obtained
at the rod spacing of 60 mm.

The greatest contributor to grain refinement by ultrasound is
acoustic cavitation ™. The ultrasonic parameters are crucial for
the intensity of acoustic cavitation ***'"". In our previous work,
characteristic parameters such as ultrasound frequency and

power have a significant effect on acoustic pressure, cavitation
range and thus change the treatment effect. In this study, the
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Fig. 4: Acoustic pressure distributions and corresponding cavitation regions of dual-frequency ultrasonic
with different rod spacings: (a) 30 mm; (b) 60 mm; (c) 90 mm; (d) 120 mm; (e) 150 mm; (f) statistical

results of cavitation volume
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larger cavitation zone of the dual-frequency ultrasound field
obtained under different conditions corresponds to a higher
cavitation efficiency. Obviously, for ultrasound-assisted casting
of magnesium alloy, the larger the cavitation range, the more
cavitation bubbles can be excited and the greater the degree
of grain refinement can be obtained. To better understand
the effect of rod spacing on the acoustic pressure field, a
comparative analysis of the acoustic pressure distribution
along different sectional lines was carried out, and the results
are shown in Fig. 5. The gray dashed line represents the melt
cavitation threshold. As seen from Figs. 5(a, b), at the position
near the radiating surface, the larger the rod spacing, the more
drastic the acoustic pressure attenuation, and thus the smaller
the excited cavitation region. The acoustic pressure at a depth
of 75 mm decreases from 2.7 MPa at the radiating surface
of the 15 kHz rod to 1.05 MPa-0.43 MPa, respectively. The
acoustic pressure decreases to 1.07 MPa-0.27 MPa from the
surface of the 20 kHz rod. The attenuation degree of acoustic
pressure at different rod spacings corresponds to the volume of
the cavitation. For example, at small rod spacings (e.g. 30 mm,
60 mm), the acoustic pressure attenuates slowly and a large
cavitation volume is obtained. Conversely, the acoustic pressure
attenuates quickly at large spacings (e.g. 120 mm, 150 mm),
giving a small cavitation volume, as shown in Fig. 4(f).
Not much consideration is given to the acoustic pressure
distributions further away from the ultrasonic rods due to the
absence of cavitation behavior. A similar regularity is obtained
by calculating the acoustic pressure at different distances from
the center of the melt. As shown in Figs. 5(c, d), the acoustic

(a) 30+ 15 kHz ultrasonic rod Rod spacing
75 —=—30 mm
X= mm
—~ 25} —+—60 mm
© 2.5 P30 mm= 1.050 MPa 90 mm
= 20F Peo mm= 0.951 MPa 120 mm
= Pao = 0.697 MPa 150 mm
215t Pi20 mm= 0.515 MPa
2 Pisomm= 0.434 MPa .
g 1.0}k Cavitation threshold
L
a
o 05}
=
3
3 0.0F
Q
<.05f
1.0k
1

0 50 100 150 200 250 300 350
Distance to liquid level (mm)

—~
(¢
~

Rod spacing
—=—30 mm
—+—60 mm
—+—90 mm
——120 mm
—+— 150 mm

-
[6)]
T

-
o
T

Acoustic pressure (MPa)
o o
o o

o
(¢ ]
T

0 50 100 150 200 250 300 350
Distance to liquid level (mm)

pressure amplitudes along both AA, and BB, decrease with the
increase of rod spacing.

The above simulation results indicate that increasing the
rod spacing will not only aggravate the attenuation of the
longitudinal acoustic pressure in the melt but also lead to the
decrease of the transverse acoustic pressure. In other words,
the interaction of ultrasound is significantly influenced by
the rod spacing. Large rod spacing weakens the interaction
enhancement between two ultrasounds, leading to a decrease
in the cavitation effect. However, the optimum cavitation
effect is not obtained at the minimum rod spacing. This is
because, at a small rod spacing, the area where the interaction
of the two ultrasounds occurs is small and the acoustic
pressure decays rapidly. Therefore, a moderate rod spacing is
an important factor to obtain an excellent cavitation effect for
dual-frequency ultrasonic.

3.2 Effect of rod angle on propagation and
interaction of acoustic waves

The effect of the included angle of ultrasonic rods, ranging
from 0° to 120°, on the distribution of acoustic pressure was
investigated. The spacing between the rods was set at 60 mm, and
the insertion depth was set at 30 mm. Figures 6(a-¢) presents the
acoustic pressure distribution and the corresponding cavitation
region at different included angles. When both rods are inserted
vertically into the melt, the acoustic interaction is stronger in
the radial direction than in the longitudinal direction, and an
ellipsoidal-like high acoustic pressure region is obtained, as
shown in Fig. 6(a). By inserting the two ultrasonic rods at a
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Fig. 5: Acoustic pressure distribution of dual-frequency ultrasonic treatment along Lines MM, (a), NN, (b),

AA, (c) and BB, (d)
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certain angle of toward the melt center, the radial acoustic
pressure decays more rapidly than the longitudinal one, so
that the high acoustic pressure region in the melt tends to be
more spherical. Figure 6(f) shows the 2D cavitation area and
cavitation volume of the YZ section for different ultrasonic
rod angles. At small angles of 0-60°, the cavitation volume
tends to increase slightly with the increase of the included
angle, with a volume of about 4.1x10° mm’. When the angle
increases to 90° and 120°, the cavitation volume significantly
decreases to about 3.7x10° mm’. Accordingly, to optimize the
cavitation effect of dual-frequency ultrasonic, it is necessary to
choose the proper ultrasound rod angle. An excessive included
angle of the ultrasonic rods will weaken the cavitation strength,
and an included angle of 60° is a wise choice to obtain a larger
cavitation volume.

3.3 Effect of rod insertion depth on acoustic
pressure distribution

Figure 7 shows the acoustic pressure distributions in the melt
with different rod insertion depths from 10 mm to 110 mm,
with a rod spacing of 60 mm and an included angle of 60°. As
the insertion depth increases, the high acoustic pressure region
shifts from the upper half of the melt to the center, and the size
and shape of the potential cavitation region change considerably.
When the ultrasonic rod is inserted at a depth of 10 mm, the
high acoustic pressure area only appears below the liquid level
and diminishes rapidly. The acoustic pressure at the center and
bottom of the melt is relatively low. When the insertion depth
reaches 30 mm and 50 mm, the acoustic pressure at the waist
and bottom of the melt increases and the effective cavitation
area is significantly expanded. Interestingly, no expansion but
a slight decrease in the cavitation area is observed with further
increasing the insertion depth. The cavitation area above the
ultrasonic rods increases slightly, while the cavitation area
below becomes smaller, as shown in Figs. 7(d-f). The acoustic
pressure at the bottom of the melt increases, while the acoustic
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pressure at the waist position gradually decreases. Additionally,
the acoustic pressure at the bottom of the melt is increased as
the ultrasonic rod is immersed deeper. Figure 7(g) shows the
statistical results of cavitation volume with different insertion
depths of ultrasonic rods. In the case of the insertion depth of
10 mm, the cavitation volume is only 0.84x10° mm”. In the
case of 30 mm insertion depth, the cavitation volume increases
dramatically to 4.1x10° mm’, with an expansion of several
times. The effective cavitation range does not show a monotonic
increase or decrease with the increase of insertion depth but
reaches a maximum at an insertion depth of 50 mm.

The acoustic pressure distributions along MM, and NN,
with different insertion depths were calculated to explore the
reasons behind this phenomenon. As seen from Fig. 8, the
ultrasonic wave is emitted from the surface of the acoustic rod
and propagates in the melt, with the acoustic pressure showing
a tendency to decay and then increase. To study the acoustic
pressure attenuation at different insertion depths, the distance at
which the acoustic pressure decays along MM, to 1.0 MPa with
different insertion depths is marked in Fig. 8(a). The acoustic
pressure in the case of 30 mm insertion depth attenuates to
1.0 MPa at the position that is 45 mm far from the radiating
surface of the rod. The acoustic pressure attenuates to 1.0 MPa
at a distance of 27 mm and 26 mm in the case of 90 mm
and 110 mm insertion depth, respectively. The greater the
insertion depth, the shorter the distance the acoustic pressure
decays to 1.0 MPa. The same rule is obtained by calculating the
acoustic pressure distribution along the NN,. A shorter distance
means that the acoustic pressure decays faster in the melt. The
sound intensity / in the melt is positively related to the acoustic
pressure and decreases with the increase of the propagation
distance, which is expressed as follows:

I=1Ie" (6)

where /, is the initial sound intensity, a is the attenuation
coefficient, and x is the propagation distance. Due to the high
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Fig. 6: Acoustic pressure distribution and corresponding cavitation area of dual-frequency ultrasonic treatment with
different rod angles: (a) 0°; (b) 30°; (c) 60°; (d) 90°; (e) 120°; (f) statistical results of cavitation volume
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temperature and viscosity of the magnesium alloy melt, the
energy of the ultrasonic waves will be attenuated as they
propagate within the melt, causing a reduction in the acoustic
pressure gradient "7, The acoustic pressure exhibits different
degrees of attenuation at different insertion depths of ultrasonic
rods, as shown in Fig. 8. Minimal attenuation is observed at
30 mm insertion depth, but the largest cavitation volume is
observed at 50 mm depth. Unfortunately, some related studies
have shown that in single-frequency ultrasonic experiments, the
greater the insertion depth of the ultrasonic rod, the larger the
composition subcooling region will be formed, which will lead to
severe macroscopic segregation in the central region of the melt
and reduce the ingot quality **'. Therefore, the ultrasound rod
should not be immersed too deep.

In summary, the insertion depth of ultrasonic rods is one of
the critical factors affecting the acoustic pressure distribution
of dual-frequency ultrasonic. To obtain a higher efficiency
of ultrasonic vibration, it is crucial to choose the appropriate
insertion depth. In this model, an insertion depth of 30 mm is a
wise choice.

3.4 Effect of rod tip shape on effect and
efficiency of ultrasonic processing

The ultrasonic rod, in direct contact with the melt, is an essential
component for radiating ultrasonic waves to the processing object.
Ultrasonic waves are injected directly into the melt from the
radiating surface of the ultrasonic rods, so the tip shape is critical
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to transmitting ultrasonic energy. A reasonable design of the tip
shape of the rods is the key to ensuring the effect and efficiency
of ultrasonic processing. Therefore, three physical models of
different tip shapes of the ultrasonic rod were established in
this section to explore the effect of tip shapes on the acoustic
field distribution of dual-frequency ultrasonic. The rod spacing,
included angle, and insertion depth were set to 60 mm, 60°, and
30 mm, respectively. Figure 9 shows the acoustic pressure
distribution and corresponding cavitation area for the case of
a flat rod, a conical rod, and a spherical rod. In the case of a
spherical rod, the high acoustic pressure area near the rod is
enlarged, and the acoustic pressure at the waist and bottom of the
melt is significantly improved compared with the flat rod. The
effect of the conical rod is somewhere in between. The calculated
cavitation volume for the three cases is shown in Fig. 9(d).
The cavitation volume of the spherical rod is 6.3x10° mm’,
which is 53.7% and 31.3% larger compared to flat and conical
rods, respectively. The different scales of the cavitation area are
caused by the difference in ultrasonic wave propagation within
the melt. Figure 10 illustrates the acoustic pressure distributions
for the z=300 mm cross-section. The acoustic pressure decays
from 2.70 MPa to 1.65 MPa, 1.82 MPa and 1.96 MPa for the
three conditions as the ultrasound propagates from the radiating
surface of the rods. This indicates that a higher longitudinal
acoustic pressure gradient is obtained within the melt in the
case of the spherical rod. The acoustic pressure at different
distances from the center of the melt was calculated, as shown
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in Fig. 11. The acoustic pressure amplitudes along the AA, in
the three cases are 1.171 MPa, 1.313 MPa, and 1.454 MPa,
respectively. Higher acoustic pressure is obtained under the
spherical rod compared to the other two tip shapes. The acoustic
pressure distribution along BB, shows the same law. It can be
seen that higher acoustic pressure gradients in the longitudinal
and transversal directions can be induced in the case of the
spherical rod, compared to the flat rod and the conical rod.
In other words, a higher acoustic energy density is obtained
within the melt under the spherical rods, corresponding to the
excitation of a larger potential cavitation area.

The radiation of ultrasonic waves from the ultrasonic rod to
the melt is essentially the propagation of ultrasonic waves at
the solid-liquid interface. Theoretically, a flat radiating surface
allows for vertical incidence and transmission of acoustic
waves, resulting in higher utilization of acoustic energy **.
Over the years, the design of ultrasonic rods has been based
on the design theory of ultrasonic amplitude transformers.
Therefore, in many fields of ultrasonic processing, the
ultrasonic rods are seen, whether exponential, stepped, or
composite, to have a flat radiating surface. However, the actual
situation is much more complicated for ultrasonic casting,
especially for preparing large-size ingots. Although the acoustic
energy utilization is high in the case of flat rods, the acoustic
radiation range is small. The attenuation of the acoustic waves
transmitted vertically into the metal melt is also intensified,
therefore, the actual potential cavitation area is smaller than the
conical rod and the spherical rod.
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3.5 Effect of input pressure on acoustic field
distribution

The effect of the input acoustic pressure on the acoustic field
distribution of dual-frequency ultrasonic was investigated. The
two ultrasonic frequencies are 15 kHz and 20 kHz, respectively,
with equal input acoustic pressure. The rod spacing, angle,
and insertion depth were set to 60 mm, 60°, and 30 mm,
respectively. Figure 12 shows the acoustic pressure distribution
and the corresponding cavitation area under different input
acoustic pressures. The same pattern of acoustic pressure
distribution is obtained since the conditions except total
acoustic pressure were the same. The high acoustic pressure
area in the melt is concentrated at the radiating surface of the
ultrasonic rods and decays rapidly with the propagation of
ultrasound. The closer to the radiating surface of the ultrasonic
rods, the larger the acoustic pressure gradient is, which means
the more serious the attenuation of acoustic pressure. As the
propagation distance increases, the acoustic pressure attenuation
tends to slow down, and the acoustic pressure shows a small
increase at the bottom of the melt caused by the reflection
from the inner wall of the crucible. The cavitation area is
significantly affected by the input acoustic pressure. At low
input pressure, only a minimal cavitation area is generated
at the radiating surface of the ultrasonic rods, as shown in
Figs. 12(a-c). As the input pressure increases, the effective
cavitation region tends to expand gradually and extend from the
radiating surface of the ultrasonic rods toward the core of the

melt.
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Fig. 11: Acoustic pressure distribution of dual-frequency ultrasonic treatment along Lines MM, (a),
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To quantify the impact of input acoustic pressure on the
cavitation effect, an integral calculation was conducted to
determine the potential size of the cavitation region for different
input acoustic pressures ranging from 1.2 MPa to 5.0 MP, as
shown in Fig. 13. At low input acoustic pressure, the acoustic
pressure rapidly decreases below the cavitation threshold due to
the viscosity of the melt. As a result, only a small cavitation area
is formed around the ultrasonic rods. For example, the effective
cavitation volume is only 5.1x10° mm’ at an input acoustic
pressure of 1.2 MPa. The potential cavitation volume increases
linearly with the increase of the input acoustic pressure, and
the cavitation volume expands to 8.7x10° mm® with the further
increase of input acoustic pressure to 5.0 MPa. The cavitation
volume directly affects the efficiency of ultrasonic melt treatment.
A more significant potential cavitation volume implies a more
intense cavitation behavior, i.e., a more significant ultrasonic
treatment effect. According to the numerical simulation
results, increasing the initial input acoustic pressure as much
as possible is an essential guarantee of obtaining a favorable
ultrasonic treatment effect. However, it has been reported
that the refinement effect of ultrasonication tends to weaken
when the input pressure is increased to a certain level ™\ The
phenomenon can be attributed to the thermal effect of
ultrasound resulting from excessive input acoustic pressure,
which leads to a reduction in grain refinement efficiency. In
addition, cavitation shielding also severely limits the cavitation
effect, which is not concerned in this work. When the sound
waves are launched into the liquid, numerous cavitation bubbles
are created and gathered near the radiating surface, scattering
and absorbing acoustic waves, which leads to a localization
of the acoustic energy. This phenomenon is called cavitation
shielding ®**". Increasing the input ultrasonic power cannot

effectively destroy the cavitation shielding, but rather promotes
the absorption of acoustic energy by the bubble cluster, further
reducing the cavitation efficiency. Therefore, in practical casting
experiments, a good grain refinement effect can be harvested
by appropriately increasing the ultrasonic power. However,
at too high input powers, cavitation shielding can cause a
reduction in grain refinement effect. When the input pressure
exceeds a threshold, the cavitation effect starts to decrease,
which is not reflected in the simulation. To solve this problem,
Mobholkar et al. ® attempted to control bubble growth and
cavitation modes by applying a dual-frequency ultrasonic
field. The simulation results show that the cavitation bubble
can be generated far away from the sound source by adjusting
the characteristic parameters of ultrasonic field, which can
effectively overcome the cavitation shielding. In view of
the computational cost, cavitation shielding was not given
consideration in this model.
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Fig. 13: Potential cavitation volume of dual-frequency
ultrasonic treatment with different input acoustic
pressures
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3.6 Effect of acoustic pressure ratio on
efficiency of ultrasonic

All the mentioned simulation studies were carried out based
on the model with equal input acoustic pressure of the two
ultrasound rods. The most crucial feature of dual-frequency
ultrasonic is that two ultrasonic waves of different frequencies
are introduced into the melt and produce a series of nonlinear
acoustic effects, leading to a significant interaction-enhanced
cavitation behavior. Therefore, the variation of the input
pressure (p,) ratio must significantly affect the effectiveness
and efficiency of dual-frequency ultrasonic. In this subsection,
a series of pressure ratios at 15 kHz and 20 kHz are defined to
calculate the acoustic field distribution, with the same input
po of 2.7 MPa. The rod spacing, angle, and insertion depth
were set to 60 mm, 60°, and 30 mm, respectively. Figure 14
illustrates the acoustic pressure distribution for pressure ratios
from 10:1 to 1:10 (P,5:P,,). At high ratios, such as 10:1 and 1:10,
a larger acoustic pressure region is formed only at the ultrasound
rod with a higher pressure ratio, as shown in Figs. 14(a, b).
Due to the extreme ratio, the higher p, ultrasound dominates
the influence on the acoustic pressure distribution, leading
to an imbalance in the acoustic pressure distribution, which
is similar to the findings of previous studies on conventional

MPa

(b)

(h)

(k)

single-frequency ultrasonic treatment ***. With the shift of
high ratio to equal ratio (1:1), the unbalanced acoustic pressure
distribution gradually develops toward the axisymmetric
distribution. When the pressure ratio is 1:1, the acoustic pressure
distribution in the melt is almost entirely axisymmetric, as
shown in Fig. 14(f). It is also noteworthy that as the high ratio
shifts to the equal ratio, the acoustic pressure contour surface
near the ultrasound rods shifts from dense to sparse, which
indicates that the attenuation of the acoustic pressure is slowed
down.

The effective cavitation range corresponds to the acoustic
pressure distribution. Figure 15 illustrates the cavitation area
for different pressure ratios. At high ratios, such as 10:1 and
1:10, the effective cavitation range tends to cluster near the
radiating surface of the ultrasonic rod with a higher p,. As the
ratio approaches equality, the cavitation volume gradually
increases and the cavitation volume gradually increases.
The distribution of the cavitation region gradually develops
axisymmetrically and extends to the crucible center. Figure 16
exhibits the statistical results of the cavitation volume.
The pressure ratio plays a crucial role in cavitation effect.
At high ratios, only a tiny cavitation volume is obtained at
the ultrasonic rod position. The cavitation volume gradually
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Fig. 14: Acoustic pressure distribution of dual-frequency ultrasonic treatment with different acoustic pressure
ratios: (a) 10:1; (b) 5:1; (c) 4:1; (d) 3:1; (e) 2:1; (f) 1:1; (g) 1:2; (h) 1:3; (i) 1:4; (j) 1:5; (k) 1:10
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increases as the ratio approaches equality. The results
indicate an interactive enhancement between the two different
frequencies of ultrasonic waves, which is significantly
affected by the pressure ratio. The cavitation volume of the
15 kHz-dominated dual-frequency ultrasonic (from 10:1 to 2:1)
is larger than that of the corresponding 20 kHz-dominated dual-
frequency ultrasonic (from 1:10 to 1:2). It is noteworthy that
the maximum cavitation volume is obtained at the ratio of 2:1,
rather than 1:1.

An analysis of the acoustic pressure distribution along
different sectional lines was carried out to gain a deeper
understanding of the significant differences in the potential
cavitation range at different ratios of dual-frequency ultrasonic.
Figure 17(a) shows the acoustic pressure distribution along the
central axis OO,. The acoustic pressure increases sharply from
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Fig. 15: Potential cavitation region of dual-frequency
ultrasonic treatment with different pressure
ratios: (a) 10:1; (b) 5:1; (c) 4:1; (d) 3:1; (e) 2:1;
(f) 1:1; (g) 1:2; (h) 1:3; (i) 1:4; (j) 1:5; (k) 1:10
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the liquid level to the end of the ultrasonic radiating rods and
then begins to decay. The maximum acoustic pressure amplitude
is obtained in the case of the 2:1 ratio. A similar pattern was
observed for the acoustic pressure distribution along PP, (a
truncated line on the Z=300 mm cross-section, as shown in Fig. 1),
as shown in Fig. 17(b). These results imply that the 2:1 ratio
increases not only the axial but also radial acoustic pressure,
which is closely related to the interaction of the two frequencies
of ultrasonic waves during propagation in the melt. At high
ratios, the acoustic pressure distribution dominated by ultrasonic
waves of a specific frequency (15 kHz or 20 kHz) is extremely
asymmetric, weakening the interaction between frequencies. The
interaction between two frequencies of equal ratio is stronger
compared to that of high ratios. The interactive enhancement
can be further improved by appropriately increasing the ratio of
the 15 kHz ultrasound. At a ratio of 2:1, this intense interactive
enhancement leads to an increase in the average acoustic
pressure within the melt and slows down the attenuation of
acoustic pressure. As a result, it allows for achieving a larger
potential cavitation area.

To improve the efficiency of dual-frequency ultrasonic
treatment, it is necessary to choose the appropriate pressure
ratio. The maximum cavitation area is obtained at a ratio of 2:1
for 15 kHz and 20 kHz ultrasound.
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4 Conclusions

In this work, a transient 3D model was established to investigate
the effects of spatial interaction of two ultrasounds on the
acoustic field of dual-frequency ultrasonic treatment. The effects
of the spatial position and tip shape of the ultrasound rod, input
pressures and their ratio on the acoustic pressure distribution and
corresponding cavitation region were thoroughly analyzed. The
experimental material used for these investigations was AZ80
alloy. By examining these factors in detail, a comprehensive
understanding can be obtained as follows:

(1) The interaction of the two ultrasounds is weakened with
the increase of the ultrasonic rod spacing, and the maximum
cavitation volume is obtained at the rod spacing of 60 mm.

(2) At small included angles (from 0° to 60°), the cavitation
region increases slightly. Further increasing the angle will
reduce the cavitation volume obviously.

(3) As the insertion depth increases, the attenuation degree
of acoustic pressure below the ultrasonic rod increases at
first and then decreases. The maximum cavitation volume is
obtained at the insertion depth of 50 mm.

(4) The spherical rod mitigates the longitudinal and
transversal attenuation of acoustic pressure. The cavitation
volume of the spherical rod is 53.7% and 31.7% larger than the
plat and conical rods, respectively.

(5) The increasing input pressure will enlarge the cavitation
region, but will not affect the acoustic pressure distribution
pattern. The pressure ratio significantly affects the acoustic
pressure distribution, and the optimal cavitation effect is
obtained at a ratio of 2:1.
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