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Preface to ”Ultrasonic Cavitation Treatment of

Metallic Alloys”

The current trend in solidification research is to develop a generic, energy-efficient, economical, 
sustainable, and pollution-free technology that can be applied to different alloy systems. 
Ultrasonic-cavitation melt treatment (UST) is a rather universal technology that can be applied 
to conventional and advanced metallic materials, regardless of their composition, while being 
environmentally friendly, cost effective, and ready to be implemented in conventional casting 
technologies such as direct-chill, continuous, or shape casting, as well as in emerging technologies 
of additive manufacturing and nanocomposite materials.

The beneficial effects of UST—such as in assisted nucleation, activation of substrates (wetting), 
deagglomeration and fragmentation of solid phases, degassing of the melt, and grain refinement of 
the as-cast product—stem from the growth, collapse, and implosion of cavitation bubbles as a result of 
alternate fluctuations in ultrasonic pressure. Although successfully demonstrated on the laboratory 
and pilot scale, UST has not yet found widespread industrial implementation. This is mostly due 
to the lack of in-depth understanding of the fundamental mechanisms behind the improved metal 
quality and structure refinement.

Thus, fundamental research is needed to answer the following practical questions: What is the 
optimum melt flow rate that maximizes treatment efficiency whilst minimizing input power, cost, and 
plant complexity? What is the optimum operating frequency and acoustic power that accelerates the 
treatment effects? What is the optimum location of an ultrasonic power source in the melt transfer 
system in relation to the melt pool geometry? Answering these questions will pave the way for 
widespread industrial use of ultrasonic melt processing with the benefit of improving the properties 
of lightweight structural alloys, simultaneously alleviating the present use of polluting (Cl, F) for 
degassing or expensive (Zr, Ti, B, Ar) grain refinement additives.

Iakovos Tzanakis, Dmitry Eskin

Special Issue Editors

ix
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Abstract: Research on ultrasonic treatment (UST) of aluminium, magnesium and zinc undertaken
by the authors and their collaborators was stimulated by renewed interest internationally in this
technology and the establishment of the ExoMet program of which The University of Queensland
(UQ) was a partner. The direction for our research was driven by a desire to understand the UST
parameters that need to be controlled to achieve a fine equiaxed grain structure throughout a casting.
Previous work highlighted that increasing the growth restriction factor Q can lead to significant
refinement when UST is applied. We extended this approach to using the Interdependence model as
a framework for identifying some of the factors (e.g., solute and temperature gradient) that could
be optimised in order to achieve the best refinement from UST for a range of alloy compositions.
This work confirmed established knowledge on the benefits of both liquid-only treatment and
the additional refinement when UST is applied during the nucleation stage of solidification. The
importance of acoustic streaming, treatment time and settling of grains were revealed as critical
factors in achieving a fully equiaxed structure. The Interdependence model also explained the limit
to refinement obtained when nanoparticle composites are treated. This overview presents the key
results and mechanisms arising from our research and considers directions for future research.

Keywords: ultrasonic treatment; grain refinement; interdependence model; aluminium alloys;
magnesium alloys; zinc

1. Introduction

Our interest in the potential of UST to refine the grain structure of metals began in 2008 when it
was realised that alloy composition can have a significant effect on grain size even under the application
of UST [1]. It was found that grain size is linearly related to the inverse of the growth restriction factor
Q in line with observations for alloys cast by traditional casting processes [1–3]. The other incentive
was the increase in interest shown by industry and academia to use UST to potentially refine the
grain size to below that achieved by the addition of inoculant particles, or to eliminate the use of
inoculant containing master alloys such as Mg-Zr for Al-free magnesium alloys which are expensive
and wasteful [4–6]. Further stimulus came from partnering with the European project ExoMet in
2012 that focused on the development of new liquid metal processing techniques using external fields
(mainly UST) on Mg and Al based light alloys and nanocomposites. The initial focus of our research
was to understand the role of alloy composition in relation to the effectiveness of UST as a grain
refinement method. In the process we gained knowledge about the mechanisms and parameters that
need to be controlled to ensure UST provides consistent grain refinement throughout a casting. Thus,
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after a decade of research on a number of alloy systems and compositions, it is a good time to review
this work as a whole with some new experimental results in the expectation that further insights will
be revealed.

Controlling the as-cast grain size of castings is one of the important steps for achieving the desired
quality and mechanical properties of a cast product [7,8]. Fine, equiaxed and non-dendritic grain
structures in castings provide uniform mechanical properties, improved distribution of secondary
phases and enhanced feeding to eliminate shrinkage porosity [8–11]. In the case of ingot or continuous
casting, a refined uniform grain structure can significantly improve the downstream processing
ability and productivity such as forging, rolling and extrusion operations by reducing the risk of hot
tearing and macro-segregation [9,11]. For instance, producing a fine grain microstructure in Mg alloys
throughout the thickness of the sheet without composition variation is critical for manufacturing high
quality sheet by twin-roll casting [12].

Generally, grain refinement is induced by the addition of a master alloy containing heterogeneous
nucleating particles. For example, the addition of Ti and Zr to specific Al and Mg alloys produces
excellent refinement in grain size of cast products [8,13,14]. Although the addition of grain refining
master alloy is the most common foundry practice, there are several disadvantages including
(i) low efficiency where only a few percent or even less of the added particles are active in grain
nucleation [15,16]; (ii) refiners have only been identified for certain alloy systems [8,13,14]; (iii) difficulty
in uniformly distributing the refiner particles into the melt without the formation of agglomerates;
(iv) interaction of nucleant particles with impurity elements leading to a poisoning effect [17,18] or
grain coarsening by the addition of the alloying element itself (e.g., Si poisoning in Al alloys) [19];
(v) fading due to the loss of the refinement ability by particle settling; and (v) the high cost of master
alloys [5,6].

Liquid and semi-solid melt processing with power ultrasound has received considerable attention
and has been successfully demonstrated for the refinement of as-cast grain structure in light alloys
without the need for grain refiners, therefore eliminating the limitations associated with inoculation
processes for Al and Mg based alloys [20–22]. The benefits of ultrasonic treatment (UST) include the
production of non-dendritic structures, degasification and the refinement of primary phases (Al3Zr,
Al3Ti, Al-Fe-Si and primary Si) [23–25]. This technique has attracted commercial interest due to being
environmentally friendly, cost effective and possesses several technical advantages over conventional
methods in molten metal processing [23,26,27].

Earlier work by Eskin [22,23] and Abramov [28] showed the potential of UST to refine the grain
structure in various alloys and its possible mechanisms. The occurrence of cavitation (nucleation and
implosion of bubbles during alternate pressure cycles of ultrasound) and acoustic streaming were
identified as two key phenomena that change the dynamics of solidification. Significant effort has
been made by Eskin and co-workers to understand the role of cavitation and acoustic steaming using
advanced X-ray synchrotron solidification techniques and by modelling the dynamics of cavitation
bubble formation [29–34]. A recent review by Eskin et al. [34] provided a broad summary of the
effects of cavitation and acoustic streaming (mainly on in-situ observations and ex-situ solidification
studies) on heterogeneous nucleation, fragmentation of primary crystals and intermetallic phases
and de-agglomeration mechanisms. Alternative to the in-situ radiography techniques, observation of
organic transparent analogues (e.g., succinonitrile (SCN)-1 wt.% camphor alloy) using a high-speed
camera during UST also reveals the streaming flow pattern and the interaction of cavitation bubbles
with dendrites and the mechanisms of fragmentation [35]. These in-situ solidification studies have
increased our current understanding by elucidating the role of cavitation bubbles and explained
the importance of these mechanisms for the upscaling of UST to large melt volumes in industrial
applications. Considerable research has also highlighted the importance of cavitation and acoustic
streaming on the activation of potent particles, nucleation of grains, altering convection patterns and
reducing the temperature gradients during solidification [23,26–28,36–40]. While recent publications
on advanced (in-situ) solidification studies have provided more detailed evidence on bubble dynamics
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during melt solidification [31–33,41,42], our research has been focused on other factors such as solute
content, type of solute, constitutional supercooling, role of potent and impotent (oxide) particles, UST
duration, origin and transport of grains, temperature range over which UST is applied, sonotrode
preheating and other casting variables that could affect grain formation [6,37,38,43–47]. Using the
Interdependence Theory of nucleation and grain refinement [15,48], we have revealed explanations for
the role of solute [37,38,45,49], casting conditions, and micro [6,46] and nanoparticles [50] in assisting
refinement by the application of UST.

This paper begins with a brief description of aspects of the experimental design such as the
choice of metals, alloys and master alloys that were investigated, experimental techniques involved
in the casting process, control of UST variables, modelling and simulation of acoustic streaming,
and analytical methods. The results of these experiments are presented for two situations: UST
applied above the liquidus temperature and UST applied from above to below the liquidus to include
the nucleation stage of solidification. This is followed by an analysis of the origin and transport of
grains, role of alloy elements and then an analysis of the grain nucleation mechanisms using the
Interdependence model.

2. Experimental Design

2.1. Metals and Alloys Investigated

To investigate the effects of alloy composition, temperature range and duration of the application
of UST, and the refinement mechanisms operating during solidification, different alloy systems were
chosen from pure metals (Al, Mg, Zn), alloys (Al-Cu, Al-Si, Al-Mg) and alloys with the addition
of master alloys: Al and its alloys with AlTiB master alloy, Mg and its alloys with Mg-Zr master
alloy. The alloys and pure metal ingots were cast from commercial purity Al (99.7%), high purity Zn
(99.995%), commercial purity Mg (99.91%), copper (99.9%) and silicon (99.4%). Al alloys with varying
concentration of Si [45], Cu [37,51,52] and Mg [49] were cast with and without UST. Master alloys of
Al3Ti1B and Mg-25Zr were introduced into the melt to understand the effect of nucleant particles [6,46].
Approximately 135 to 210 cc of pure metals and alloys were melted and solidified in a clay-graphite
crucible in most of the experiments presented in [6,43,44,47,49,52]. The melt temperature was chosen to
ensure there was enough superheat to overcome the chill effect induced by the unpreheated sonotrode.
This ensured that the sonotrode was heated sufficiently to establish acoustic streaming in the melt
before solidification began.

2.2. Application of UST

The experimental set-up is illustrated in Figure 1. An ultrasonic system (Sonics VCX1500, 20 kHz
and 1.5 kW, Sonics & Materials, Inc., Newtown, CT, USA) made of a piezoelectric transducer, power
generator, air cooling unit and an adjustment handle for lowering the sonotrode into the melt. A fixed
power of 40% of the total power was used in all the UST experiments. The sonotrode was made of
titanium alloy or molybdenum alloy designed for half a wavelength (λ/2 = 125 mm) having a diameter
of 19 mm. After melting, the crucible containing the liquid metal from the furnace, was transferred to
the platform and cooled in air as shown in Figure 1 [44]. The platform also has provision to measure
the cooling curves using K-type thermocouples. The sonotrode (sometimes at room temperature or
preheated to 285 ◦C) was turned on in air and then inserted into the melt at the required temperature,
which then solidified in air for a specified duration. Table 1 shows the details of the pure metals and
alloys investigated for refinement of grains and primary intermetallic phases classified according to
the alloy type with a short summary of the outcomes of the work. Using the fixed value of ultrasonic
power, grain refinement was studied with respect to temperature range and time duration of UST. For
the casting conditions and alloys investigated in the present work, the UST duration was varied from
30 s to 4 min in Mg and Al castings and 2 to 9 min in Zn castings. To account for the effect of volume,
three additional large volume castings (~322, 530, 946 cc) of Al-2Cu alloys were solidified under UST
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in order to understand the effect of casting volume and height (H < λ/2, H = λ/2 and H > λ/2) on the
refinement of grain structure.

Figure 1. Ultrasonic treatment (UST) platform (steel frame) shows the arrangement of a crucible
containing liquid melt placed over fire bricks. The adjustable handle is used to lower the
sonotrode into the melt when the required temperature is recorded by the data acquisition system
(K-type thermocouple).

Table 1. List of the experiments undertaken at The University of Queensland (UQ) and allied research
groups at RMIT University and Helmholtz-Zentrum Geesthacht (HZG).

Alloy Type
Family of Pure

Metals and Alloys
Composition

(wt.%)
Summary of the Investigation

Undertaken with UST
Ref.

Pure metals
Al

-
Evolution of grain structures with respect
to temperature range and time duration

by keeping the UST power constant

[46]
Mg [44]
Zn [43]

Eutectic alloys

Al-Cu 2, (1, 2, 3, 5, 7, 10) Temperature range, time, solute effect and
sonotrode preheating [51,52]

Al-Mg 5, 10, 15, 20 Role of solute, analysis of mechanism
using IDMª [49]

Al-Si 1, 2.5, 4, 7, 10 Role of Si and its mechanism [45]

Peritectic alloys

Al-Ti 0.005, 0.01, 0.02,
0.05, 0.1 Role of Ti, Si, Cu and TiB2 particles,

temperature range, mechanisms of
refinement using IDMª

[46,47]

Al-Si-Ti Si (1, 2.5, 4, 7, 10),
Ti (0.1) [45]

Al-Cu-Ti Cu (2), Ti (0.005,
0.05, 0.1, 0.2) [46,53]

Al-Si-Fe# Si (19), Fe (4) Primary Si and Al-Fe-Si refinement,
peritectic reactions

[24]

Al-Si-Fe-Mn# Si (17), Fe (2), Mn
(0.5, 1, 1.5, 2) [25]

Mg-Zr 0.2, 0.4, 0.5, 0.8, 1.0
Settling tendency and size distribution of

Zr particles, Zr dissolution and grain
refinement mechanism using IDMª

[6]

Nanocomposites AM60-1% AlN* Al (6), Mn (0.4) Grain refinement, mechanical properties,
mechanism of refinement using IDMª [50]

#RMIT University, Australia. *HZG, Germany. ªInterdependence Model (IDM).
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2.3. Macro and Micro Structure Examination

Solidified samples with and without UST were sectioned vertically to analyse the macrostructure
and small samples of (15 mm × 10 mm) were taken to analyse the microstructural refinement.
After polishing the samples using the standard metallographic preparation methods and etching,
microstructures were examined in a polarised light microscope (Leica Polyvar). The grain size
measurements were calculated using the linear intercept method by image analysis software [6,43].
The specific procedures of the composition analysis, sampling regions, etchants and etching techniques
used for individual alloy systems can be found in the respective references listed in Table 1.

2.4. Modelling and Validation of Acoustic Streaming

Theoretically, acoustic streaming can be considered as a time averaged transfer of momentum flux
per unit area that creates a non-uniform accelerating flow which converts the wave energy into fluid
motion [54]. A jet of streaming flow during solidification could significantly affect solute diffusion,
convection and transport phenomena at the solid-liquid interface, which in turn is associated with
dendritic fragmentation, grain growth, instabilities and the morphological features of grains [55,56].
The flow pattern induced by the acoustic stream can be tracked visibly using transparent analogues
such as water, glycerine and ethanol [57]. In the case of liquid melts, it is difficult to directly observe
the flow pattern induced by acoustic streaming, however, with reference to the transparent analogues,
numerical solvers can be used to predict acoustic streaming and its effect on temperature gradient,
flow velocity and acoustic pressure gradients [37,38,58–62].

Acoustic streaming induced fluid flow during UST was modelled by Wang et al. [38] using
momentum equations in the ProCAST simulator that drives the net acoustic forces generated by
the radiating surface propagating into the liquid using the Reynolds turbulent wave equation. The
model aimed to identify the impact of forced flow in the melt affecting the temperature distribution of
Al-2Cu alloy solidified in clay graphite-crucible (210 cc volume). Specific dimensions and heat transfer
coefficients can be found in the ref [38]. Acoustic streaming was calculated using Navier–Stokes model
at high Reynolds number as

ρ(
⇀
v · ∇⇀v ) = −∇p + μ∇2⇀v +

⇀
FN (1)

where, ρ is density, p is the mean pressure and μ is the kinematic viscosity. It is assumed that the
powerful streaming was created beneath the sonotrode tip and forced into the liquid at a velocity v,
attenuating at a constant rate (P) with increasing distance from the tip of the sonotrode. The net force
acting on the fluid exerts a momentum force along a particular direction (x) and is given by

⇀
FN =

P
c
(1− e−βx) (2)

Here β is the attenuation coefficient. The resultant kinematic momentum (K) is given by

K = ρ ·⇀FN (3)

A momentum source of approximately 2.3 × 10-6 m3 located beneath the sonotrode induces a net
force of 0.024 N along the principal direction of the acoustic streaming (vertically downwards). The
convective motion is then modelled using Navier–Stokes equations coupled with energy equations [38].
Figure 2a shows the casting setup with two thermocouples placed at the mould wall (T/C1) and
the off-centre position (T/C2) to validate the current model. The cooling curves in Figure 2b,c show
a good correlation between the measured (Tm) and simulated (Ts) temperature measurements in
the as-cast condition and after the application of UST. This also validates the current assumption
regarding the attenuation rate (P/c) of the momentum source (K), which is used to simulate the
temperature gradients in the casting during solidification. This modelling approach does not include
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the incorporation of the effect of cavitation, simulation of grain size as a result of fragmentation and
grain transport due to acoustic streaming [37,38].

 
Figure 2. (a) Schematic of the casting setup with two thermocouples for the validation of the model
and the corresponding cooling curves in (b) as-cast condition without UST and (c) after UST [38].

3. Simulation of Acoustic Streaming

Figure 3 shows the simulated velocity, solid fraction and temperature profile under a momentum
induced acoustic streaming model. The simulation results showed that the fluid velocity varies from
0.38 m/s at the start of solidification producing a nearly flat temperature gradient and decreases to
0.32 m/s with the increase in solid fraction during solidification. The fluid velocity profile in Figure 3a
shows a maximum velocity directly beneath the sonotrode and the recirculation pattern shows a high
fluid velocity at the mould wall regions. Figure 3b shows the solid fraction profile corresponding to
the velocity map shown in Figure 3a taken at the same solid fraction of 7.7%. It is revealed that a
higher solid fraction contour is found at the centre region beneath the sonotrode, indicating that the
first to form solid lies beneath the sonotode which gets pushed downstream by the action of acoustic
streaming. Figure 3c shows the temperature distribution profile in as-cast and during UST conditions.
Without UST, the mould walls of the crucible extract heat rapidly from the melt and the temperature
distribution shows a steep gradient from the wall region to the centre of the crucible. After UST, the
simulated profile shows almost a flat temperature with reduced gradient from the mould wall and
the coldest zone being the cavitation zone where the grains are being produced and dispersed. By
correlating the simulation results with the experimental grain size results, it was found that the high
fluid velocity created by acoustic streaming tends to flatten the temperature gradient promoting the
formation of an equiaxed grain structure [37,38].
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Figure 3. Simulations of (a) Fluid velocity and (b) solid fraction during UST, and (c) temperature
gradient before and after UST in Al–2Cu alloy [38].

The flow fields affecting the temperature gradient can also be understood by cooling curve analysis
during the solidification process. Figure 4a shows the simulated solidification profile at three points (A
to C). The cooling curves from the corresponding points are shown in Figure 4b when the sonotrode is
immersed into the melt but without turning on the sonotrode and Figure 4c where the sonotrode is
turned on before immersion into the melt. After inserting the idle sonotrode into the melt the location
at C and B is almost undisturbed while cooling curve A shows a significant drop in the temperature.
Location A in Figure 4a represents the cavitation zone beneath the sonotrode where the observed
temperature drop is 660 ◦C, which is only 5 ◦C above the liquidus temperature of the Al-2Cu alloy [52].
When the temperature drops below the liquidus the cavitation zone is referred to as undercooled
zone, which is also confirmed by the simulation (Figure 3b,c). When UST is initiated, all the cooling
profiles appear to be similar (Figure 4c). Cooling curve A (solid line) almost matches curve B after UST
indicating that the bulk melt temperatures are the same allowing the powerful acoustic streaming to
stabilise the temperature in A, B and C enabling the transport of the new grains formed beneath the
sonotrode into the bulk melt (Figure 4c).

This stabilised bulk temperature reduces the risk of remelting grains and retains the non-dendritic
structure after solidification.
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Figure 4. (a) Schematic of the casting setup shows the locations of points (A, B, C) and the simulated
cooling curves of an Al-2Cu alloy when (b) the sonotrode is immersed into the melt but is not turned
on during solidification and (c) the sonotrode is turned on before immersion into the melt and remains
on during solidification as detailed in [38].

4. UST Applied to the Liquid Melt

In liquid melt, UST can be applied in two ways, either isothermally treated at a specific melt
temperature and then poured into the mould [2,63,64] or treating the liquid melt over a temperature
range during continuous cooling and terminated before the onset of primary phase nucleation at the
liquidus temperature [6,47]. The melt above the liquidus temperature (superheated condition) always
contains insoluble impurities (mainly oxides) that are not actively involved in nucleation under the
normal casting conditions [23]. The occurrence of cavitation in the melt is advantageous by wetting
these un-wetted particles turning them into active nucleation sites for grain refinement [23,27].

4.1. Pure Metals and Alloys

UST of pure Al does not result in significant refinement, however, it has been reported that
Al-11Cu and Al-4Cu alloys showed approximately 20% to 25% refinement in the grain size. With
the intentional addition of Al2O3 particles it was found that UST refinement in the liquid condition
is governed by cavitation enhanced activation of heterogeneous oxide particles [2]. Figure 5 shows
the macrostructures of pure Mg before and after UST terminated at 10 ◦C above and at the melting
temperature respectively. Approximately 25% to 28% refinement is observed compared to the as-cast
structure, however, the degree of refinement is not significant (Figure 5b,c). It is interesting to note that
the grain orientation is non-uniform after UST, while in the as-cast condition the grains are oriented
opposite to the direction of heat extraction. A similar observation has been reported for the Al-2Cu
alloy when UST is applied from 714 ◦C to 660 ◦C (liquidus temperature = 655 ◦C) resulting in an
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insignificant reduction in grain size. The observed refinement could be associated with oxides or native
impurity particles [44].

Figure 5. Macrostructure of commercial purity Mg in (a) without UST and after UST terminated at
(b) 660 ◦C and (c) 650 ◦C [44].

4.2. With the Addition of Refining Master Alloys

Wang et al. [47] investigated the effect of adding Al3Ti1B master alloy to pure Al by terminating
UST at specific temperatures above the liquidus temperature during continuous cooling (from 720 ◦C
to 660 ◦C). Figure 6a shows the grain refinement obtained after the addition of 50 and 200 ppm Ti with
respect to the termination temperature of UST above the liquidus temperature. Commercial purity
Al inoculated with 50 ppm Ti and 200 ppm in the as-cast condition reduces the grain size from the
order of millimetres to ~300–150 μm respectively. Reducing the UST termination temperature close to
the liquidus temperature further decreases the grain size at low refiner addition (50 ppm Ti). When
the addition level is increased to 200 ppm, better refinement is achieved at higher temperatures. A
significant difference in refinement is noted at 10 s UST at 700 ◦C, where 200 ppm of Ti produces excellent
refinement compared to 50 ppm of Ti addition. This difference is reduced when the UST termination
temperature reaches the liquidus temperature. For the known distribution of TiB2 particles in the
AlTiB master alloy and grain size relationship established with a range of wrought Al alloys [65], the
dispersion of nucleant particles after the application of UST were characterised using the inter-particle
distance (xsd). It has been found that the grain size obtained after UST is much smaller than that
predicted by xsd, suggesting that a larger number of potent substrates are distributed homogeneously
and simultaneously activated for better refinement [46,47].

Figure 6b shows the refinement of Mg-Zr alloys (plotted for nominal composition). Increasing
the addition of Zr from 0.2 to 1.0 wt.% increases the liquidus temperature of the Mg-Zr alloys from
650 ◦C to 653 ◦C. UST is applied from 750◦C to 660 ◦C without affecting the onset temperature of α-Mg
nucleation. One of the major issues with grain refinement of Mg alloys with Zr addition is the vast
difference in the density (~74%) between Mg and Zr particles at alloying temperatures (750 ◦C) [5,6].
As a result, most of the added Zr particles from the master alloy settle to the bottom of the crucible and
approximately 2.33 wt.% of the Mg-Zr master alloy is needed to produce a final alloy composition of
0.7 wt.% Zr [4,6,66]. This severe loss in Zr increases the cost of the alloying process and reduces the
grain refinement efficiency in the as-cast condition. Significant reduction in the grain size is obtained
only when the addition of Zr is increased above the peritectic composition to 0.8 and 1.0 wt.% in the
as-cast condition. After UST, the refinement has been notably improved at lower additions of 0.4 and
0.5 wt.% Zr. With the analysis of composition for dissolved and undissolved particles, it is observed
that the UST increases the efficiency of alloying from 30% in the as-cast conditions to 66% by increasing
the amount of dissolved Zr solute in the alloy. Reduction in the settling of Zr particles, finer size
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distribution and its activation by UST maximises the overall efficiency of grain refinement (< 100 μm
grain size) for Zr > 0.5 wt.% [6].

Figure 6. UST terminated above liquidus temperature at specific temperatures from 720 ◦C to 660 ◦C
in (a) Al3Ti1B master alloy added at 50 and 200 ppm to pure Al and (b) Mg-25Zr master alloy added
to commercial purity Mg. The liquidus temperature in Mg-Zr alloys varies from 651 ◦C to 653 ◦C in
which UST is applied from 750 ◦C to 660 ◦C for 60 to 90 s.

4.3. Refinement of Primary Intermetallic Phases

One of the major reasons for the increase in the total number density of particles is due to the
refinement of primary intermetallic particles by UST and thus increases the population of active
substrates for grain refinement [6,47]. It has been reported that the narrow size distribution of refiner
particles after UST of Zr added to Mg [6] and Al-Ti-B [67], Al-Zr, Al-Zr-Ti [63] added to Al alloys
results in better grain refinement. The refinement of blocky and needle shape primary intermetallic
phases such as Al3Ti [63,68], Al3(Zr, Ti) [63,69], primary Si [70–72] and β/δ-Al-Fe-Si [24,25] phases
is an added advantage of UST that further improves the mechanical properties of the cast alloys.
Figure 7 shows a summary of the common intermetallic phases encountered in commercial Al alloys
and their refinement after UST. In Al-Si alloys, both the primary and secondary Si phases are refined.
From analysis of cooling curves, it was found that the nucleation temperature of primary Si phase
increased [70], indicating that more oxide particles are activated at a smaller undercooling for enhanced
nucleation of Si. Direct observation using synchrotron studies reveals that streaming flow, cavitation
bubbles and flushing of hot fluid to the roots of the primary phase can cause detachment and remelting
for the refinement of primary phases [29,30].
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Figure 7. Refinement of primary intermetallic phases after UST reported for selected Al alloys.

Besides refinement in the size of the intermetallic phase, UST also favours the completion of the
peritectic reaction reported in Al and Mg alloys [6,24,25]. The sluggish dissolution reaction of Zr in
Mg has been improved after UST and increases the solute content to the equilibrium concentration of
0.5 wt.% [6]. Todaro et al. [24] systematically investigated the refinement of primary Si and AlFeSi phases
of Al19Si4Fe alloys with UST. Compared to the as-cast ingot, UST results in the refinement of Fe and
primary Si phases, improved their distribution, reduces macro-segregation and large shrinkage cavities.
Acoustic streaming produces effective mixing and prevents the settling or floating of intermetallic
phases. The peritectic reaction (L + δ-Al3FeSi2 → β-Al5FeSi + Si) in the as-cast condition is incomplete
due to the formation of large blocky shape platelets of δ-Al3FeSi2 and only fine precipitates are expected
to undergo complete transformation. After UST, most of the intermetallic particles contain β-Al5FeSi
and only a few δ-Al3FeSi2 complex phases exist, indicating that a complete peritectic transformation is
favoured. Similarly, it is found that the addition of Mn combined with UST in Al17Si2Fe(0.5 to 2.0)Mn
alloys favoured the transformation to the desirable α-Al15(Fe,Mn)3Si2 phase finely distributed with
polygonal morphology [25]. The refinement of primary phase and its morphology is generally reported
to be affected by both nucleation and fragmentation effects depending on the temperature range of
UST applied during solidification [24,25,68].

In alloys containing potent particles (either peritectic systems or when external heterogeneous
particles are added), UST can be employed either isothermally above the liquidus temperature or
during cooling and terminating UST just above the liquidus temperature. In both these conditions
grain refinement is improved by:

(i) De-agglomeration of particles by cavitation and simultaneous improvement in activation
(wettability) of the particles by the penetration of parent liquid into the surface defects of
the particles [2,47,50,73–75];

(ii) Excellent dispersion of the particles by acoustic streaming, as the melt in the liquid state has less
resistance to fluid flow [6,47];
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(iii) narrow size distribution of nucleant particles throughout the melt and a reduced distance between
adjacent potent nucleant particles [6,46,63];

(iv) Reduced loss of inoculants by agglomeration and settling to the bottom of the casting [6];
(v) Fragmentation of large, coarse primary intermetallic phases to fine structures that increase the

rate of nucleation of primary grains [24,63,69,70].

5. UST Applied from Above to Below Liquidus Temperature during Solidification

5.1. With the Addition Master Alloys Containing Potent Refiner Particles

The grain refinement produced by UST when applied in the liquid melt or terminated just above
the liquidus temperature mainly depends on the heterogeneous particles. For example, potent particles
like TiB2 and Zr produce excellent refinement compared to oxide substrates [6,44,46,47]. On the other
hand, when the UST temperature range is extended to below the liquidus temperature, the refinement
is enhanced to a greater extent even without potent particles or at reduced amounts of inoculant
addition. Figure 8 shows that the grain density is remarkably increased when UST is applied below the
liquidus temperature in Al containing TiB2 particles and the difference in refinement with respect to
the amount of Al3Ti1B master alloy (50, 200 ppm) is almost insignificant. In other words, the amount
of grain refinement obtained with 200 ppm could be readily obtained with 50 ppm of Ti when UST
continues to be applied below the liquidus temperature for 100 s. It is interesting to note that the grain
density increases rapidly until 20 s and reaches a steady state condition until 80 s. This implies that for
a given addition amount of refiner, there is a limit to the number density of the particles that can be
activated, in which a further activation is possible by extending the UST temperature range to below
the liquidus temperature. This is also observed in a Mg-0.2Zr alloy in which a 63% grain size reduction
after terminating UST above liquidus temperature has been further increased to 85% when UST is
extended below the liquidus temperature for 2 min. This is a significant advantage of UST where the
refiner addition can be reduced without compromising the percentage of refinement obtained [6].

Figure 8. Increase in the grain density with respect to UST time when UST is extended below liquidus
temperature of pure Al containing 50 and 200 ppm of Ti [47].

12



Materials 2019, 12, 3187

5.2. Pure Metals and Alloys

Without the addition of potent grain refiners, Wang et al. [52] investigated the grain refinement
achieved when UST was applied to an Al-2Cu alloy during solidification over different temperature
ranges from above the liquidus to complete solidification. It was found that when UST is terminated
above liquidus temperature, there is no refinement in the grain size. However, a significant refinement
in grain size (150–200 μm) is noted when UST is applied from 40 to 60 ◦C above the liquidus temperature
and continued below the liquidus temperature for 4 min. Reducing the starting temperature of UST to
20 ◦C above the liquidus or less than that results in the formation of coarse grain structure similar to
the as-cast grain structure due to the formation of a solid chill layer beneath the unpreheated sonotrode.
With the use of a preheated sonotrode (heated to 285 ◦C) the formation of a chill layer is avoided,
and acoustic streaming was established in the melt to transport grains to form an equiaxed grain
structure [38].

To understand the mechanism of grain refinement without the interaction of solute or potent
particles, pure metals (Mg and Zn) were investigated over different time and temperature ranges.
Figure 9 shows the macrostructure refinement after UST was applied to Mg and Zn. Superheat refers to
the starting temperature of UST above the melting/liquidus temperature of the alloy. A high superheat
temperature (UST turned on at 100 ◦C above the melting temperature) terminated after 3 min (until
complete solidification) produces a coarse and non-uniform grain morphology in Mg (Figure 9a) [44].
When the superheat temperature range is reduced to 40 ◦C above the melting temperature, the grain
refinement is homogeneous and a completely refined structure is obtained throughout the casting
with a more uniform distribution of grains (Figure 9c). Interesting insights were revealed from Zn
solidification. UST applied from 30 ◦C above melting temperature for 4 min results in refinement from
the as-cast condition, however, the grain structure is completely dendritic in the centre of the casting
(Figure 9b). Under similar conditions, a low superheat of 20 ◦C for 3 min produces an equiaxed zone
with non-dendritic grains in nearly half of the casting’s cross section (Figure 9d) [43]. In the as-cast
condition, both these metals exhibit a grain size range from 2 to 3 mm on average [43,44,46]. After UST
the grain size (in the equiaxed zone) ranges from 160 to 400 μm which is more than 90% reduction in
grain size from the respective as-cast conditions. Figure 9e shows a plot of the equiaxed grain area
measured from the cross-section area of the casting in pure Mg, Zn and Al-2Cu alloy with respect
to UST time [43,44,76]. At a given low-superheat temperature range, increase in the area fraction of
equiaxed grains is proportional to the time of UST applied below the liquidus or melting temperature.
Depending on the thermal properties of the metals, approximately 1 to 2 min during solidification is
enough for Al and Mg to achieve an equiaxed zone throughout the cross section compared to Zn.

Qian et al. [40] proposed that (in magnesium alloys) these grains are nucleated during UST as a
result of cavitation and dispersed into the melt by acoustic streaming. By measuring the grain size
with respect to distance from the sonotrode, it is found that the fine grains are observed closer to the
sonotrode and the grain size increases with distance from the sonotrode to the bottom of the casting.
Therefore, these grains are assumed to nucleate in the cavitation zone beneath the sonotrode and then
dispersed into the melt. Due to the attenuation of sound waves, the grain size becomes coarser in the
bottom region of the casting near the crucible wall. As grain refinement is observed only when the
UST is applied during solidification includes the onset of nucleation, some researchers believe that
fragmentation of dendrites by cavitation was the major reason for the grain refinement rather than
independent nucleation [2]. The mechanistic viewpoints on grain formation will be detailed in the
later sections, however, the grain refinement achieved by extending UST below liquidus temperature
is promising because it eliminates or reduces the need for the addition of external particles.
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Figure 9. Macrostructures after UST was applied during solidification at (a,b) high and (c,d) low
superheat (temperature at which UST is turned on above the melting temperature) in (a,c) pure Mg
and (b,d) pure Zn [43,44]. (e) Equiaxed grain area measured from the cross section of the casting with
respect to UST time after the onset of solidification [43,44,76].

The additional factors (temperature range, time duration and alloying elements) that contribute to
deliver grain refinement when UST is applied below the melting or liquidus temperature in alloys are:

(i) Increased number of nucleation events on heterogeneous potent particles compared to UST
terminated above liquidus temperature [6,44,47,53];

(ii) Reduction in the temperature gradient of the bulk liquid under the action of acoustic streaming
promoting nucleation on potent particles and assists the survival of grains [45,52,57,77];
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(iii) Formation of fine non-dendritic grains below the sonotrode at the liquid–sonotrode interface due
to the colder vibrating source and then distributed by acoustic streaming into an undercooled
melt [6,20,40,43,46];

(iv) Fragmentation of dendrites caused by the interaction of cavitation and acoustic streaming in the
mushy zone or at the solid–liquid interface [32,34,35,41,78].

6. Grain Formation Mechanisms and Development of the Refined Ingot Structure

6.1. Origin of Equiaxed Grains

The dominant mechanism of UST grain refinement is often debated between cavitation causing
fragmentation of dendrites [26,27,32,42] and an enhanced nucleation mechanism based on the
heterogeneous substrates [1,40,74,79]. Several experiments under a high intensity X-ray synchrotron
technique have shown that fragmentation or fracturing of primary phases by cavitation bubbles are
responsible for the refinement [34,41,42,78]. However, alloys treated under UST in a crucible exposed
to room temperature supports an enhanced nucleation mechanism, where the cavitation induced
pressure pulses are expected to increase the rate of nucleation on heterogeneous substrates. The grains
produced in this condition show more spherical and non-dendritic morphologies that are much finer
than the secondary dendritic arm spacing of the alloys without UST. Therefore, the fragmentation of
well-developed grains in this case cannot be the cause of the formation of a fine non-dendritic grain
structure. If these grains are expected to be generated by early stage fragmentation then the size of
such crystals and its survival rates are questionable [74].

To better understand the mechanism of the origin of these non-dendritic grains two approaches
were followed to characterize grain formation in the cavitation zone (i) placing a gauze encapsulating
the cavitation zone and (ii) using quartz tubes to extract the melt during UST and quenching
immediately [76]. Using the gauze setup it was found that the cavitation zone immediately beneath
the sonotrode is responsible for grain formation. Figure 10a clearly shows that non-dendritic, fine
grains are directly observed at the sonotrode-liquid interface region of the casting. The areas separated
by the gauze only show a coarse grain structure (similar to as-cast structure) including adjacent to the
mould walls and the top surface of the casting. This confirms that the non-dendritic grains originate in
the cavitation zone beneath the sonotrode.

Figure 10b shows the points in the cooling curve (1 to 6) where tube samples were taken from the
solidifying melt and the microstructures from selected sampling stages (1, 3, 4 and 6). As UST has
already started at 40 ◦C above the liquidus temperature, grains are produced beneath the sonotrode
when the temperature reaches the liquidus temperature and then transported into the liquid melt. The
microstructure of sample 1 taken at the liquidus temperature shows large dendritic grains formed
during quenching of the sample, meaning that the number density of non-dendritic grains is very low.
Some non-dendritic grains started to appear in the sample 2 at 10 s after the onset of solidification
and continue to increase up to sample 6, at 80 s where the microstructure of the entire tube sample
has a large number of non-dendritic grains. Therefore, the grains generated at the start (<20 s) were
pushed down by the acoustic streaming force leaving a lower number density of spherical grains at the
top of the melt. After 20 s, both the continuous formation of new grains below the sonotrode and the
recirculation of the existing grains starts to fill the casting cross section to nearly half of the volume
(refer to Figure 11a) and more fine grains start to appear in the top region after 80 s.
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Figure 10. (a) Schematic of the UST setup that uses a stainless-steel mesh to capture the grains beneath
the molybdenum sonotrode and the resultant macrostructure and microstructure (taken from the gauze
area). (b) Cooling curve of Al-2Cu alloy with numbers denoting the time at which tube samples were
taken during UST and the corresponding microstructures of samples 1, 3, 4 and 6 [76].

Figure 11. Settling of grains when UST is terminated after various time periods during solidification of
(a) Al-2Cu alloy and (b) high purity Zn [43,76].
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6.2. Settling of Grains, Effect of Volume and Height of the Casting

When UST is applied until complete solidification, the whole ingot structure is refined as shown
in Figure 9c. As already described in Figure 10b increasing the time gradually increases the number
of non-dendritic grains. Figure 11 shows the effect of such grains settling towards the bottom of the
crucible when UST is terminated before complete solidification. After the grains are generated in
the cavitation zone, the acoustic stream carries these grains to the bottom of the casting [43,76]. Low
temperature gradients enhance the survival of a higher number density of grains and it results in the
non-dendritic equiaxed zone. Termination of UST at shorter times results in two types of grains above
the equiaxed zone (i) rosette or mixed dendritic grains just above the equiaxed layer and (ii) large
columnar grains at the top surface of the casting influenced by the radiation heat transfer [76]. Based on
the thermal conductivity of the metal, the action of grains filling the macrostructure of the Al-2Cu alloy
ingot (Figure 11a) is faster (80 s) than that of pure Zn (240 s, Figure 11b). Furthermore, it is interesting
to note that increasing the time from 20 to 80 s (Al-2Cu alloy) produces completely equiaxed grains
throughout the cross section of casting whereas in Zn increasing the time duration from 180 s to 240 s
results in a similar area of equiaxed zone. Also, the temperature range at which excellent refinement
is achieved is 40 ◦C above the liquidus temperature in Al-2Cu alloy and for Zn it is 20 ◦C above the
melting temperature. This comparison shows that UST produces similar tendencies in grain formation
and settling regardless of the type of metal and it only depends on the temperature range of UST.

The role of acoustic streaming in transporting the grains for large volumes varying from 137 to
946 cc is shown in Figure 12. The increase in the crucible size led to an increase in the lateral volume in
castings 1 to 3 and simultaneously increases the height from 6.5 cm for casting 1 to 12 cm for casting
3. Casting number 4 has the longest distance of 17.5 cm from the sonotrode tip to the bottom of the
casting. In all these cases, the sonotrode was immersed into the melt from the top to nearly 1–1.5 cm
below the surface. For all the heights of the castings investigated, the application of UST from 40 ◦C
above the liquidus until complete solidification produces refinement throughout the casting’s cross
section (castings 1 to 4). However, macro examination of castings 3 and 4 reveals that the grains are
slightly coarser than castings 1 and 2. The grain size measured from the top and bottom of castings 1
to 4 is shown in Figure 12b. As the volume and distance increases the grain size steadily increases in
the bottom region. For larger castings (2, 3, 4) the grain size in the cavitation zone also shows bigger
grains with large deviations compared to casting number 1. In castings 3 and 4, mostly mixed grain
structures (grains with rosette and dendritic morphology) are observed throughout the ingot with
few non-dendritic grains. As UST is initiated well above the liquidus temperature of the alloy, it is
possible that these grains while moving towards the bottom of the crucible, would grow to take a
rosette or dendritic form. Increasing the height of the casting above the distance of λ/2 started to show a
fading tendency in the degree of grain refinement. Nonetheless, the refinement after UST is significant
compared to the respective as-cast conditions.

6.3. Evolution of Grain Structure, Morphology of Grains and the Role of Alloying Elements

Depending on the properties of the metal (melting temperature, density and thermal conductivity)
significant differences were noted in the UST grain structures of pure Zn, Al and Mg. Figure 13 shows
the macrostructure of pure Al and Zn where UST is applied from 40 ◦C and 30 ◦C above the melting
temperature, respectively, until complete solidification.
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Figure 12. (a) Effect of casting volume (v) and height (H) on the macrostructure after UST of an Al-2Cu
alloy and (b) the grain size measured from the top and bottom of the casting. (λ/2 = 125 mm refers to
the half wavelength distance of the sonotorde).

The grain structure in the Al ingot is uniform with only equiaxed grains throughout the
cross-section. Pure Mg solidified under similar conditions also shows a fully equiaxed structure for the
whole cross section in Figure 9c. On the other hand, both columnar and equiaxed grains were found
after Zn solidification under UST. From the macrostructures shown in Figure 9d, the Zn columnar
grains grew from ~4.0 mm to 10.6 ± 0.6 mm. According to the grain formation mechanism explained in
the Figure 10a these grains filled the small volume of Mg and Al alloys within shorter durations. Due
to the larger solidification interval and low melting temperature of pure Zn, any grains created above
the melting temperature have a greater chance of remelting. While applying UST below the melting
temperature, acoustic streaming reduces the steep temperature gradients in the centre of the melt and
the relatively colder zones of the mould started to nucleate columnar grains. These columnar grains
have finer width (~0.7 mm) and are numerous along the mould wall compared to the as-cast condition
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of pure Zn (~3.0 mm) [43]. The increase in the length of the columnar grains growing perpendicular to
the direction of the sonotrode indicates that (i) the temperature ahead of the melt is lowered by the
acoustic streaming and (ii) there is no obstruction to the continued growth of the columnar grains by
the circulating grains. Therefore, fine grains that are formed during this condition are expected be
lower in number density and tend to settle quickly towards the bottom of the crucible, allowing the
columnar grains to grow from the side wall without impingement.

 

Figure 13. Macrostructures of ultrasonically treated (a) pure Al and (b) pure Zn.

Comparison of grain structures with respect to the temperature range of UST for pure Zn is shown
in the Figure 14. The cooling curve in Figure 14 shows three ranges of UST A, B and C. An unpreheated
titanium sonotrode was used in all these experiments. The microstructures from each casting condition
taken from the centre of the casting is shown in Figure 14A–C.

Figure 14. Cooling curve of pure Zn showing three different temperature ranges of UST application A,
B, C and their corresponding microstructures taken from the centre of the casting.
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The low temperature range of UST for a shorter time (440 ◦C-3 min) results in non-dendritic
grains in microstructure A. Increasing the temperature range to 450 ◦C for a longer time (4 or 9 min)
results in either coarse dendrites (B) or equiaxed grains with dendritic morphology (C). It should be
noted that the equiaxed grains in A are completely non-dendritic whereas the grains in C are dendritic
equiaxed. 3 min of UST produces non-dendritic grains in nearly half of the cross section, because
of the low superheat temperature range (A). However, 9 min UST at a slightly higher temperature
range produces only dendritic grains (C) in the equiaxed zone and promotes columnar grain growth
from the mould wall (Figure 13b). These grain structures show that the formation of non-dendritic
grains is related to the low-superheat temperature range of UST. When a higher starting temperature is
used, the sonotrode is heated to a higher temperature and results only in dendritic grains. Such clear
observations noted in pure Zn are not found in pure Mg or Al and its alloys during UST solidification.

To further understand the grain formation effect of an unpreheated sonotrode, UST is applied to
pure metals just before the completion of solidification in the equilibrium melt as shown in Figure 15.

 

Figure 15. (a,b) Cooling curves, (c,d) grain structures in the macrostructure and microstructure of pure
(a,c) Mg and (b,d) Zn.

The cooling curves of Mg and Zn in Figure 15a,b show that UST is applied only at the end of
complete solidification without affecting the onset of nucleation. Thermocouples were placed slightly
offset to the sonotrode (Figure 15a,b) and it was found that there is a significant drop in temperature of
the pure metal (~1 to 1.5 ◦C). As explained in the Figure 10, the grains generated below the sonotrode
are pushed downwards into the equilibrium melt to create equiaxed grains in nearly 40% to 60%
of the cross section within 1 to 2 min of UST. Microstructures observed in the centre of the casting
shows that these grains in both Mg and Zn castings were non-dendritic (Figure 15c,d). The forced
downward movement of the fine grains due to acoustic streaming impinge on the columnar grains
to form the columnar to equiaxed transition. Therefore, considering the above discussion and the
solidification conditions, fragmentation of existing dendrites is less likely to be a significant contributor
to the refinement.
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Figure 16 shows the effect of important alloying elements reported in Al and Mg alloys for grain
refinement after UST under similar casting conditions. Incremental additions of solute Mg [49], Cu,
Ni [79] and Si (< 4 wt.%) [45] to Al alloys produces an average grain size less than 400 μm after
UST. When grain refiners are present (TiB2 [46,47,53] and Zr particles [1,6]) the effectiveness is further
improved even at low additions. It is well-known that the addition of Si > 3–4 wt.% increases the grain
size in Al alloys, where the addition of Al-Ti-B refiners cannot produce significant refinement in the
as-cast condition [18,19]. The grain coarsening behaviour of Al alloys containing Si without and with
Ti is shown by solid lines in Figure 16. UST, on the other hand, refines the grain size in both these
alloys (Al-Si and Al-Si-Ti [45]) at the temperature range of 40 ◦C above the liquidus temperature to
complete solidification. Research on Mg alloys (containing Al [80] and Zn [3]) has also shown similar
results for UST refinement as a function of solute concentration.

Figure 16. Role of alloying elements on the grain refinement achieved when UST is applied during
continuous cooling from above to below the liquidus temperature.

7. Interpretation and Application of the Interdependence Model for Solidification under UST

The Interdependence model [15] is a useful framework for analysing the factors that can be
controlled in order to optimise an alloy’s grain size

(
dgs

)
by facilitating nucleation. The model is

described by Equation (4).

dgs =
D·zΔTn−min

vQ
+

4.6D
v
·
⎛⎜⎜⎜⎜⎝ C∗l −C0

C∗l ·(1− k)

⎞⎟⎟⎟⎟⎠+ xSd (4)

where D is the solute diffusion coefficient, ΔTn−min is the nucleation undercooling required to nucleate
on the most potent particle, z is the incremental amount of ΔTn that needs to be generated by
constitutional supercooling (ΔTCS) for a subsequent nucleation event to occur, v is the growth rate
of the grain–liquid interface, Co is the alloy composition, C∗l is the composition of the liquid at the
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interface and k is the partition coefficient. The three terms calculate the elements that make up the
grain size such that:

dgs = xCS + x′dl + xsd (5)

where xCS is the growth of previous grain to generate ΔTCS = ΔTn, x′dl is the length of the diffusion
field to where ΔTn is achieved, and xsd is the average distance to next most potent particle. The first
two terms (xCS + x′dl) represent the nucleation free zone xNFZ. Note that x′dl is controlled by xCS that
establishes the value of C∗l in Equation (4). In order to reduce the grain size either, or both, of xNFZ and
xsd need to be decreased.

The following discusses how these factors are relevant to solidification under UST. From the
results described in the previous sections, Q is clearly important and can be readily manipulated. When
Q becomes very large xNFZ will tend to zero such that the number of nucleation events corresponds
to xsd thus the particle number density controls the amount of nucleation. If the nucleant particles
have a very high potency tending towards epitaxial nucleation then ΔTn tends to zero and thus xNFZ

tends to zero. This effect has been demonstrated by the addition of niobium boride particles to an Al-Si
alloy where the effect of Si poisoning is eliminated because the niobium boride particles are large and
have a very good orientation relationship with aluminium thereby reducing xNFZ to a small value [81].
The interfacial growth rate v will be relatively slow as the cooling rate is low and growth occurs near
the liquidus temperature. The solute diffusion rate in the liquid, D, may be enhanced by convection
associated with acoustic streaming. However, acoustic streaming has a much more significant effect
on the temperature gradient as discussed in Section 3. Thus, the term z in Equation (1) tends to zero
because the temperature gradient becomes flatter.

Considering the factors that can be controlled the most important are Q by adding growth
restricting elements to the alloy, reducing z through acoustic streaming, and reducing ΔTn by adding
potent nucleant particles. Also, xsd can be reduced by increasing the particle number density of these
potent nucleants.

The results from the UST studies conform to the expectations of the Interdependence model.
However, this is surprising since the majority of nucleation events occur in the cavitation zone directly
under the sonotrode and not in the bulk of the melt. So why is the Interdependence model effective
in predicting significant refinement when UST is applied? The answer lies in consideration of the
role of acoustic streaming. Because acoustic streaming flattens the temperature gradient in the bulk
of the melt, the melt cools with essentially the same amount of undercooling throughout the casting.
Therefore, when the grains formed in the cavitation zone are swept into the melt they move into a melt
that is undercooled. Also, for alloys, the solute rejected during grain growth creates a constitutionally
supercooled layer which protects the grains from remelting [82]. The higher the value of Q the faster
CS is generated providing greater protection from remelting. Therefore, the combination of a low
temperature gradient and high Q are critical for the survival of grains leading to a finer grain size. If
this situation is satisfied the next biggest effect is the addition of a high grain number density of potent
particles to reduce xsd.

xsd has a different meaning for the UST conditions used in our experiments. Because nucleation
of equiaxed grains occurs under the sonotrode and not in the bulk of the melt, xsd is defined by the
grain number density and not by the number density of potent particles that are able to be activated.
Based on the study of grain formation, just below the sonotrode the grain density increases with time
during UST as shown in Figure 17. However, in the bulk melt the grain number density initially
increases quickly due to fewer small grains with plenty of room to move and grow eventually reaching
a maximum after about 30 s when the density becomes higher where grain to grain interactions in the
melt become common. After 30 s the number of grains keep increasing while the size of the equiaxed
zone increases as shown in Figure 11, but the grain number density does not change significantly. This
means that the value of xsd changes during solidification and it is difficult to predict these changes
in a casting as xsd also decreases due to the settling of grains towards the bottom of the casting and
increases in the top region of the casting due to the depletion of grains.
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Figure 17. Comparison of grain density measurement of castings (Figure 11a in [76]) and tube samples
(Figure 10b in [76]).

In plots of grain size versus 1/Q (Figure 18a,b) xsd corresponds to the final grain number density
after UST was terminated and settling has finished. Because xsd under UST conditions is based on grains
rather than particles the difference with changes in alloy composition are relatively small. Therefore,
the role of settling is very important in controlling the grain size as highlighted by Figure 12a. Adapting
the Interdependence model to take settling into account is a challenge due to density differences
between liquid and grains (e.g., the density differences over a range of Al-Cu compositions) can change
dramatically from promoting settling to resulting in floating of grains [83], and between different alloy
systems. Despite this difficulty the Interdependence model is still a useful tool for determining the
mechanisms controlling grain size.

The following three examples used the Interdependence model to determine the mechanisms
responsible for the grain sizes achieved. Figure 18a shows a plot of grain size versus 1/Q for eutectic
systems reported for Al and Mg alloys. As these alloys have no active potent substrates for nucleation
in the as-cast condition, grain sizes were larger. UST was applied to these alloys from above to below
the liquidus temperature during solidification. After UST the grain size was significantly reduced
(<500 μm) in low solute containing alloys and for Q values exceeding 10 K the grain refinement becomes
excellent (<100 μm). The shaded region between the as-cast and UST refined alloys is xNFZ where
xNFZ−1 and xNFZ−2 highlight the difference between the dilute and high solute alloys, where dilute
alloys show grain sizes in the range of 200 to 400 μm. It is interesting to note that grain refinement
in conventional casting conditions is largely dependent on Q values with a steeper slope, however,
after UST the trend of refinement appears to be much flatter regardless of the type of eutectic forming
solutes. Figure 18b shows the effect of Zr solute and particles in Mg and Ti solute and TiB2 in Al
alloys after UST. Due to the potency of particles and higher Q values, most of the data points in the
as-cast condition fall into the significant refinement range (<100 μm), except at very low additions. An
increase in the intercept is noted for Al-Si alloys containing Ti due to Si’s poisoning effect, however,
UST produces excellent refinement of those alloys.
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Figure 18. Grain size vs. 1/Q graphs for (a) eutectic and (b) peritectic alloys solidified under UST.

During UST, the possibility of the formation of new grains is increased rapidly in the cavitation
zone [43,44,76] and also by cavitation as a result of physical fragmentation effects [32,33,41,42]. In
alloy systems containing potent particles such as Mg-Zr alloys that solidify as equiaxed grains in the
as-cast condition, it is assumed that UST preferentially activates nucleation on the Zr particles rather
than fragmentation [6,82]. Using the number density of the particles (Nv) and the weight fraction of
particles (wp) estimated through chemical analysis, Equation (4) was modified to:

dgs =
1000

3
√

wp.Nv
+

D
v

⎡⎢⎢⎢⎢⎣0.719 · z
dp ·Q +

4.6 (C∗l −Co)

C∗l · (1− k)

⎤⎥⎥⎥⎥⎦ (6)

where dp is the diameter of the Zr particles. Using Equation (6) the predicted grain size versus 1/Q
slope of Mg-Zr alloys after UST is found to be in good agreement with the experimental values
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For the AlTiB master alloy addition to Al alloys, incorporating the effect of Ti solute and TiB2

particles, a simplified form of Equation (4) can be expanded as [46]:

dgs =
1000

3
√(

wp
)
Al3TiB

.Nvm

+ 5.6
[

D · z · ΔTn

v ·Q
]
=

32
3
√(

wp
)
Al3TiB

+
652
Q

(7)

Here the weight percentage wp (TiB2A/TiB2MA) is the ratio of the actual amount of TiB2 added
to the alloy to weight percent of TiB2 present in the master alloy and Nvm is the number density of
TiB2 particles in the master alloy. The slope and intercept values in Equation (7) have been previously
quantified for a wide range of Al alloys after TiB2 addition. Figure 19 shows that the effect of the
predicted grain size values with the UST processed Al and Al-2Cu alloys after the addition of Al3Ti1B
master alloy [46].

Figure 19. Prediction of grain size using Equation (4) for (a) Al-Ti and (b) Al-2Cu-Ti alloys with and
without UST [46].

The grain size values predicted from Equation (7) have low values of the slope because it assumes
that all the added particles were active, however, the experimental result for pure Al (Figure 19a)
shows a steeper slope (larger grain size) indicating the xNFZ is larger in the as-cast condition. The
prediction trend in Figure 19b for Al-2Cu alloy lies close to the experimental curve, which indicates
that the presence of solute Cu facilitates the activation of more TiB2 particles to reduce the xNFZ in the
as-cast condition. The grain refinement observed after UST is much finer than the grain size predicted
using Equation (7) indicating that more particles are activated to effectively reduce the xNFZ even at
low Q values. An intersection of the predicted curves with UST refinement indicates the maximum
refinement condition, above which the refiner and UST produces a similar degree of refinement in Ti
added Al alloys.

In the above two cases (Zr in Mg and TiB2 particles in Al alloys) the grain refinement after UST was
likely to be affected by the potent particles in the range of 0.2 to 2.5 μm. Research by Dieringa et al. [50]
showed that the addition of AlN nano-particles with a size range of 20 to 160 nm (with a mean size
of 80 nm) to an AM60 Mg alloy produced excellent refinement with a grain size of 85 μm after UST
in the liquid only. Unlike the case of UST during solidification below liquidus temperature where
acoustic steaming affects the temperature gradient and the nucleation undercooling of particles, the
grain refinement in AM60B-1%AlN composites after UST is terminated and then poured into a mould,
is only affected by the distribution of particles and constitutional supercooling. By assuming that the
largest particles (in this case it’s 162 nm with a spacing of about 2 μm) are more likely to nucleate
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grains, and that xNFZ for constant Q is about 85 μm whereas Equation (4) predicts xNFZ would be larger
than 600 μm, suggests that xNFZ is affected by D and/or v according to Equation (8).

xn f z =
D
v

⎡⎢⎢⎢⎢⎣z · ΔTn

Q
+

4.6 (C∗l −Co)

C∗l · (1− k)

⎤⎥⎥⎥⎥⎦ (8)

Since, the parameters inside the brackets in Equation (8) are almost constant, the reduction of
xNFZ in this case is expected as a result of change in either D or v. With the measured undercooling of
14 K after addition of the AlN particles [50], a growth rate of approximately seven times faster than the
conventional rate would be needed to achieve the grain size of 85 μm. However, no data is available to
support this mechanism. As the diffusion field contains rejected solute and a high number density of
AlN nano-particles, solute diffusion will be affected by the presence of nano-particles [84,85]. After
reducing the value of D from 5 × 10−9 m2·s to 7 × 10−10 m2·s in the Equation (8), xNFZ predicts the
measured grain size after UST of this alloy suggesting that the change in diffusion coefficient could
dramatically influence the grain structure.

8. Summary and New Insights

From the analysis of the results of this research and for the casting conditions applied in our
experiments, the following provides a generalised description of the key mechanisms affecting the
formation of refined grains under UST conditions.

(i) Little refinement is obtained for pure metals and eutectic alloys when UST is applied in the
liquid melt. When inoculants or nanoparticles are added to the melt or primary intermetallic and
peritectic phases form UST distributes the particles uniformly throughout the melt, breaks up
agglomerates of particles and enhances the wetting of particles by the melt. These benefits are
realised over a certain UST time for a constant refiner addition, after which no further improvement
is obtained. The subsequent solidification occurs as in normal casting processes and the level of
refinement achieved can be indicated by the Interdependence model. Application of UST in this
temperature range can be readily implemented as part of a foundry’s melt treatment process.

(ii) Nucleation of equiaxed grains occurs directly under the sonotrode when UST is applied below the
melting point or liquidus temperature. The strong ultrasonically-induced convection transports
these grains into the bulk melt while UST continues to produce new grains. The low temperature
gradient generated by the acoustic streaming undercools the bulk of the liquid. Refinement can
be obtained for pure metals as well as alloys. Alloys with growth restricting solute generate
constitutional supercooling around the growing grains providing good protection from remelting
further enhancing the level of refinement. The addition of particle inoculants such as TiB2 and Zr,
provides an increase in the number of nucleation events particularly in alloys with a low value
of Q.

(iii) The grains formed under the sonotrode are produced at approximately a constant rate implying
that the number of grains in the bulk melt are also increasing at about the same rate. The size of
the equiaxed region continues to increase until there are enough grains to fill the casting cavity.
This process takes about 80 s for Al alloys and over 150 s for Mg and Zn alloys when cast in the
standard size ingots.

(iv) Terminating UST at shorter times shows that the suspended grains sink settling on the bottom
of the casting after termination occurs. The settling impedes the growth of adjacent grains and
columnar grains growing from the mould wall as they pack together. However, for the same UST
conditions, when the ingot height is increased the strength of convection decreases with distance
from the sonotrode tip due to attenuation and continued settling, at possibly a slower rate, is due
to gravity. Thus, the settling grains have more time to grow so that the final grain size is larger.
However, refinement still occurs but not to the same extent as in the smaller castings.

26



Materials 2019, 12, 3187

(v) UST diminishes the difference due to variation in alloy composition (i.e., Q values) due to a much
flatter temperature gradient that decreases the size of the nucleation free zone to a very low value
(during traditional casting practices the alloy’s Q value is a dominant factor in controlling grain
size). This implies that nucleation is now controlled by the grain number density although a
small effect of alloy composition remains evident (and in some conditions composition still has
a significant effect [1]). These observations indicate that the interpretation of the term xSd in
the Interdependence model is different for UST conditions. xSd is set by the number of grains
accumulating in the melt as they are ejected from under the sonotrode whereas for normal casting
conditions xSd is related to the number density of particle substrates that are able to be activated
as nucleants within a bulk melt.

9. Directions for Future Research

While the application of UST in the liquid state has already been shown to be industrially
useful [34], the application of UST across the liquidus shows potential as a method of obtaining very
fine grain sizes but is much more difficult to implement commercially. With this in mind, consideration
of the findings and mechanisms described in this paper suggest opportunities for future research.

Firstly, this work has highlighted that settling and casting size have a significant effect on the
degree of grain refinement achieved. Work is needed to quantify the rate of grain formation during
UST and the effect of settling on the grain size across the as-cast macrostructure. Related to this is
the effect of density differences between grains and liquid on grain size as this will affect the degree
of settling or a tendency for grains to float once UST is terminated. Further development of the
Interdependence model as applied to UST conditions is needed to improve the prediction of the amount
of refinement that can be achieved for particular alloys under specific casting conditions. Computer
simulation of micro- and macro-structure development needs to take into account the movement of
grains with convection and settling. As it was found that maintaining the sonotrode temperature
below the liquidus temperature produced non-dendritic grains while, in the case of Zn, sonotrode
heating occurred that reduced the number of non-dendritic grains, it would be worth exploring these
effects on larger volumes or over longer times with a water-cooled sonotrode. In parallel, the effect of
material properties such as thermal diffusion rate and heat capacity need to be understood to explain
the formation of columnar grains enabling tailoring of alloy composition and casting conditions to
prevent their formation. Our work has not been focused on the actual mechanisms of nucleation under
the sonotrode. Real-time synchrotron studies have focused on cavitation. If this approach could detect
nucleation events and the initial growth of grains (e.g., dendritic or non-dendritic) in real time it would
clarify which of the proposed mechanisms in the literature are dominant.
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Abstract: A high frequency tuned electromagnetic induction coil is used to induce ultrasonic pressure
waves leading to cavitation in alloy melts. This presents an alternative ‘contactless’ approach to
conventional immersed probe techniques. The method can potentially offer the same benefits of
traditional ultrasonic treatment (UST) such as degassing, microstructure refinement and dispersion of
particles, but avoids melt contamination due to probe erosion prevalent in immersed sonotrodes,
and it can be used on higher temperature and reactive alloys. An added benefit is that the induction
stirring produced by the coil, enables a larger melt treatment volume. Model simulations of the process
are conducted using purpose-built software, coupling flow, heat transfer, sound and electromagnetic
fields. Modelling results are compared against experiments carried out in a prototype installation.
Results indicate strong melt stirring and evidence of cavitation accompanying acoustic resonance.
Up to 63% of grain refinement was obtained in commercial purity (CP-Al) aluminium and a further
46% in CP-Al with added Al–5Ti–1B grain refiner.

Keywords: ultrasonic treatment; contactless sonotrode; induction processing; grain refinement

1. Introduction

Ultrasonic treatment (UST) of molten metals prior to solidification has been shown to improve their
mechanical properties refining microstructure, degassing and dispersing strengthening particles [1].
The standard process involves the use of an immersed sonotrode probe vibrating at ultrasonic frequency
(~20 kHz). Intense pressure waves are generated, which trigger dissolved gas cavitation that in turn
assists nucleation [2], causes the break-up of intermetallics and evolving dendrites [3] and disperses
clusters of particles. The process is, so far, mainly applied in low temperature melts (e.g., Al, Mg) but
even then, there are problems preventing its widespread use by industry. The probe tip is dissolved at
varying rates leading to melt contamination. The amount of liquid metal treated is concentrated in a
small volume surrounding the probe, which necessitates additional mechanical stirring in order to
spread the effect to a larger melt volume. Multiple sonotrodes often need to be used, making scalability
complex and expensive [1].

To avoid these problems we devised the novel contactless electromagnetic (EM) UST process
presented here. The new process eliminates the risk of melt contamination and the associated cost
of frequent probe replacement, opening the potential benefits of UST to high temperature (e.g., Ni,
Fe, Cu, ODS steel) or reactive (e.g., Ti, Zr) alloys. In contrast to the immersed sonotrode technique,
where the kinetic energy of the vibrating horn is directly interacting with the liquid, the contactless EM
device relies on acoustic resonance to reach pressure amplitudes leading to cavitation [4]. Furthermore,
the Lorentz force, due to the induced current, leads to strong stirring, promoting multiple passages of
the melt through active ‘Blake threshold’ pressure zones. Numerical simulations [4] indicate that scaling
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up to larger volumes can be achieved by simply introducing a larger coil and adjusting the current
or frequency to match the acoustic resonance characteristics of the melt volume and surrounding
container. Studying earlier publications [5,6], the idea of applying static or AC magnetic fields for the
contactless ultrasonic treatment of liquid metals is not new, but the present implementation remains
unique both in concept and in the ease with which it can be implemented in industry.

The remainder of the paper introduces the device known as the ‘Top Coil’ contactless sonotrode,
summarises the mathematical methods used to model its function, followed by the experimental
procedure together with sample results and discussion. Concluding remarks and references follow.

2. The Contactless Sonotrode

The patented [7] ‘Top Coil’ sonotrode consists of a conical induction coil that can be lowered into
the crucible containing the molten alloy, as shown schematically in Figure 1. The coil is water-cooled,
with a current through it of sufficient magnitude to create a gap by EM repulsion between the liquid
metal and the coil surface (typically ~1700 kA at ~9.5 kHz has been used for aluminium). A protective
ceramic coating is employed as an additional safety feature to eliminate the risk of spark erosion.

 

 
(a) (b) 

Figure 1. Simulations demonstrate the sonotrode concept [7]: (a) velocity and temperature
<680–693 ◦C>, (b) instantaneous sound field < ± 40 kPa >with coil operating at 1000 A, 10 kHz.

Time-dependent simulations using a purpose-built spectral collocation code [8,9] coupling
magnetic fields, turbulent flow and heat transfer in a dynamically varying fluid volume were used
to design this system [4,7]. Details of the mathematical model used are given in Section 3 below.
A typical simulation result in Figure 1, shows the dual effect of the Lorentz force arising from the
interaction between the coil current and the opposing current induced in the melt: (i) In Figure 1a,
the time-averaged component of the force repels the free surface and generates strong bulk stirring,
(ii) the time-dependent component, acting at twice the supply frequency (see Equation (10)) vibrates
the melt generating sound waves. The generation of sound waves is important in the process, since at
the frequency needed for ultrasonic operation (~20 kHz), the applied EM force is concentrated in a
thin ‘skin layer’ of fluid on the free surface (~7 mm in Al). Its effect can only be transmitted to the
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bulk through sound waves as pressure fluctuations, as shown in Figure 1b. In this case, the sound
field was obtained by solving the compressible Euler momentum equations using a 4th order accurate
finite difference scheme [10]. The amplitude of pressure fluctuations determines whether gas bubbles
will emerge out of the solution, oscillate and under certain conditions cavitate. To reach the necessary
pressure threshold for cavitation, the frequency of the coil needs to be tuned to produce resonance in
the treatment vessel, accounting for the vessel geometry, free surface shape, temperature and crucible
sound absorption characteristics. The use of resonance to enhance pressure amplitudes reduces the
need for a very high current in the coil, as is found to be necessary in other proposed EM vibration
techniques, for example in [5,6]. This latter fact makes the process energy efficient, especially where
industrial scale operations are to be considered. The sound field simulations are needed to guide the
frequency selection within the bounds of the power supply capacity.

In contrast to the immersed sonotrode technique where the cavitation energy is concentrated in a
conical region surrounding the probe, in the proposed method, most cavitation activity is expected to
lie in resonant nodes deep in the melt, were induced flow stirring will ensure that gas bubbles can
have multiple passes through, improving cavitation efficiency.

3. Mathematical Basis

It can be seen from the process description that this is a multi-physics application encompassing
a range of traditional engineering fields. Due to space limitations the essential features of the
models used are given here in summary with more detailed mathematical formulations given in the
accompanying references.

The set of equations representing fluid dynamics and heat transfer are solved using a spectral
collocation scheme [8] on a dynamically varying solution grid [9] covering the liquid metal volume.
The soundfield calculation domain includes the crucible and surrounding ambient region computed
in the time domain, using a 4th order staggered variable scheme on a regular Cartesian grid [10].
Cavitation alters the speed of sound locally as the appearance of gas alters the medium compressibility.
This aspect of the problem is handled using an extension of the Rayleigh–Plesset equations as suggested
by Caflish [11] and implemented in [12,13].

3.1. Turbulent Fluid Flow and Heat Transfer

Characterised by the momentum and mass continuity equations, given by:

∂tv + (v.∇)v = −ρ−1∇p + ∇ · (νe(∇v + ∇vT)) + ρ−1j×B + g (1)

∇ · v = 0 (2)

where, v is the velocity vector, p the pressure, ρ the density, νe the effective viscosity (sum of laminar
and turbulent contributions), j the current density, B the magnetic field density, and g the gravity
constant. The j × B term in Equation (1) represents the volumetric Lorentz force acting on the fluid.

Cp(∂tT + v · ∇T) = ∇ · (Cpαe∇T) + ρ−1
∣∣∣J∣∣∣2/σ (3)

where, T is the temperature, Cp the specific heat, αe the effective thermal diffusivity and σ the electrical
resistivity of the liquid. The last term in Equation (3) represents the Joule heating generated by the
induced current in the metal.

Turbulence is modelled by the k-ω Turbulence Model [14] (including magnetic field interaction):

∂tk + v · ∇k = ∇ · [(ν+ σkνT)∇k] + G− β∗ω k− 2αmk
ρ/(σB2)

(4)

∂tω+ v · ∇ω = ∇ · [(ν+ σωνT)∇ω] + αωk G− βω2 − αmω

ρ/(σB2)
(5)
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where, k is the kinetic energy of turbulence and ω its rate of dissipation. Note, standard nomenclature
and model constants are used as in Wilcox [14].

3.2. Magnetic Induction

The AC magnetic field of angular frequency w due to the coil, B, and the induced current, J, can be
divided into real and imaginary components.

B = BR cosωt + BI sinωt (6)

J = JR cosωt + JI sinωt (7)

where,
JR = σ

ω
2
δ(BR + BI); JI = σ

ω
2
δ(−BR + BI) (8)

The skin depth indicating current penetration into the fluid is given by

δ =
√ (

2
μωσ

)
(9)

where the magnetic permeability

μ(= μ0) = 4π× 10− 7H/m

The Lorentz force is given by:

F = J×B = F + F̃
F = 1

2 (JRBR + JIBI) = 1
2μδB

2
oe−2 x

δ

F̃ = 1
2μδB

2
oe−2 x

δ
√

2 cos(2ωt− 2 x
δ +

π
4 )

(10)

As shown in Equation (10), the Lorentz force F being the cross product of magnetic field and
current can be divided into mean and time-dependent (sinusoidal) components. The mean value is
responsible for bulk stirring, while the sinusoidal part is the source of vibration. It is important to note
(a) that the vibration frequency is double that of the supply current, (b) that the force decays within the
skin-depth distance δ from the liquid free surface, hence the importance of resonance for achieving the
required pressure amplitude for cavitation in the bulk volume.

Once the charge has melted with the aid of the main furnace coil surrounding the crucible, the top
coil is moved axially down towards the free surface, in order to increase the EM coupling. The model
simulations in Figure 2 show the process at three different time steps as the coil gradually deflects the
free surface, together with the associated flow field and temperature distribution. The main furnace
coil surrounds the crucible and contributes to stirring leading to the toroidal vortex pair appearing in
the first two images. The top coil contributes to the melt temperature due to Joule heating, therefore to
maintain the temperature at the optimum value for cavitation (in the case of aluminium around 700 ◦C),
at some point in the process the furnace coil is turned off. In Figure 2, the stirring pattern is seen to
change when this happens, as in the third figure on the right, where a single vortex dominates leading
to deep recirculation in the crucible. Table 1 contains a working set of material properties used in
the simulations.
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Figure 2. Predicted induced stirring and Joule heating in a typical aluminium crucible interacting with
a descending conical coil. The main furnace coil operating at 2.4 kHz is switched of when the coil is in
the lowest position, to maintain a maximum temperature of ~700 ◦C. Indicated temperature contour
range < 699–702 ◦C. Maximum induced velocity is ~0.7 m/s.

Table 1. Material properties of aluminium.

Material Property Aluminium (700 ◦C)

Sound Speed c (m s−1) 4600
Density ρ (kg m−3) 2350

Dynamic Viscosity μ (mPa s) 1.3
Surface Tension γ (N m−1) 0.87

Thermal Conductivity λ (Wm−1K−1) 92
Electrical Conductivity σ (Sm−1) 3.8 × 107

Specific Heat Cp (kJ kg−1 K−1) 1.18

3.3. Soundfield Computation

The mean Lorentz force component F is responsible for bulk stirring. The time-dependent
component F̃, is the source of sound waves, computed by solving the Euler form of the momentum
equations, generating a perturbation velocity field ṽ:

∂p
∂t

+ ρc2 ∂ṽ
∂x

= S; ρ
∂ṽ
∂t

+
∂p
∂x

= F̃ (11)

A staggered scheme (in space and time) is used to solve Equation (11), with details are given in
Djambazov et al. [10]. The source S represents pressure contributions due to cavitating bubbles [13].
The solution domain for sound extends beyond the melt to include the crucible and surrounding
structures, thereby taking into account transmission and reflection of sound through the crucible walls.
This means the acoustic impedance of all materials present needs to be considered. Constant pressure
is assumed at the liquid free surface and a sound-hard boundary (zero flux) is applied at the coil
surface. Details of the approach are given in [15].

A characteristic of the new process is the appearance of pressure nodes/antinodes deep inside the
melt volume marking likely cavitation regions (e.g., see Figure 1b). This contrasts with the immersed
sonotrode case, where cavitation activity is restricted to an area surrounding the vibrating probe,
leading to shielding effects that limit process efficiency.
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4. Experimental Methods

Grain refinement experiments have been carried out using a cylindrical crucible investigating the
top coil performance for CP-Al with and without added Al–5Ti–1B grain refiner. Numerical simulations
were used in each case, to compute the optimum frequency for resonance, taking into account the
melt volume, crucible geometry and acoustic properties of all materials present. Since the efficiency of
the UST process depends on the extent of gas cavitation, a means of detecting cavitation activity in
opaque liquids is necessary. In parallel research using immersed sonotrodes, we employed a specially
commissioned cavitometer that operates through a long tungsten rod (the probe), providing thermal
protection to the piezo sensing elements placed well outside the hot area, and with a bandwidth capable
of capturing broadband acoustic emissions associated with cavitation activity [16]. Due to inductive
pickup, the cavitometer could not be used with the top coil, relying instead on an externally mounted
digital high frequency microphone, Ultramic®200K, to record sound emitted from the crucible and
thereby detect cavitation activity. The experimental setup is shown in Figure 3. For reference, Table 2,
gives the composition of alloys tested in various experiments.

 
Figure 3. The ‘top-coil’ arrangement, showing the location of the high frequency microphone relative
to the crucible.

Table 2. Composition of alloys tested.

Alloy Si Mg Ti Cu Fe Be Mn Zn Balance Al

A357 6.5–7.5 0.55–0.6 0.1–0.2 0.0–0.2 0.1 0.002 0.1 0.0–0.1 90.8–93.0
CP-Al 0.3 0.03 0.0 0.03 0.4 0.0 0.03 0.07 99.5

4.1. Flowfield Validation

Figure 4a shows the computed velocity and temperature field in a small conical 125 mm crucible
containing A357 alloy used in experiments to follow the tracks of radioactive particles, using the PEPT
technique [17,18] and Figure 4b shows, in a typical experimental result, the aluminium surface with the
coil immersed in it. As predicted by the model, the free surface of the melt is depressed by the Lorentz
force, preventing contact with the coil. Along the axis of the coil, the EM force vanishes, leading to
the conical elevation of the surface, shown in both simulation and experiment. Strong radial motion
was observed just below the thin layer of oxide (Figure 4b) in all experiments. This gave qualitative
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support to model flow predictions, of a dominant toroidal vortex pushing the liquid down close to the
axis, and then returning near the periphery.

 
 

(a) (b) 

Figure 4. (a) Computed flow and heat transfer in a small 125 mm experimental crucible, containing
A357 aluminium alloy used for particle tracking studies, (b) experiment showing the free surface of the
melt; radial striations on the oxide layer indicate the flow direction and the conical elevation coinciding
with the coil axis. Temperature contour range <717–723 ◦C>, maximum velocity 0.3 m/s.

The extent of stirring and therefore the ability of the top coil to disperse particles in the melt
is clearly demonstrated in Figure 5. The numerical result shows 100 μm particle tracks obtained
using Lagrangian tracking, accounting for the effects of turbulence and electromagnetic Kolin-Leenov
forces [19]. In the simulation, particles seeded near the geometrical centre of the crucible are rapidly
dispersed throughout the melt. The experimental result shows a similar dispersion pattern, obtained by
tracking 200 μm radioactive particles using the Positron Emission Particle Tracking (PEPT) technique.
From the processing point of view, this rigorous mixing is significant, since following initial cavitation,
bubble or oxide fragments have the opportunity to re-enter the cavitation zone multiple times improving
volumetric nucleation efficiency.

  
(a) (b) 

Figure 5. PEPT experiment, 125 mm crucible: (a) Simulation result showing dispersion of 100 μm
particles due to induction stirring, (b) experimental 200 μm radioactive particle traces obtained using
the PEPT technique.
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4.2. Grain Refinement

To evaluate the grain refining potential of the process, experiments were conducted in a cylindrical
clay-graphite crucible with internal and external diameters of 135 and 170 mm respectively, and depth
280 mm. For each experiment the crucible was filled with about 8.5 kg metal, either commercial
purity aluminium (CP-Al), or CP-Al with the addition of 0.2 wt.% Al–5Ti–1B grain refiner (100 ppm Ti,
20 ppm B). The top coil was positioned centrally above the liquid metal surface and during processing
the ambient ultrasonic noise emitted around the crucible was recorded using the Ultramic®200K
digital ultrasonic microphone. Recorded sound was observed in the form of a FFT (Fast Fourier
transform) sound spectrum extracted in real-time during experiments using MatLab®software
(R2014a). As mentioned earlier, detection of cavitation in an opaque medium is a non-trivial problem;
one indicator of cavitation was the presence of broadband noise emitted by collapsing bubbles [20,21].
This was seen (Figure 6a) in the form of light-coloured vertical lines on spectrograms recorded over a
period of 1–2 min. The lines appear normal to the continuous horizontal lines denoting the top-coil
frequency signal, observed at around 20 kHz, and the induction furnace signal, observed at around
5 kHz. The number and density of vertical lines was considered to be a good indication of cavitation
activity [22].

The conditions generating the noise, (coil frequency and melt temperature), were then maintained
for a further 5 min to produce samples for grain structure analysis. The intensity of cavitation during
the process should be reflected in the grain structure of the samples, which were taken using the KBI
ring test [23]. In this test, liquid metal is poured into a steel ring with an outside diameter of 75 mm,
inside diameter 50 mm and height 25 mm, placed on an insulating silica brick. The cast sample is
then subject to three simultaneous modes of cooling: through the air, the steel mould, and the silica
brick. As the tuned resonant frequencies were shown by the simulations to be dependent on melt
volume [22], the KBI ring test was the most useful for the contactless sonotrode experiments, as it only
requires small samples, of about 50 g of Al. For grain size characterization, the base of the cylindrical
samples was removed to about 3 mm above the bottom and ground, polished and etched with either
Poultons’ or Kellers’ solution. The average grain size was then determined using the mean linear
intercept method.

Figures 6 and 7 show the recorded spectrograms and post mortem grain structures of samples
obtained following ultrasound treatment.

Figure 6b,c show the grain refinement achieved with CP-Al at 700 ◦C in a 150 mm diameter
cylindrical crucible with 1700 A, 9.35 kHz current through the coil, corresponding to the spectrogram
in Figure 6a. It was found that one of the factors that had to be controlled during ultrasound processing
was the melt temperature, which must be kept low to promote cavitation. In these experiments it was
maintained at 40 ◦C above the melting point, which for pure Al was 700 ◦C, the minimum value at
which it was possible to pour the liquid metal [24] in a casting. Since the cavitation process starts
with the formation of bubbles, the solubility of hydrogen gas in the liquid Al is an important factor in
the process. Solubility decreases with temperature, so at lower temperatures, the existence of stable
bubbles is more probable [1,25]. In the case of CP-Al (Figure 6), the grain size reduction was about 63%,
(a reduction from 256 ± 12 to 95 ± 1 μm). This level of performance is consistent with previous findings
where 70% grain size reduction was obtained [22], measured, in that case, by using the Aluminium
Association Test Procedure-1 (TP1).

There are several reasons given in the literature for the observed reduction in grain size due
to cavitation. Cavitation is believed to induce heterogeneous nucleation by (i) forced wetting of
non-wetted particles present in the melt, resulting in an increased number of nucleation sites [26,27],
(ii) local undercooling due to pressure changes when bubbles collapse [28] or (iii) undercooling of the
melt at the bubble surface when the bubble rapidly expands [29]. In the case of CP-Al, the number of
non-wetted particles should be smaller than in the case of alloys with grain refiner addition, a fact that
makes grain refinement more difficult.
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(kHz) 

Figure 6. Grain refinement observed in CP-Al. (a) Recorded broadband noise during processing,
(b) unprocessed sample, (c) sample processed by the contactless sonotrode at a frequency of 9.35 kHz
at 700 ◦C. The cut line indicates the plane used for grain size measurements.

The addition of grain refiner increased the number of active nuclei and therefore all three
mechanisms of cavitation-induced heterogeneous nucleation can take place. Figure 7 shows the
grain size reduction achieved for CP-Al with a grain refiner. Grain sizes decreased from 223 ± 5 to
121 ± 2 μm.

Figure 7. Grain size reduction following processing of sample containing commercial grain refiner:
(a) the sample with Al–5Ti–1B addition, (b) alloy additionally processed by the contactless sonotrode
with frequency 9.41 kHz for about 5 mins (Both samples were cast at 706 ◦C).
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The experiments used a 0.2% Al–5Ti–1B ternary master alloy, which is commonly adopted as a
grain refiner for most aluminium alloys [30,31]. Using the same alloy section as in Figure 6, grain sizes
of the base alloy are shown in Figure 7a and the reduction caused by ultrasound shown in Figure 7b.

4.3. Correlation Between Grain Refinement and Frequency Spectrum

The basic concept behind the contactless sonotrode relies on the initiation of gas cavitation activity
using acoustic resonance as the main driver for grain refinement. Numerical simulations provide an
indication of the likely resonant modes given the sound properties and geometry of the alloy and
crucible materials [15,32]. However, since these properties can vary unpredictably (especially so in
ceramic crucibles), the experiment traverses the space about the indicated central frequency value
using the spectrogram as an indicator of the most potent value, judged by the frequency of broadband
noise bursts. Examining the results obtained in the larger 140 mm diameter crucible with internal
depth 300 mm, we see for example, with reference to Figure 8, that spectrogram (a) (coil frequency
9.32 kHz) shows no cavitation activity, whilst spectrogram (b) (coil frequency 9.42 kHz) shows a dense
pattern of cavitation bursts. Also evident in all spectrograms is that the cavitation activity as shown by
the vertical lines is intermittent. This may be due to local changes in sound velocity in the melt as
clouds of bubbles appear and disappear, which would disrupt the resonant conditions.

  
(a) (b) 

Figure 8. Contrasting nature of cavitation in two cases with very similar generator frequency,
in (a) 9.32 kHz, in (b) 9.42 kHz obtained in a crucible with internal diameter 140 mm (remembering the
vibration frequency in the coil will be doubled in the melt (10)).

It is then interesting to examine the sound wave resonant nodes that are most likely to excite
cavitation. Figure 9 scans the range between 9.32 and 9.56 kHz applied to the 140 mm diameter
cylindrical crucible containing CP-Al. In Figure 9a a typical FFT for the fairly active 9.43 kHz experiment
identifies strong sound peaks at the driving frequency f o and its 3rd and 5th harmonics, an indicator
of axial (up and down) wave reflections. The radial waves identified by the even harmonics are
much weaker. Figure 9b Shows the spectrogram for the 9.43 kHz case, identifying the various peaks
as horizontal lines (i.e., persisting in time). Finally, in Figure 9c the peak amplitude for the various
harmonics was plotted against the driving frequency. The cavitation region coincides with the bulge in
the 3rd and 5th harmonics amplitude, between 18,900 Hz and 19,100 Hz.
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(a) 

(b) 

(c) 

Figure 9. (a) FFT spectrum showing resonant peaks for 9.43 kHz (nominal) coil current,
(b) corresponding spectrogram identifying horizontal lines as functions of driving frequency, (c) resonant
peak intensity variation versus driving frequency (18,800–19,250 Hz), showing the cavitation region.

5. Concluding Remarks

This paper shows a contactless electromagnetic processing technique that can generate ultrasonic
waves in liquid metals in a crucible strong enough to produce cavitation. Originally developed as a
theoretical concept, this technique was tested experimentally in the treatment of liquid aluminium
alloys. The computational model which couples fluid flow, heat transfer, electromagnetics and
soundfield simulations was validated in aspects that are important for the process by the experimental
results. These confirm the predicted free surface depression by the coil, induction driven flow leading
to strong mixing and the presence of cavitation. It was found that acoustic resonant conditions are
necessary to produce pressure waves of sufficient strength for cavitation, which means geometrical
details and material sound properties of the setup become important for successful implementation.
Using this technique, it has been possible to produce grain-refined samples of both pure aluminium
and aluminium with grain refiner added.

Although the experiments presented so far are conducted in aluminium, since the technique
is contactless, it should be equally applicable to high temperature or reactive metals, such as steels,
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nickel alloys and titanium, were the immersed sonotrode technique cannot be used. This is a subject of
continuing research.

Author Contributions: K.P. is the overall project leader and Greenwich University grant holder and the main
author, K.P. and V.B. developed the contactless sonotrode concept and V.B. produced the flow and heat transfer
software and simulations. G.D. and C.T. developed the acoustic simulations, W.D.G. is the grant holder and PI for
Birmingham University, A.D. carried out the experimental work and analysis together with W.D.G. All members
contributed to the editing and provided material for the paper.

Funding: The authors acknowledge financial support from the ExoMet Project (EC contract FP7-NMP3-
LA-2012-280421), and EPSRC grants EP/P034411/1, EP/R002037/1, EP/R000239/1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eskin, G.I.; Eskin, D.G. Ultrasonic Treatment of Light Alloy Melts, 2nd ed.; Georgy, I.E., Dmitry, G.E., Eds.; CRC
Press: Boca Raton, FL, USA, 2017.

2. Meek, T.; Jian, X.; Xu, H.; Han, Q. Ultrasonic Processing of Materials; No. ORNL/TM-2005/125; University of
Tennessee: Oak Ridge, TN, USA, 2006.

3. Tzanakis, I.; Xu, W.W.; Lebon, G.; Eskin, D.G.; Pericleous, K.; Lee, P.D. In situ synchrotron radiography and
spectrum analysis of transient cavitation bubbles in molten aluminium alloy. Phys. Procedia 2015, 70, 841–845.
[CrossRef]

4. Bojarevics, V.; Djambazov, G.S.; Pericleous, K.A. Contactless ultrasound generation in a crucible. Met. Mater.
Trans. A 2015, 46, 2884–2892. [CrossRef]

5. Charles, V. Crystallization of aluminium alloys in the presence of cavitation phenomena induced by a
vibrating electromagnetic pressure. J. Cryst. Growth 1996, 158, 118–127.
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Abstract: The effects of ultrasonic introduced by L-shaped sonotrodes made of
high-temperature-resistant ceramic on the microstructure and macro-segregation of solidifying
15t AA2219 aluminum alloy ingots have been examined in the present study. The macroscopic
morphology of the corrosion of the sonotrode has been observed. Grain refinement has been observed,
the shape and size of the precipitated phase of the ingot were counted, and the degree of segregation
along the transverse direction at 500 mm from the head of the ingot has been evaluated. The
results reveal that the L-shaped ceramic ultrasonic introduction device can effectively avoid the
erosion of high-temperature melt on the sonotrode and the heat radiation of the high-temperature
heat flow to the transducer. Furthermore, the scanning electron microscope (SEM) and chemical
composition detection results also indicate that the inter-dendritic micro-segregation of the equiaxed
grains can be reduced, and the macro-segregation of the chemical composition of the ingot can be
suppressed, and more homogeneous microstructures can be obtained when ultrasonic has been
applied during solidification.

Keywords: ingot solidification; L-shaped ceramic sonotrode; grain refinement

1. Introduction

AA2219 aluminum alloy is a heat treatable reinforced aluminum alloy with Al, Cu, and Mn as
its main alloying elements. Because of its good high- and low-temperature mechanical properties,
formability, machinability, and welding properties, it has been widely used in the aerospace industry,
especially as the main material for the new generation of launch vehicle propellant tanks [1–5].
The original billet of the tank is a large-sized aluminum alloy ingot, which is difficult to form. It adopts
the traditional casting method and is prone to defects such as loose shrinkage, coarse grain, serious
segregation, and cracking of the structure, which extremely affect its performance and lead to its
unstable production in batches [6,7].

Li Xiaoqian et al. [8,9] conducted a large number of casting experiments on 2XXX and 7XXX
aluminum alloys using a straight-rod titanium alloy ultrasonic introduction device. The results
showed that ultrasonic vibration treatment can improve the solidification structure of aluminum
alloy and it can also degas, reduce microscopic loosening, refine grains, and improve the effect of
improve micro-segregation. Wang Jianwu et al. [10] applied an ultrasonic wave with a power of 179 W,
a frequency of 19 kHz, and a sound wave intensity of 153.33 W/cm2 to a 7050 aluminum alloy melt,
with a treatment time of about 3 min. The experimental results showed that the microstructure of an
ingot that has not been treated with ultrasonic is coarse dendrites with precipitated phase particles.
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After applying ultrasonic waves, both grains and the second phase particles of the ingot are refined,
and the average grain size is reduced from 80 μm to 40 μm. Wang G et al. [11] studied the effect of the
temperature range of melt when applying ultrasonic during solidification of Al-2Cu alloy on grain
structure and cooling behavior. The studies show that when introducing ultrasound into the melt,
grain refinement requires an appropriate amount of liquid metal overheating or sufficient preheating
of the sonotrode.

Haghayeghi R et al. [12] introduced ultrasonic vibration to a melt before AA7075 high pressure
die casting and found that, due to cavitation, the porosity decreased by 5%, the tensile strength and
yield strength increased to 590 MPa and 502 MPa respectively, and the elongation increased to 18%.
They pointed out that ultrasonic casting is feasible for industrial-scale applications.

There are many studies on the ultrasonic casting of aluminum alloy, but most of them are limited
to laboratory research, and the ultrasonic conduction tools used are straight-rod sonotrodes. When
applying ultrasonic waves, the heat radiated by the melt will seriously affect the stability of the
ultrasonic vibration system. Moreover, the titanium alloy sonotrode is prone to erosion during the
casting process [13], and it is impossible to stably conduct ultrasonic waves into the molten metal for a
long time. Therefore, ultrasonic-assisted casting technology has not been applied in the industry so
far. In order to solve this problem, an L-shaped ceramic ultrasonic introduction device was used to
introduce ultrasonic waves into the melt in the 2219 aluminum alloy casting process. The L-shaped
ceramic ultrasonic introduction device can avoid the direct heat radiation of the high-temperature melt
to the transducer. The ceramic sonotrode can also overcome the problem of cavitation erosion caused
by the high-temperature aluminum melt and improve the stability of the ultrasonic vibration system.
Through experiments without ultrasonic casting, straight-rod ultrasonic-assisted casting, and L-shaped
ultrasonic-assisted casting, the effects of cavitation melt processing by an L-shaped sonotrode made of
high-temperature-resistant ceramic on solidifying 15t AA2219 aluminum alloy ingots were discussed.

2. Materials and Methods

2.1. Casting

Without ultrasonic casting, the 2219 aluminum alloy was proportioned according to GB/T3190-2008
standard. 15t commercial purity aluminum was put into a 20t-capacity melting furnace, heated and
melted, which was then fully stirred by the electromagnetic stirrer at the bottom of the furnace.
The following step was slag removal, after which metal additives like Cu and Mn were added into the
aluminum melt. The refined product was then taken to degas and remove slag. After another slagging,
the direct reading spectrometer was used to analyze the components, the results of which are shown in
Table 1. After all components reached the standard, Al–Ti–B refiner was added. Then the melt was
sent to the hot top crystallizer along a channel for casting. The casting parameters are listed in Table 2.
An ingot (Named NO-UTS ingot) with a size of Φ650 mm × 6300 mm was produced and moved to the
heat treatment furnace for homogenization heat treatment at the temperature of 540 ◦C for 60 h.

Table 1. Chemical composition of 2219 aluminum alloy (wt. %).

Chemical Composition Cu Mn Fe Ti V Zr Si Al

NO-UTS 5.9 0.36 0.018 0.04 0.07 0.11 0.024 Bal
I-UTS 5.91 0.35 0.02 0.04 0.07 0.11 0.025 Bal
L-UTS 5.9 0.34 0.019 0.04 0.06 0.11 0.023 Bal

Table 2. Casting parameters of aluminum alloy ingot.

Specification/
(mm ×mm)

Pouring
Temperature/◦C

Cooling
Temperature/◦C

Speed of Water
Flow/(L/min)

Speed of
Introducing

Ingot/(mm/min)

Φ650 × 6200 696 29.1 321 24
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With ultrasonic casting, under the condition that other technological conditions are as constant
as possible after casting becomes stable, the ultrasonic wave was directly introduced from the hot
top. Then the straight-rod titanium alloy sonotrode and L-shaped ceramic sonotrode made by our
group were used to introduce an ultrasonic wave (the structural sketches of the two ultrasonic rods are
shown in Figure 1). Two different sonotrodes with a size of Φ50 mm × 185mm were inserted into the
liquid surface below about 50 mm. The piezoceramic transducer was used to convert high frequency
current from the generator to mechanical oscillations of the same frequency. The ultrasonic power was
800 W, the ultrasonic frequency was 23 ± 0.2 KHz, and the amplitude was 15 μm. In the final stage of
casting, when the melt level dropped, the ultrasonic vibration stopped and the ultrasonic vibration
system was removed. Two Φ650 mm × 6300 mm ingots (I-UTS ingot and L-UTS, separately) were cast
separately (the casting device is shown in Figure 2), and the cast large ingots were transferred into the
heat-treatment furnace and homogenized through the same heat-treatment process.

 

(a) (b) 

Figure 1. Structure of ultrasonic-introducing sonotrodes: (a) straight-rod sonotrode made of titanium
alloy; (b) L-shaped sonotrode made of ceramic.

   
(a) (b) (c) 

Figure 2. Different casting processes: (a) semi-continuous casting without ultrasonic treatment;
(b) semi-continuous casting with the straight ultrasonic-introducing rod; (c) semi-continuous casting
with L-shaped ultrasonic-introducing rod.

2.2. Sampling

After the 10 mm thick oxide inclusion layer was removed from the surface of three round ingots,
the samples with a specification of Φ630 mm × 25 mm were cut at 500 mm from the top of the ingot.
The sample was cut along the radial diameter, one part for macrostructure analysis, and the other
part for microstructure analysis and chemical composition analysis. For the latter, we needed to take
smaller samples at positions of 0R, 1/4R, 1/2R, 3/4R, R. The sampling locations are shown in Figure 3.
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Figure 3. Schematic diagram.

2.3. Characterization

Firstly, the erosion morphology of the sonotrode of the ultrasonic-introducing device was observed
after ultrasonic treatment. Then, according to the GB/T 3246.2-2000 standard, the sample taken from
the ingot was polished with sandpaper, washed with alcohol, and dried. Then, it received macro
corrosion and macro grain ranking. The corrodent was prepared with 10 mL of HF with 42%
concentration, 5 mL of HCl with 36% concentration, 5 mL of HNO3 with 65% concentration, and 380 mL
of water. According to the GB/T 3246.2-2000 standard, the metallographic specimen was ground
and polished on an MP-2B grinding and polishing machine (Weiyi Test Equipment Manufacturing
Corporation, Laizhou, China), washed with clear water, and etched with the above corrodent for 60 s.
Then the metallurgical structure of the ingot was observed through an OLYCLA-DSX500(OLYMPUS
Corporation, Tokyo, Japan) metallurgical microscope and the morphology, size, and distribution of its
precipitation phase were observed through a Phenom automatic table scanning electron microscope
(Phenom-world BV, Eindhoven, Holland). In addition, the amount of alloying element was analyzed by
EDS (energy dispersion spectrometer). An Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES, Shimadzu Corporation, Tokyo, Japan) was also used to test the chemical components of
different positions.

3. Results and Discussions

3.1. Anti-Corrosion Property of L-Shaped Sonotrode

The morphology of the straight-rod and L-shape sonotrode after 24 h of experiment is shown in
Figure 4. It can be seen that the straight-rod titanium alloy sonotrode is seriously eroded, while the
L-shaped sonotrode is basically not eroded. The titanium alloy sonotrode selected in this experiment is
made of titanium alloy TC4, which can withstand a temperature of 1700 ◦C and conduct ultrasonic
waves efficiently, and has the advantages of excellent corrosion resistance, low density, high specific
strength, and good toughness. However, in the process of introducing ultrasound, it was slowly eroded,
mainly due to the formation of alloy between the titanium alloy sonotrode and metal melt [14,15],
indicating that although a titanium alloy sonotrode can withstand high temperature, it cannot withstand
the melting corrosion effect of metal melt. The L-shaped ultrasonic introduction device is composed
of a transducer, an L-shaped combined horn, and an upright ceramic sonotrode [16] (Figure 1b).
The L-shaped combined horn is composed of a first-stage horizontal horn and a second-stage vertical
horn, the first-stage horn is a straight rod that propagates longitudinal mechanical vibration, and
the second-stage horn is a straight rod that propagates lateral mechanical vibrations (as shown in
Figure 1b). The material used for the L-shaped combined horn is titanium alloy. The material used for
the sonotrode is a special ceramic with good cold and thermal shock resistance and high strength at
high temperature, and a melting point that is higher than 1900 ◦C. It is not oxidized below 1200 ◦C,
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the protective film formed at 1200–1600 ◦C can prevent further oxidation, it can resist vibration and
thermal shock, and cannot form alloys with metal melts [17]. Therefore, the sonotrode will not be
eroded by the melt. In addition, the L-shaped combination keeps the ultrasonic transducer away from
the high-temperature metal melt during operation, effectively avoiding the direct thermal radiation of
the high-temperature heat flow to the transducer, thus prolonging the life of the ultrasonic transducer
while the energy of the ultrasonic is continuously inserted into the metal melt.

  
(a) (b) 

Figure 4. Morphology of sonotrodes: (a) straight-rod titanium alloy sonotrode; (b) L-shaped
ceramic sonotrode.

The performance of sonotrode plays a key role in the effect of ultrasonic treatment, and the
performance of sonotrode mainly depends on two main output parameters: resonance frequency and
displacement amplitude. In order to compare the performance of straight-rod sonotrode and L-shaped
sonotrode, it is necessary to measure the resonant frequency and output displacement amplitude of two
ultrasonic introduction systems. The output amplitude of the ultrasonic vibration system used in this
experiment is relatively small, so the Laser Doppler Velocimeter (LDV) is used to measure it. As shown
in Table 3, the maximum amplitude and resonance frequency at the end face of the L-shaped sonotrode
are 15.21 μm and 23.08 KHz, respectively. The maximum amplitude and resonance frequency at the
end face of the straight-rod sonotrode are 11.67 μm and 23.13 KHz respectively. It can be seen that the
ultrasonic introduction effect of L-shaped sonotrode is better than that of straight-rod.

Table 3. Actual output amplitude and resonance frequency of different ultrasonic vibration systems.

Type Amplitude/μm Frequency/KHz

I-shaped 15.21 23.08
L-shaped 11.67 23.13

3.2. Effects on Macrostructure and Microstructure

Figure 5 displays the macro grain grade diagram of the 2219 aluminum alloy ingots under three
different casting processes. The macro grain size grade of the NO-UTS ingot was 1–1+ grade in the
edge, 1.5–2.5 grade in the middle, and 2.5–2 grade in the center. The macro grain size grade of the
I-UTS ingot was 1–1+ grade at the edge, 1.5 grade in the middle, and 1.5 grade in the center. The macro
grain size grade of L-UTS ingot was 1–1+ grade at the edge, 1–2 grade in the middle, and 1.5 grade in
the center. The macro grain size of the three ingots all shared the characterization of being smallest at
the edge, largest in the middle, and smaller in the center. As for the smallest size at the edge, the reason
is that when the liquid aluminum flows into the crystallizer, the temperature of the die wall is very
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low due to the action of cooling water. As the undercooling of the edge area increases, resulting in a
large number of nucleation, the die wall can be used as the starting point of nucleation to form a dense
and fine equiaxed crystal zone. At the same time as the formation of the equiaxed crystal zone, the
temperature of the equiaxed crystal zone increases, and the latent crystal of the equiaxed crystal zone
releases the latent heat of crystallization. The cooling rate of the remaining liquid is reduced, and the
degree of undercooling is reduced, so that the grain size of the middle region is larger; the grain size in
the center gets smaller than in the middle because the flow of melt brings some un-melted impurities
or broken dendritic crystals to the center of the ingot and heterogeneous nucleation forms thereby,
though the cooling rate in the central region is slower and the temperature difference is smaller [18,19].
The grain size grade of the ingot without ultrasonic treatment was large, and the grain size grade of
each position was quite different. After ultrasonic treatment with L-shaped sonotrode, the macroscopic
grain size grades in the middle and the center were significantly reduced, which can effectively refine
and homogenize the grain structure, thus improving the macro-grain structure of the ingot, with a
better grain refinement effect than that of the straight-rod sonotrode.

 
(a) 

 
(b) 

 
(c) 

Figure 5. Grain grade diagram of ingots: (a) NO-UTS; (b) I-UTS; (c) L-UTS.

Microstructure in the radial regions of ingots is shown in Figure 6. It can be seen from the
figure that the grain size of the NO-UTS ingot is coarse and uneven, and the grain structure has been
obviously refined by ultrasonic treatment. The grain size of L-UTS ingot is refined remarkably in all
radial positions, and the grain size distribution is more homogenized. Compared with the I-UTS ingot,
the grain structure is finer in the regions of 0.5R–0.75R. The grain size of all ingots increased first and
then decreased along the radial direction, which is consistent with the macroscopic grain rating of the
ingot in the above figure.
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Figure 6. In the regions of the three ingots: (a–e) positions of 0R, 0.25R, 0.5R, 0.75R, R of the NO-UTS
ingot; (a1–e1) positions of 0R, 0.25R, 0.5R, 0.75R R of I-UTS ingot; (a2–e2) positions of 0R, 0.25R, 0.5R,
0.75R, R of the L-UTS ingot.

The average grain sizes in radial direction of the three ingots are shown in Figure 7. Compared
with the NO-UTS ingot, the grain size of the L-UTS ingot reduced from 547−1100 μm to 464–874 μm, its
average size decreased from 864.2 μm to 750.1 μm, and SD (standard deviation) decreased from 195.23
to 151.06. Compared with the I-UTS ingot, the L-UTS ingot had a better refining effect and produced a
finer ingot with a grain size of 451–771 μm, an average grain size of 632.74 μm and SD of 112.8.

Figure 7. Of grains in the radial direction of the three ingots.

The cavitation and sound flow effects of ultrasonic during the ultrasonic casting process are
the main factors affecting the solidification process of aluminum melt. The application of ultrasonic
vibration in the aluminum melt can significantly increase the vibration frequency and energy of
nucleus and produce a large number of cavitation bubbles in the melt. When the cavitation bubbles
are resonated by ultrasound, the vibration frequency and energy of the nucleus will be significantly
increased. The nucleus vibration can inhibit the growth of grains, which is conducive to the formation
of equiaxed crystals and dendrites. The dendrites are also broken by vibration to form new crystal
nuclei, so that the nucleation rate is improved and the crystal grains are refined. In addition, when

51



Materials 2019, 12, 3162

cavitation bubbles collapse due to sound intensity, the strong shockwave will also break the coarse
dendrites, and, under the stirring action of the sound flow, the broken dendrites disperse into the melt
and become effective nucleation particles, so that the nucleation rate is improved and the grain size
distribution is more homogenized. Finally, the strong stirring effect of ultrasound can increase the
particle diffusion rate, make the solute in the melt more homogenized, and reduce the component
undercooling in the front of crystallization. Small component undercooling can increase the liquidus
temperature of the aluminum solution, increasing the effective undercooling and the nucleation rate,
and significantly refining the grain size [20–23].

The cavitation threshold is a quantity indicating the difficulty of cavitation in the melt.
The ultrasound cavitation threshold is related to many factors. In the same melt, it is closely
related to the frequency, waveform and waveform parameters of ultrasound, and it increases with an
increase of ultrasonic power. In the L-shaped ultrasonic introduction device, the primary and secondary
titanium alloy horns are combined in an L shape, which converts the longitudinally transmitted sine
wave into a laterally transmitted distortion wave, so that the mechanical vibration and sound flow
effect of the ultrasonic wave in the melt are strengthened [24]. As a result, the threshold of cavitation is
smaller, cavitation can occur more easily, and the grain size is smaller and more uniform than that of a
straight-rod ultrasonic introduction device.

3.3. Effects on the Secondary Phase

Semi-continuous casting produces large casting stress which should be eliminated through
homogenization annealing to prevent cracking in subsequent mechanical processing [25]. In addition,
it can promote the re-melting of the low-melting eutectic phase in the alloy to some extent, eliminate or
inhibit the inhomogeneity of the microstructure and chemical composition in the grain, and increase
the solid solubility of the alloying elements in the matrix so the strength of the alloy is improved [26].
The SEM images of different positions of the three ingots are shown in Figure 8. The gray area
is the α-Al matrix of the ingot and the white area is the precipitation phase. The morphology of
precipitated phases in ingots is needle-shaped, and granular and spherical, needle-like precipitates
were most common in the NO-UTS ingot, followed by the I-UTS ingot, and least in the L-UTS ingot
(as shown in Figure 9). The needle-like precipitates tend to have sharp edges and corners, which
tend to cause stress concentration at the tip, which is not conducive to the plastic deformation of the
matrix. The symmetrical, smooth spheroidal precipitation has a small splitting effect on the matrix,
which is beneficial to the uniform plastic deformation of the matrix. Therefore, the L-UTS ingot is
most conducive to the subsequent processes of the ingot. In addition, the size and distribution of
the precipitated phase of the NO-UTS ingot are uneven as the precipitated phases are larger from
the center to the position of 1/2R while becoming small at the edge, and an enrichment phenomenon
occurs in some areas. This problem is improved partly by I-UTS casting while the precipitated phase
at the position of 1/2R is still large and the enrichment phenomenon occurs. However, the precipitated
phases are not only generally refined but also become more evenly distributed in the L-UTS ingot.

The distribution of the secondary phase at the position of 0.75R in the crystal of three kinds of
ingots is shown in Figure 10. For the NO-UTS ingot, the secondary phases in the crystal were mainly
block-shaped and needle-shaped, with an average size of 4.1 μm. For the I-UTS ingot, the secondary
phases were mainly block-shaped and dot-shaped, with an average size of 3.15 μm. For the L-UTS
ingot, the secondary phases were mainly dot-shaped, with an average size of 2.38 μm. It can be seen
that the secondary phase of the whole section was obviously refined by applying ultrasonic, and the
agglomeration and growth of the secondary phase were effectively controlled. The energy spectrum
analysis of the secondary phase in the crystal shows that the atomic number ratio of Al to Cu is 2:1
(as shown in Table 4), which indicates the secondary phase was Al2Cu. The effect of high-speed
acoustic streaming generated by ultrasonic could stir the metal melt to some extent, thus promoting
the diffusion and solid solution of alloy elements, reducing the segregation of alloy elements, and
strengthening the matrix [27].
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Table 4. The mole fraction of the second phase in different ingot crystals (%).

Testing Point Al Cu

1 64.33 35.67
2 63.17 36.83
3 64.02 35.98

 

Figure 8. Phases of ingots under different processing parameters: (a–c) positions of 0R, 0.5R, R of
NO-UTS ingot; (a1–c1) positions of 0R, 0.5R, R of I-UTS ingot; (a2–c2) positions of 0R, 0.5R, R of the
L-UTS ingot.

  

(a) (b) 

Figure 9. Of precipitated phase areas in different shapes: (a) needle area; (b) spherical area.
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Figure 10. Secondary phases of ingots at the position of 0.75 R under different processing parameters:
(a) NO-UTS; (b) I-UTS; (c) L-UTS.

3.4. Effects on Macro-Segregation

The degree of macro-segregation of the solute can be characterized by segregation rate S, which is
obtained by the difference between ΔCmax (the maximum relative segregation rate) and ΔCmin (the
minimum relative segregation rate), wherein the relative segregation rate is ΔC = (Ci − C0)/C0, Ci the
concentration percentage of the element measured at each position, and C0 is the initial concentration
percentage of the element. ΔC > 0 represents positive segregation while ΔC < 0 represents negative
segregation [28]. We sampled by drilling five holes in a radial direction (Figure 3) and carried out a
chemical composition test so as to know the solute element distribution along the radial direction on
the cross-section of the round ingot. The distribution diagram of the relative segregation rate of Cu
and Ti in 2219 aluminum alloy is shown in Figure 11, taking the radial direction as the x-axis and the
relative segregation rate ΔC as the y-axis.

There was an obvious negative segregation at the edge and positive segregation at the center
in all aluminum ingots in the three trials. This phenomenon is caused by the solidification rule of
2219 aluminum alloy. The relative segregation rate of Cu of the NO-UTS ingot fluctuates greatly,
that is, the concentration of Cu fluctuates greatly along the radial direction and a great difference of
concentration between the center and the edge could be seen. Although the uneven distribution of
Cu along the radial direction was improved after ultrasonic is applied, the negative segregation of
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Cu reduced due to a higher concentration at the edge while the positive segregation of Cu decreased
due to lower concentration at the center. The segregation rates of Cu in the I-UTS ingot and L-UTS
ingot were quite the same. It is calculated that S = 0.127 in NO-UTS, S = 0.057 in the I-UTS ingot, and
S = 0.058 in the L-UTS ingot, and the segregation rate of Cu was decreased by 54.3% with L-shaped
ultrasonic casting. These results illustrate that ultrasonic-assisted casting can significantly reduce the
macro-segregation of Cu in 2219 large aluminum alloy ingot.

  
(a) (b) 

Figure 11. Segregation rate: (a) Cu; (b) Ti.

AlTiB wire alloy is a common grain refiner for aluminum alloy casting, and its refinement
mechanism is explained by the double nucleation theory, which asserts that TiB2 particles with
thin TiAl3 layers act as nuclei in crystallization. Thus, the grain refinement properties of solid
aluminum alloys depend largely on the size and shape of TiB2 particles and TiAl3 phases in their
microstructures [29,30]. From the relative segregation rate of Ti element at different positions along the
radial direction (Figure 11), it can be seen that the Ti element in the NO-UTS ingot had a larger positive
segregation at the edge and larger negative segregation at the center. This is because Ti element will
undergo a peritectic reaction with aluminum, and the segregation rate shows a tendency opposite to
that of Cu element. The segregation rates and fluctuation significantly reduced after the melting of
casting aluminum were treated by ultrasound. This is because the local high temperature and high
pressure generated by the ultrasonic accelerates the dissolution of the coarse TiAl3 particles, and the
ultrasonic flow agitation increases the diffusion distance of the solute Ti and uniformly distributes it
in the aluminum solution. The negative pressure generated by the cavitation effect can increase the
surface energy of TiB2 particles by removing gases, impurities, and oxides on the particle surface, thus
improving the wettability between TiB2 particles and aluminum melt [31]. The local high temperature
and high pressure produced by cavitation effects also reduce the surface tension of aluminum melt,
which can further improve the wettability between particles and melt. Meanwhile, the stirring by
acoustic streaming can also boost a more homogenized distribution of TiB2 particles in the melt [32,33].
Thus, the thin TiAl3 layer on the surface of TiB2 particles is formed and a more homogenized and finer
grain structure is obtained [34,35].

4. Conclusions

1. The L-shaped ceramic ultrasonic introduction device can effectively avoid the erosion of
high-temperature melt on sonotrode and the heat radiation of the high-temperature heat flow to
the transducer.

2. The ultrasound introduced by the L-shaped ultrasonic introduction device made of ceramic can
refine grains better and make their size and macro distribution more homogenized than the
straight-rod ultrasonic introduction device due to the stronger mechanical vibration and sound
flow effect in the melt.
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3. L-shaped ultrasonic-assisted casting can produce more dot-shaped and globular precipitation
phases conducive to plastic deformation of the matrix and make the distribution of precipitated
phases more homogenized with less concentration than straight-rod ultrasonic-assisted casting.

4. Both ultrasonic-assisted castings can decrease macro-segregation of the chemical composition
in the AA2219 aluminum alloy ingot, causing the concentration of Cu and Ti to distribute more
evenly in the whole section.
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Abstract: The present work investigated melt flow pattern and temperature distribution in the sump
of aluminum billets produced in a hot-top equipped direct chilling (DC) caster conventionally and
with ultrasonic irradiation. The main emphasis was placed on clarifying the effects of acoustic
streaming and hot-top unit type. Acoustic streaming characteristics were investigated first by
using the earlier developed numerical model and water model experiments. Then, the acoustic
streaming model was applied to develop a numerical code capable of simulating unsteady flow
phenomena in the sump during the DC casting process. The results revealed that the introduction
of ultrasonic vibrations into the melt in the hot-top unit had little or no effect on the temperature
distribution and sump profile, but had a considerable effect on the melt flow pattern in the sump.
Our results showed that ultrasound irradiation makes the flow velocity faster and produces a
lot of relatively small eddies in the sump bulk and near the mushy zone. The latter causes
frequently repeated thinning of the mushy zone layer. The numerical predictions were verified
against measurements performed on a pilot DC caster producing 203 mm billets of Al-17%Si alloy.
The verification revealed approximately the same sump depth and shape as those in the numerical
simulations, and confirms the frequent and large fluctuations of the melt temperature during
ultrasound irradiation. However, the measured temperature distribution in the sump significantly
differed from that predicted numerically. This suggests that the present mathematical model should
be further improved, particularly in terms of more accurate descriptions of boundary conditions and
mushy zone characteristics.

Keywords: ultrasonic DC casting; acoustic streaming; aluminum alloy; mathematical model; unsteady
flow phenomena; sump evolution; mushy zone; experimental verification

1. Introduction

Ultrasonic casting is receiving increasingly more attention, because it provides relatively simple
and effective way to control solidification structure of various alloys. There has been an especially great
progress in the development of ultrasonic casting technology for light metals, particularly aluminum
alloys. The main achievements in this area have has been summarized in a number of books [1,2] and
review papers [3,4]. It is well known from the relevant literature that most of the ultrasound-assisted
technologies exploit acoustic cavitation, the phenomenon of nucleation, growth, and violent implosion
of tiny bubbles. There is a large volume of literature devoted to acoustic cavitation, especially in fields
such as sonochemistry, wastewater treatment, biotechnology, and mineral engineering [4–8].

Stable cavitation starts when the sound pressure exceeds a threshold value. This value is
dependent on such factors as type of liquid, content of gas, and concentration of solid impurities in
liquid. For instance, in tap water and commercially pure molten aluminum, this threshold was found
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to be attained when the peak-to-peak amplitudes of sonotrode vibrations becomes higher than 4–5 μm
and 10–11 μm, respectively, at a frequency of 20 kHz [9]. Generally, such a low vibration amplitude
can be produced using many types of commercially available ultrasonic equipment. However, when
the treatment process needs to be scaled up to meet industrial requirements, a number of serious
challenges arise. The first, and perhaps most difficult challenge, is that the size and shape of sonotrode,
which is one of the main parts of powerful ultrasonic installations, cannot be arbitrarily changed. It is
commonly known that acoustic cavitation occurs over a limited space near the ultrasonic radiating
surface. However, a simple enlargement of the sonotrode area presents a considerable challenge,
because the sonotrode design must meet resonance conditions imposing strict constraints on its size
and shape. These constraints are especially severe for ultrasonic-assisted casting, because in this case
the sonotrode material must resist well high-temperature cavitation erosion, thermal shock, and high
temperature oxidation.

Another problem is occurrence of acoustic streaming, which is inevitably generated when
ultrasound is irradiated in a liquid, especially at a commonly used frequency of 20 kHz.
Acoustic streaming is defined as a steady fluid motion caused by the attenuation of ultrasonic
waves in fluids. Although there are three types of acoustic streaming depending on the streaming scale,
this study focused only on the large-scale streaming, because this type of streaming has the greatest
effect on the liquid flow near the sonotrode. The main problem resulting from the acoustic streaming
is that liquid flow near the sonotrode becomes hardly controllable. Particularly, in continuous or
semi-continuous ultrasonic casting, i.e., when molten metal can pass through the cavitation zone only
once, the flow control near the sonotrode surface is one of the key factors influencing the process
efficiency. A typical example is the direct chilling (DC) casting process in the aluminum industry.
In this case, the best flow condition would be to ensure that all or at least most of the amount of the
molten metal can be passed through the zone of intense cavitation located near the sonotrode working
tip. This condition is especially important when ultrasonic vibrations are applied to the melt aiming at
dispersing particles of grain refiners.

Another feature related to the large-scale acoustic streaming may be a forced convection of liquid
metal which may affect the heat transfer during the metal solidification process. This may cause
problems when ultrasound is irradiated into a pool of solidifying melt, for example in the DC casting
process. In this case, the heat convection may result in a temperature drop in the molten metal causing
a deterioration of its solidification structure. This problem has been briefly discussed in our earlier
investigation on the ultrasonic DC casting of Al-Si hypereutectic alloys [10]. These two issues, namely
the effects of acoustic streaming on the passage of melt through the cavitation zone and on heat
convection, suggest that the acoustic streaming should be properly controlled in ultrasonic-assisted
casting processes. However, our understanding of the underlying relationships influencing the above
phenomena still remains unclear.

It should be noted that a lot of results on acoustic streaming and its related phenomena have
been published recently in sonochemical literature. Although water or aqueous solutions were used
as a liquid in these studies, it is a reasonable assumption that the features of acoustic streaming and
mechanisms of its generation in water and molten aluminum are very similar. At least, the similarity
of cavitation in water and aluminum was suggested in the earlier study [11]. Some features and
underlying mechanisms of acoustic streaming generation have been investigated also in our earlier
paper [12] both experimentally and numerically. In this paper, based on the well documented fact
that acoustic cavitation and acoustic streaming are interrelated phenomena, a mathematical model
of acoustic streaming has been proposed and experimentally verified by using water model and PIV
(Particle Image Velocimetry) technique. Moreover, this paper contains a brief review of recent results of
the above mentioned studies dealing with the sonochemical technology. Later on, the proposed model
was used to numerically predict the size of cavitation zone and velocity of acoustic streaming in molten
aluminum [13]. The results reveal that due to large difference in physical and acoustic properties, in
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aluminum melt attenuation of sound waves is larger and velocity of acoustic streaming is smaller than
those in water if the sound pressure amplitude at the sonotrode tip is the same.

Nevertheless, studies on the acoustic streaming in molten aluminum and its effects on the
solidification and structure of aluminum alloys are still scarce. The mere fact that acoustic streaming
affects the solidification structure of aluminum alloys has long been known. Results of recent and
earlier studies concerning the acoustic streaming in molten metals have been summarized in the above
cited books [1,2]. However, experimental difficulties in measuring flow velocity under very high
temperatures have limited earlier attempts to investigate the acoustic streaming in molten metals.
Although experimental investigations of acoustic streaming in molten metals still predict a big challenge,
current progress in supercomputer’s capabilities and CFD techniques has made possible very accurate
and realistic numerical simulation of multiphase fluid flows, heat, and mass transfer phenomena
including the acoustic flows in bubbly liquids and molten metals as well as solidification phenomena.
Thus, numerical simulation in combination with cold physical modeling, for example using water
models, provides a very powerful tool for investigating the ultrasonic-assisted casting processes.

As mentioned above, acoustic streaming in molten metals and its underlying mechanisms have
much in common with those in other liquids including water. Therefore, the results of earlier
studies [14–16] on numerical simulation of acoustic streaming in water systems are of considerable
importance for ultrasonic casting technology. Additionally, the recent works of Eskin et al. [17–19]
have made a great contribution in understanding the mechanism and features of acoustic streaming in
molten aluminum. For instance, in one of the studies [19], they developed a mathematical model to
simulate an acoustic flow in the sump of a DC caster, and on this basis predicted that the acoustic flow
causes an increase in the cooling rate at the solidification front, which eventually results in refinement
of solidification structure of A6060 alloy. It is noteworthy that this significant effect of microstructure
refinement was achieved despite a relatively small and low-amplitude sonotrode used in this study.

The goal of the present study is to investigate the effects of acoustic streaming on the distribution
of temperature and flow pattern in the sump of DC cast billets when different types of hot-top unit are
used. As we have reported in our previous study [10], the effects of ultrasonic treatment of molten
aluminum are very dependent on what fraction of melts can be passed through the cavitation zone,
which is the more intensive in the immediate vicinity of sonotrode tip. This is especially important
when the ultrasound vibrations are applied to disperse and activate refiner particles immediately
before solidification or during the casting of metal. The present study includes three parts. In the
first part, acoustic streaming was investigated experimentally using water models. The second part
was devoted to development of mathematical model to simulate ultrasonic-assisted DC casting with
emphasis on flow and heat transfer in the sump. In the third part, the model proposed was verified by
using the results obtained in a pilot-scale DC caster.

2. Experimental Methods and Procedure

2.1. Ultrasonic Equipment

The ultrasonic system used in this study comprises a commercially available ultrasonic
generator (DG2000, Telsonic, Zurich, Switzerland) equipped with a piezoceramic converter and
a dumbbell-shaped sonotrode made of Si3N4-based ceramics. Details on the sonotrode specification
and characteristics can be found in our previous paper [20]. The working frequency of the ultrasonic
system was automatically tuned to a frequency in the range of 18.9–21.2 kHz. The vibration amplitude
of sonotrode tip was increased from 25 to 70 μm (p-p) in proportion to increasing the generator electric
output power from 50 to 100%. The maximum power of generator was 2 kW. The amplitude was
measured in air by using a Laser Displacement Sensor (LK-G5000, Keyence, Osaka, Japan).
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2.2. PIV Measurements

Particle Image Velocimetry (PIV) system was applied to measure the acoustic streaming
velocity. Figure 1 is a schematic drawing of the experimental setup. A rectangular glass vessel
(W 30 × L 30 × D 40 cm3) was filled with water. Fluorescent particles (FLUOSTAR 0459, Kanomax
Japan Inc., Shimizu, Japan) in an amount of 0.1 g were added to the water bath as a tracer. The average
diameter of particles was 15 μm, and density was very close to that of water. The sonotrode tip was
immersed vertically into the water bath to introduce ultrasonic vibrations followed by generation of
cavitation and acoustic streaming. A water-cooled Ar lighting source (Optronics, Co., Ltd, Tokyo, Japan)
was exploited to produce a visual laser sheet through the water bath in the immediate vicinity of the
sonotrode tip, as shown in Figure 1. A high-speed camera (Photron, Tokyo, Japan) was used to record
the tracer particle movement at a frame rate of 500 fps and a shutter time of 1/1000 second. When the
fluorescent particles are illuminated by the Ar green light laser (wavelength 550 nm), they emit bright
and well discernible light at a wavelength of 580 nm. This technique allowed us to completely eliminate
any influence of cavitation bubbles on the PIV measurements. Then, the images taken were processed
by a flow analysis software (Library Co., Ltd, Tokyo, Japan) to evaluate the acoustic streaming vector
field. Figure 2 show typical results on the distribution of acoustic streaming velocity measured at a
vibration amplitude of 50 μm (p-p). A comparison of these results with these published in our earlier
paper [12] reveals that the use of fluorescent particles makes it possible to obtain much clearer picture
of acoustic streaming vectors even in the immediate vicinity of the sonotrode tip.

 

Figure 1. Experimental setup for Particle Image Velocimetry (PIV) measurements.

 

Figure 2. Typical results of PIV measurements.
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2.3. Pilot DC Caster Tests

Pilot vertical DC casting facility was utilized in the present investigation using an Al-17%Si model
alloy. The alloy was melted in an electrical resistance furnace and commonly used Al-Cu-P refiner was
added to the melt. After degassing with a rotary argon degasser unit, the melt was poured through
a launder into the hot-top equipped DC caster mold to produce billets of 203 mm in diameter and
about 2 m in length by using conventional or ultrasonic-assisted casting techniques. In the latter case,
the following two methods of ultrasonic treatment (hereinafter referred as to “UST”) were examined.
1–UST inside hot-top, (UST HT) 2–UST inside the hot-top equipped by a bottom plate with a hole
drilled at the plate center to let the melt flow in the mold at the center part of billet. This casting method
will be referred as to UST in “flow-restricting hot-top” or UST FRHT. The DC caster of the latter type is
schematically depicted in Figure 3. The sonotrode tip was preheated up to the melt temperature before
its immersion into the melt. More details about these casting methods and the hot-top design can be
found in our earlier study [10].

Figure 3. A schematic representation of flow-restricting hot-top for ultrasonic treatment.

In order to verify the results of numerical simulation, the profile of sump and distribution of the
melt temperature in sump were measured in a number of experiments. In the profile measurements,
a certain amount of Al-30%Cu master alloy was premelted in a separate furnace and hold at the
temperature of Al-Si melt used for casting. In the final stage of the casting, the Al-Si melt supply was
stopped and replaced with the Al-Cu melt flowing into the caster mold over a short period of time.
Then, the produced billet was cut along the axial direction, and the cut surface was polished and
etched to reveal the sump profile. The temperature distribution was measured in the vertical direction
at different radii from the billet center axis according to the following procedure. The tip of a K-type
thermocouple was attached to the one end of a thin metal wire, while the other end of the wire was
fixed at the bottom block of DC caster before starting the casting. The wire was stretched vertically in
such a way that the thermocouple tip was positioned initially above the hot-top unit. Hence, as the
billet moves down during the casting, the thermocouple tip passed through the molten metal in the
hot-top, sump, and mushy zone that made it possible to measure the temperature distribution in the
vertical direction of billet.

3. Mathematical Model

The main aim of the present model was to predict flow pattern and temperature distribution
in the sump of DC caster. In the case of conventional DC casting, the model includes the balance
equations of mass, momentum, and heat transfer for fully liquid and mushy regions, and heat transfer
for solid phase region. In the case of ultrasonic DC casting, a model describing cavitation-driven
acoustic streaming in liquid was added to the system of balance equations.
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3.1. Acoustic Streaming

Acoustic cavitation and acoustic streaming are interrelated phenomena, and therefore, they should
be modeled within a single conceptual framework. In the present study, we used the model that was
reported in our earlier study [12]. Therefore, only a brief explanation will be given here. The main
simplifications and assumptions used for the simulations are as follows:

(1) All calculations were performed at a constant size of cavitation bubble, which can be interpreted
as a size averaged over the ultrasound wave cycle.

(2) Cavitation bubbles were assumed to be filled with air or hydrogen when ultrasound was irradiated
in water or molten aluminum, respectively. Physical properties of gases and liquids were set to
be temperature independent.

(3) As the bubble volume ratio is very low, the two-phase liquid-bubble flow was treated as a
single-phase flow.

(4) The fluids were assumed to be incompressible and Newtonian
(5) Liquid flow, cavitation zone, and heat transfer were assumed to be axially symmetric.
(6) Thus, the present model is incapable of simulating the cavitation phenomena themselves,

but it can predict and model several important phenomena related to the acoustic cavitation.
These phenomena include the sound pressure distribution, cavitation zone formation and acoustic
streaming generation.

Propagation of ultrasound wave in a bubbly liquid can be described by the linearized Helmholtz
equation as follows [15]:

∇2P + k2
mP = 0 (1)

where P is the sound pressure amplitude and km is the complex wave number defined as:

k2
m =

ω2

c2

⎛⎜⎜⎜⎜⎝1 +
4πc2NR0

ω2
0 −ω2 + 2ibω

⎞⎟⎟⎟⎟⎠ (2)

where i is an imaginary unit. This equation reveals that the wave number is dependent on the
wave angular frequency, ω, resonant frequency of bubble, ω0, sound velocity in liquid, c, radius of
undisturbed bubble, R0, damping factor, b, and bubble number density, N. The bubble resonant
frequency ω0 can be determined from Equation (3):

ω2
0 =

p0

ρR2
0

(
ReΦ − 2σ

R0p0

)
(3)

where ρ is the liquid density, p0 is the ambient pressure, σ is the surface tension, Re is the real part ofΦ
and Φ is the complex dimensionless parameter, which is the following function of the specific heat
ratio of gas, γ, and a dimensionless parameter, χ

Φ =
3γ

1− 3(γ− 1)iχ
[
(i/χ)1/2coth(i/χ)1/2 − 1

] (4)

The latter is given as:
χ = D/ωR2

0 (5)

where D is the thermal diffusivity of gas. The damping factor b can be defined as:

b = 2μ/ρR2
0 + p0ImΦ/2ρωR2

0 +ω
2R0/2c (6)

where μ is the fluid dynamic viscosity.
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The bubble number density, N is the following function of bubble radius and volume fraction of
bubbles, β.

N =
3β

4R3
0π

(7)

The volume fraction was considered to be proportional to the absolute value of the sound pressure
magnitude, |P|.

β = C|P| (8)

where the constant C was set to 2 × 10−9. Both the relation (8) and the value of constant C were
suggested by Jamshidi [15]. A constant value of R0 = 200 μm was used in the present study.

Thus, in the present model, number density and volume fraction of cavitation bubbles are fully
governed by the amplitude of sound pressure, frequency of ultrasound waves as well as bulk and
surface properties of fluid. Obviously, both the number density and volume fraction of cavitation
bubbles reach their maximum values in the vicinity of sonotrode tip where the sound pressure
amplitude is the highest. Ultrasound waves are incident on the surface of cavitation bubbles forcing
them to move away from the tip along the ultrasonic wave propagation. These moving bubbles entrain
the surrounding liquid into a stream motion, which is commonly termed acoustic streaming. It is
noteworthy that this hypothesis has often been used to explain the origin of acoustic streaming [21,22].
In a real situation, when cavitation bubbles are oscillated, the interaction between these oscillating
bubbles and ultrasound waves is rather complicated, and force acting on the bubbles in this case is
called the primary Bjerknes force. However, as in the present model the size of bubbles is kept constant,
expression for the force may be significantly simplified. If the bubble is small, so that the change of the
spatial gradient of sound pressure ∇P within the bubble volume is negligible, the force, F acting on the
bubble can be expressed in terms of ∇P and the bubble volume, V [23]:

F = −〈V∇P〉 (9)

where the bracket indicates the time averaging. As has been discussed in our earlier work [12], in the
case of enough strong acoustic field under the sonotrode tip, this equation can be further simplified
and rearranged to give the final form usable in the present simulation:

F = −β∇|P| (10)

where β is the above-mentioned bubble volume fraction.
This equation was incorporated into the Navier-Stokes equation as an external volumetric force to

simulate the acoustic streaming. The absolute value of sound pressure magnitude, |P|was calculated
using the above set of Equations (1)–(8). The following boundary conditions were used.

(1) Liquid flow velocity: no-slip and slip conditions for liquid flow at the solid walls and free
surface, respectively.

(2) Sound pressure: full reflection condition at the solid surfaces.

3.2. Solidification Model

As has been mentioned above, the mathematical model, proposed in the present study, attempts
to predict unsteady flow and heat transfer phenomena during the DC casting process. In order to
overcome the computation time inconvenience, a number of simplifications were made. Particularly,
temperature and composition dependences of the physical properties of melt and solidified phases
were ignored. Instead, average values for Al-17%Si alloy were applied in the present model. Moreover,
the mushy zone was assumed to have the same porous morphology, without subdividing it into slurry
and solid network parts.
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In the present study, the solidification model uses an enthalpy-porosity method of error-function
model without considering shrinkage phenomena [24]. Additionally, the unsteady phenomena,
including the movement of bottom block and solidified zone, are taken into account. The following
porosity drag force is introduced into the Navier-Stokes equation as an external force:

F = −C′
(1− α)2

α3 + b
(u− ub) (11)

where C′ is the drag constant, α is the solid fraction, b is the numerical stabilizing constant, u is the
velocity, and ub is the bottom block velocity. In the present model, the moving coordinate was used
only for the solidified region. The solid fraction α is described as:

α =
1
2

erf
(

4(T − Tm)

Tl − Ts

)
+

1
2

(12)

where erf indicates the error function, T is the temperature, Tm is the mean temperature between the
solidus, Ts, and liquidus, Tl, temperatures.

The following latent heat term is also introduced in the energy equation as:

S = −ρL
4 exp

(
−
(

4(T−Tm)
Tl−Ts

)2
)

(Tl − Ts)
√
π

·
(
∂T
∂t

+ u · ∇T
)

(13)

where S is the latent source term due to phase change and L is the latent heat.
Physical properties of molten metal necessary for the simulation are presented in Table 1. It is to

be noted that no turbulent model was included in the present simulation. Instead, direct numerical
simulation was applied over the fluid computational domain with very fine mesh. The following
heat transfer coefficients were set as boundary conditions at the mold inner surface (primary cooling
zone, PCZ) and water-cooled part of biller surface (secondary cooling zone, SCZ). Primary cooling
zone, hm = 10 kW/m2·K, secondary cooling zone, hb = 10 kW/m2·K. The zone locations are indicated in
Figure 3 as PCZ and SCZ, respectively.

4. Results

4.1. Verification of Acoustic Streaming Model

Figure 4 presents typical numerical results on acoustic streaming velocity in water (Figure 4a)
and molten aluminum (Figure 4b). The vibration amplitude of sonotrode tip was set to 50 μm (p-p),
which is the same value as in the above-mentioned PIV experiment. Predicted velocity vectors for
water indicate a reasonable agreement with the experimental observations (Figure 2), although the
acoustic flow obtained by the PIV measurement is slightly diffusive compared with the predicted
one. Pattern of acoustic streaming in molten aluminum is very similar to that in water; however,
the streaming velocity is significantly slower. The reason for this has been discussed in our earlier
paper [12].

4.2. Temperature Distribution and Sump Characteristics

Next, using the above mathematical models, unsteady numerical simulations were conducted to
predict evolution of the sump depth and profile over time as well as time-dependent distributions of
temperature and velocity in the sump during the casting process. The total time of simulation was
set to 3 min with an interval of 1 s. Figure 5 shows typical temperature contours in the sump in the
last 180th second of simulation for the above-mentioned three cases. These contours are snapshots of
supplemental Videos S1–S3 showing the time evolution of sump and temperature. The diameter of
billets was 203 mm and the height of the mold was 30 mm, as shown by a grey rectangle in Figure 5c.
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The melt initial temperature and casting speed was set to 780 ◦C and 200 mm/min, respectively.
Two black rectangles at the upper part of Figure 5 indicate the location of sonotrode tip. Two white
curves at each temperature contour indicate the locations of the liquidus and solidus profiles. Therefore,
the area between these two lines corresponds to the mushy zone where the solid and liquid phases
coexist. The results reveal that the sump depth and profile are independent of casting method. In the
case of UST in the mold (Figure 5b), the sump looks slightly deeper as compared to the other conditions.
However, this difference is rather small, as indicated in Figure 6. This figure shows time variation of
the sump depth for all three conditions. The sump depth was defined as the distance from the bottom
edge of the mold to the deepest location at the liquidus profile. The data of Figure 6 suggests that
the sump depth increases rapidly in the beginning of casting, but then the increase gradually slows
down and the depth becomes almost constant after 3 min of casting. Moreover, in Figure 5, the mushy
zone formed during the conventional casting (Figure 5a) looks smaller than those formed under
application of ultrasound oscillations. However, time variations of dimensionless volume of mushy
zone, α presented in Figure 7 clearly reveal that this volume varies with time approximately in the
same way for all casting methods examined in this study. The values of α were non-dimensionalized
relative to volume of melt flowing into the sump from the mold. The only difference is that fluctuations
of α values occurs more frequently under the UST conditions compared to the case of conventional
casting. The reason for that will be discussed below.

 

Figure 4. Predicted velocities of acoustic streaming in water (a) and molten aluminum (b).

Figure 5. Distribution of temperature in sump. (a) Conventional casting, (b) UST HT casting, (c) UST
FRHT casting.
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Table 1. Model parameters used for the DC casting simulation.

Parameter Unit Quantity

Dynamic viscosity kg·m−1·s−1 5.472 × 10−7

Density kg·m−3 2330

Coefficient of thermal expansion - 2.1 × 10−5

Heat capacity kJ·kg−1·K−1 1.282

Thermal conductivity W·kg−1·K−1 80

Heat of fusion kJ·kg−1 450

Prandtl number - 0.0166

Blake threshold Pa 1.0 × 105

Liquidus temperature K 920.15

Solidus temperature K 850.15

Ultrasound frequency kHz 20

Sound speed m·s-1 4650

Figure 6. Time variation of sump depth. 1: conventional casting; 2: UST HT castingmaterials-625822 3:
UST FRHT casting.

Figure 7. Time variation of dimensionless volume of mushy zone. 1: conventional casting; 2: UST HT
casting; 3: UST FRHT casting.

Figure 8 presents the sump depth and profile measured experimentally in the case of UST FRHT
casting. The casting conditions were the same as mentioned above. As it was difficult to identify the
location of the mold from this picture, the sump depth can be measured only roughly. Under the
given conditions, the sump depth is 300 mm approximately. It is to be noted that this value is much
greater than those reported in the literature for close sizes of billet and the similar casting speed [25].
This is because in our experiments, a different alloy and much higher temperature of casting was
used. However, as can be seen from Figure 8, at the lower part of the sump the mushy zone loses its
continuity, suggesting that this is a partly or fully coherent solid part of the mushy zone. Therefore,
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the depth of sump may be shorter than 300 mm. The black horizontal arrow in Figure 5c shows
the point corresponding to the 300 mm depth. It is clearly seen that this point is located inside the
predicted mushy zone. This finding suggests a good agreement and predictability for our model.
As the mushy zone was interpreted as being a porous solid phase, the predictions of sump depth give
underestimated values in the present model. In the actual casting process, as a part of mushy zone is
in form of flowable slurry, the actual sump should be deeper.

 
Figure 8. Profile of the sump in a billet produced by UST FRHT casting.

4.3. Distribution of Velocity in the Sump

The results of numerical simulation revealed that the velocity characteristics are considerably
changed with the application of ultrasound vibrations. Figure 9 presents two typical sets of velocity
vectors over the sump computed under conditions of conventional casting (a,d), UST HT casting (b,e),
and UST FRHT casting (c,f) in the 65th (a,c) and 142nd (d,f) seconds of casting. These images are
snapshots of supplemental Videos S4–S6, where more details on the velocity vectors can be found.
In the case of conventional casting, the magnitude of velocity vectors is considerably smaller than in the
cases of ultrasonic assisted casting. However, what is more important is that the ultrasonic vibrations
make the melt flow inside the sump more turbulent. This can be readily seen from Figure 9b,c,d,f;
a lot of eddies of small sizes are formed in the sump bulk and near the solidification front including
the area close to the mold surface. The difference in the flow pattern between the conventional and
UST castings is especially significant in the upper half of the sump. The eddy formation results in
thinning of the mushy zone layer, as can also be seen from this figure. This phenomenon can cause the
cooling rate to become higher that can contribute to the refinement of microstructure. The simulation
results suggest that the eddy formation can occur also during the conventional casting as shown in
Figure 9a. However, the eddy size in this case is much larger as compared to the UST casting cases.
Another important finding is that the eddy formation becomes weaker with the distance from the
sonotrode. As can be seen from Figure 9e,f, no eddies are produced in the lower part of the sump.
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Figure 9. Predicted velocities in the sump during its evolution. (a,d) Conventional casting, (b,e) UST
HT casting, (c,f) UST FRHT casting.

5. Discussion

The results of numerical simulations revealed that introduction of ultrasonic vibrations into
the melt, flowing through the hot-top unit, has little or no effect on the temperature distribution
and sump profile, but has a considerable effect on the melt flow pattern in the sump. Below is a
discussion regarding the obtained simulation results and an additional verification of them versus
experimental observations.

The reason why there is almost no difference in the temperature distribution, volume of mushy
zone, and profile of the sump between these three casting methods is assumed to be as follows. In the
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present simulation, all boundaries except for the primary cooling surface (mold inner surface) and
secondary cooling surface (water cooled part of billet) were set to be adiabatic. However, in the actual
DC casting process, a part of the heat can escape through the melt free surface and walls at the hot-top
unit. Moreover, it is well known that irradiation of ultrasound in liquids including molten metals is
accompanied by generation of heat, which can be added to the melt [1]. In the present study, the heat
generation was ignored. The fact that heat was lost through the melt free surface and hot-top unit
walls can be demonstrated by the following experimental observations.

Figure 10 shows variations of temperature along the vertical distance when the thermocouple
tip passes through the molten bath above the partition plate, partition plate (Figure 3), melt in sump,
mushy zone and finally enters the body of solidified billet. In this figure, vertical broken line in the
left part indicates location of the top surface of partition plate, two vertical broken lines in the middle
part correspond to location of mold of height HM = 30 mm, and vertical broken line in the right part
shows an approximate location of the sump depth. Two horizontal broken lines indicate the liquidus,
TL, and solidus, TS, temperatures. The measurement details and hot-top arrangement have been
described in the above section. The measurements were conducted using the flow-restricting hot-top
without and with ultrasound application. In the first case, two thermocouples were set in such a
way that the first one passed along the billet centerline, while the second one passed at a distance
of half-radius (R/2) from the center line. In the case of UST casting, the temperature measurements
were performed only at the half-radius distance because the presence of sonotrode made is impossible
to conduct the measurements along the centerline. In the casting without UST, the thermocouples
enter the melt at a temperature of 780 ◦C, which remains almost the same till the thermocouple tips
enter the melt in the sump (centerline location) or the partition plate (half-radius location). In the
latter case, the measurements show that temperature inside the partition plate is reduced by 70 ◦C.
After entering the melt inside the sump, the thermocouple indications become significantly dependent
on the locations. At the center line (line 1), the melt temperature is slowly decreased until the upper
boundary of the mushy zone is reached. It should be pointed that in this area, the temperature
shows fluctuations that is in accordance with the results of numerical simulations. After entering the
mushy zone, the temperature is abruptly decreased down, and then remains constant and close to
TL. This part of mushy zone is assumed to be fully flowable and its length is estimated to be about
100 mm. Then, as the thermocouple tip enters deeper into the mushy zone, temperature starts to
lower (this point is shown by arrow in Figure 10), and finally drops to TS. Most likely, these parts
correspond to slightly coherent semisolid and fully coherent solid areas within the mushy zone. If one
defines the sump as a zone in which molten metal can still flow, the sump depth becomes as shown by
the right vertical line in Figure 10. At the R/2 location (line 2), the temperature drops more rapidly,
and therefore, reaches the solidus temperature at a much shorter distance from the melt free surface
compared to that at the centerline. However, under application of ultrasonic vibrations, the variation
of temperature with distance is drastically changed (line 3). Firstly, the temperature fluctuates to a
much greater extent than that during the casting without UST. This finding is in good agreement with
the numerical predictions suggesting the generation of small eddies, especially at areas close to the
mushy zone. Secondly, the temperature of the melt above the partition plate is significantly decreased
with the distance from the melt surface. The most likely reason of this temperature drop is acoustic
streaming which occurs in the melt above the partition plate enhancing heat loss through the melt
free surface and hot-top walls. As a result, the temperature inside the partition plate becomes much
lower as compared to that without UST. Thirdly, the temperature in the sump near the mold surface
is decreased down to the liquidus temperature TL, but then significantly increased up to 720 ◦C and
decreased again to TL with the distance from the partition plate. Finally, the temperature abruptly
drops from TL to TS within a distance which is much shorter than in the case without UST suggesting a
significant thinning of the mushy zone at the R/2 location. Additionally, these findings suggest that the
sump, formed under conditions of ultrasound application, should have substantially greater width
and, probably, depth as compared to the case without UST. However, these findings do not support the
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results of numerical simulation on the sump profile and temperature variation. Thus, although more
experimental observations are needed to clarify this discrepancy, the experimental measurements of
the present study suggest that our acoustic streaming model needs further improvements, particularly
in terms of more accurate descriptions of boundary conditions and mushy zone characteristics.

Figure 10. Variation of the melt temperature with distance from the melt surface. 1,2—FRHT without
ultrasound irradiation, 3—FRHT with ultrasound irradiation.

It should be pointed out that the method of ultrasonic treatment of the melt in the flow-restricting
hot-top unit has been developed in attempt to improve the efficiency of cavitation treatment of
molten metal, particularly refiner particles in the melt, and to control the melt flow pattern in the
sump. As reported in our earlier work [10], this method allows us to get two effects at the same
time, namely the structural refinement and uniformity. In light of the results of the present numerical
simulation, acoustic streaming, when occurs in the sump of molten aluminum, results less in the
enhancement of convective flow than in the generation of turbulent eddies of relatively small sizes in
the sump. It should be noted that this effect differs from that reported by Lebon et al. [19]. In their
study, the tip of a sonotrode was positioned closer to the sump bottom, and therefore, the role of
convection flow driven by the acoustic streaming was much greater than under conditions of our study.
It is assumed that the generation of turbulent eddies in the sump is favorable from two points of view.
First, the eddies can improve the dispersion of refiner particles and enhance their transport to the
mushy zone. Second, as can be seen from Figure 9, small eddies are produced in the immediate vicinity
of the mold surface, especially in the case of UST in the flow-restricting hot-top. This may be effective
in controlling the billet surface defects, particularly the ripple mark. Our preliminary observations
showed that the appearance of ripple marks on the billet surface are remarkable changed depending
on the casting method and conditions. These issues are the subject of our ongoing research.

6. Conclusions

In the present work, melt flow pattern and temperature distribution in the sump of aluminum
billets produced in a hot-top equipped DC caster conventionally and with ultrasonic irradiation were
investigated, with the main emphasis being placed on the effects of acoustic streaming and hot-top
unit type. As direct observations of flow phenomena in molten aluminum is impossible, the acoustic
streaming characteristics were predicted by using the earlier developed numerical model verified
against results of water model experiments. Then, the acoustic streaming model was applied to
develop a simplified numerical model, which was capable, for the first time, of simulating unsteady
phenomena in the sump during DC casting process. The results of numerical simulations were verified
against measurements performed on an ultrasonic-assisted DC caster producing 203 mm billets of
Al-17Si alloy at a casting speed of 200 mm/min. The results of the present study reveal the following.
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(1) According to the numerical simulations, the evolution of the melt sump continues about 3 min
irrespective of the ultrasound application and hot-top type. The final depth and the shape of the
sump are also independent of the casting conditions examined.

(2) Irradiation of ultrasound into the melt at the hot-top unit results in more frequent fluctuations
of the temperature and mushy zone volume around their mean values as compared to the
conventional DC casting case, although the mean values themselves remain the same in both
the cases.

(3) The pattern of melt flow in the sump is drastically changed with the ultrasound application.
The flow velocity becomes faster in general and a lot of relatively small eddies are produced in
the sump bulk and near the mushy zone. The latter causes frequently repeated thinning of the
mushy zone layer.

(4) The experimental verification revealed approximately the same sump depth and shape as those
predicted by the numerical simulations, and confirmed the frequent and large fluctuations of the
melt temperature during ultrasound irradiation. However, the measurements of the temperature
distribution in the sump showed a significant difference between the cases of castings without
and with ultrasound irradiation. This suggests that the present mathematical model should be
further improved, particularly in terms of more accurate descriptions of boundary conditions
and mushy zone characteristics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/21/3532/s1,
Video S1: time variation of sump profile and temperature for conventional casting; Video S2: time variation of
sump profile and temperature for UST HT casting; Video S3: time variation of sump profile and temperature for
UST FRHT casting; Video S4: time variation of sump profile and melt flow for conventional casting; Video S5:
time variation of sump profile and melt flow for UST HT casting; Video S6: time variation of sump profile and
melt flow for UST FRHT casting.
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Abstract: The prediction of the acoustic pressure field and associated streaming is of paramount
importance to ultrasonic melt processing. Hence, the last decade has witnessed the emergence of
various numerical models for predicting acoustic pressures and velocity fields in liquid metals subject
to ultrasonic excitation at large amplitudes. This paper summarizes recent research, arguably the
state of the art, and suggests best practice guidelines in acoustic cavitation modelling as applied
to aluminium melts. We also present the remaining challenges that are to be addressed to pave
the way for a reliable and complete working numerical package that can assist in scaling up this
promising technology.

Keywords: numerical modelling; acoustic cavitation; aluminium; ultrasonic melt treatment;
non-linear bubble dynamics; sonoprocessing

1. Introduction

Process design has the potential to provide a strategic competitive advantage with regards to
customer appeal, product cost and innovation [1,2]. A key element of process innovation involves
a fundamental understanding of how materials and process interactions determine manufacturing
performance [2].

A continuous mode of production is often more desirable than batch production. Advantages of
continuous operations include cheaper unit costs of production, energy savings and homogenization
in the quality of the product. However, converting batch processes to continuous modes is not
straight-forward [3]. In the past six years, the authors have been researching how to upscale the
promising technology of ultrasonic melt processing by moving applications from batch mode to inline
mode [4].

Ultrasonic melt processing (USP) is an effective method for degassing, filtration and grain
refinement of light metal alloys on the industrial scale [5–7]. The beneficial effects of USP are attributed
to acoustic cavitation—the violent pulsation and collapse of gas bubbles under the influence of a strong
acoustic pressure field [8,9], and acoustic streaming—the fluid motion that results from the attenuation
of the acoustic pressure wave as it propagates in the liquid [10]. While USP works well in batch
degassing or grain refining of a single cast billet or ingot in direct-chill (DC) casting [11], it does not
scale up very well for continuous processing, unless multiple ultrasound sources are used [4]. Current
research is now focusing on upscaling this promising technology and achieving high efficiency when
treating large melt volumes in continuous mode and with a minimum number of ultrasound sources.

To optimize USP, recirculation patterns and mass exchanges between the cavitation zone and
the rest of the liquid bulk need to be adequately quantified. In addition, melt recirculation reduces
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temperature gradients and promotes a preferred equiaxed grain structure [12]. In DC casting, acoustic
streaming improves chemical homogeneity and promotes grain refinement through deagglomeration
of clusters, wetting of inclusions, dispersion of substrates and solid-phase fragmentation [7,13,14].
However, it is challenging to visualize acoustic streaming in liquid aluminium due to its opaqueness
and high operating temperature. Therefore, studies of acoustic streaming must include modelling in
conjunction with X-ray imaging [15–18] to predict the generation of cavitation bubbles, their transport
and acoustic propagation in the presence of attenuation.

A recent review of acoustic pressure modelling presents the challenges facing acoustic cavitation
modelling [19] and has been the starting point for the model that resulted from a joint collaboration
between Brunel and Greenwich universities in the U.K. [4]. Since then, a novel ‘advanced’ model
that incorporates acoustic streaming with cavitation dynamics has been made available [20], enabling
more accurate predictions of processing simulations involving cavitation bubbles at an affordable
computational cost. This recent progress is summarised in this overview giving readers a good starting
point in ultrasonic process modelling.

2. Existing Models

2.1. Acoustic Cavitation Model

The theory is reproduced here as a comprehensive summary of acoustic cavitation treatment in
modelling of ultrasonic melt processing. The starting point of acoustic cavitation modelling is the
Caflisch equations [21]. Sound propagation in a liquid containing bubbles has been studied with a set of
nonlinear equations postulated by van Wijngaarden in the 1960s [22], and then derived mathematically
by Caflisch et al. [21] using Foldy’s method [23]:

∂p
∂t

+ ρlc2
l ∇·u = ρlc2

l
∂φ

∂t
, and (1)

ρl
∂u
∂t

+ ∇p = F, (2)

where p is the acoustic pressure, u are the velocities, ρl is the (pure) liquid density, cl is the speed of
sound in pure liquid, φ = VN = 4

3πNR3 is the bubble phase fraction for a bubbly system with a bubble
density of N, consisting of identical bubbles each of radius R and V denotes the volume of a single
bubble. The bubble density is assumed to be given by a step function:

N =

{
N0 i f |P| > PB

0 i f |P| ≤ PB
, (3)

where PB = 1+
√

4
27

S3

1+S is the Blake threshold [24,25], with the dimensionless Laplace tension S = 2σ
p0R0

,
σ is the surface tension between the liquid and gas, p0 is the atmospheric pressure, and R0 is the
equilibrium radius of the bubbles. The momentum source term F can be used to prescribe acoustic
velocity sources, e.g., due to the vibrating horn.

The radius of a bubble is obtained by solving a second-order ordinary differential equation (ODE).
For an accurate bubble dynamics representation at high forcing pressures, compressibility has to
be taken into account. For liquid metals, bubble dynamics can be represented by the Keller–Miksis
equation [26]:
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1−A sin(ωt)

}⎤⎥⎥⎥⎥⎥⎦, (4)

where pv is the vapour pressure of the gas in the bubble, μl is the dynamic viscosity of the pure liquid,
A is the normalized pressure amplitude (relative to p0) and ω is the angular frequency of the ultrasonic
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source. Taking into account the effect of heat transfer during bubble dynamics [27,28], the gas pressure
pg is evaluated by solving the following ODE:

dpg

dt
=

3
R

[
(γ− 1)k

dT
dr

∣∣∣∣∣
r=R
− γpg

.
R
]
, (5)

where k is the thermal conductivity of the bubble gas, T is the temperature inside the bubble and γ is
the polytropic exponent. When assuming adiabatic bubble pulsation, the polytropic exponent is given
by γ = 1.4. The temperature gradient at the bubble surface is approximated linearly following the
method of Toegel et al. in water [29]:

dT
dr

∣∣∣∣∣
r=R

=
T − T∞√

(RD)/
{
3(γ− 1)

.
R
} , (6)

where T∞ is the liquid bulk temperature and D is the gas diffusivity. The bubble temperature is solved
for by using another ODE expressing the first law of thermodynamics:

cv
.
T = 4πR2k

T − T∞
lth

− pg
.

V, (7)

where the thermal diffusion length lth = min
(

R
π ,

√
RD.
R

)
and cv is the specific heat capacity of the gas.

Solving the Caflisch equations coupled with the above ODEs is very computationally intensive.
In general, the acoustic pressure p is required to compute the momentum source term that corresponds
to acoustic streaming. To optimize the computational procedure and reduce its time cost, the following
approximation is used in recent works.

�
(
Peiωt

)
denotes the harmonic part of the acoustic pressure p. A nonlinear extension [25,30] of

the linear Helmholtz equation originally derived by Commander and Prosperetti [31] from the Caflisch
equations approximately describes the complex amplitude P as:

∇2P + K2P = 0. (8)

Commander and Prosperetti defined the complex wavenumber K using:

K2 =
ω2

c2
l

⎛⎜⎜⎜⎜⎝1 +
4πc2

l NR0

ω2
0 −ω2 + 2 jbω

⎞⎟⎟⎟⎟⎠. (9)

where ω0 is the resonant frequency of the bubbles, j is the complex number satisfying j2 = −1 and
b is the damping factor defined elsewhere [31]. Louisnard [25] generalized this linear model while
keeping realistic values for dissipation of energy in inertial cavitation, resulting in a nonlinear model.
However, this model suffers from two deficiencies: (1) the real part of K2 was taken to approach that of
Commander and Prosperetti, and (2) the Helmholtz equation used by the model comes from the linear
theory. To address these issues, the real and imaginary parts of the coefficient K2 have been rigorously
re-derived by Trujillo [30] as:

�
(
K2
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=
ω2
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l

− A|P| , and (10)
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where the non-dimensional time τ is within one period, i.e., [0, 2π]. The boundary conditions for the
nonlinear Helmholtz equation are generally defined as:

• ∇P·n = 0 for infinitely hard boundaries (such as crucible walls);
• P = AP0 at the surface of the sonotrode;
• Setting P = 0 in the cell layer above the liquid level to approximate the π phase shift that occurs

upon reflection from the free surface [32].

This nonlinear Helmholtz equation is rather simple to solve using the finite element method
(FEM), thereby facilitating the numerical evaluation of the acoustic field in the presence of cavitation
bubbles [19,20,25,30] in commercial packages such as COMSOL Multiphysics. The solution of this
equation using the finite volume method (FVM) is trickier and requires special preconditioning [32];
however, the flow equations are simpler to solve in the FVM framework.

2.2. Macroscopic Flow Model

Acoustic streaming models in the literature generally follow the work of Eckart [33] by
incorporating the streaming force f as:

f = −∇
(
ρlv⊗ v

)
, (16)

where v is the acoustic velocity to the continuity and momentum conservation equations, leading to:

0 = ∇·(ρlu) + ∇·(ρvv), (17)

0 = f−∇p + μl∇2u, (18)

where ρv is the density variation that is caused by the primary acoustic field. However, Equation (18) is
the momentum equation of a creeping flow driven by the acoustic streaming and is therefore applicable
to Reynolds numbers much smaller than 1 [20]. Since acoustic cavitation processes would involve much
larger Reynolds numbers, the streaming velocity should instead be calculated from a full steady-state
Navier–Stokes equation [34]:

∇(ρlu⊗ u) = f−∇p + μl∇2u. (19)

However, the solution of Equation (19) is difficult since the streaming flow observed experimentally
is turbulent [35], and resolving small-scale eddies with the Navier–Stokes equation is not trivial [20].
Instead of solving for streaming directly, the latest papers follow the approach of Louisnard [20] by
computing the streaming force from the solution of the nonlinear Helmholtz Equation (8) and injecting
the result into the momentum equation. This approach has been validated in recent works describing
acoustic streaming [20,35–37] and has also been applied to DC casting [38].

3. Numerical Simulations of the Acoustic Field in Crucibles, Moulds and Launders

There is a dearth of contributions in the literature regarding the specific modelling of ultrasonic
melt processing. This is not surprising since accurate measurements of acoustic pressures in aluminium
have only recently been made available [39,40]. Some of the first modelling contributions are
those of Nastac [41–43], who presented two approaches for modelling grain refinement of an A356
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alloy. A similar approach is followed by other authors to model nanoparticle dispersion [44] and
the distribution of acoustic pressure in a launder [45]. The first method consists of solving the
Reynolds-Averaged Navier-Stokes (RANS) equations using a classical hydrodynamic cavitation
model [46] that is implemented in commercial Computational Fluid Dynamics (CFD) packages. The
essence of this method can be summarized as follows. The liquid–bubble mass transfer is governed by
a bubble transport equation in the following form:

D(ρbφ)

Dt
= RG −RC, (20)

where ρb is the bubble density and the source terms RG and RC account for bubble growth and collapse,
respectively. These source terms are calculated using the growth of a single spherical bubble based on
a bubble dynamics model (e.g., Rayleigh–Plesset [47], Keller–Miksis [26], Neppiras–Noltingk [48]).
This equation is coupled with the flow conservation equations, together with a suitable closure for
turbulence. However, as beautifully as it is presented by Louisnard [20], this model is restricted to
bubbly liquids containing vapour bubbles only. With the vapour pressure of aluminium at the melting
point being negligible [49], it is unlikely that aluminium vapour bubbles would form in the melt
bulk [50] with gas, hydrogen-filled bubbles, forming instead. This therefore, prohibits the use of any
hydrodynamic cavitation models for the inertial acoustic cavitation bubbles that are present in liquid
aluminium treatment.

The second approach in Nastac’s contribution is, however, more appropriate and is a precursor to
the method highlighted in this overview. In this indirect method, the acoustic field is solved by using a
linear Helmholtz equation, closed with the Neppiras–Noltingk model [48]. However, as argued in
the previous section, this method suffers from various deficiencies: the linear Helmholtz model is
inadequate in the presence of cavitation bubbles, since pressure propagation is nonlinear in this regime.
The Neppiras–Noltingk model does not account for acoustic radiation, which is crucial at high forcing
pressures. Other authors also used a linear acoustic propagation model to study the treatment of
AlSi7Mg alloy melt in sand casting, even though pressures larger than 2 MPa have been predicted [51].
A linear model was also employed to compute the acoustic pressure field in a SCN-1 wt% camphor
alloy, which is often used as a transparent analogue to aluminium melt [13,52].

Another attempt to obtain an accurate prediction of the acoustic pressure field was through the
solution of the Caflisch equations (Equations (1) and (2)) [38]. In this approach, Lebon et al. directly
computed the acoustic field using the nonlinear equations governing sound propagation in bubble
liquids [21,53,54] and validated the model using experimental data from the literature as shown in
Figure 1.
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Figure 1. Validation of Caflisch approach to computing acoustic pressures [54] using experimental data
from Campos-Pozuelo et al. [10].

Adequate pressures were predicted as compared with the measurements using a calibrated
cavitometer [39,40] enabling the extension of the model to account for nanoparticle deagglomeration [55],
fragmentation of dendrites [56], the erosion of thermally-sprayed splats [57] or contactless ultrasound
due to Lorentz forces from an electromagnetic coil [58]. However, this method suffers from various
drawbacks. A bubble dynamics ODE must be solved in each computational cell of the domain, with
the use of an adaptive time-stepping scheme to stabilize the solution procedure for each computational
cell. The method is also prone to numerical diffusion and requires the use of high-order discretisation
schemes in space and time, and a special staggering scheme [59]. These issues prohibit the application
of the model to complex 3D geometries due to the extreme computational requirements.

More recently, nonlinear models of pressure propagation have been used in the context of melt
processing. Nonlinear models are required to more adequately capture the attenuation of pressure
due to the presence of cavitating bubbles as shown in Figure 2. Huang et al. [60] used an improved
nonlinear Helmholtz model [61] to predict the cavitation depth in sonication of an AlCu melt. Lebon
et al. used Louisnard’s model to compute acoustic pressures in water and aluminium vessels [35]. This
model was adapted and improved to model acoustic pressures in DC casting [38]. The same approach
has also been used by Yamamoto and Komarov [37]. The last two studies are conducted in conjunction
with acoustic streaming and are discussed in the next section.
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Figure 2. The difference in predicted acoustic pressures between linear and nonlinear models. The
nonlinear model includes the attenuating effect of cavitating bubbles below the sonotrode. The
dash-dotted line denotes the Blake threshold for hydrogen bubbles in aluminium, with R0 = 3 μm.

4. Effect of Acoustic Streaming

The numerical study of acoustic streaming in melt processing is even sparser in the literature.
A prediction of ultrasonic DC clad casting using the Navier–Stokes equations only has been recently
published [62]. Acoustic streaming is implemented by a direct solution of the sonotrode motion in
ANSYS Fluent and applying the transient effects in steady-state equations, although the implementation
details of the process are not described. The model does not include the effect of cavitation bubbles, so
acoustic shielding is not considered. As reported in [63], this method does not appear to capture the
flow reversal observed at certain irradiation powers.

Other significant contributions, however, employ acoustic streaming models computing the
acoustic streaming force as per Equation (16). Simulation of convective flow for an Al-2% Cu alloy has
been performed by Wang et al. [12,64,65] using the Lighthill approach [34]. This approach predicts a
fast velocity jet below the sonotrode, and comparison with a corresponding experiment reveals that the
fast streaming flattens the temperature gradient and promotes an equiaxed grain structure. Another
approach involved the use of the Ffowcs Williams and Hawkings (FW—H) equation generally used
to compute the propagation of aerodynamic noise to model the acoustic pressure in Fluent [66,67].
Another commercial CFD software package, Flow3D, has been used to model acoustic streaming
during the treatment of an A356 alloy melt without detailing the modelling procedure [68].

Inspired by Louisnard’s nonlinear model coupled with acoustic streaming, Lebon et al. [35]
validated an acoustic streaming model using results from a particle image velocimetry (PIV) experiment
using a TSI system [63] as shown in Figure 3. While the model offers only qualitative agreement with
the experiment, this progress is encouraging because:

1. Despite simulating the problem in two dimensions, the correct order of magnitude of acoustic
streaming is recovered.

2. The net flow reversal below the sonotrode observed at low operating powers is predicted by
the model.

3. The comparison holds for a time-averaged analysis of transient results, which mimics the way
velocities are recorded by PIV.

4. The model is tractable since the Helmholtz equation is easier to solve than a system of ODEs
representing bubble dynamics.
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Figure 3. Comparison between measured velocities using particle image velocimetry (PIV) [63] in
water and predictions of acoustic streaming using the numerical model described in [35]. The velocities
are in m s−1. The grey bar at the top of each contour represents the vibrating surface. The dataset used
to reproduce these results is available elsewhere [69].

However, a remaining challenge is the suitable choice of the bubble number density as a parameter
for the simulation. This study of acoustic streaming in water revealed that the predicted flow field is
sensitive to the assumed bubble volume fraction, and therefore of bubble density by extension. The
bubble density can also vary spatially, although a step function such as the one described by Equation (3)
helps in limiting the presence of bubbles in regions below the Blake threshold. Semi-empirical values
in the range 109–1012 m−3 have been reported to lead to acceptable results [32,35,54,70–72]. Aside of
the difficulties in choosing the appropriate bubble density for a particular simulation, variation in
bubble density due to differences in melt quality, presence of impurities and agglomerates or variation
in degassing times presents further challenges.

This model was further improved using Trujillo’s mathematically rigorous derivation of the
complex wavenumber (9) and was then applied to DC casting using a continuum model [38]. Figure 4
shows the results of a numerical model of ultrasonic processing in DC casting. The predicted sump
profile is altered by the fast streaming jet of hot liquid aluminium down the axis of the billet, thereby
shortening the transition region at the centre of the billet. Observed grain orientations at the centre of
cast billets confirm this prediction [38]. The model also predicts a slightly increased rate of porosity
defects at the centre of billet cast with ultrasonic processing, as shown by the increased Niyama
criterion at the centre of the domain (Figure 5). However, any experimental observation of increased
porosity has not been reported so far.

Another research group independently used the same acoustic pressure formulation: Yamamoto
and Komarov applied a similar model to aluminium [37] to reveal that attenuation of ultrasound and
wavenumbers are larger in the molten aluminium than in water and that acoustic streaming flow is
slower in the aluminium melt as compared with water. This is in agreement with our experimental
study in [40], where shielding and acoustic damping were found to be more pronounced in liquid
aluminium compared to water, obstructing the wave propagation into the bulk.
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Figure 4. Comparison of sump profiles between conventional DC casting (left) and ultrasonic-assisted
DC casting (right). fs is the solid fraction using the casting conditions defined in [38]. Arrows are
shown for the scale of the velocity field. The red dash-dotted line represents the liquidus temperature
and the blue dash-dotted line denotes the coherency temperature (solid packing fraction). The dataset
used to reproduce these results is available elsewhere [73].

Figure 5. Comparison using the Niyama criterion between conventional DC casting (left) and
ultrasonically assisted DC casting (right) using the casting conditions defined in [38]. The larger values
upon sonication indicate an increased probability of porosity defects at the centre of the cast billet.

5. Current Challenges and Future Outlook

This summary has highlighted the requirement of considering the appropriate physics when
modelling the complex phenomenon of ultrasonic melt treatment. However, more effort is required
for an accurate prediction of actual treatment conditions. Aside from a recent contribution studying
resonance in crucibles [58], the boundary conditions used in the models encountered in USP modelling
so far are basic and do not take into account the vibration of the solid walls of a sonoreactor or reflection
off real, rough crucible walls. Crevices in the walls could also act as seeds for nucleating bubbles and
these are not taken into account by any model encountered so far. This is crucial in situations where
resonance is required and both the changing bubbly media and imperfect container walls affect the
resonant frequency of the system [58,74].

The stability of the heat balance solver upon mesh deformation and solidification front motion
is still an issue for accurate modelling of ultrasonic processing in the presence of solidification. This
limits the accuracy of casting simulations and need to be addressed for more accurate sump profile
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predictions. There is also uncertainty on the effect of the entrained cavitating bubbles and acoustic
streaming jet on the packing fraction in the semi-solid region of a casting domain, and therefore on
the delimitation between slurry and mushy zones. These need to be quantified accurately for more
reliable predictions.

Since acoustic streaming modifies the grain morphology of the billet, the coherency temperature
is expected to vary locally in the sump. Further study is required to determine the dependency of this
parameter on the flow. However, an accurate a priori prediction is rendered difficult since the knowledge
of the grain size and morphology is required before choosing the correct solid packing fraction.
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Abstract: Quantitative understanding of the interactions of ultrasonic waves with liquid and
solidifying metals is essential for developing optimal processing strategies for ultrasound processing
of metal alloys in the solidification processes. In this research, we used the synchrotron X-ray
high-speed imaging facility at Beamline I12 of the Diamond Light Source, UK to study the dynamics
of ultrasonic bubbles in a liquid Sn-30wt%Cu alloy. A new method based on the X-ray attenuation
for a white X-ray beam was developed to extract quantitative information about the bubble clouds
in the chaotic and quasi-static cavitation regions. Statistical analyses were made on the bubble size
distribution, and velocity distribution. Such rich statistical data provide more quantitative information
about the characteristics of ultrasonic bubble clouds and cavitation in opaque, high-temperature
liquid metals.

Keywords: ultrasonic bubble clouds; synchrotron X-ray imaging; metal solidification; ultrasound
melt processing

1. Introduction

Ultrasonic cavitation created by high-power ultrasound in liquids is a highly dynamic and
nonlinear process. It has very wide applications in industry, for example, ultrasound cleaning [1],
sonochemistry [2], metallurgy [3,4]. Historically, cavitation was first studied by Lord Rayleigh in the
late 19th century, when he considered the collapse of a spherical void within a liquid [4,5]. During and
after the 2nd World War, cavitation in water was studied extensively in the field of hydrodynamics,
because it was a very common phenomenon that significantly affected the efficiency of pumps and
propellers used for ships [6,7]. For ultrasonic cavitation, many invasive and non-invasive experimental
methods have been developed for measuring and characterizing ultrasonic cavitation zone and its
intensity. For example, acoustic hydrophones, cavitation meters and foil testing are typical invasive
techniques. The probe/sensor or testing foil is inserted into the ultrasonic cavitation region to measure
the characteristics of the cavitation zone, its size, position and intensity [8–10]. Non-invasive techniques
include ultrasonic phase array transducers with ultrasonic imaging, visible light imaging [8,11,12] and
Optical Diffraction Tomography (ODT) [13,14]. In non-invasive measurement techniques, no probes
are used to interfere with the acoustic/cavitation field.

Photography is a common method for measuring ultrasound cavitation in light transparent liquids.
For example, luminol mapping can measure cavitation intensity distribution directly [15,16] based
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on the brilliance of the emitted light in the cavitation process. ODT uses the diffraction of light by
ultrasound and a tomographic technique to form images for the pressure in a plane perpendicular to the
ultrasound propagation direction. However, to study the highly dynamic behavior of cavitation, higher
temporal and spatial resolution are needed. Hence, high-speed cameras with a higher magnification
objective lens is often used [8,17]. For example, Geisler studied bubble oscillation using an acquisition
rate of 2 million frames per second in a view field of 160 μm × 160 μm. While Ohl investigated
bubble collapse in water using an exposure time of 48 ns, but a single-shot image in a view field of
1.5 mm × 1.8 mm [8,17]. These high-speed imaging studies resulted in significant progress on the
understanding of bubble oscillation, bubble shock wave emission, bubble luminescence and liquid
flow in the vicinity of bubbles. However, in the cases of opaque, high-viscosity and high-temperature
materials such as liquid metals, the methods described above are not suitable.

An in-depth understanding of the interactions of ultrasonic waves with liquid and solidifying
metals is essential for developing optimal processing strategies for ultrasound processing of metal
alloys [4,18,19]. Recently, researchers in Mi’s group have extensively studied the dynamics of ultrasonic
bubbles in liquid metals and their interactions with the growing phases in the liquid, and with the
solid-liquid interface [20–24]. These studies have provided real-time and convincing evidence to
clarify that (1) the shock wave created at bubble implosion, and (2) the cyclic fatigue effects due to
bubble oscillation are the most important mechanisms for the fragmentation of growing dendritic
structures and intermetallic phases during the metal solidification processes. High-power ultrasound
normally produces a large amount of bubbles in liquid metals (often called a bubble cloud). So far,
a quantitative characterisation of those bubble clouds in liquid metals have not been reported. In this
aspect, real-time and quantitative studies of ultrasonic bubble clouds in liquid metal can provide more
in-depth understanding of the characteristics of ultrasonic bubble clouds.

2. Experiments

2.1. Alloy and Sample Preparation

A Sn-30wt%Cu alloy was chosen as the experimental alloy. It has a wide solidification range,
allowing ultrasound to be applied over a wide range of temperatures (from 250 to 750 ◦C). Furthermore,
the Sn–Cu binary system [25] is the key alloy system for lead-free soldering materials, and intermetallic
compounds such as Cu6Sn5 are promising candidates for enhancing the storage capacity of Lithium
ion-based batteries. Samples were contained inside specially made quartz capsules with a flattened
“hourglass” shape, as shown in Figure 1. The thin central window section of the capsule was 300 μm
thick to allow good X-ray penetration. The sonotrode was positioned in the upper end of the hourglass,
with the tip close to the top of the thin section. A heat sink made of a stainless steel rod was placed at
the bottom reservoir of the hourglass capsule to create a thermal gradient. The alloy in the capsule was
melted inside a small cartridge heater furnace [26]. Sample temperature was monitored and recorded
by three K-type thermocouples placed at the top, middle and bottom of the thin window section.
The details of the experiment are very similar to those described in [22,24].
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Figure 1. A 3D CAD rendition, showing the experimental set-up; and a 2D sketch of the structure of
sample holder, sonotrode and thermal couple (TC 1, 2 and 3) position.

2.2. High-Speed Synchrotron X-ray Imaging

The experiment was carried out at Beamline I12, Diamond Light Source, Oxford, UK [27], with the
set up illustrated in Figure 1.

I12 has a wiggler source that delivers a peak flux of ~1.7 × 1011 photons/s/mm2/0.1%BW in the
first experimental hutch. Filtered white beam was used to give maximum X-ray flux on the sample for
high-speed image acquisition. Filtration of the beam (4 mm of copper) was necessary to reduce heat load
on the sample and reduce the risk of damage to the X-ray detector. The X-ray camera system consisted
of a 200 μm thick LYSO scintillator lens coupled to a Miro 310M high-speed CMOS camera operating
at a 1280 × 800 pixel image size with a resolution of 4 μm × 4 μm per pixel. Under these conditions
with the given samples, frame rates of 2000 frames per second (fps) were obtained, using an exposure
of 499 μs, for a total recording time of 4 s. The recording time was limited by the camera’s fast onboard
memory buffer (12GB). However, this was adequate for observing the ultrasonic phenomena in the
experiments. Flat field images without a sample were recorded to enable correction for non-uniformity
in the incident beam intensity profile and imperfections in the imaging system.

Once the desired target temperature (675 ◦C) was reached and stabilized in the liquid metal, a TTL
trigger unit was used to initiate recording of images using a high-speed X-ray camera. After a ~10 ms
delay, ultrasound was applied to the liquid metal. The ultrasound was generated using an UP100H
ultrasonic processor with an MS2 sonotrode (Hielscher ultrasound technology Ltd., Teltow, Germany).
Ultrasound powers of 20 W, 60 W and 100 W were used in the experiment to create bubble clouds with
different characteristics. In this way, the whole process of ultrasound bubble nucleation, growth and
propagation can be captured.

Two X-ray videos were taken for each ultrasonic power setting. The first video was taken of the
area just below the sonotrode tip, with the aim of studying cavitation phenomena close to the tip.
In this paper, the location is referred to as chaotic cavitation region (CCR). A second video was taken
1.5 mm below the first set of images. This second video was targeted at phenomena which happen
further away from the sonotrode tip, referred to as the quasi static cavitation region (SCR) in this paper.
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3. Image Processing and Data Analysis

Flat-field images were taken without any sample between the X-ray source and detector, as shown
in Figure 2a. The images were then filtered using the Remove Outlier function in ImageJ [28] to remove
random bright outlier pixels caused by direct X-ray strikes on the camera sensor. Such strikes are the
consequence of the high-intensity, high-energy beam and cannot totally be eliminated by shielding of
the camera system. The acquired videos were flat-field corrected by dividing the flat-field image to
remove the effect of non-uniform X-ray beam intensity and compensate for systematic variations in
the detector system, such as vignetting, or dust or scratches on the scintillator. Dark count and bad
pixel correction were also performed by the camera hardware. Typical images obtained after flat-field
correction and filtering are presented in Figure 2b,c.

Table 1. Grey level and thickness of the three locations, g0, g1 and g2 shown in Figure 2.

Position Thickness of Liquid Metal (mm) Grey Level

g0 0 145
g1 2 89
g2 0.3 97

(a) (b) (c) 

Figure 2. X-ray images of liquid Sn-30wt%Cu alloy, without the application of ultrasound, (a) a typical
flat-field image, and the black regions at the corners of the images are from the lens mount of the
camera. (b) in the chaotic cavitation region with the sonotrode (marked with the white dotted line) in
the view field; (c) in the quasi static cavitation region, i.e., 1.5 mm below the sonotrode. g0, g1 and g2

mark the locations (including the grey level) where the thicknesses of the liquid metal are known as
listed in Table 1.

In the experiments, high-speed images sequences in the CCR and SCR regions were captured
under different ultrasound powers. In the CCR, the ultrasonic bubbles are highly dynamic and
interconnected. In the SCR, individual ultrasonic bubbles were clearly seen. As bubbles attenuate
much less X-rays than the liquid Sn-30wt%Cu alloy, they had a higher grey level in images than the
surrounding liquid alloy and can be segmented, and individually counted and measured. To quantify
the different cavitation characteristics, different methods were used. Cavitation in the CCR was
analysed based on grey-level differences, while cavitation in the SCR was analysed by counting and
measuring individual bubbles.

3.1. Bubble Volume Fraction in the Chaotic Cavitation Region

In the CCR region, ultrasonic bubbles were highly dynamic and interconnected to form bubble
clouds. It was impossible, at 2000 fps, to capture and distinguish the individual bubbles. To characterise
the collective behaviour of the bubble clouds, the acquired images were analysed based on the grey-level
distribution caused by the presence of the bubble clouds, because they have lower X-ray attenuation,
and result in a brighter area in the images. If monochromatic (single-wavelength) X-rays were used,
the transmitted intensity through the sample can be calculated analytically from a known X-ray mass
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attenuation coefficient μ using the Beer–Lambert Law [29]. For an incident intensity Io, the transmitted
intensity I through a material of density ρ and thickness d is given by:

I = Ioe−μρd (1)

μ is a material property and it is a function of photon energy. However, in this study, monochromatic
X-rays do not have sufficient flux to achieve the short exposure times associated with the high frame
rate that is required in this experiment. Instead, broad spectrum multi-wavelength X-rays, known as
white-beam X-rays, were used. For white-beam X-rays, the Beer–Lambert exponential attenuation
law cannot be used directly, because both the mass attenuation coefficient of the sample and the
X-ray detector response are photon-energy-dependent. Therefore, an approximation method based
on grey-level measurement is adopted to calculate the bubble cloud volume fraction in this paper.
The diameter of the sonotrode tip was 2 mm, which means that the thickness of the material just under
the sonotrode tip, indicated by the rectangle in Figure 2b, was approximately 2 mm. As showed in the
insert of Figure 1, the narrow tube thickness was 0.3 mm (the corresponding X-ray image through this
area is illustrated in Figure 2c). The thicknesses at these two positions were used as the reference to
calculate the overall attenuation coefficients. We assumed that the sample thickness and grey level are
exponentially related. At both positions, the empirical attenuation coefficients were approximated by
the equation below:

g = g0e−αgx+βg (2)

Here, g0 is the grey level of the corresponding position in the flat-field image, x is the transmitting
distance andαg and βg are the empirical attenuation coefficients, representing the attenuation parameters
in this case. Using the grey levels found at the locations of g0, g1 and g2 (see Table 1), αg and βg are
calculated as 124.2 and −0.33, respectively. Equation (2) was then used to calculate the thickness of the
liquid Sn-30wt%Cu (i.e., x in Equation (2)). The line density along the X-ray propagation direction
where ultrasonic bubbles were found can be calculated by using:

LD = (D0 −D)/D0 (3)

where D0 is the thickness of the liquid metal without ultrasonic bubbles, and D is the thickness of the
sample containing ultrasonic bubbles. Both are calculated by Equation (2). For a unit volume, (a unit
area perpendicular to the X-ray transmission direction times a unit length along the X-ray direction),
the volume fractions of the bubbles in this unit volume at the CCR can be calculated using Equation (3)
and are actually represented by LD.

3.2. Bubble Volume Fraction in the Quasi Static Cavitation Region

For the SCR region (1.5 mm below the region that contains the sonotrode), individual ultrasonic
bubbles or bubble clouds were observed and recorded. To count these bubbles, the images were firstly
normalized by the X-ray images that were taken without ultrasound treatment (UST) to remove any
non-uniform grey level caused by the non-uniform thickness of the glass cell windows. Secondly,
the contrast between bubbles and background was enhanced by using the inverse of a natural
exponential function as demonstrated in Figure 3c. Thirdly, the image was converted into binary
images based on the predefined grey-level threshold. Finally, the bubble dimensions and positions
were determined using the MATLAB Image Processing Toolbox, which is illustrated in Figure 3d.
In this way, a statistical analysis of ultrasonic bubbles was made and described in Section 4.
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Figure 3. A typical X-ray raw image taken in the SCR region. (a) before image processing; (b) after
flat-field correction; (c) cropped X-ray image after normalization by image taken without UST,
and contrast enhancement; (d) The final binary image, which was used to extract the position and size
of ultrasonic bubbles.

4. Experimental Results

4.1. Bubble Cloud in the Chaotic Cavitation Region

The ultrasound bubble clouds observed in the CCR, at different ultrasound powers (20 W, 60 W
and 100 W, respectively) are illustrated in Figure 4. In each case, 10 sequential X-ray images were
averaged to reduce background noise, so that each result in the figure contained the information
averaged over 5 ms. Figure 4d–f, shows the bubble volume fraction calculated using Equation (3).

Figure 4. High-speed synchrotron X-ray images of ultrasonic bubble clouds near the sonotrode tip at
different ultrasound powers of (a) 20 W, (b) 60 W, (c) 100 W respectively. (d–f) show the corresponding
bubble volume fraction calculated based on Equation (3).
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Figure 4d–f clearly show that the bubble volume fraction increases with increasing ultrasound
power. Figure 5 further plots the line distribution characteristics in the horizontal and vertical directions.
Figure 5b clearly shows that the maximum cavitation occurred near the sonotrode tip. Measurements
of cavitation intensity and cavitation cloud dimensions are summarized in Table 2. Cavitation cloud
width and length in the x and y direction are characterised by the full width at half maximum (FWHM).
The measurement indicated that there was no significant variation in the physical dimensions of the
cavitation cloud. However, cavitation intensity, which was evaluated in terms of the average bubble
volume fraction, increased significantly with the increase of ultrasound power.

Figure 5. The averaged bubble volume fraction in (a) horizontal direction from position −1.5 mm to
1.5 mm (X-axis), to show bubble volume fraction distribution in horizontal direction; in (b) vertical
direction from sonotrode tip to 0.5 mm (Y-axis), to show bubble volume fraction distribution in
vertical direction.

Table 2. Ultrasonic bubble cloud characteristics due to different ultrasonic powers.

Ultrasound
Power (W)

Ultrasonic
Bubble Cloud

* FWHM in
X-axis (mm)

Ultrasonic Bubble
Cloud FWHM in

Y-axis (mm)

Maximum
Averaged Bubble
Volume Fraction

in X-axis

Maximum
Averaged Bubble
Volume Fraction

in Y-axis

20 1.15 0.30 0.22 0.31
60 1.26 0.30 0.38 0.52
100 1.26 0.34 0.71 0.78

* FWHM is the full width at half maximum.
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4.2. Bubble Cloud in the Quasi-Static Cavitation Region

In the SCR, individual bubbles were observed and hence tracking and counting of the imaged
bubbles are possible. MATLAB was employed to track and measure bubble sizes and velocities.
The region of interest for the measurement is shown by the yellow box in Figure 6. The region of
interest was further divided into three sub regions: Section 1 (1.2 mm to 2 mm, distance to sonotrode),
Section 2 (2 mm to 2.8 mm, distance to sonotrode), Section 3 (2.8 mm to 3.6 mm, distance to sonotrode).
A statistical study of bubbles was performed on a sequence of 2000 X-ray images (1 s duration of
ultrasound processing) acquired in a quasi steady-state condition (1 s after the ultrasound was turned
on, and a steady-state condition was established in the liquid alloy).

Figure 6. A typical X-ray image of the SCR and three sub-regions where data analysis was made.

4.2.1. Bubble Size Distribution

Figure 7 shows the bubble size distribution for different ultrasound powers. The Kernel probability
density function [30] was used to calculate the probability densities of these bubble size distributions.
The maximum probability density occurred at a bubble size of 0.0078 mm2, 0.0098 mm2 and 0.0096 mm2

(in Table 3) for 20 W, 60 W and 100 W ultrasonic powers, respectively. These results indicate that bubbles
with a diameter of approximately 0.01 mm2 were dominant in the bubble population. The observed
bubble size was mainly dependent on two factors: (1) the initial bubble radius (i.e., the nuclei size),
which is related to the liquid properties (viscosity, density, etc.) and (2) ultrasound pressure magnitude
and frequency. It should note that the camera resolution is 4 μm per pixel, which means that a bubble
diameter smaller than 10 μm cannot be resolved.

The statistical results show that 20 W ultrasound power generated 16 bubbles with an area larger
than 0.1 mm2, which is 1.6% of its total bubble population. A 60 W ultrasound power generated
234 bubbles with an area larger than 0.1 mm2, which is 9.1% of its total bubble population; a 100 W
ultrasound power generated 1151 bubbles with an area larger than 0.1 mm2, which is 17.5% of
its total bubble population. Clearly, a higher ultrasound power resulted in a larger probability of
bigger-sized bubbles.
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Figure 7. Ultrasonic bubble sizes distribution in the SCR with ultrasound power of (a) 20 W, (b) 60 W
and (c) 100 W respectively.

Table 3. Ultrasonic bubble size and velocity distribution.

Ultrasound Power (W)
Bubble Size at Maximum

Probability Density (mm2)
Bubble Velocity at Maximum

Probability Density (m/s)

20 0.0078 0.15 m/s
60 0.0098 0.28 m/s

100 0.0096 0.17 m/s

4.2.2. Bubble Velocity Distribution

Individual bubble velocities were calculated by comparing the position of a bubble centroid in
consecutive images. The distances between the centroids of the same bubble in consecutive frames
were taken as the distance travelled in the interframe time of the image sequence. The velocities of
bubbles were calculated by dividing the measured distance during the interframe time. By measuring
the bubble velocities in a one second image sequence, velocity distributions were obtained and are
plotted as histograms in Figure 8 with the probability densities plotted as dashed lines. The velocities
corresponding to the maximum probability density were 0.15 m/s, 0.28 m/s and 0.17 m/s, for 20 W,
60 W and 100 W ultrasonic powers, respectively. The most probable velocity at 100 W (0.17 m/s)
was lower than that at 60 W. We think this may be due to the imaging method we used. At 100 W
power, some bubble velocities were too fast for the same bubble to be captured in two consecutive
images. This means that some fast-moving bubbles are missing from the bubble velocity datasets,
and statistical analysis was only performed on bubbles that were moving slowly enough to be captured
in two consecutive frames.

Imaging at higher frame rates would be able to measure the velocity of fast-moving bubbles in
the 100 W case. However, with the given camera sensitivity, sample and X-ray source characteristics,
the signal/noise ratio in even higher-speed images would be lower, making bubble identification
more difficult.
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Figure 8. Bubble velocity distributions in the SCR at ultrasound powers of (a) 20 W, (b) 60 W,
(c) 100 W, respectively.

4.3. Limitation of the Imaging Method

In this research, we acquired many terabytes of image sequences. To extract useful information
from these large-scale image datasets, a simple but robust method had to be developed. In our case,
ultrasound bubbles away from the sonotrode, which we refer it as SCR, were identified based on the grey
level. It is interesting to see that, in the field of view of the images taken in this research, the bubble size
distribution away from the sonotrode does not change significantly as the ultrasound power increases,
although normally, a higher acoustic pressure would lead to larger bubbles. For characterising the
bubbles, the imaging method was limited by the acquisition frame rate (2000 fps), especially for the
case of 100 W, where bubbles can travel out of the view field in two consecutive images, making the
tracking of the exact location of the bubble more difficult.

In our experiment, the ultrasound cavitation bubble cloud is found to be in a relative stable shape,
and it is due to the higher ultrasound attenuation of the liquid metal.

5. Conclusions

Synchrotron X-ray high-speed imaging was used to study the aggregate behaviour of ultrasonic
cavitation bubbles, i.e., bubble cloud in a liquid alloy Sn-30%wtCu. A new method based on the X-ray
attenuation for a white X-ray beam was developed to extract the quantitative information about the
bubble clouds in the chaotic and quasi-static cavitation regions. This method is generic and applicable
to all liquid metals. Statistical analyses were made on the bubble size distribution, and velocity
distribution. Such rich statistical data provide more quantitative information about the characteristics
of ultrasonic bubble clouds and cavitation in opaque, high-temperature liquid metals.
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