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A refined, equiaxed grain structure and the formation of finer primary intermetallic phases are some of the
notable benefits of ultrasonic processing of liquid/solidifying melts. Ultrasonic treatment (UST) has been widely
explored in Al and Mg-based alloys due to its operational versatility and scalability. During UST, the refinement
of grain and primary intermetallic phases occurs via cavitation-induced fragmentation mechanisms. In addition,
UST improves the efficiency (activation of particles) of the conventional grain refinement process when potent
particles are added through master alloys. Though the UST’s ability to produce refined as-cast structures is well
recognized, the understanding of the refinement mechanisms is still debated and unresolved. Significant efforts
have been devoted to understanding these mechanisms through the use of sophisticated techniques such as in-
situ/ real-time observation, lab-scale and commercial-scale casting processes. All these studies aim to demon-
strate the significance of cavitation, fragmentation modes, and alloy chemistry in microstructure refinement.
Although the physical effects of cavitation and acoustic streaming (fluid flow) are primary factors influencing the
refinement, the dominant grain refinement mechanisms are affected by several solidification variables and
casting conditions. Some of these include melt volume, solute, cooling rate, potent particles, grain growth
(equiaxed, columnar or dendritic), and the cold zones of the casting where the onset of nucleation occurs. This
review aims to provide a better insight into solidification variables emphasizing the importance of cold zones in
generating fine structures for small- and large-volume (direct chill) castings. Another important highlight of this
review is to present the relatively less explored mechanism of (acoustic) vibration-induced crystallization and
discuss the role of cavitation in achieving a refined ingot structure.

1. Introduction chemistry modification [6-8].

Fig. 1 presents a broad overview of the research progress in the so-

Refinement of microstructural constituents is imperative in forming
the solidification structure regardless of the volume of the metal solid-
ified (e.g., as seen in processes such as soldering, welding, additive
manufacturing, permanent mould casting and direct chill casting) [1-4].
In cast alloys, the refinement of a particular phase or grains is promoted
by the addition of chemical modifiers (Sr/AlP addition for Si phase [5])
or a master alloy containing potent nucleation particles (e.g. Al-Ti-B
master alloy) [2,3]. Although some refiners are commercially estab-
lished and widely used in foundries, developing an understanding of the
grain refinement mechanism and the interaction of impurity elements or
any other alloying elements that influences process efficiency are the
most investigated research topics in solidification processing by
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lidification field for the keywords “solidification” and “grain refine-
ment”. The results are carefully filtered using enhanced keyword search
criteria. Refinement of microstructural constituents to achieve a better
mechanical property is an active area in various streams of solidification
research (casting, welding and additive manufacturing). One of the key
aspects of external field processing of liquid/solidifying metal is that the
refinement is unrestricted by the alloy chemistry and brings significant
reduction to the primary intermetallic phases and grain structures
[9,10]. The keyword search for prominent external field techniques such
as “ultrasonic” and “magnetic” fields together revealed a significant
contribution to solidification processing (~35 % of total articles).
Studies in ultrasonic processing gained considerable interest due to the
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Fig. 1. Literature survey showing the number of publications that appeared in
the Scopus search for the keywords “Solidification”, “grain refinement”, “ul-
trasonic” and “magnetic” fields. The broad search results were further refined

by limiting unrelated keywords or topics.

versatility of application to Al alloy’s casting and degassing process
[11,12]. Significant interest has grown in the last decade due to the
application of ultrasonics in emerging fields like additive manufacturing
[13-15]. In casting and solidification, contributions by O.V. Abramov
[16,17] and G. I. Eskin [10,18] to the fundamentals of UST and the
commercial importance of applying UST to direct chill (DC) cast ingots
and degassing processes in Al alloys are notable. Several research works
published later on include lab-scale experiments that investigated (but
are not limited to) the role of solute [19-21] and nucleant particles on
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grain refinement [22,23], refinement of primary intermetallic phases
[20,21,24], solidification of immiscible systems [25], degasification
[26], development of metal matrix nano-composites [27], simulating
the effect of temperature gradient and fluid flow affecting the solidifi-
cation structure [28-31]. Transparent analogues [32-35] and water
models [36,37] were used to understand the cavitation phenomenon,
which progressed significantly with further advancement in in-situ
characterization using X-ray synchrotron imaging techniques [38-42].

Fig. 2(a) shows a photograph of the UST applied to Al-2.0 wt%Cu
alloy in a typical lab-scale experiment, while Fig. 2 (b and c) present the
macrostructures before and after UST [43]. It is interesting to note that
the grain refinement after UST is uniform throughout the ingot, and
identifying the mechanism responsible for such refinement is one of the
most debated and controversial research subjects. Fig. 2(d) shows the
classification of mechanisms reported for UST and other external field
methods. For UST, the commonly cited mechanisms include the
enhancement of nucleation and fragmentation of dendrites due to
cavitation and acoustic streaming. In most of the alloys examined after
UST (shown in Fig. 2(c)), the refined grains are non-dendritic and much
finer than the secondary dendritic arm spacing of the as-cast alloy. Due
to the spherical morphology and uniform distribution of the grains after
UST, earlier studies supported a nucleation-based mechanism for grain
refinement [44]. A pressure pulse mechanism (large undercooling
generated after bubble implosion) preferentially enabling nucleation on
impurity or oxide particles was proposed for the refinement shown in
Fig. 2(d) [12,44-46]. This idea was borrowed from high-pressure so-
lidification techniques. Here, the application of high pressure causes a
shift in equilibrium temperatures resulting in a large undercooling and
subsequently enhancing the nucleation of grains [47]. Secondly, the
nucleation mechanism is supported by studies that involve mechanical
stirring or semisolid processing methods whenever non-dendritic,
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Fig. 2. (a) Photograph of UST applied during the solidification of Al-2.0wt%Cu alloy. Macrostructures showing the grain structure before (b) and after UST (c) [43].
(d) A schematic outline of the classification of mechanisms reported for ultrasonic processing, other external field techniques and the role of solute.
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spherical grains are noted (usually under high stirring speeds) [48-50].
This nucleation is likely due to the activation of non-wettable oxide
particles as a result of intense convection and low temperature
gradients.

The concept of dendritic fragmentation through shearing and
remelting of secondary dendritic arms was also adopted from the
semisolid processing techniques [51,52]. However, the visualisation of
cavitation bubbles becomes possible in metallic melts with the help of
the in-situ techniques that advanced the understanding and established
the roles of cavitation bubbles and acoustic streaming in the fragmen-
tation of solid phases [38-41]. The dynamic life of oscillating and
imploding cavitation bubbles, the role of streaming flow enabling
fragmentation and the distribution of fragmented phases are evident in
these investigations [40]. Thus, it is generally agreed that cavitation and
fluid flow-associated (e.g. by acoustic streaming) fragmentation is
responsible for the refinement observed after UST.

Recent research by the authors indicated that many disputes exist on
the mechanism of grain refinement within the external field processing
of solidifying alloys (e.g. ultrasonic, magnetic, electric and mechanical
stirring methods) [53,54]. Currently, no mechanism is universally
accepted or explains refinement in the recognized technique (for
instance, stirring, electric or magnetic field solidification techniques)
[54,55]. Researchers also recognized that the dominant mechanism
(either nucleation and/or fragmentation) could shift as influenced by
changes in solidification conditions (conventional, directional, or in-situ
methods) [53]. In the case of UST, the refinement mechanism is often
associated with cavitation and fluid flow caused by acoustic streaming.
However, one of the most underexplored mechanisms is the formation of
fine grains due to an applied high-frequency vibration during solidifi-
cation [54-56].

The frequencies of mechanical vibration techniques can range from
as low as 20 Hz up to 10 kHz [57]. Usually, vibrations are applied
through the mould wall (through the vibrating table) [58] or by direct
irradiation. These vibrations induce refinement by ejecting fine crystals
from the vibrated rod (regions surrounding the vibrator) [59] or
detaching dendrites from the mould wall and melt surface
[12,53,54,57]. The effect of vibrating frequency, amplitude and tem-
perature range of solidification was studied to produce the finest grain
structure in the ingot and also to understand the mechanisms of
refinement [60]. In contrast, ultrasonic vibrations have lower amplitude
and frequencies over 16 kHz, which is powerful enough to create unique
(capillary) wave patterns and cavitation at the bottom surface of the
sonotrode [61-63]. This principle is largely explored in ultrasonic at-
omizers to produce fine liquid droplets or liquid metals to produce
powder particles [64,65].

Solidification research in UST has not explored the role of ultrasonic
vibration effects in generating fine grains and their contribution to the
overall grain refinement [56]. Therefore, the main objective of this re-
view is to explore and highlight the formation of fine grains through
high-frequency vibrations during UST. In order to explain this mecha-
nism, the first section presents a brief review emphasizing the role of
solute and potent nucleation particles. The attributes of the role of solute
and potent particles contributing to the UST refinement are well-known
and are shown in Fig. 2(d) [53,54]. Secondly, this review discusses the
role of cavitation in producing fine grains. Some pertinent questions to
address are ‘does the formation of fine grains require the occurrence of
cavitation and implosion of bubbles?’ and ‘what is the role of acoustic
streaming?’. A comparative study of cooling rate vs cavitation-induced
fragmentation is examined in Zn-based alloys for the refinement of the
primary CaZn;3 intermetallic phase in Zn-Ca-Cu alloys [66].

The final section of this paper critically compares the refinement and
the mechanism that promotes grain refinement in lab-scale conditions vs
the direct chill (DC) casting process that employs UST in large-scale
castings [30,31,67]. The importance of cold zones in the casting and
how the onset of solidification near the relatively cold zones can produce
finer grains when separated by vibration or agitations will also be
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discussed [54,55,68].

The reader should be aware that, in this review, fragmentation refers
to the new solid phases/fragments created from the already solidified/
solidifying grain or primary intermetallic phase. For the grains origi-
nating from the mould wall or vibrating surface, the term separation
(coined by Ohno [69,70]) was used because such crystal multiplication
is different from the fragmentation of a dendrite or nucleation from the
suspended heterogeneous particles within the melt.

Recently published review articles have summarized the effects of
UST during in-situ solidification [9] and in conventional solidification
for the origin of fine grains (including other external field methods)
[43,54]. Therefore, such mechanisms or ideas will not be repeated here
for brevity. However, some results are reproduced or discussed here
briefly to provide adequate background for the mechanistic viewpoints
highlighted in this review along with a few additional experiments.

2. Ultrasonic processing conditions, alloy systems and
solidification variables

Fig. 3 shows the outline of some of the prominent alloy systems and
solidification variables reviewed for grain refinement and primary
intermetallic phases. Solute and potent particles are important
contributing factors to grain refinement. Pure metals can be generally
characterized to have unknown nucleant particles (oxides or other im-
purities) and an inadequate amount of solute. Solute addition in eutectic
or peritectic alloys promotes refinement, which is explained by a growth
restriction factor (GRF= mCy(k — 1), where m is the slope of the liquidus
line and k is the partition coefficient for solute content Cp = 1.0wt.%)),
Generally, higher GRF of solute and potent particles added through
grain refining master alloy constitute a better refinement [8,71]. Dis-
putes still exist regarding the mechanisms based on circumstantial evi-
dence specific to the casting condition and alloy composition. For
instance, in pure metals and eutectic alloys (e.g., Mg-Al, Mg, Zn, Al-Cu
and Al-Si alloys), the formation of non-dendritic grains is supported
by the activation of oxide or impurity particles (by a pressure-pulse
mechanism [12,44-46]), while in peritectic alloys (Mg-Zr [72] and Al-
Ti or Al-Cu-Ti alloys [43]) the UST refinement is attributed to the
enhancement of nucleation on potent particles. Fragmentation of den-
drites by cavitation or fluid flow is endorsed in both these cases as an
additional mechanism. Few alloys solidify with a large fraction of pri-
mary intermetallic phases (mainly Al alloys used in non-structural
components compared to Mg alloys) in which the dominant mecha-
nism for refinement is fragmentation by cavitation and fluid flow,
although some oxide particles are found as nucleating substrates after
UST [43,73]. The refinement induced by cavitation and acoustic
streaming (for a given volume of melt) is dependent on the intensity of
the applied power of UST [74]. However, for the separation mechanisms
listed in Fig. 2(d), several additional factors could play a dominant role
in generating fine grains. Some of these include the temperature of the
mould (promoting mould wall nucleation), vibrations or stirring applied
on the surface of the melt, sonotrode preheat temperature and cooling
rate, as shown in Fig. 3 [53-55]. Finer grains generated by acoustic
vibration effects are often misrepresented as the grains formed due to
nucleation or fragmentation effects. Similarly, the cooling rate, UST
temperature range of application, and mould wall nucleation can affect
the dominant mechanism for the refinement of primary intermetallic
phases. All the listed solidification variables in Fig. 3 are separately
discussed in the respective sections in detail for grain refinement and
primary intermetallic refinement. Since the role of solute and nucleation
particles are widely reported and discussed in Al-based alloys
[19-21,75-77] and Mg-based alloys [72,78-80], this review explores
the application of UST to Zn-based alloys [66,81,82].

Some additional experiments performed in Zn-based alloys are listed
in Table 1. Zn-Al alloys are initially melted using high purity ingots in
the induction melting furnace (for nearly 3 kg) at an operating power of
8 kW and remelted in an electrical resistance melting for UST in a
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Fig. 3. Pure metals, alloy systems and solidification variables reviewed for the key mechanisms influencing grain and primary intermetallic refinement.

Table 1
UST of Zn-Al and Zn-Cu-Ca alloys, temperature range and phase transitions
during solidification.

Alloy Phase Cooling UST UST Ref.
composition transformations rate (°C/  temperature time
(wt%) during UST s) range (min)
Zn-0.5A1 L - 1-Zn 0.5 436-415 °C 3.0
Zn-1.0Al 433-410 °C
Zn-0.5Ca- L — CaZn;s3 0.5 620-420 °C 7.0

1.0Cu L — CaZn;3 4.0 600-420 °C 4.0

L — CaZn;s 4.0 600-450 °C 2.0 [66]

smaller crucible (850-900 g). To avoid oxidation of Ca-containing al-
loys, Zn-Ca-Cu alloys were melted under a protective gas environment
(1 % CO2 + SFg) at 720 °C. The ultrasonic system was made of a
piezoelectric oscillator (Sonics Model No. VCX1500, 20 kHz and 1.5
kW), operated at 40 % of maximum power in most of the experiments
using a Ti alloy sonotrode (20 mm diameter). The UST temperature
range of application and time duration are listed in Table 1. A detailed
schematic of the experimental setup for UST can be found in the refer-
ences [43,54]. Other experimental papers that support similar or
different mechanisms are discussed in individual sections. For pure
metals and specific alloy systems discussed in this review, the details of
master alloys used, UST and metallographic preparations can be found
in specific references.

3. Grain refinement of Zn-based alloys: Role of solute

Zinc is predominantly utilized in galvanizing applications to protect
structural steel components against corrosion [81,83]. Zn is also
commonly used as an alloying element in light metals and Cu-based
alloys [83]. Zn-based alloys are attractive for their lower processing
temperature, fluidity, good surface finish and corrosion resistance
[84-86]. Because of their hexagonal, densely packed crystal structure
and the associated lack of desired mechanical properties, most Zn-based
alloys are die-cast for small non-structural parts [87]. Foundry Zn alloys
contain Al as the primary alloying element, with concentrations ranging
from 4 wt% (hypo-eutectic alloys) to 27 wt% (hyper-eutectic alloys)
[84].

Fig. 4 shows the cooling curves, macrostructures, and microstructure
results of pure Zn in the as-solidified condition and after UST is applied
at a range of temperatures specified in the respective cooling curves by

start and end points [81]. Fig. 4(a;-ag) show the cooling curve and grain
structure of high purity Zn without UST. In the as-solidified condition,
grain growth starts from the mould wall regions (side and bottom walls)
and extends to the centre of the casting with an average grain length of
8.8 &+ 3.7 um. In addition, a columnar grain zone was found in the top
region of the casing where the melt is exposed to air (8.3 + 1.9 mm);
however, this zone occupies a relatively smaller area compared to the
grain growth observed from the side walls of the mould [54]. Fig. 4(b;-
bs) show the cooling curve during UST at the starting temperatures of
450 °C, applied for nearly 9 min during solidification. The macrostruc-
ture in Fig. 4(by) shows two distinct zones containing columnar and
equiaxed grains. These columnar grains are aligned perpendicular to the
mould wall with limited lateral growth and are finer than the columnar
grains seen in Fig. 4(az). The microstructure observed from the equiaxed
region is shown in Fig. 4(bs). The grains are equiaxed yet display a
dendritic growth with an average grain size of 422 pm. Interestingly,
when the UST temperature is decreased to 440 °C (Fig. 4(c1)), the
columnar grains from the mould were eliminated, as shown in Fig. 4(c3),
and the microstructure shows finer non-dendritic grains.

The observations related to the fine columnar growth (Fig. 4(bs))
were not observed in pure Mg for similar casting conditions [78]. The
grains observed in pure Zn after UST at 440 °C are significantly finer
than those in pure Mg and, clearly, this refinement in pure Zn is asso-
ciated with UST applied at a lower temperature range. Fragmentation of
dendrites from the columnar grains could explain the equiaxed zone
observed in Fig. 4(bg); however, the non-dendritic equiaxed grains
without significant growth of columnar grains from the mould wall
observed in Fig. 4(c3) can only be explained by a nucleation mechanism.

Fig. 5(a and b) show the cooling curves of hypo-eutectic Zn-(0.5 and
1.0)Al alloy before and after UST. UST was applied at 20 °C above the
liquidus temperature of the alloys and terminated after 3 min (indicated
as start and end in Fig. 5(b)). The resulting macrostructures are shown in
Fig. 5(c and d) for Zn-0.5Al alloy before and after UST, respectively. A
comparison of Fig. 5(c) with the macrostructure of pure Zn (Fig. 4(az))
indicates that the addition of 0.5 wt% Al resulted in excellent grain
refinement in the as-cast condition. The grain structure was uniform
throughout the cross-section, with equiaxed grains having an average
size of 313 + 37 um (Fig. 5(e)). Studies by Liu et al. have also noted a
similar refinement tendency in the as-cast condition with the addition of
Al, Cu, Mg [88] and Ag [89] to Zn, resulting in excellent grain refine-
ment. Notably, this considerable grain size reduction (from over 1000
um for the as-cast pure Zn to less than 200 um) has occurred at lower
addition levels of alloying elements, typically between 0.2 and 0.4 wt%
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[90,91]. UST during solidification improved the refinement further, as
shown in the microstructure (Fig. 5(f)). However, the difference is
barely noticeable from the macrostructure (Fig. 5(d)), and the
improvement is marginal (214 + 15 um) when considering the refine-
ment produced by the addition of Al alone. The grain size increased to
464 + 112 pm and became dendritic when the Al concentration was
increased to 1.0 wt% (Fig. 5(g)). The refinement produced by UST for
Zn-1.0Al alloy for the same temperature range is finer and non-
dendritic. An important and noteworthy observation is that when the
casting conditions already promote fine and equiaxed grains, UST dur-
ing solidification offers only a moderate improvement (Fig. 5(e and f)).
Considering the grain refinement produced by the lone addition of Al in
the as-cast condition, the refinement mechanism after UST could be
related to nucleation enhancement.

Fig. 6 summarizes the important observation for UST grain refine-
ment in pure metals and alloys containing solute and potent particles.
When potent particles and solute with high GRF are present (Mg-1.0Zr
alloy [43,53], Al alloys added with Al-Ti-B master alloy [22,23]), the
grain refinement is significant (<100 pm) compared to the cases where
low solute (Mg-3.0Zn [79], Al-2.0Cu alloys [77]) and impotent particles
(Mg-1.0Zr-0.2A1-0.01Be [80], Al-Si-Ti alloys [29]) are present in the
alloy. Alloys with higher solute contents that solidify dendritically in the
as-cast condition results in better grain refinement after UST (Mg-6.0Zn
[79] and Zn-1.0Al alloys). Further additions of solute or potent particles
could reduce the grain size in these alloys. Therefore, when higher solute
and potent particles are present, heterogeneous nucleation is enhanced
by utilizing the physical effects of cavitation and streaming. However,
when pure metals are subjected to UST, temperature-dependent grain
refinement was noted (Fig. 4(c3)). Clearly, a shift occurs from alloy
chemistry-induced refinement to physical modes of refinement (sepa-
ration mechanisms), where a low-temperature application of UST pro-
duces better refinement. This grain formation will be further explored in
later sections.

4. Refinement of primary CaZn,3 intermetallic phases in Zn
alloys: Effect of cooling rate

Recently, there has been a substantial increase in Zn alloy research
due to their potential applications as degradable implant metal. In this
application, Zn was combined with biocompatible alloying elements
such as Ca, Cu and Fe, etc. These new alloys present additional chal-
lenges due to the formation of hard, brittle and coarse primary inter-
metallic phases in their as-cast structure [92-95]. Fig. 7 presents an
example of a Zn-1.0Cu-0.5Ca alloy designed for biomedical application
by the authors and describes the results of the application of UST to
refine the primary CaZn;s phase [66,82]. Without UST, the cooling
curves in Fig. 7(a) indicate the precipitation of the peritectic CaZn;s
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phase at 585-587 °C and the nucleation of 1-Zn grains at 420 °C. A
cooling rate of 0.5 °C/s was achieved by solidifying the alloy within the
hot crucible in which the alloy was melted. A slightly higher cooling rate
(4.0 °C/s) was promoted by transferring the alloy melt into another
crucible preheated at 150 °C. UST-1 was applied from 620 °C and
terminated before the onset of n-Zn without affecting the grains during
solidification (at 420 °C). UST-2 and UST-3 were applied from ~ 600 °C
due to the faster cooling rate and terminated at 420 °C and 450 °C,
respectively. For UST-3, the alloy melt was immediately poured into a
steel mould to arrest any further growth of the intermetallic phases and
to compare the refinement produced by solidifying the alloy in the
crucible (UST-2).

Fig. 7(b) shows that the primary dendrites of CaZn;3 phases without
UST are long, measuring over 500 um. Several remelted pieces are
dispersed inside the matrix, each with a sharp interface that appears
faceted, star-like, or petal-shaped. UST significantly refined the den-
dritic phases to become finer and polygonal phases without the dendritic
structure in the microstructure, as shown in Fig. 7(c-e). Fig. 7(f) depicts
the measurement of primary intermetallic phases before and after UST.
The average size of primary intermetallic phases is decreased from
greater than 100 pym to less than 20 pum, with reduced deviations noted
for UST-2 and UST-3 due to faster cooling rates. SEM images in Fig. 7(g)
show the representative image of the coarse dendritic structure of
CaZni3 phases in No UST-1 and after UST-3, for which the best refine-
ment was noted.

The reduction in the size of primary intermetallic phases is attributed
to the fragmentation effects of cavitation bubbles and fluid flow caused
by acoustic streaming, along with the possibility of impurity (oxide)
particles assisting nucleation [40,41]. Interestingly, the results in Fig. 7
showed that the finer structure after UST is associated with a higher
cooling rate. The best refinement was noted for UST-2 (4 min at 4.0 °C/
s) and UST-3 (2 min at 4.0 °C/s) compared to UST-1 (7 min at 0.5 °C/s)
during solidification. It is reasonable to assume that a longer treatment
time could enable more fragmentation of solid phases by cavitation
events along with acoustic streaming. However, solidification condi-
tions, such as the cooling rate, in this case, play a greater role in
achieving the best refinement. The mechanisms for this refinement will
be detailed in the later section.

5. Understanding the formation of non-dendritic/spherical
grains

Considering Fig. 4(cg) and Fig. 5(f, h), one of the main reasons to
support the mechanism of nucleation during UST in pure metals and
alloys is due to the formation of fine, non-dendritic/spherical grains,
although in most cases, the nucleation particles are unknown/not
characterized. This section will summarize the important efforts and
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Fig. 6. Role of solute, potent, impotent (or unknown) particles and temperature range of UST influencing grain refinement in pure metals and alloys.
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Fig. 7. (a) Cooling curves of Zn-1.0Cu-0.5Ca alloy in the as-cast condition and after UST at two different cooling rates (0.5, 4.0 °C/s) showing the temperature range
of UST (UST-1 to UST-3). Microstructures images showing the CaZn;3 primary intermetallic phases (b) without UST, and after (c) UST-1, (d) UST-2 (e) UST-3
respectively. (f) The average size of CaZn;3 phases before and after UST at the specified temperature range. (g) SEM images show the coarse, dendritic
morphology of CaZn,3 phases before UST (No UST-1) and the best refinement achieved after UST-3 with finely dispersed polygonal phases [66,82].

attempts made to capture and characterize the origin of the non-
dendritic fine grains through dedicated experiments of UST applied
during solidification.

5.1. Melt quenching experiments and castings with gauze barrier inserts

The schematic of the solidification arrangement in a clay-graphite
crucible is shown in Fig. 8(a) and the corresponding cooling curve in
Fig. 8(b) for the Al-2Cu alloy. The dashed lines represent the placement
of stainless-steel gauze barriers inside the solidifying melt to capture and
arrest the movement of grains. Three sets of experiments were con-
ducted in this study. Firstly, the stainless-steel mesh was placed inside
the molten alloy before UST, followed by the application of UST for
nearly 4 min (from 40 °C above liquidus temperature) before the
sonotrode was removed from the melt. Fig. 8(c) shows the macrostruc-
ture consists of fine grains within the enclosed mesh surrounding the
sonotrode and these grains are fine and non-dendritic as demonstrated
in the microstructure. The second set of experiments used a preheated
silica tube (5.0 mm diameter) that was inserted into the melt beneath the
sonotrode during UST at the specified times shown in Fig. 8(b) and then
quenched immediately in cold water. The tube sampling points are
marked as 1 to 4 in the cooling curve (Fig. 8(b)), corresponding to 0 s (at
liquidus temperature), 20 s, 40 s, and 80 s (after reaching the liquidus
temperature), respectively. In the third set of experiments, separate

ingots were solidified at the same stopping points (points 1-4) to
correlate and understand the formation of fine grains at various stages.
Fig. 8(d) shows the macrostructure of the ingot samples and the
microstructure of the quenched (tube) samples from points 1 to 4.

For the macrostructure refinement observed in Fig. 8(d) at point 1,
UST was applied from 40 °C above the liquidus temperature and
terminated at the liquidus temperature. The microstructure (tube sam-
ple) extracted from the top of the melt showed no equiaxed grains, with
the dendritic structure prevalent in the quenched microstructure. This is
because most of the fine grains during UST will be carried by acoustic
streaming and settles to the bottom of the crucible forming an equiaxed
zone after the vibration is stopped. This is observed in the macrostruc-
ture refinement in which a significant number density of equiaxed grains
settles to create an equiaxed zone nearly occupying 50 % of the ingot’s
cross-section. After 20 s (at point 2), a few spherical grains start to
appear in the microstructure sample, and the number density increases
at 40 s (point 3). After 80 s (point 4), the microstructure consists of a
maximum number of non-dendritic or spherical grains because more
grains are being circulated at the top of the casting where the sample
was taken. A clear distinction between equiaxed and coarse grains in the
macrostructure is imperceptible after 20 s due to the formation of the
mixed zone in the middle of the cross-section. However, after 40 s, the
casting is almost filled with equiaxed grains. The spherical grains
measured using the tube sample range from 70 to 100 ym, while the
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Fig. 8. (a) Schematic layout of the cross-section of the ingot indicating the locations of sonotrode, thermocouple, insertion depth of silica tube and stainless-steel
mesh arrangement within the casting. (b) The cooling curve of Al-2.0Cu alloy shows the time at which the tube samples (points 1-4) were extracted during UST.
(c) Macrostructure after UST with stainless-steel mesh trapping the fine grains within the mesh region. (d) Microstructure represents tube samples extracted at points
1 to 4 marked in (b) and separate solidification experiments conducted at these stopping points to observe the corresponding macrostructure refinement after

UST [77].

equiaxed grains in the solidified ingot range from 150 to 200 pym. Thus, it
can be understood that no significant growth happened between the
quenched and solidified sample, and these findings reveal that the
spherical and fine grains originate beneath or surrounding the sono-
trode. Secondly, these grains do not appear to grow to a bigger size or
become a dendrite grain; therefore, it is rational for the researchers to
refer to this grain origin as nucleation instead of attributing such to the
fragmentation mechanism [77].

5.2. UST applied after the onset of solidification in pure Mg/Mg-6Zn alloy

The results obtained from the methodologies adopted in Fig. 8 pro-
vided a better view of the formation of fine grains beneath the sonotrode
and provided a basis for performing UST after the onset of nucleation
during solidification, as shown in Figs. 9 and 10. UST was applied to
pure Mg, Mg-6.0Zn alloy and pure Zn after the onset of the nucleation
stage during solidification to capture the origin of fine grains at the
sonotrode-melt interface. Fig. 9(a) shows the cooling curve of pure Mg.
The UST duration (2 min) is highlighted at the end just before complete
solidification. The sonotrode was vibrated in the air before inserting into
the melt and this experiment has been repeated multiple times in pure
metals (Mg [78], Al [55] and Zn [54]) to check the consistency and
reproducibility of results. Fig. 9(b) shows the resulting macrostructure

consisting of coarse columnar grains near the mould wall regions,
because the onset of nucleation was undisturbed and the centre of the
macrostructure was occupied by fine equiaxed grains (Fig. 9(c)). As
observed in Fig. 8(c), the grains were produced beneath the sonotrode
and then dispersed into the equilibrium melt creating a sharp columnar
to equiaxed transition by impinging on the columnar grains (Fig. 9(d)).

Since the pure metal exhibits a large thermal arrest at a slow cooling
rate, a significant amount of liquid melt still exists at equilibrium tem-
perature and results in a refined structure (Fig. 9(b)). Therefore, a me-
dium solute-containing Mg-6.0Zn alloy was subjected to UST after the
onset of solidification. Due to the wider freezing range, UST was applied
for 1 min after the onset of solidification and two thermocouples were
used to measure the instantaneous melt temperature (TCy) and tem-
perature beneath the sonotrode (TCs). The cooling curves of Mg-6.0Zn
alloy during UST are shown in Fig. 9(e), with the insert images indi-
cating the locations of thermocouples.

Placing the sonotrode just above the melt surface (~30-40 mm in
height) warms the sonotrode tip to approximately 100-120 °C (TCs).
The thermocouple attached to the sonotrode revealed the increase in
temperature when the sonotrode was immersed in the melt, and the
temperature difference during UST was insignificant. The macrostruc-
ture in Fig. 9(f) shows that most of the cross-sectional area is occupied by
coarse dendritic grains, except the region (marked by dashed lines) close
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to where the sonotrode was immersed into the melt (~6 mm from the
bottom surface of the sonotrode). The microstructure sample sectioned
from the dashed region (inserted image in the macrostructure) shows
much better insight into the origin of fine/spherical grains closer to the

sonotrode. The average size of fine grains within the refined area is ~
120 pm (Fig. 9(g)), and these grains originate mainly from the bottom
surface of the sonotrode. The side surfaces of the sonotrode exposed to
the melt can be disregarded as they show only coarse dendritic grains.
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Fig. 9(h) shows the SEM image at the top region of the casting directly
beneath the sonotrode consisting of several layers of fine grains with the
solute layer in between the grains appearing as a bright network. The
topmost layer in the SEM image shows numerous freely suspended
grains, indicating that they might have separated due to vibration when
the sonotrode was removed from the melt.

5.3. UST applied after the onset of solidification in pure Zn

Due to the limitations of the UST equipment in operating at high
temperatures, the sonotrode could not be preheated to the melting/
liquidus temperature of Al or Mg alloys. Thus, the occurrence of fine
grains in Al and Mg alloys could be argued as a transient effect due to
acoustic vibration using a low-temperature sonotrode (essentially a
high-frequency vibrating rod). However, as demonstrated in Fig. 4(bs)
for pure Zn solidification, a mixed structure can be created at a slightly
higher temperature range. Fig. 10 shows the results of solidification
experiments conducted in pure Zn after the onset of solidification. Here,
the sonotrode was preheated in a furnace at 600 °C for 2 hr, and UST was
applied with 60 % power output just before complete solidification for 2
min (Fig. 10(a)). As shown in the macrostructure in Fig. 10 (b), the
grains are still finer and equiaxed and occupy the centre of the castings’
cross-section. Interestingly, in Fig. 10(c), the enlarged image of the
macrostructure showed numerous porosities beneath the location where
the sonotrode was placed in the melt. Bright-field optical image in
Fig. 10(d) and SEM image in Fig. 10(e) show that these pores are
spherical, and the size distribution (20-200 um in diameter) corresponds
well with the measured size of cavitation bubbles in Al-Cu alloy melt
[38]. To the best of the authors’ knowledge, capturing the cavitation
bubbles in the solidified pure Zn ingot is unique compared to most of the
UST solidification work reported previously other than the in-situ works.
These cavitation bubbles are crowded near the sonotrode and are
noticeable up to 25-30 mm from the bottom surface tip.

The grain structure observed at the sonotrode/melt interface is
shown in Fig. 10(f and g). The average grain size observed in this region
is much finer than pure Mg or Mg-6.0Zn alloy (Fig. 9). Fig. 10(f) shows a
few large-sized bubbles along with several small ones surrounded by
numerous fine grains. There is no significant difference in the size of fine
grains, whether the grains are associated with large or small bubbles or
in the regions where no bubbles are noted. Besides, the presence of fine
grains above and below the bubbles (towards the sonotrode direction)
indicates that these bubbles do not influence grain formation. Fig. 10(g)
shows a high magnification image of a single bubble along with a so-
lidified layer that was also separated from the sonotrode. It should be
noted that cavitation can only occur if a considerable volume of liquid
melt is present in the cavitation zone. Thus, the sonotrode can be
assumed as hotter compared to Fig. 9, though the sonotrode can still act
as a heat sink. From Fig. 10(g), it can be inferred that solidification or
solid formation occurs locally surrounding/beneath the sonotrode, in
which either vibration alone or together with cavitation can separate
these solid layers as fine grains.

6. Grain refinement mechanisms: Origin of fine grains from the
sonotrode / solidifying metal interface and the role of cavitation

Ultrasound-induced crystallisation (also called sonocrystallisation)
has been studied in a wide range of organic liquids, including metallic
melts, for grain refinement [96]. The earlier reports on the crystal-
lisation phenomenon for grain refinement are largely studied in organic
liquids [97,98]. During ultrasonic irradiation, bubbles are created from
the impurities present within the melt, and after reaching a critical
resonant size, these bubbles implode (collapse) causing both chemical
and physical effects inducing crystallisation [96,98]. The chemical ef-
fects include a significant change in local temperature, pressure and
cooling cycles in the vicinity of bubble collapse [99]. Generation of high-
speed micro-jets with very high velocity, shock waves after collapse near
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a solid substrate and inter-particle collisions are responsible for inducing
physical effects and fragmentation (also known as sonofragmentation)
[96-98]. The aim of this review is not to present the ideas or discuss the
mechanisms reported for ultrasonic crystallisation in organic liquids, as
there is still considerable debate about the chemical and physical effects
of UST [96,98,99]. We will only attempt to examine the possibilities of
the theories and concepts extended to metallic melt for grain refinement
behaviour.

The formation and collapse of bubbles were expected to increase the
local temperature and pressure estimated using the Clausius-Clapeyron
equation, substantially increasing the nucleation density [47]. For a
cavitation pressure of 200-1000 atm, the temperature change or
undercooling in pure Al melt has been estimated to vary from 1.5 to
7.4 °C [100]. Although in-situ studies during alloy solidification do not
reveal such a nucleation phenomenon [34,35,39], the formation of fine
grains observed in Fig. 9 and Fig. 10 could not be explained using
fragmentation theories. The next possible argument for supporting
nucleation on impurity or oxide substrates arises from the fact that
intense convection generated by acoustic streaming can promote a
nearly flat temperature gradient during solidification [28]. This mech-
anism was adopted from melt processing techniques that use mechanical
stirring or intensive shear mixing [50,101] solidification, where the
resultant microstructure shows non-dendritic or spherical grains at high-
stirring speeds (due to turbulent flow) [48,49]. In both these nucleation
mechanisms, undercooling generated by pressure pulses or by intense
convection plays a major role in nucleation. One of the underexplored
mechanisms for UST is the high-frequency vibrations responsible for
continuously producing grains from cold surfaces (vibrating sonotrode)
due to a larger thermal undercooling [12]. During UST, the sonotrode
placed over the melt surface can deliver significant thermal under-
cooling and is capable of generating fine grains continuously from the
surface of the vibrating rod [54,56]. Ohno [69,70] coined this type of
grain formation as a separation mechanism, in which fine grains are
continuously produced from the cold surfaces (stirring rod, mould wall,
vibrating rods) during agitation. It should be noted that several pieces of
crucial information behind the grain origin through the separation
mechanism are still elusive. Some of these include (i) the thickness of the
solidified phase initially formed on the mould wall or vibrating rod, (ii)
how the vibration splits the solid layers (either in one or as multiple solid
phases), (iii) their original size at the onset of solidification, (iv) rate of
production or separation and (v) survivability or growth for a given
alloy composition. Although several questions need in-depth in-
vestigations, the following sections are presented to propose a possible
mechanism for creating spherical grains during UST.

Fig. 11 aims to provide a simplified insight into the formation of fine
grains, explaining the role of ultrasonic vibration and cavitation bub-
bles. Fig. 11(a) shows a mesh-like regular structure of capillary waves of
liquid layer for a 20 kHz device operated at 1 W (low) power to capture
the wave patterns [61]. The distance between immediate crests was 155
um, and the droplet size produced was approximately half of the capil-
lary wavelength. Fig. 11(b and c¢) shows that the regular wave pattern at
a critical flow rate changes to irregular shapes (triangular or pentagon
shapes) with an increase in flow rate and after the occurrence of cavi-
tation (Fig. 11(c)). Fig. 11(d) shows the erosion pattern of the Ti sono-
trode (20 mm diameter) after UST in Al alloy, exhibiting irregular
patterns resembling Fig. 11(c). Though it is an oversimplification to
extend the principles of atomisation or droplet formation effect to grain
refinement during solidification, Fig. 11(e) shows the correlation of
droplet size with the grain size observed for various alloys from the
present work and reported elsewhere for Al, Mg and Zn-based alloys
[56]. The average grain size was found to lie within the droplet size
range of liquids reported for a 20 kHz device. The main difference is that
the liquid droplets ejected from the sonotrode are replaced with solid
layers (~70-100 pm thickness) that are separated by capillary excita-
tion. Assuming a layer of solidification occurs beneath the sonotrode,
the concept of capillary excitation was responsible for the separation of
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Fig. 11. Standing capillary waves showing
(a) regular pattern on the surface of the
atomiser and the change in patterns observed
at (b) critical flow rate and (b) after cavita-
tion and ejection of droplets [61]. (d) The
erosion pattern obtained for Ti sonotrode
(20 mm diameter) after UST in Al melt re-
sembles the pattern shown in (c). Compari-

son of grain size reported for several Al, Mg
and Zn-based alloys under similar casting
conditions to the droplet sizes reported for a
20 kHz device [56]. (f) Microstructures of
pure Zn and Mg-6.0Zn alloy just beneath the
sonotrode showing the grain structure.
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grains at a characteristic distance along the horizontal direction (crest-
to-crest distance of 155 um without cavitation [61]). The vibration along
the principal direction (amplitude of vibration) is responsible for the
separation along the principal direction of propagation. For example,
Fig. 11(f) shows the microstructure of pure Zn and Mg-6.0Zn alloy
observed at the sonotrode/metal interface. The dashed lines are actually
grain boundaries indicating that these grains are separated along the
horizontal and vertical directions. The grains observed in Mg-6.0Zn
alloy without any cavitation bubbles show a certain degree of continu-
ity along the horizontal direction. This pattern is difficult to observe in
pure Zn (Fig. 11(f)) because of the formation of cavitation bubbles and
the implosion events occurring in the cavitation zone. Thus, the grain
size typically ranging from 80 to 150 um in most of the solidification
experiments is produced by the excitation of vibrations (capillary exci-
tation) at a characteristic distance, causing periodic solidification and
ejection of grains. It should be noted that this mechanism of fine grain
formation requires the formation of a solid layer (due to the thermal
undercooling) beneath the sonotrode. The importance of thermal
undercooling and cold zones in a casting condition is detailed in a later
section.

A simplified schematic is provided in Fig. 11(g) for the capillary
excitation. Either a regular (Fig. 11(a, b)) or irregular vibration with
cavitation (Fig. 11(c)) can break the solid layer into finer grains. Once
the solidified layer is removed, this is transported by acoustic streaming
into the melt, exposing the sonotrode with a fresh layer of liquid
(equilibrium) melt and causing the second cycle to occur. In addition,
acoustic streaming generates a low temperature gradient throughout the
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melt where the liquid is undercooled so that the new grains do not
remelt or grow into a dendrite. This mechanism is indeed hard to visu-
alize for vibrations occurring at 20 kHz frequency. The insert image in
Fig. 11(g) is an example of visualising the crystal formation surrounding
the vibrating rod (2 kHz frequency) in a transparent analogue [102].
Note that several aspects such as liquid layer wetting the sonotrode,
solid formation, effect of viscosity or any other factors needs a much
more detailed study to understand this UST grain refinement process.
The formation of cavitation bubbles with or without implosion can assist
the refinement further by accelerating the separation of the solid layer
into multiple grains or to smaller sizes, however, it may also interfere
with solid formation.

Finally, the aim of Fig. 11 is to explain why spherical, non-dendritic
grains are observed for pure and eutectic alloys and how they formed
during UST. These grains cannot be attributed to enhanced nucleation
on suspended impurity particles after an implosion event creating a
change in pressure or low-temperature gradients [44-46,75,103].

7. Refinement of primary intermetallic phases

The onset of crystallization of primary intermetallic phases occurs at
a relatively higher temperature (above the onset temperature of grains
solidification) and depends on the alloy composition. Due to a relatively
larger liquid fraction, cavitation and acoustic streaming-induced frag-
mentation mechanisms are expected to dominate the refinement of the
primary intermetallic phases during UST [43,73]. There are few prom-
inent alloy systems in Al and Mg alloys that solidify with primary
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crystalline or intermetallic phases, including primary Si [103,104],
AlsZr [105], AlsTi [106], Al-Zr-Ti [107], AlgFe [73], AlsNi [73], o/p- Fe
intermetallics [108] and those with grain refiner particles such as TiB, in
Al alloys and Zr particles in Mg alloys [43]. In addition to the frag-
mentation effects, activation of oxide particles has also been considered
as one of the possible mechanisms [43,106]. Water model experiments
with suspended particles are used to understand the modes of frag-
mentation caused by cavitation bubbles, shock waves due to the cavi-
tation cloud beneath the sonotrode and acoustic streaming [37]. For a
given volume, it has been verified with water models and simulations
that fluid flow and recirculation flow caused by acoustic streaming
continuously expose the particles to the cavitation zone to produce more
fragments [36,37]. Fig. 12(a) shows the best refinement conditions re-
ported for the primary intermetallic phases after UST. The extent of
refinement from a ‘no UST’ condition to after UST is dependent on the
temperature range of application, alloy composition, impurities and UST
time. Thus, making comparisons of the extent of refinement between
alloy systems is challenging.

Since the physical effects of UST dominate intermetallic refinement,
it is expected that a longer treatment time during solidification could
facilitate finer fragments or better refinement. However, in Fig. 7, UST
applied at a faster cooling rate of 4.0 °C/s for 2 min yields the finest
average size of 13 pm for CaZn;3 phases compared to a slower cooling
rate (0.5 °C/s) UST for 7 min (average size of 38 pm). This further re-
veals the importance of solidification conditions and understanding the
precipitation of intermetallic phases when external fields are applied.

Fig. 12(b) shows the schematic of two cooling conditions at the onset
of nucleation of primary CaZn;3 phases (~585 °C). Unlike in Fig. 11
where the sonotrode acts as a heat sink, the cold zones in Fig. 12 (b) are
located predominantly at the locations closer to the mould walls on the
side and at the bottom of the crucible. Fine columnar grains observed at
the mould wall in Fig. 4(by) exemplify the high-temperature UST trig-
gering nucleation along the mould wall regions at the onset tempera-
ture. Thus, after acoustic streaming establishes a uniform flow inside the
melt, the temperature gradient from the mould wall to the centre of the
solidifying melt is relatively flat for the slow cooling condition compared
to the fast-cooling state. Due to a flat temperature gradient, slow cooling
conditions start to nucleate a low number density of primary phases with
a noticeable growth in lateral directions (inferred from their larger
average size). Finer and a larger number density of precipitates are ex-
pected to form in fast cooling conditions with reduced lateral growth, as
shown in the schematic (Fig. 12(b)). At slow cooling conditions, acoustic
streaming can separate these phases from the wall only after significant
growth is attained in principal and lateral growth directions resulting in
the overall increase in the average size of phases. After separation from
the mould wall, and if cavitation is powerful enough to induce further
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fragmentation, one can expect an equivalent or nearly finer size for UST-
1 similar to UST-2/UST-3. Although it is indisputable that cavitation
could produce fragmentation of the primary phases, casting conditions
such as cooling rate still promoted the finest refinement. It is worth
noting that reducing UST time from UST-2 (4 min) to UST-3 (2 min) for a
constant cooling rate (4.0 °C/s) also produces similar refinement, indi-
cating that finer phases are associated with faster precipitation at the
onset of solidification and separation by acoustic streaming. Since the
activity of cavitation events is found to decrease exponentially with
respect to the distance from the sonotrode [105,109], intermetallic
refinement is controlled by cooling rate and acoustic streaming-induced
fluid flow.

8. Relevance of mechanism understanding to commercial
processes (DC casting process) and the role of cold zones in a
casting condition

Figs. 4 and 5 demonstrate the grain refinement of UST as a function
of alloy composition, while Figs. 8-10 describe the origin of fine grains
beneath the sonotrode. In all these lab-scale experiments, the sonotrode
was inserted through the top surface of the melt, where a significant heat
extraction occurs from the top surface of the melt. Fig. 13(a) schemat-
ically shows the cold zones (shaded regions) along the mould wall, melt
surface and beneath the sonotrode. Even though preheating is applied to
the sonotrode in some experiments, heat extraction through the sono-
trode is inevitable, and the sonotrode induces a significant thermal
undercooling in the melt. For instance, the sonotrode was not preheated
in Fig. 9(e), and the temperature of the sonotrode just before inserting it
into the liquid metal (at 620 °C) was approximately measured as ~
100-120 °C. Preheating of the sonotrode reduces the extent of this
thermal undercooling, however, this undercooling is much more sig-
nificant than the undercooling stated for pressure pulse theories or
intense convection generated by stirring techniques. As shown in
Fig. 11, high-frequency vibrations can produce a greater number density
of fine grains and fill the entire volume of small-scale castings within 2
min of UST (cooled at 1.0 °C/s). This also applies to Zn-based alloys.
However, the macrostructure in Fig. 4(bs) is an interesting case where
UST applied from 450 °C generates fine columnar grains from the mould
wall, indicating that the sonotrode region is hotter than the mould wall.
Also, it was found that in pure Zn solidification, the grain formation
explained using Fig. 11lceases after 4 min (at 440 °C) because the
sonotrode becomes hotter [81].

For commercial processes such as the DC casting process, it is not
possible to maintain the sonotrode at a lower temperature because the
hot melt will be continuously fed over the top of the casting. The so-
lidification happens along the water-cooled mould placed on the sides of
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Fig. 12. (a) Refinement of a few common primary intermetallic phases reported in Al and Zn-Ca-Cu alloys after UST [73,103,104,106-108]. (b) Schematic of the
mechanism of refinement for primary intermetallic phases at different cooling rates during UST [66].
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Fig. 13. (a) Cold zones at the onset of UST solidification in lab-scale experiments. (b, ¢, d) UST is used in the commercial direct chill casting process with one or
multiple sonotrode and the corresponding microstructures showing the refinement before and after UST [30,67,110].

the casting and continuously pulled in the centre at a specific casting
speed [30]. Several studies investigated the application of UST to the DC
casting process to predict and improve the flow conditions, temperature
gradients and microstructure refinement [30,31,67,110]. Fig. 13(b-d)
shows some examples in the DC casting of Al alloys, and this discussion
is focused only on the formation of fine grains. Fig. 13(b) shows the
application of UST to DC casting (155 mm diameter) of Al6061 Al alloy
[110]. It is interesting to note that when the sonotrode was submerged to
the level of the graphite ring, finer grains are observed at the half-radius
position after UST and the middle region shows elongated grains as
shown in the microstructure. The refinement observed at the half-radius
position faded when the sonotrode was further moved upwards (100 mm
above the graphite ring). Fig. 13(c and d) show the application of UST to
ultra-large ingots (1250 mm diameter, 2700 mm in length [67] and
1380 mm diameter, 4600 mm in length [30]). Due to the large diameter
of the ingots, 4 sonotrodes were used to treat the melt, as shown in
Fig. 13(c and d). The microstructure refinement reported in these studies
(Fig. 13(c and d)) before and after UST was insignificant compared to
the grain size refinement achieved with the small-scale experiments.
One of the key issues here is the mechanistic understanding of the
origin of fine grains. Typically, most in-situ solidification studies state
that fine grains are produced by fragmentation/remelting of dendrite
due to fluid flow or cavitation, subsequently generating grains from the
mushy zone, which is expected to produce a significant refinement in DC

13

casting conditions. Although fragmentation creating dendrites from the
mushy zone cannot be ignored entirely, this is insufficient to generate
significant refinement. In the DC casting conditions, finer grains can be
generated when the sonotrode is placed near the mould wall where the
onset of solidification occurs (Fig. 13(b)) than placing several sonotr-
odes in the centre of the melt (Fig. 13(c and d)). Thus, as marked in
Fig. 13(a), for small-scale castings, the most effective positioning for
producing fine grains is the top surface of the melt, while for DC cast-
ings, this is close to the mould wall locations. Relying on acoustic
streaming or cavitation to produce dendritic fragments (from the mushy
zone) was considered the least effective method to produce a higher
number density of fine grains, which is evident in the DC casting grain
refinement.

In summary, agitation in the form of cavitation, vibration or fluid
flow can produce fine grains only if the external fields are positioned
close to cold zones in the casting condition where the onset of solidifi-
cation occurs. In lab-scale conditions, the sonotrode itself acts as a heat
sink forming a cold zone surrounding the sonotrode, whereas, in DC
casting, the cold zone is shifted to the regions close to the mould wall. A
low-frequency magnetic field applied through the mould wall producing
excellent refinement from the edge to the centre of the ingot is the best
example to understand the effect of the mould wall-induced fine grains
in the DC casting condition (200 mm diameter) [111].
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9. Summary and outlook

Ultrasonic processing of metallic melts during solidification has been
critically reviewed for the mechanisms (nucleation and fragmentation of
solid phases) and the casting conditions (cooling rate, cold zones in the
casting, alloy composition) promoting refinement of primary interme-
tallic phases and grain structure. For any given temperature range of
UST application, the presence of potent inoculant particles offered the
best refinement mainly by increasing the number density of active
nucleating substrates. UST solidification in pure metals and other
(eutectic) alloy systems with dilute or higher solute contents exhibit a
non-dendritic, spherical grain structure, which was often attributed to
the enhancement of nucleation on oxide or impurity particles due to
cavitation induced undercooling. A series of experiments were designed
to find the origin of these fine grains using gauze barriers, melt
quenching and applying UST after the onset of nucleation in eutectic
alloys and pure metals. These experiments revealed that the non-
dendritic, fine grains (size ranging from 80 to 150 pm for most alloys)
are generated from the bottom of the vibrating sonotrode. Significant
thermal undercooling induced by the cooling at the melt surface and
regions closer to or beneath the sonotrode promote a local solidification.
Cavitation or vibration could separate these grains from the sonotrode
surface, while acoustic streaming disperses these grains throughout the
remaining melt volume. The mechanism of grain separation from the
sonotrode was explained using capillary excitation at the bottom surface
of the sonotrode. Further exploration is needed to understand this grain
formation mechanism because this effect generates excellent refinement
in most alloys.

In contrast to the grain formation mechanism, finer primary inter-
metallic phases are greatly influenced by the cooling rate of solidifica-
tion as nucleation is expected to occur along the mould walls. Acoustic
streaming (fluid flow) plays a major role in causing their separation/
remelting at the onset of nucleation. Because a higher number density of
precipitation at faster cooling rates (4.0 °C/s) results in the finest
average size of CaZnj 3 phases for 2 min UST compared to a 7 min UST at
a slower cooling rate (0.5 °C/s).

In lab-scale solidification conditions, cold zones are located at the
top of the melt surface where the vibrating sonotrode can effectively
produce finer grains. This cold zone is shifted to the locations close to the
mould wall regions in the DC casting process. One or multiple sonotr-
odes, when placed in the centre of the melt, yield an insignificant
refinement in the DC casting when compared to the refinement achieved
by placing the sonotrode at the half-radius position. Therefore, in cases
where the vibrating sonotrode could not act as a cold source, a relatively
better refinement could be promoted by locating the vibrations or agi-
tations closer to the cold zones where the onset of solidification occurs.
The extent of refinement will be much better if the solidification occurs
on the vibrating surface (with or without cavitation) than on the other
surfaces elsewhere in the casting (e.g. mould wall in DC casting).
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