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Abstract

Grain refinement of an Al-2Cu alloy using ultrasonic treatment was investigated numerically.
A finite element model coupling fluid flow and heat transfer was developed and validated by
comparing the results of both numerical simulations and physical experiments. The model
successfully describes hydrodynamic fields generated by ultrasonic treatment and its influence
on heat transfer. The simulations were used to study the influence of the duration of ultrasonic
treatment and the associated acoustic streaming on convection and the resulting temperature
distribution. It was revealed that a relatively cold sonotrode applied during ultrasonic treatment
for up to 4 minutes created a casting environment that promoted crystal nucleation and enabled
their growth and survival during transport of these grains into the bulk of the melt by strong
convection. The enhanced convection established a low temperature gradient throughout the
melt which favours the formation of an equiaxed grain structure. Therefore, the convection
induced by acoustic streaming plays a critical role in facilitating nucleation, growth, and
transport of grains.
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1. Introduction

The formation of the as-cast structure of metallic alloys is controlled by the nucleation, growth
and transport of grains within the melt, which in turn is affected by heat and solute diffusion
and convection which also control the morphology of crystals [1]. By controlling the nucleation
and the growth processes, the as-cast grain structure of alloys can be modified to promote
nucleation and restrict grain growth producing a refined structure.

It is well known that vibration induced ultrasonically, mechanically or electromagnetically, can
cause grain refinement that is similar to or better than chemical nucleation [1-4]. Ultrasonic
vibration characterised by high-intensity and low-amplitude is one of the physical/mechanical
means that have been demonstrated to refine the as-cast grain structure without using inoculant
particles [5-8]. Decades of research have revealed that UltraSonic Treatment (UST) is a
potentially efficient, clean and versatile technology. However, UST is still mostly confined to



the laboratory. There has been limited industrial application due to a lack of understanding of
the interactions between the ultrasonic field, the subsequently generated flow in the molten
metal, and solidification [9]. Hence, the development of computational models that
quantitatively describe hydrodynamic fields induced by ultrasonics are needed in order to
understand and optimise UST processes.

The basis of ultrasonic processing is the formation of cavitation bubbles, their pulsation and
collapse in melts subjected to high-frequency, high-power vibrations, and the resulting acoustic
streaming that extends the influence of ultrasound to a larger melt volume [10]. It has been
proposed that nucleation due to cavitation is caused by some mix of (1) an increase in the
melting point and thus undercooling of the surrounding liquid [11] and (2) an improved wetting
of the insoluble inclusions by the melt [12]. The undercooling of the first mechanism occurs
because of the increased pressure when bubbles collapse and, therefore, enhanced nucleation
can be expected [11]. The increased wetting of the second mechanism combines with substrate
activation, in which an inert particle (like an oxide, carbide or boride) floating in the melt
becomes an active substrate through the physical action of cavitation. The expansion and
collapse of cavitation bubbles produce melt jets and surges of high pressure and temperature
that strip the particles of absorbed gas and facilitate filling of the surface defects with liquid
aluminium — the so called sono-capillary effect [5-6, 9].

Another mechanism that may occur is the detachment of crystals that nucleate directly on the
sonotrode surface [12, 13]. When a cold sonotrode is immersed into the melt, there is a
significant temperature drop that initiates solidification on the sonotrode surface. Depending
on the condition of the surrounding melt and the sonotrode surface, the solidified grains will
either remelt, continue to grow, or be detached and swept into the bulk of the melt. The grains
formed on the radiating face of the sonotrode will be subjected to alternating tensile and
compressive loads due to vibration at the rate of the ultrasonic frequency possibly facilitating
detachment. Further, instantaneous fluctuations of pressure and temperature due to cavitation
may affect grain stability on the sonotrode surface. These fluctuations may cause a repeating
cycle of nucleation, growth and detachment of crystals from the radiating surface of the
sonotrode. The released grains or fragments would then be transported by acoustic streaming
into the rest of the melt. The mechanism of detachment may be similar to that of the
fragmentation of dendritic grains which has been proposed as an important contributor to grain
refinement by UST [5].

It is well known that ultrasound propagating through a viscous fluid can induce a mass flow
known as acoustic streaming. This phenomenon can in general be regarded as any flow
generated by the force arising from the presence of a gradient in the time-averaged acoustic
momentum flux in a fluid [14]. More strictly, it is described as the time averaged flow
circulating near a vibrating surface which is attributed to the friction at a solid boundary that is
vibrating and in contact with a fluid [15], or the steady flow in a fluid driven by the absorption
of high amplitude acoustic oscillations during the passage of an acoustic wave. The latter is
called “quartz wind” because it was observed when ultrasound piezoelectric quartz came into
use [16-18]. Acoustic streaming is a steady flow of fluid formed by viscous attenuation of an



acoustic wave. Using these concepts, Lighthill derived a Navier—Stokes based equation
describing acoustic streaming as a non-oscillatory Reynolds stress, i.e. a time-averaged
momentum flux in a fluid generated by the presence of a spatial gradient in the oscillatory
Reynolds stress [14]. This approach provided a sound theoretical basic with which to model
acoustic streaming under ultrasonic fields.

Computational modelling is a good way to explore the physics involved in UST [19-21], even
if the widely separated time and length scales have made UST simulation impractical due to
the significant computing resources and time required. In this paper, a computational model is
presented that simulates acoustic streaming induced by a sonotrode by simplifying the interface
between the sonotrode and the melt with the introduction of a momentum source over a volume
which equals the cavitation zone. The model is based on Lighthill’s acoustic streaming theory
[22], and assumes that all the acoustic energy absorbed by the liquid is converted into turbulent
motion, forming a jet under the sonotrode tip. Using this assumption, the Navier-Stokes
equations were solved using a ESI Group’s ProCAST virtual casting software [23], to
determine the hydrodynamic field in the melt. The model was validated subsequently by
comparing the results from computational simulations against obtained from experiments.

2. Experimental procedures

Four kilogram batches of Al-2wt%Cu alloy (Al-2Cu) were melted in an electric furnace from
commercially pure aluminium (99.7%) and pure copper (99.9%).

The ultrasonic device used in this work consisted of a 2 kW commercial ultrasound generator,
an air cooled 20 kHz transducer, and a sonotrode made of molybdenum based alloy with a tip
18 mm in diameter. About 1 kg of the alloy was melted and preheated inside a graphite-clay
crucible with dimensions 90 mm top diameter, 60 mm bottom diameter and 120 mm in height.
When the melt temperature reached 720+5°C the crucible was transferred from the furnace to
the experimental platform. When the melt temperature reached 694°C which is 40°C above the
liquidus temperature of 654°C, the powered sonotrode was immersed into the melt with the
radiating surface 15 mm below the top surface of the melt and left there for the following three
time ranges:

Range | - the UST was terminated at 660°C
Range Il —the UST was terminated at 654°C, and
Range 1l — the UST was terminated after 4 minutes

These three ranges are shown in Figure 1b. The procedure followed to terminate UST was to
remove the sonotrode from the melt, turn off the ultrasonic power and then allow the melt to
solidify.

Two K-type thermocouples were placed in the melt to one side of, and below, the sonotrode:
one close to the wall of the crucible and the other a further 12.5 mm from the wall. Both
thermocouples were placed 45 mm above the bottom of the crucible as indicated in Figure la.
A data-acquisition system collected temperature data by sampling 4 readings per second.



The cast samples were vertically sectioned along the centre symmetrical axis and prepared for
microscopic observation using standard metallographic techniques.

® 85 b) 700
a) 18

v \ T
694°C",

\
690 \

680

Sonotrode 670 + \

T/C2 TICA

¢

5750 [ S S

85
Temperature ("C)

650

45

640

= 0 50 100 150 200 250 300 350 400 450
12.5 Time (s)

Figure 1 Schematics of (a) the cast samples indicating the locations of the ultrasonic probe
(sonotrode) and thermocouples; and (b) the temperature ranges over which UST is applied: (1)
from 694°C (40°C above liquidus) to 660°C (Il) from 694°C to 654°C (liquidus), (111) from
694°C for 4 min to 653°C.

3. Computational model and validation

3.1 Mathematical model

The model is focused on the development of convective melt flow and its impact on the
temperature distribution in a crucible similar to that used in the experiments described above.
Figure 2 shows the geometric representation of the computational model and details the
boundary conditions applied at the various heat exchange interfaces. The heat transfer
coefficients (HTC) and the reference temperature (Trer) applied at each boundary are shown in
the inset table. A Tref of “‘Calc’ indicates that ProCAST calculates the appropriate temperature
based on the material temperatures adjacent to the boundary.

E F

. Boundary Boundary Type HTC (W-m2°CY) T, (°C)
aghb Melt-Crucible 900 Calc
AC & DB Crucible-Air 25 20
Aa & bB Crucible-Air 25 20
cD Crucible-Ground 50 20
ecdf Melt-Sonotrode 2000 Calc
_— Ee & fF Sonotrode-Air 10 20
i Sonotrode EF Constant Temp. - 20
-
1 Mol Uncavoton
a) & b)

Figure 2 (a) Schematic diagram of casting and sonotrode geometry and (b) a table of the
boundary conditions of the computational model duplicating the ultrasonic treatment condition.



The external surface of the crucible and exposed surfaces of the sonotrode and melt are air
cooled, and the bottom surface of the crucible has been defined with forced cooling conditions
to accommodate contact with the brick floor, as shown by section CD in Figure 2.

3.1.1 Acoustic streaming model

Acoustically induced ultrasound streaming has been modelled by assuming that the volume
underneath the sonotrode tip, shown in red in Figure 2, is a source of momentum that
accelerates the surrounding fluid downwards forming a jet. It is further assumed that the
acoustic energy P attenuates at a constant rate per unit length ra along the distance c, and the
rate of momentum of the jet rm equals the total acoustic momentum rate ra = P/c emitted from
the acoustic power source.

Lighthill [22] calculated acoustic streaming from the Navier-stokes equation at higher
Reynolds numbers by the following equation:

p(D- VD) = —Vp + uV2o + F 1)
where the force F causing streaming is the spatial variation of the Reynolds stress:

_ a(pmv,))

F}- - axi (2)
Where power ultrasound is characterised by high intensity and a low frequency, an acoustic
beam of substantial power delivers a jet at a point xj which carries a momentum resulting in a
force Fn. Assuming that the acoustic source releases its power as a narrow beam, this net force
or rate of momentum at a distance X along the sound beam is defined as

Fy=2(1—eh¥) 3)

Applying the solution for equation (1) in the case when a concentrated force F =P/ c is applied
by an acoustic beam of power P, the kinematic momentum is:

K = poFy =P§(1_e_ﬁx) (4)

For the work herein, a momentum source was used to impart the force generated by the acoustic
beam to the melt. The momentum source produced a total net force of about 0.024 N along the
Y axis vertically across a volume of approximately 2.3E-06 m? located directly underneath the
tip of the sonotrode.

3.1.2 Governing equations

The Al-2Cu alloy melt is incompressible and can be treated as a non-Newtonian fluid with a
kinematic viscosity and a thermal diffusivity that vary with temperature. It can also be assumed
that density variations of the aluminium melt are linear with respect to temperature and



restricted to the buoyancy term. The convective motion then can be modelled by the Navier—
Stokes equations coupled to an energy equation as shown in Equation (5).

Mass : 9 +div(pu)=0
or
X = momentum Ipu) + div(ouu) =- 4 + div(y grad u)+ S,
at Ix
¥y = momentum: a(aﬂ:\’) + div(pvu) =— ‘;P + div(u grad v) + SMy
] )y
z = momentum : a(‘;w) + div(pwu)=-— Zp +div(y grad w)+ S,
f z
a(pi)

Internal energy “or +div(pom)=—pdivu+divk grad T)+ P + S,

Equations of state: p=p(p,T) and i=i(p,T) )
In solving the governing equations using ProCAST in a three-dimensional domain, Gauss—
Lobatto—Legendre point distributions were used for the spatial discretization, while a high-
order splitting algorithm was used for the time discretization. A slip velocity is applied to all
melt-crucible and melt-sonotrode boundaries to avoid resolving the hydrodynamics boundary
layer. The slip velocity takes into account the viscous drag at the wall and the local velocity in
the bulk of the flow.

3.2 Validation of the model

Time-dependent temperatures were recorded through 2 thermocouples in the experiments to be
used to validate the model. As shown in Figure 3, the simulated temperatures for the case
without UST (Figure 3a) and that with UST (Figure 3b) show very good agreement with the
measured temperatures from the experiments.
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Figure 3. Cooling curves of the samples (a) without the sonotrode immersed, and (b) with UST for 4 minutes
(Tm- measured temperature through experiment, and Ts - simulated temperature, T1 and T, correspond to the
location of the thermocouples as indicated in Figure 1a)



In particular, the current simulation results reveal that the assumption of attenuation at a
constant rate, given by P/c, results in very good agreement between the simulated temperatures
and those measured by the thermocouples during the experiment. This comes about because
the acoustic energy P attenuates in the liquid and is converted into acoustic streaming. The
assumption in the current model is that this energy is equal to the kinematic momentum k which
is represented by a total net force of about 0.024 N along the Y axis vertically across a volume
of approximately 2.3E-06 m?® located directly underneath the tip of the sonotrode. In reality, a
small proportion of the total energy may disperse in other directions, e.g. horizontally, which
would conflict with the current assumption. However, the fact that all of the acoustic energy
contributes to the forced convection, which then reduces the temperature gradient, leads to the
excellent agreement achieved between the simulated temperatures and the experimental ones.

Figures 4a and 4b show respectively the magnitude of the velocity and solid fraction inside the
UST. Figure 4a; and 4a; reveals that the flow induced underneath the radiation surface of the
sonotrode produces a flow recirculation pattern. The melt flows downward to the bottom of the
crucible, and then it washes the bottom and side wall. The melt then travels along the outer
walls of the crucible at a lower velocity, before being swept into the region of the momentum
source once again. It can also be seen that acoustic streaming results in entrainment of the
liquid from the surrounding region forcing it to flow through the cavitation zone under the
sonotrode. This characteristic may be advantageous for ultrasonic casting because more metal
per unit time can pass through the cavitation zone. This simulated flow pattern is in agreement
with water and other analogue experiments [9, 24], and the maximum velocity of 0.38 m/s is
also close to the measured value reported in [25]. With an increasing solid fraction the
magnitude of the velocity is dampened. For example, the maximum magnitude of the velocity
is 0.38 m/s when ultrasonics is applied with a fraction solid of 0.1%, and then it drops to 0.32
m/s and 0.20 m/s when fraction solid reaches to 7.7% and 16.6% respectively. It is difficult to
maintain flow when the solid fraction reaches approximately 16.6% as shown in Figure 4as.
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Figure 4 Simulation results of (a) fluid velocity magnitude and (b) solid fraction (1 - after 1.36 seconds and solid
fraction 0.1%, 2 - after 115.76 seconds and solid fraction 7.7%, 3 - after 148.57 seconds and solid fraction
16.6%)

Simulation time : 1,36 sec Simulation time : 115.76 sec Simulation time : 148.57
by) Fraction solid 0.1% b,) Fraction solid 7.7% b3) Fraction solid 16.6%

The solid fraction shown in Figure 4b indicates that solidification occurred on the conotrode’s
side wall immediately the sonotrode was immersed into the melt. However, the insignificant
solidification observed on the radiation surface of the sonotrode indicates that the high level
streaming on the radiation face under the sonotrode swept the chilled melt from this area and
mixed this volume with the bulk of the melt. It was also found that during the entire cooling
and solidification process, the sonotrode became an additional cold source chilling the melt,
and the radiation surface of the sonotrode continuously sends cooler melt, or even partially
solidified grains, into the bulk of the melt. Figure 4b, shows that a certain level of solidification
occurs on the surface of the sample (the location of T/C1) with a solid fraction of about 0.1%,
with the total solid fraction reaching 7.7% at the simulation time of 115.76 seconds. The
simulated temperature is slightly lower than the liquidus temperature with no obvious solid
fraction in the T/C> location. This comes about not only because a very low volume solidifies
in this region, but also because the forced convective flow mixes the solidified phase with the
hotter melt, therefore, reducing the local solid fraction.

4. Results and discussion
4.1 Macrostructure of the cast samples

The macrostructures of the samples solidified without UST showing large equiaxed dendrites
in the central and lower parts of the sample and columnar dendritic grains at the top is shown
in Figure 5a. Applying UST produces interesting results. Terminating UST just a few degrees
above the liquidus, or UST over 694-660°C, produced a macrostructure similar to that of the
non-UST treated sample (Figure 5b). Terminating UST instead at the liquidus temperature, or
UST over 694-654°C, produced to a combination of refined non-dendritic or less-dendritic
grains in the bottom region and coarse developed dendrites in the upper region of the sample
(Figure 5¢). Applying UST for the 4 minutes from 694°C produced significant refinement
uniformly throughout the sample (Figure 5d).
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Figure 5 Macrostructure of the UST experimental specimens (a) No UST, (b) UST at 694-660°C, (c) UST 694-
654°C, and (d) UST from 694°C for 4 min

4.2 Effect of the non-preheated sonotrode on the melt temperature under the sonotrode

Figure 6 shows the simulated cooling curves at three points located under the sonotrode. The
locations of the three points are A, B and C depicted in Figure 6a. Figure 6b shows the cooling
curves at these three points for the case when the sonotrode is not immersed in the melt. The
temperature is observed to change gradually and resembles normal experimental cooling curves
for aluminium alloys. The temperature for point A is slightly lower than that of points B and C
and solidification occurs in the order of A, B and then C. The three points share a similar
solidification time of about 740 seconds. Figure 6¢ represents the case when the sonotrode is
immersed in the melt, but UST is not applied. The temperature at point A is observed to drop
instantly by 40°C and then continues to decrease to the liquidus temperature (654°C) at a
relatively slow rate. This significant reduced temperature is attributed to the localised chilling
effect of the immersed sonotrode. After 20 seconds, the temperature at point A has recovered
from the lowest point of 654°C to rise to 662°C. This is because the strong chilling effect from
a relative small volume of the sonotrode tip is not maintained due to rapid heating of the
sonotrode by the thermally conductive hot melt. However, the lower temperature at point A,
compared to points B and C, for the 240 seconds that the sonotrode is immersed indicates that
some chilling due to the sonotrode is maintained during nucleation and solidification. The
temperature at point B dropped rapidly by approximately 20°C and then the cooling rate at this
location also decreased. The temperature profile at point C reveals that the cold, stationary
sonotrode has little effect on the temperature at the centre of the melt. The total solidification
time when the sonotrode is immersed without activating the sonontrode, has been reduced from
740 seconds to approximately 720 seconds. This represents only a 2.7% reduction in the
solidification time. This indicates that the sonotrode has a limited thermal influence throughout
the melt, except for an increased cooling rate that is localized to the region surrounding the
immersed sonotrode. Figure 6d shows the cooling curves for the case when the sonotrode is
immersed in the melt and UST is applied. Similar to the case when UST is not applied, the
initial temperature dropped instantly. However, with UST, applied the temperature recovers
quite quickly and the temperature gradient reduces more rapidly due to the strong convective
flow induced by the UST. The convective flow enhanced heat dispersion also reduced the total
solidification time from the initial 740 seconds to 640 seconds (i.e. by 13.5%) as indicated
earlier.
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Figure 6 (a) Schematic of three points located under the sonotrode for validating the chill effect of the sonotrode
on the melt; and simulated cooling curves for (b) without sonotrode, (¢) no UST with immersed sonotrode, and
(d) UST with immersed sonotrode.

4.3 Effect of the UST conditions on the thermal environment of the melt

Figure 7 shows simulated temperature distributions across a vertical section of the casting (a)
without UST, (b) UST applied over temperature Range | (694°C to 660°C), (c) UST applied
over temperature Range Il (694°C to 654°C), and (d) UST applied over temperature Range 11
(694°C for 4 min).

Without UST, the temperature is distributed symmetrically, and the thermal contours show that
the heat dissipates through the crucible wall and the top open surface. The bottom part is the
coolest part of the melt followed by the top surface. Because of this type of thermal pattern,
the temperature gradient from the outer surfaces to the centre can be easily established and
maintained during the entire solidification process, and this kind of thermal condition can lead
to a progressive solidification mode.

Conversely, with UST, the forced convection induced by acoustic streaming significantly
enhanced the uniformity of the temperature distribution, and almost no obvious temperature
gradient exists between the outer surfaces and the centre of the melt during the UST process.
It is also noticeable that a relatively colder area exists around the vertical sides of the sonotrode
indicating a chilling effect of the sonotrode and weak flow capability in the area. Figure 7b:



shows the temperature field just after the sonotrode was removed from the melt when the
temperature at T/C, reaches 660°C. It can be observed that by the time UST is terminated, the
temperature was distributed uniformly throughout the melt, but the temperature gradient then
increased very quickly from the outer wall to the centre as shown in Figure 7b, and Figure7ba.
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Figure 7 Simulated temperature distribution of the melt (a) without UST: (al) 11% solid and (a2) 25% solid; (b)
UST terminating when the T/C; reached to 660°C: (b1) when UST was terminated, (b2) 10.8% solid, and (b3)
25% solid; (c) UST terminated when T/C; reached the liquidus temperature at 654°C: (c1) when UST stopped,

(c2) 10.8% solid, and (c3) 25% solid; and (d) UST from 694°C for 4 min: (d1)10.6% solid, (d2) 19.0% solid,
and (d3) 25.0% solid. The scale bar represents the temperature from 645°C in dark purple to 655°C in red.

When removing the sonotrode from the melt at the liquidus temperature of 654°C as measured
at T/C (Figure 1), the solid fraction was around 7.4%, and the melt was below the liquidus
temperature indicating that the solidified grains can survive remelting when UST is applied
(Figure 7c1). Like the case terminating UST at 660°C, after removing the sonotrode, the
temperature gradient increased very quickly from the outer wall to the centre as shown in
Figures 7c2 and 7cs. When extending the duration of UST to 4 min, UST continually flattened
the temperature gradient throughout the melt during the solidification stage (Figure 7d1) until
the melt lost its flow capability as the solid fraction reached around 16.6% (Figure 3bs). Once
acoustic streaming stopped, the temperature gradient then developed as indicated in Figures
7d2 and 7ds.

Figure 8 shows plots of the simulated cooling curves at T/C, and the temperature gradient
between two points corresponding to the location of the two thermocouples in the experiments.
Without UST, the temperature gradient developed and increased steadily with an increase in
the cooling time to 100 seconds until the temperature reached the liquidus. When the
temperature approaches the liquidus temperature, the temperature gradient decreased to almost
zero within 15 seconds. Then the temperature gradient increased again as shown in Figure 8a.
In comparison, the gradients when UST is applied were very unstable, and the tendency to
increase the temperature gradient is much slower than that without UST as shown in Figures
8b, 8c and 8d. If UST is terminated before solidification commenced, the gradient quickly
increased as revealed in Figure 8b.

The temperature gradient can be maintained at close to zero for a short period of time between
the start of solidification and the time when UST is terminated at 654°C. Once the sonotrode
is removed from the melt, the temperature gradient began to increase as shown in Figure 8c.
Extending UST to 4 minutes maintained a low temperature gradient for about 45 seconds
during the early stages of solidification. When point T/C; close to the side wall solidified, the



melt at this point lost its flow capacity, therefore the low temperature gradient cannot be
maintained and a continuous increase of the temperature gradient occurs. It can be also
observed from Figure 8 that as the time over which UST is applied is increased, the maximum
temperature gradient increases indicating a relatively high rate of heat dispersion during the
latter stage of solidification after UST has been stopped.
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Figure 8 Simulated cooling curve for the T/C, and simulated temperature gredient between T/C, and T/C; ()
without UST, (b) UST terminating when the T/C; reached to 660°C, (c) UST terminated when T/C, reached the
liquidus temperature at 654°C, and (d) UST from 694°C for 4 min

4.4 The mechanisms of grain refinement during UST

Ultrasonic vibrations in melts generate cavitation, the formation of cavities filled mainly with
gases that dissolve into liquid metal. This is considered to be the most important factor in terms
of the refinement of the as-cast grain structure [9]. Current simplified models are only capable
of simulating the coupled convection flow induced by acoustic streaming and the temperature
field of the melt as only part of the ultrasonic effects. So these models do not account for the
cavitation effect on solidification. However, it may prove that the other ultrasonic grain
refinement mechanism described in the Introduction, crystal nucleation on or near the surface
of the tip of the sonotrode followed by detachment, makes a significant contribution to reducing
grain size. This mechanism occurs in traditional castings when the melt is poured in a turbulent
fashion into metal dies. As the melt fills the die, the cooler melt near the top of the die walls is
the source of new crystals that are swept into the melt by the turbulence generating an equiaxed
structure [26]. Nucleation in this region is caused by thermal undercooling which is a similar
situation to the region under the sonotrode, only less vigorous. Crystals can nucleate on the



sonontrode surface, as occurs on the die walls, or in the thermally undercooled melt adjacent
to this location. Only the crystals nucleated on the sonotrode (or die wall) need to be detached.
The crystals nucleated near, rather than on, the sonotrode surface can be readily swept into the
melt.

Detachment has been proposed to be the dominant refinement mechanism for magnetic field
treatments including pulsed magnetic field (PMF), magnetic stirring in the weld pool and
solidification during casting [27-29]. When a cold sonotrode is immersed into the melt, the
local temperature decreases significantly generating thermal undercooling that initiates the
nucleation and solidification of crystals on or near the sonotrode surface. The simulations show
that the conditions produced under the sonotrode are ideal for this mechanism to operate while
UST is applied.

The relatively large volume of the whole sonotrode, air cooling from the transducer end, and
the good thermal conductivity of the sonotrode, result in a temperature gradient from the
sonotrode tip, the body of the sonotrode, and the transducer. Therefore a relatively cold
sonotrode can be maintained for the duration of the UST process, up to 4 minutes as shown in
simulated results for the temperature distribution in Figure 4. It is possible that both proposed
mechanisms, cavitation induced nucleation and detachment, occur together as cavitation
bubbles have been observed to form and grow in recent synchrotron studies [30-31].

It is proposed that acoustic streaming generates sustained convection sufficient to create a
uniform thermal environment throughout the melt. The low temperature gradient and the
undercooled region beneath the colder sonotrode establishes a location for continuous
nucleation, and enhances the survival of newly formed crystals as they are transported
throughout the melt while UST continues to be applied. Apart from the cavitation enhanced
heterogeneous nucleation mechanism, it is also possible that crystals are generated by a
continuous process of nucleation on or near the surface of the sonotrode, growth of these
crystals and detachment of those crystals formed directly on the radiating surface of the
sonotrode. Once crystals form by either of the above mechanisms on or near the sonotrode, the
new crystals are then swept into the melt by the high degree of convection caused by acoustic
streaming. Thus, optimising these conditions can produce a cast structure that is fully equiaxed.

5. Conclusions

A computational model was developed to simulate the convection caused by acoustic streaming
and its influence on the temperature distribution during the solidification process of an Al-2Cu
alloy. The model simplified the interface between the sonotrode and melt by introducing a
momentum source over a volume which equals the cavitation zone. Based on the acoustic
streaming theory proposed by Lighthill, the model assumes that all the acoustic energy
absorbed by the liquid is converted into turbulent motion, forming a jet under the sonotrode tip.
The Navier-Stokes equations were solved using the ProCAST virtual casting software to
simulate the hydrodynamic field in the melt. A detailed comparison of the experimental and
the simulations results was conducted looking at the influence of the duration of ultrasonic
treatment on the convective flow and the resulting temperature distribution. It was revealed



that the relatively cold sonotrode during ultrasonic treatment up to 4 minutes provides a
favourable environment for crystal nucleation on or near the radiation surface of the sonotrode
tip followed by detachment of grains nucleated directly on the sonotrode surface, and
transportation of all grains formed on or near the sonotrode into the bulk of the melt through
convective flow. The convection induced by an ultrasonic field created a low temperature
gradient throughout the melt which favours the formation of an equiaxed grain structure.
Therefore, it is concluded that the convective flow induced by acoustic streaming plays a
critical role in promoting nucleation, growth, and transport of grains. However, it should be
cautioned that convection is dampened with an increase of the solid fraction, and cannot be
maintained once the solid fraction exceeds approximately 16.6%.
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