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casting of an AA6008 aluminum alloy. Two 152 mm diameter billets were cast; one was
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treated with UST (UST-DC casting) in the hot top while the other was not (conventional DC
casting). To investigate the temperature distribution, temperature was measured at mul-
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tiple points in both billets. The sump profile was visualized by pouring Zn into the sump
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during casting. The microstructure was analyzed by measuring the grain size of as-cast
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billets. A numerical model of DC casting and UST-DC casting has been validated with

Direct-chill (DC) casting

the temperature measurements across the billets, and the experimental results agrees well

Aluminum alloy

with the numerical model. It is found that the sump profile quantification with thermo-
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couple measurements is more accurate and less prone to interpretation than with Zn
tracing. Numerical simulation results show that UST application in the hot top with
sonotrode position at 20 mm above the graphite ring level depresses the liquidus isotherm
but does not affect the solidus isotherm, resulting in a thinner transition region compared
with conventional DC casting. Grain structure analysis verifies that structure refinement
with UST has been achieved at the given sonotrode position. The strongest grain refinement was at the center of the billet with the average grain size 50% smaller than that
without UST. The results are discussed in terms of the known mechanisms of UST, i.e.
dendrite fragmentation and deagglomeration of nucleating substrates.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

* Corresponding author.
E-mail addresses: Tungky.subroto@brunel.ac.uk, tungky.subroto@gmail.com (T. Subroto).
https://doi.org/10.1016/j.jmrt.2021.03.061
2238-7854/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

j o u r n a l o f m a t e r i a l s r e s e a r c h a n d t e c h n o l o g y 2 0 2 1 ; 1 2 : 1 5 8 2 e1 5 9 6

1.

Introduction

Direct-chill (DC) casting is a semi-continuous casting process
that is widely used in the non-ferrous metallurgical industry.
It is robust in producing commercial wrought aluminum alloy
billets that are suitable for further rolling, extrusion, or
remelting processes [1,2]. To avoid casting defects and
improve the thermo-mechanical properties of the as-cast
billet, a finer grain structure is usually necessary. Finer
grained alloys display superior mechanical characteristics
such as strength, toughness, and ductility [3]; these properties
are crucial for technological applications.
The European Metallurgical Roadmap of 2050 demands
better mechanical performance of aluminum alloys [4].
Refining the microstructure with grain refining chemicals is
one of the established routes towards this aim [5e7]. Established techniques involve inoculants that are costly and
whose production involves hazardous chemicals and processes [8]. External field techniques, including ultrasonic melt
treatment (UST) technology, are attractive alternative
methods to treat light alloys [9e12]. UST has gained popularity
as a more economical and environmentally friendly alternative as it enables the refining of the cast product structure with
significantly less d or even without d inoculants.
Eskin and Eskin [8] have methodically assessed the
mechanisms of structure refinement using UST of light alloys.
These mechanisms are:
1. Enhanced heterogeneous nucleation of primary phases by
activating non-metallic inclusions, such as oxides by wetting [13].
2. Fragmentation of primary intermetallics that provide
substrates on which Al grains can nucleate [14,15].
3. Fragmentation of aluminum dendrites [16].
These mechanisms strictly rely on the main actor of UST:
acoustic cavitation (pressure bubbles). Acoustic bubbles form
when the sonotrode vibrates at an ultrasonic frequency in the
melt generating alternating high- and low-pressure fields.
Bubbles vigorously oscillate and ultimately collapse, releasing
pressure shockwaves that produce local pressure spikes in the
range of 0.4e1 GPa [17] and a temperature jump of up to
2  104  C [18]. These spikes can activate latent inclusions in the
melt and fragment suspended solid structures d intermetallics
and Al-dendrites d near the collapse [14].
The oscillating sonotrode also generates a macroscopic
flow, acoustic streaming, which has a vortex-like recirculation pattern. The liquid stream is pushed away from the
sonotrode, disperses, and then recirculates back into the
main streamer [19]. Acoustic streaming extends the UST
effects to the larger melt volume by transporting cavitation
bubbles to the bulk liquid and bringing fresh melt into the
cavitation region [20]. Acoustic streaming also reduces the
temperature gradient across the melt volume and promotes
the desirable equiaxed grain structure formation [21].
Furthermore, streaming uniformly disperses and distributes nanoparticles deagglomerated by cavitation, thus
improving the resulting microstructure in metal-matrixnano-composite alloys [22,23].
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In DC casting, UST is typically performed in the hot top or
billet sump [8,24]. A previous study showed that structure
refinement depends on the distance between the sonotrode
tip and the solidification front [25]. Previous studies have also
demonstrated that forced convection near the solidification
front influences the sump profile [26,27], and ultimately affects the billet quality. If the sonotrode is too far from the
liquidus isosurface, the UST effect is suboptimal. Conversely,
strong acoustic streaming modifies the shape of the sump:
this may be undesirable because it can promote solidification
defects such as hot tearing or porosity [21]. Therefore, the
immersion height of the sonotrode tip in the DC casting hot
top needs to be optimized for different process conditions and
alloys, because the sump profile differs in each case [28,29]
and the thickness of the transition zone varies with different
chemical compositions and grain refiners [3].
Traditionally, the optimum process conditions in DC
casting have been obtained heuristically, but these haphazard
searches are inefficient from both time and resource considerations. Numerical modelling is a powerful tool that can
assist in locating the optimum process parameters in the DC
casting of aluminum alloys [28,29]. For example, a DC casting
model that was developed by Lebon et al. [30], based on the
continuum model of Bennon and Incropera [31], showed how
the sump was modified and how heat transfer was enhanced
by forced convection from the high-shear rotor-stator mixer.
Acoustic cavitation is a complex, non-linear, and multiscale phenomenon. Although there exist several numerical
models that capture acoustic pressure in UST [32e35], only
few include the four critical phenomena of UST in the melt:
acoustic streaming, acoustic pressure, cavitation, and solidification. Peng et al. [36] applied an ultrasonic treatment model
in a DC casting simulation of an aluminum alloy. Although
this model was developed for a DC casting process, it only
considered the acoustic pressure distribution throughout the
melt, without considering cavitation. Meanwhile, Komarov
and Yamamoto [37] developed a more advanced model that
simulated the cavitation phenomenon and acoustic pressure
distribution all while considering the effect of acoustic
streaming in the melt, but their model did not incorporate
solidification.
Lebon et al. [38] have developed a multiscale UST model
that considers the four aforementioned phenomena and
applied the model to a DC casting case of aluminum alloys.
This model simulated UST-DC casting with different UST parameters (i.e. power of ultrasonic transducer and sonotrode
distance to solidification front). The simulation results obtained e such as the modification of sump shape due to the
presence of acoustic streaming e could logically explain the
grain structure modification [25]. However, the model still
needs temperature profile validation from a DC casting
experiment, a critical step to ascertain model’s accuracy.
The thermal history of a DC casting billet is generally
measured with multiple thermocouples. These measurements are used to optimize the process [39] and validate numerical models [40]. This method can be more accurate in
predicting the sump shape [41], compared with the commonly
used doping of denser elements into the melt during casting
(e.g. addition of zinc [3] during horizontal DC casting of Mg
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alloy, or Al-30 wt.% Cu in DC casting of Al-17 wt.% Si [37] and
AA7050 [41]).
So far, there has been no experimental study on the effect
of UST on the sump shape in DC casting. Therefore, the
following questions remain unanswered: (1) What do the melt
flow pattern and the temperature profile look like in the crosssection of a billet? (2) Will the melt inflow rate, that is typical
in DC casting, be sufficient to maintain the axial symmetry of
the sump when UST is applied to DC casting? (3) Can the numerical model of UST-DC casting accurately predict temperature distribution in the sump?
In this work, we performed multiple-thermocouple measurements across the billet to obtain the temperature at
multiple points across the radii of the billet in two sections,
one parallel and the other perpendicular to the melt inflow
from the launder. These measurements were made in both
conventional and UST-DC casting of a commercial grade
aluminum alloy (AA6008) typically used for automotive applications. The temperatures were used to reconstruct the
sump shape, to assess the effects of UST and inlet flow on the
sump shape, and to validate the DC casting numerical model.
The sump shape was observed by pouring Zn (as a tracer) into
the melt during casting. The grain structure was analyzed
experimentally. This study shows how UST affects the sump
profile and grain structure and is a critical step towards the
optimization of UST parameters in DC casting of aluminum
alloys.

2.

Methodology

2.1.

Experimental setup

DC casting of an AA6008 alloy was performed in the Advanced
Metal Casting Centre (AMCC) of the Brunel Centre of

Advanced Solidification Technology (BCAST) in Brunel University London, UK. The billet had a diameter of 152 mm and
was cast with a hot top of diameter 155 mm. An Al5Ti1B grain
refiner was added to the melt. Two billets were cast at
140 mm min1; one billet was cast by conventional DCcasting, and the other with UST in the hot top. The melt
temperature in the hot top was 674  C for conventional DC
casting and 663  C for UST-DC casting. This temperature difference is due to the temperature control oscillation in the
launder heating system and may also be due to the relatively
cold (though preheated) sonotrode which is connected to a
water-cooled transducer.
The experimental setup of the UST-DC casting is illustrated
in Fig. 1a. UST was carried out by the water-cooled 5-kW
magnetostrictive transducer (Reltec) with a driving frequency of 17.3 kHz at a working power of 3.5 kW (corresponding to a 40 mm peak-to-peak amplitude). A pre-heated
conical Nb sonotrode, with a working diameter of 20 mm,
delivered ultrasonic power to the melt. The sonotrode tip was
approximately 20 mm above the graphite ring level.
Temperatures were continuously recorded using 5 type-K
thermocouples (1.5 mm sheath diameter) with positions of
each thermocouple as shown in Fig. 1b. The positions of the
thermocouples were chosen to assess how three-dimensional
flow, including that from the launder, affects the temperature
profile across the billet. When casting reached steady state,
the thermocouples were lowered simultaneously with ‘anchors’ that were attached slightly lower than the thermocouple tips. The anchors solidify first, thereby ensuring that
the thermocouples were always lowered constantly at the
casting speed. Temperatures were recorded using the National Instruments data acquisition (DAQ) systems with an
effective DAQ resolution of 2 Hz. A ‘Y.CT Compact XL Mag’
computed tomography system (YXLON International, 450 KV,
1 mA) was used to verify the radial thermocouple tip positions

Fig. 1 e (a) Illustration of UST-DC-casting setup with ultrasonic sonotrode in the hot top (adapted from [25]), and (b) top-view
of thermocouple positions across the hot top on both conventional DC-casting and UST-DC-casting.
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in each billet, and the locations reflecting the readings were
corrected accordingly.
To visualize the sump profiles in both charges, liquid Zn
was poured into the melt pool. To enhance the contrast, the
section of the billet with Zn was cut, mechanically polished,
and etched using NaOH. The effect of UST on microstructure
was verified by grain size analysis. For microstructure observation, samples were cut from different parts across the billet
radius from the center to the surface at distances of 0 mm,
25 mm, 45 mm and 65 mm from the billet center, which are
henceforth called “Center”, “Middle-In”, “Middle-Out”, and
“Surface”, respectively. The samples were ground, polished,
anodized in 5 wt.% HBF4 using 20 VDC, and subsequently
examined under an optical microscope with polarized light.
The grain size was measured using the linear intercept
method taken randomly upon optical microscope images and
statistical analysis was performed.
The chemical composition of the melt taken from the
furnace prior to casting was determined using Optical Emission
Spectroscopy (OES). This composition is shown in Table 1. With
the analyzed chemical composition, Thermo-Calc 2019b software (with the TCAL4 database [42]) was used to determine the
solid fraction (fs ) and alloy characteristic temperatures during
solidification: these values were used for the numerical simulation parameters given in Table 2. The ScheileGulliver solidification curve calculated with the composition shown in Table
1 is presented in Fig. 2.

2.2.
setup

Theoretical background and numerical simulation

Parameter

Quantity
1

Casting velocity us (m s )
Inlet temperature Tin ( C)
Liquidus temperature Tl ( C)
Solidus temperature Ts ( C)
Latent heat Lf (J kg1)
Thermal expansion coefficient b (K1)
Mushy region momentum sink coefficient K
(s1)
Density r (kg m3)
Speed of sound c (m s1) (for UST-DC casting)
Dynamic viscosity m (Pa s)
Gravitational constant g (m s2)
Maximum Courant number

A ¼

Z

ru2
p

2p

0

ru2
B¼
p

Z 2p
0

(0, 0, 0.00233)
DC casting: 674
UST-DC casting: 663
655
533
351,540
23  10e6
1.522  107
2602
4600
10.155  10e4
(0, 0, 9.81)
0.5


v2 b
p
cos t þ dt;
2
vt
2

(4)


v2 b
p
sin t þ dt;
2
vt
2

(5)

where r is the pure liquid density; t describes one period between [0, 2p]; and b is the bubble volume fraction
4
b ¼ pR3 N ¼ VN;
3

The numerical simulation of UST upon DC casting should
necessarily include acoustic streaming, cavitation, and their
interaction with natural convection and temperature fields in
the sump of a billet.

2.2.1.

Table 2 e Model parameters for the DC casting
simulation.

(6)

where V ¼ 43 pR3 is the bubble volume while R is the bubble
radius. In this model, the bubble density N follows the step
function

N¼

N0 if jPj > PB
;
0 ifjPj  PB

(7)
"

Acoustic streaming model

Designating the harmonic part of acoustic pressure p as
RðPeiut Þ, the complex amplitude P is approximately given by
the nonlinear Helmholtz equation [43].
V2 P þ K2 P ¼ 0:

#
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4 S3
where the Blake threshold is defined as PB ¼ p0 1 þ 27 1þS ,
. R0 is the equilibrium radius of the bubble.
and S ¼ p2s
0 R0

(1)

The real and imaginary parts of K2 are given by
  u2 A
< K2 ¼ 2  ; and
c
jPj

(2)

 
B
J K2 ¼  ;
jPj

(3)

respectively, where c is the speed of sound in the pure
liquid, u represents the angular frequency, and, based on
Trujillo’s derivation [44], the terms A and B are:

Table 1 e Chemical composition of the AA6008 alloy
obtained by OES.
Al

Si

Mg

Fe

Mn

Cr

Cu

V

Zn

Ti

Bal.

0.7

0.55

0.175

0.15

0.15

0.15

0.1

0.1

0.05

Fig. 2 e Evolution of the solid fraction according to the
ScheileGulliver approximation based on the composition
given in Table 1. The solid fraction curve was predicted in
Thermo-Calc [42].
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Using Trujillo’s method [44], A and B in Eqs. (4) and (5) are
approximated from the KellereMiksis equation:
"

!
!
! #
3
R_
R_ _2
R_ R d
r 1
1
RR€ þ
R ¼ 1þ þ
2
c
3c
c c dt
"
#
2s 4mR_
 p0 f1  A sinðutÞg :
 pg þ pv  
R
R

(8)

The surface tension between the liquid and gas phases is
defined by s, while m is used to describe the dynamic viscosity
of the liquid. p0 is the pressure at infinity (set to atmospheric
pressure), A is the pressure amplitude (normalized by p0 ) of
the excitation source of angular frequency u, and pv is the
vapour pressure.
pg (the gas pressure) is obtained from the differential

dT
dr

r¼R

T  T∞
¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
.n
o;
ðRDÞ 3ðg  1ÞR_

(10)

where the gas diffusivity [45] is given by D. Liquid bulk temperature (T∞ ) is taken as the inlet temperature. The first law of
thermodynamics was used to estimate the temperature of the
gas within the bubble (T):
Cv T_ ¼ 4pR2 k
where

T∞  T
_
 pg V;
lth

the

lth ¼ min

R
;
p

(11)

thermal diffusion length is defined as
qﬃﬃﬃﬃﬃ
RD
and the specific heat capacity of the gas is
R_

given by Cv .

equation

dpg 3
dT
¼ ðg  1Þ k
dr
dt R

 gpg R_ ;

(9)

r¼R

which considers the heat transfer effect during bubble pulsation [45,46]. k is the heat conductivity of the hydrogen gas.
The gas pressure at the equilibrium radius R0 , denoted by pg;0 ,
is used as the initial value for equation (9). Assuming adiabatic
pulsation, the polytropic exponent is g ¼ 1:4, the ratio of
specific heats.
Following Toegel et al. [47], the temperature gradient at the
bubble surface is approximated as

2.2.2.

DC casting model

DC casting is modelled using a continuum formulation. The
mass conservation equation is
vr
þ V$ðruÞ ¼ 0;
vt

(12)

where u is the velocity of the liquid phase.
The energy conservation equation is
  


v rfl
vðrhÞ
þ V$ðruhÞ ¼ V$ðkVTÞ  Lf
þ V$ rufl ;
vt
vt

(13)

Table 3 e CFD equations finite-volume discretization schemes and solver control parameters [21,38].
Discretization schemes
Transient term discretization (v=vt)

Euler

Gradient terms differencing schemes ðVÞ
Default method
Least squares method with cell-limited gradient
grad (IðPÞ), grad (RðPÞ) where P is the complex acoustic pressure. I and Least squares method
R denote the imaginary and real components of the complex
number.
Divergence term differencing schemes ðV$Þ
Default method
Bounded Gaussian integration with linear interpolation
div (u), div (h), div (fl ), where u, h, and fl are the velocity, enthalpy, and Bounded Gaussian integration with limited linear interpolation
liquid fraction
div (CS ) where CS is the concentration of species S.
Bounded Gaussian integration with upwinding
Laplacian term differencing schemes ðV ,ðGVÞÞ
Default method
Interpolation schemes
Default method

Gaussian integration with linear interpolation and explicit nonorthogonal correction
Linear interpolation

Solver control parameters
IðPÞ, RðPÞ

All other variables
Momentum predictor step
Number of outer correctors loops
Number of inner correctors loops
Number of energy correctors loops
Number of non-orthogonal correctors loops

Preconditioned bi-conjugate gradient (PBiCGStab) with simplified
diagonal-based incomplete LU (DILU) smoother.
Simplified Diagonal-based Incomplete Cholesky (DIC) preconditioner
required for stability.
Preconditioned bi-conjugate gradient (PBiCG) with simplified diagonalbased incomplete LU (DILU) preconditioner
Yes
2
2
7
3
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where h ¼ Cp T is the enthalpy, k is thermal conductivity, T is
temperature, Cp is specific heat capacity, Lf is latent heat of
fusion, and fl is the volume fraction of liquid. The phase
change is considered as the source term in equation (13) [48].
Equation (14) describes the species conservation equation




vðrCs Þ
þ V$ðruCs Þ ¼ V$ rfl Dsl VCs þ V$ rfl Dsl V Csl  Cs
vt


 V$ rðu  us Þ Csl  Cs ;

(14)

where the solid shell velocity which is set as the casting speed
is given by us , while Cs is the concentration of species s, and Dsl
is the diffusivity of species s in the liquid. The lever rule is used
to calculate the liquid concentration
Csl ¼ Cs

 


1  fl kp þ fl ;
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where K is the permeability coefficient.
The k  u shear stress transport (SST) model is used for
closure:
vðrkÞ
2
þ V$ðrukÞ ¼ V$ðrDk VkÞ þ rG  rkðV$uÞ  rb* uk;
vt
3

(21)

vðrut Þ
grG 2
þ V$ðruut Þ ¼ V$ðrDu Vut Þ þ
 grut ðV$uÞ  rbu u2t
vt
n
3
 rðF1  1ÞCDku :
(22)
The turbulent viscosity is given by

(15)

where kp is a binary partition coefficient.
The transition region (between liquidus and solidus) was
split into two regions: slurry (above the coherency isotherm)
and mush (below the coherency isotherm) [49]. The momentum conservation equation in the liquid and slurry region
(gc  fl  1) is:
vðruÞ
þ V$ðruuÞ ¼ V$ðmVuÞ  Vp þ rb g þ f ;
vt

(16)

f ¼ Vðrl v5vÞ;

(17)

where the effective viscosity is defined as m ¼ mt þ ml;m , p is
pressure, and g is gravity. Meanwhile, the acoustic streaming
driving force represented by f , gc is the liquid fraction
VP
is the acoustic velocity
reflecting the coherency, and v ¼ ru

that is obtained by solving the equation for sound propagation
[50]. After acoustic velocity has been obtained, by solving
equation (16), the flow velocity u can be attained. The overbar
in equation (17) implies that the values are obtained from
averaging over a period of the acoustic bubble.
The Boussinesq approximation is used to evaluate the
buoyancy term, i.e.
s
 



rb g ¼ rref g bT T  Tref þ Sbs Csl  Cs0 ;

(18)

where the thermal expansion coefficient is described as bT ,
while is the solution expansion coefficient for species s is
given by bs .
In the slurry region, to simulate flow with resistance due to
the presence of the grains the viscosity is modified as
following:
,
ml;m ¼ ml

1  Fm



1  fl 2
;
Ac

(19)

where Fm is a switching function and Ac is a crystal constant
[51].
In the mushy zone and solid regions (0  fl  gc ), the momentum conservation equation is given by


1  fl2
vðruÞ
þ V$ðruuÞ ¼ V$ðmVuÞ  Vp þ rb g  ðu  us Þ
K;
vt
fl3

(20)

Fig. 3 e Boundary conditions for the axis-symmetric
simulation of DC casting. The bottom surface is denoted as
‘ram’ but does not represent an actual DC casting ram. It is
instead an arbitrary section of the billet below which the
simulation stops. The surface is located far below the
sump so that the Neumann conditions specified in Table 4
do not affect the accuracy of the temperature simulations.
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rk
;
maxða1 ut ; b1 F23 SÞ

whole top face. A uniform grid of size 2 mm was used in the
simulations.

(23)

where the turbulence kinetic energy is given by k, and dissipation rate is defined by ut [52].

2.2.3.

3.

Simulation setup

Results and discussion

We started with examining the sump profile using a widely
used method of Zn outlining. The Zn penetration profiles in
Fig. 4 demonstrate that the apparent sump (from the point
where shell starts to solidify until the visible sump bottom) is
shallower (68.5 mm) and less inclined (43 e46 ) without UST
(Fig. 4a) than the sump with UST-DC (Fig. 4b: 75.6 mm, 53 ). In
the case of UST-DC, the sump asymmetry d that could have
potentially arisen due to the melt inflow from the launder d is
not detected upon comparing Fig. 4b and c. Temperature
measurements in the two perpendicular directions (see
Fig. 5b) also do not hint at any asymmetry in the UST-DC sump
profile. However, some axial asymmetry of the sump upon
conventional DC casting is visible, apparently due to the effect
of the inlet flow. This is shown in Fig. 4a that the sump profile
angles are slightly different: 46 on left hand side and 43 on
right hand side. Similar asymmetry can be observed from the
temperature measurements in Fig. 5a. Apparently, the

The models described in Section 2.2.1 and 2.2.2 have been
implemented in OpenFOAM 6 [53]. Further implementation
details are found elsewhere [21,38]. In this work, 2D (axisymmetric) DC casting simulations were run to model the experiments using the simulations conditions outlined in Tables 24. The model parameters are described in Table 2 and the
material properties contained therein were calculated from
Thermo-Calc. Since the hot top temperatures differed in both
experiments, the two simulations were run with their corresponding inlet temperatures. The discretization schemes and
solver control parameters are described in Table 3. Suitable
preconditioners are required for the acoustic pressure terms:
without these, the acoustic streaming simulation would not
converge. Fig. 3 and Table 4 describe the boundary conditions.
The sonotrode is included only in the UST-DC casting case; for
conventional DC casting, the free-surface boundary covers the

Table 4 e Boundary conditions for the faces depicted in Fig. 3.
Velocity u
ram
water-film|mould|graphite|ceramic|hot-top|sonotrode|
sonotrode_wall
free-surface

Dirichlet boundary condition with a fixed value of (0, 0, 0.00233) m s1
No slip boundary condition, i.e. u ¼ 0
Neumann boundary condition, i.e. zero normal gradient

Pressure P
ram
free-surface
water-film|mould|graphite|ceramic|hot-top| sonotrode|
sonotrode_wall

Fixed flux pressure, value 1  105 Pa
Dirichlet boundary condition with a fixed value of 1  105 Pa
Fixed flux pressure, value 1  105 Pa

Temperature T
ram
free-surface
hot-top| sonotrode|sonotrode_wall
water-film|mould|graphite|ceramic

Inlet-outlet, internal value when inflow, Neumann boundary condition,
i.e. zero normal gradient when outflow
Dirichlet boundary condition with a fixed value of 674  C for the DC
casting simulation and 663  C for the UST-DC casting simulation
Adiabatic or Neumann boundary condition, i.e. zero normal gradient
Heat transfer coefficient prescribed from a lookup table based on [54].
External temperature set to 20  C

For UST-DC simulation only
Kinetic energy of turbulence K
ram
free-surface
water-film|mould|graphite|ceramic|hot-top| sonotrode|
sonotrode_wall

Neumann boundary condition, i.e. zero normal gradient
Dirichlet boundary condition with a fixed value of 5.58  108 m2s2
class kqRWallFunction, equivalent to a Neumann boundary condition, i.e.
zero normal gradient [55]

Turbulent dissipation rate ut
ram
free-surface
water-film|mould|graphite|ceramic|hot-top| sonotrode|
sonotrode_wall

Neumann boundary condition, i.e. zero normal gradient
Dirichlet boundary condition with a fixed value of 0.001 s1
class omegaWallFunction, computed as sqrt (u_vis^2 þ u_log^2) [55]

Real and imaginary of parts of acoustic pressure R ðPÞjJðPÞ
water-film|mould|graphite|ceramic|hot-top| sonotrode_wall
free-surface
Sonotrode

Neumann boundary condition, i.e. zero normal gradient
Dirichlet boundary condition with a fixed value of 0 Pa
Dirichlet boundary condition with a fixed value of 1:6  107 Pa.
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Fig. 4 e Apparent sump profiles (Zn-outlined) in the billets produced by (a) conventional DC casting and (b) UST-DC casting.
(c) Shows a cross section of the UST-DC casting billet that is perpendicular to (b). The sump depth (between the dashed lines)
and the inclination of the sump (solid lines) are marked.

acoustic stream in UST-DC casting accentuates symmetry of
the apparent sump profile because acoustic streaming is
stronger than the launder-induced flow. Based on calculations, the velocities of acoustic streaming flow and launderinduced flow (at a rate of 2.5 L min1 corresponding to a
casting speed of 140 mm min1) are 50 mm s1 and 21 mm s1,
respectively.
Although the Zn outlining gives a visual representation of
the overall sump profile, the specific details depicted by this
method maybe deceptive, especially when comparing the
sump profiles affected by forced convection. Acoustic
streaming pushes Zn deeper into the mush, a probable reason

for the lighter shade of Zn layers in Fig. 4b (UST) and Fig. 4c
(UST-90 ). Therefore, the deeper zinc delimitation line that is
observed in UST-DC casting may not correspond to a real
change in depth. Moreover, it is important to realize that Zn
does not penetrate all the way to the solidus but stops at a
lower fraction of solid below which the permeability is too
small.
Therefore, temperature profiling using thermocouples is a
preferred method when estimating measuring the sump
profile [41]. Using the temperature measurements across the
billet, we can reconstruct the approximate shape of the
sump. Fig. 5 illustrates that the sump is actually slightly

Fig. 5 e Comparison of thermocouple readings and positions at different solid fractions across the billet for (a) conventional
DC casting and (b) UST-DC casting. The thermocouple position of Mid-radius þ 5 mm in (b) is mirrored on both sides of
billet, for the sake of illustration.
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Fig. 6 e Comparison between position of thermocouples at fs ¼ 0.5 and sump shape observation by Zn tracing.

deeper in the conventional DC casting case (Fig. 5a)
compared with the UST-DC casting case (Fig. 5b). In our case,
the deeper sump of conventional DC casting is more logical
as it results from a higher casting temperature than in the
UST-DC casting case.
The uneven distance between thermocouple positions
reflecting different stages of solidification (e.g. fs ¼ 0.3, 0.5, 0.7,
and solidus) can be explained by the dependence of solid
fraction on temperature. A Thermo-Calc calculation (Fig. 2)
predicts that the temperatures corresponding to fs ¼ 0.3, 0.5,
0.7, and the solidus are 651  C, 648  C, 641  C, and 533  C,

respectively, which explains why the related measured points
are close to each other at lower fractions solid as compared to
higher fractions.
As suggested by Yu et al. [41], penetration of the tracer
element into the mush cannot be too deep and probably stops
shortly after coherency is reached and feeding becomes
difficult, which may start as early as fs ¼ 0.5, thus limiting Zn
penetration into the mush. Comparison between position of
thermocouples at fs ¼ 0.5 and sump shape observation by Zn
tracing for both conventional- and UST-DC casting is shown in
Fig. 6. These figures demonstrate that the profile generated by

Fig. 7 e Comparison between numerical and experimental temperature profile for (a) conventional DC-casting and (b) USTDC casting. Thermocouple positions in the center e only for conventional DC casting (x ¼ 0 mm), mid-radius plus 5 mm e
only for USDC casting case (x ¼ 27.5 mm), mid-radius (x ¼ 32.5 mm) and sub-surface (x ¼ 62 mm). Dotted line represents
experimental measurements by thermocouples (two readings reflect measurements along perpendicular radii) and solid
lines represent numerical simulation results.
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Fig. 8 e (a) Comparison of temperature profile and flow pattern between conventional DC-casting (DC) and UST-DC-casting
(US-DC) simulations that have been validated with the temperature measurement results (yellow dots for conventional DCcasting, and green dots for UST-DC casting) at their respective casting temperature; conventional DC-casting, 674  C, and
UST-DC casting case, 663  C. Comparison of different processes (non-UST e left vs. UST e right) at different cast
temperatures; (b) at T ¼ 663  C and (c) at T ¼ 674  C. The dashed line in the numerical simulation results represent the
isothermal line at fs ¼ 0.7. Arrow lengths depict the magnitude of the flow velocity.

Zn penetration reflects the sump shape satisfactorily down to
the border delineating the beginning of a dense mushy zone,
thus it does not outline the complete sump geometry.
Multiple-thermocouple recordings during DC casting and
results of numerical simulation for both cases (conventional e
Fig. 7a and UST-DC casting e Fig. 7b) agree well, especially in
the transition temperature range from liquidus (around
655  C) to solidus (around 533  C). This is the critical range to
simulate casting processes. This good agreement validates the
temperature profiles (and ultimately the sump shape) that
were generated by the numerical model for both conventional
DC-casting and UST-DC-casting processes.
Fig. 8a illustrates that the calculated liquidus isotherm in
the UST-DC-casting (right) is more depressed compared with
the conventional DC-casting case (left). Overlay between

numerical simulation results and thermocouple position at
fs ¼ 0.7 shows that our model predicts the sump shape
reasonably well. Temperature measurements (yellow dots for
conventional DC casting and green dots for UST-DC casting in
Fig. 8a) capture the fs ¼ 0.7 isotherm fairly well. The numerical
results also agree with the sump shape reconstructed through
thermocouple recordings (Fig. 5). As briefly mentioned previously, this may be explained as the UST-DC casting temperature in the simulations was taken slightly lower (by approx.
10  C) than in conventional DC-casting, reflecting the
measured casting temperature and resulting in a depressed
liquidus [56].
In terms of the melt flow pattern, melt flow of the non-UST
case depicts the characteristic natural convection flow pattern
in DC casting [2,57,58]. Convection is also present in the UST-
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Fig. 9 e Typical anodized grain structure in (a1-a4) conventional DC-casting and (b1-b4) UST-DC-casting. The positions in
the billet are shown in the figure.

DC casting (the flow follows light purple arrow on Fig. 8a-right).
However, such a flow is opposed and altogether reversed in the
center by the acoustic streaming flow (blue arrow on Fig. 8aright) that has the velocity an order of magnitude higher than
the natural convection flow [21,24,25,36e38].
Fig. 8b-c compares different processes (no-UST e left side
of the figures, against UST e right side of the figures) at
lower casting temperature (Fig. 8b e casting temperature of
663  C) and higher casting temperature (Fig. 8c e casting
temperature of 674  C). As these figures show, the

application of UST significantly depresses the liquid
isotherm especially at the center of the billet (below the
sonotrode) compared with the non-UST case. Moreover, the
increase in casting temperature slightly lowers the liquidus
isotherm in both conventional and UST casting. This implies
that the higher cooling rate attained in the center of the
billet promotes the formation of grains with smaller
dendrite arms spacing [38], resulting in better mechanical
properties [59]. In addition, a shorter slurry zone is typically
linked with reduced macrosegregation [57].
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Fig. 10 e Grain size distribution across the billet radius for both conventional DC-casting and UST-DC casting. Mid-in is
25 mm from center, Mid-out is 45 mm from center, and Surface is 65 mm from center. “Reduction” shows the reduction in
the average grain size between no-UST and UST billets.

The grain structures shown in Fig. 9 confirm the effectiveness of UST. UST in the hot top refines the grain structure
rather significantly (Fig. 9, b1-b4) in contrast with conventional DC casting (Fig. 9, a1-a4). This refinement can be clearly
seen especially in the central part of the billet (Fig. 9, b1-b2).
Fig. 10 demonstrates that the average grain size in the center
of the billet without UST is about 95 mm, while the one cast
with UST is approximately 50% finer. The decrease in terms of
average grain size from the center to the surface of the billet in
the case of conventional DC-casting is around 20%, while the
grain size in the case of UST-DC casting almost doubles from
the center towards billet surface, almost equaling the conventional DC casting case. The negative value in average grain
size reduction in the surface region (shown in Fig. 10) is
because the grain is marginally coarser for UST case compared
with the conventional DC casting case, though this difference
is within a statistical error.
The variation of the average grain size across the billet in
the conventional DC casting may be due to the variation of the
cooling rate that is largest at the surface of the billet [2].
Meanwhile, the relative increase of the average grain size towards the surface in the UST case is because the area with the
most active ultrasonic treatment effect (acoustic streaming
and cavitation activities) is below the sonotrode. This cavitation zone in conjunction with acoustic streaming produces a
narrower transition zone, increasing number of active substrates and fragmenting the formed dendrites.
The average grain size reduces in the central part of the billet
by 50% although the alloy has been already treated with a grain
refiner, showing that UST mechanisms work well. Dendrite
fragmentation may be the main refinement mechanism in this
experimental setting because the largest refinement occurs at the

billet center, though deagglomeration and activation of TiB2
particles from the grain refiner may contribute additionally. Fig. 8
shows how the upper slurry zone is disturbed by the acoustic
streaming, resulting in washing up the dendrites, their fragmentation and then return into the transition zone as new grains.
At the same time, the UST-DC cast billet shows a relatively
large difference in the grain size across the billet, which may
cause a variation in mechanical properties. A simplified
estimation from the HallePetch relationship (only considering the grain size term) [60] of the yield strength difference
between the billet center and its surface gives 25e30%. Such
difference is unfavorable for downstream processing. Some
of the main UST variables that could be optimized are for
instance: distance between sonotrode tip and solidification
front and UST power, because these alter the grain structure
across the billet [25].

4.

Conclusion

Multiple-thermocouple measurements have been carried out
during both conventional and UST-DC casting. The recorded
temperatures were used to validate numerical predictions of
sump profiles. The sump shape has been reconstructed from
multiple temperature recordings and overlaying thermocouple positions at certain solid fractions with the temperature profile predicted by the numerical model. The sump was
also outlined with a liquid Zn penetration technique. Grain
sizes have been measured to assess the effectiveness of UST
when the sonotrode is positioned around 20 mm above the
graphite ring. The conclusions of this study can be summarized as follows:
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1. Quantification of the sump profile with thermocouple
measurements is more accurate and less prone to interpretation than with Zn tracing.
2. The numerical model of DC and UST-DC casting has been
validated by the temperature measurements across the
billets. The experimental results and numerical model are
in good agreement.
3. Numerical simulation results show that UST application in
the hot top with sonotrode position at 20 mm above the
graphite ring level depresses the liquidus isotherm but does
not affect the solidus isotherm, resulting in a thinner transition region compared with conventional DC-casting. This
promotes the formation of grains with smaller dendrite
arms spacing and may reduce the macrosegregation.
4. Acoustic streaming from the sonotrode overcomes the effects of melt inflow from the launder (at rate of 2.5 L min1
corresponding to a casting speed of 140 mm min1) and
assures the symmetry of the sump shape. No asymmetry
has been detected in the UST-DC case upon examining two
perpendicular billet sections.
5. Grain structure analysis verifies that structure refinement
with UST has been achieved at the given sonotrode position. The largest grain refinement was at the center of the
billet with the average grain size 50% smaller than that
without UST.
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