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ABSTRACT: Dendrite  growth  during  solidification  of  an
IN718  alloy  under  forced  convection  induced  by
ultrasonication  was  simulated  via  the  coupled  cellular
automaton–lattice Boltzmann (CA–LB) model. To demonstrate
the validity of the LB modeling of ultrasonic propagation, the
LB  simulation  results  of  acoustic  attenuation  in  the  melt  are
well  compared with those of  an analytical  model  reported in
the literature. The CA–LB model was then used to simulate the
growth  of  equiaxed  and  columnar  dendrites  under  different
ultrasonic  amplitudes  in  the  nonequilibrium  solidification
process.  The simulation results  revealed that  the  presence of
ultrasound  drastically  influenced  the  solute  concentration
field  in  the  liquid.  The  distribution  of  liquid  concentrations
accelerated the growth of dendrite arms near the sound source but repressed the growth of those far from the sound source. For
multiple  equiaxed  dendrites,  the  average  liquid  concentration  was  relatively  low  at  the  initial  stage  without  ultrasonication,
whereas the average liquid concentration at the end stage was relatively high. Ultrasound accelerated the growth rate of a portion
of  the  columnar  dendrites  near  the  sound  source,  which  influenced  their  competitive  growth  mode  and  affected  the  final
morphology. The present work not only reproduced the morphological evolution of different types of dendrites under ultrasound
effects but also revealed the complex interactions among ultrasound-induced convections, the solute concentration field, and the
kinetics of dendrite growth.
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1  Introduction
Owing  to  the  fact  that  an  IN718  nickel-based  superalloy  has
superior  fatigue,  radiation,  and  corrosion  resistance,  along  with
outstanding  long-term  structural  stability,  it  is  extensively
employed in the production of high-temperature resistant parts in
the fields of aero-engines and energy. Solidification during IN718
alloy  processing  (e.g.,  casting,  welding,  and  additive
manufacturing) is usually accompanied by melt convection, which
can not only change the heat and mass transfer process in liquid
but  also  play  a  key  role  in  the  formation  of  a  solidification
microstructure  [1–4],  thus  affecting  the  performance  of  the  final
products.

In  recent  years,  considerable  attention  has  been  given  to  the
regulation  of  the  microstructure  and  properties  of  IN718  alloys
during  solidification  through  experimental  studies  [5,6].
Nevertheless,  observing  the  evolution  of  the  solidification
microstructure  during  experimental  studies  is  challenging.  The
applications  of  numerical  simulation  can  effectively  incorporate

aspects  of  the  temperature  field,  dendrite  growth  velocity,  and
convective mass transfer so that the temperature field and velocity
field  evolution  process  during  solidification  can  be  observed  in
real-time  with  the  aid  of  visualization  [7,8].  Thus,  numerical
simulation  studies  of  solidification  microstructures  have  received
persistent  attention  in  both  academia  and  engineering.  Among
various  simulation  approaches,  cellular  automaton  (CA)  and
phase field (PF) are the most  representative methods in terms of
sharp  interface  and  diffuse  interface  models,  where  the  sharp
interface  model  has  higher  computational  efficiency  [9,10].
Koepf et  al. [11]  conducted  a  three-dimensional  CA  simulation
study  on  the  growth  orientation  of  columnar  dendrites  of  the
IN718 alloy during laser selective melting additive manufacturing.
The  laser  spot  size  was  regulated  according  to  the  simulation
results.  Xiao et  al. [12]  used  the  PF  model  to  simulate  the
columnar dendrite growth process of the IN718 alloy under rapid
solidification  by  laser  additive  manufacturing  and  explored  the
variation  in  the  dendrite  spacing  and  dendrite  tip  radius  with
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different  processing  parameters.  However,  the  above  simulations
did  not  consider  the  influence  of  microscale  convection  in  the
interdendritic  liquid  region  on  the  concentration  field  in  the
mushy  zone.  Consequently,  convection  cannot  be  coupled  with
nonequilibrium  solidification  conditions,  and  the  influence  of
convection  on  microstructure  morphology  and  segregation  has
not yet been quantified.

The lattice Boltzmann (LB) model has developed quickly and is
widely  used  for  describing  fluid  flow  and  solute  transport  in  the
modeling of metallurgy and chemical reactions [13]. Owing to the
microscopic  nature  of  the  LB models,  it  is  feasible  to  handle  any
complex  dendrite  morphology  at  the  solid‒liquid  boundaries.
Therefore,  in  simulations of  the solidification microstructure,  the
LB  model  has  been  well  accepted  for  simulating  fluid‒solid
coupling  in  the  process  of  alloy  solidification  under  convection
[14,15].  Sun et  al. [14]  established  a  two-dimensional  LB  model
[16–18] to simulate the growth of dendrites in binary alloys under
the  influence  of  forced  convection.  The  transport  phenomenon
was described by the evolution of the moving particle distribution
functions,  and  the  fluid  flow  and  solute  transport  controlled  by
convection and diffusion were solved in a highly efficient manner
[18].  Following thorough analysis  and validation of  the model,  it
was subsequently used to simulate the growth of both single and
multiple  equiaxed  dendrites  in  an  Al‒Cu  alloy  subjected  to
convective  solidification  conditions.  Liu  and  Wang  [19]
established  a  multiscale  physical  model  that  simultaneously
considers  solute  transport,  phase  transition,  heat  transfer,  latent
heat,  and  melt  flow  to  simulate  the  microstructural  evolution  of
alloys  during  nonequilibrium  solidification.  The  PF  method  was
employed in their research to simulate the dendritic growth of the
alloy,  and  the  heat  transfer  and  fluid  motion  were  simulated  by
the  LB  model.  The  intricate  solidification  microstructure  in  AM
was predicted by their research.

Ultrasound  has  been  widely  used  in  modern  solidification
processing technology [20]. The role of an external ultrasonic field
in  metal  solidification  includes  grain  refinement,  solute
segregation  reduction,  and  bubble  elimination  [21–26].  The
ultrasonic waves cause strong convection in the melt, in which the
evolution of the microstructure is significantly impacted. Hu et al.
[27] investigated the impact of continuous and pulsed ultrasound
on  the  microstructural  evolution  and  mechanical  property
enhancement of  a  ternary Cu68.3Al27.6Ni4.1 alloy.  In their  research,
the  size  of  the  β(Cu3Al)  phase  was  refined  through  different
mechanisms  under  the  influence  of  the  two  types  of
ultrasonication.  A  simultaneous  increase  in  yield  strength,
superelastic deformation, and shape recovery was achieved due to
the  application  of  pulsed  ultrasound.  Li et  al. [28]  established  a
finite  element  numerical  model  and  investigated  the  effects  of
varying  ultrasonic  power  on  the  acoustic  pressure  field,
temperature  distribution,  and  flow  dynamics  during  the
solidification of 7 085 aluminum alloy. On the basis of the results
of  numerical  simulations,  an  ultrasonic  power  of  750  W  was
found to be most effective in enhancing the macroscopic physical
fields, significantly increasing both the mass and heat transfer rates
at the center of the melt. At present, research on the solidification
microstructure  of  the  IN718  alloy  involves  determining  the
dendritic  morphology  and  segregation  formation.  However,  few
studies  have  investigated  the  impact  of  ultrasound-induced
convection on the solidification of IN718 alloys.

In the present study, the morphological evolution of columnar
and  equiaxed  dendrites  during  the  ultrasonic-assisted
solidification of an IN718 alloy was simulated after the validation
of  a  coupled  CA–LB  model.  The  dendritic  morphologies  under
the  effect  of  an  external  ultrasonic  field  were  reproduced,  and

quantitative  data  on  the  dendrite  growth  rate  and  solute  field
variation were obtained.

2  Materials and methods

2.1  Model description
The growth of equiaxed and columnar dendrites of an IN718 alloy
under  convective  flow  caused  by  ultrasonication  was  simulated.
Within the computational domain, fluid flow and solute transport
are  described  by  the  LB  model,  whereas  nonequilibrium
solidification is described by the CA model. The grid size was set
to  Δx =  1  μm.  The  domain  size  for  the  calculation  of  equiaxed
dendrite growth was 500 μm × 500 μm, and the domain size for
the calculation of columnar dendrite growth was 600 μm × 300 μm.
When  simulating  the  growth  of  a  single  equiaxed  dendrite,  the
nucleus was placed in the center of the domain. When simulating
the  growth  of  multiple  equiaxed  dendrites,  the  nuclei  were
randomly  placed.  For  the  simulation  of  columnar  dendrite
growth, the nuclei were placed at the east wall of the domain, and
the temperature gradient was imposed in the horizontal direction.
Notably, the current work disregards the buoyancy effects caused
by gravity. For simplicity, the IN718 alloy was regarded as a binary
Ni–5 wt% Nb alloy [29,30]. The simulation parameters used in the
present work are given in Table 1 [29]. The essence of the CA–LB
model is described as follows.

Since the solidification phenomenon is driven by undercooling,
in  the  CA  model,  the  undercooling,  ΔT,  at  the  S/L  interface  is
calculated as Eq. (1) [31]:

ΔT= (Tm −ml (Vn)C∗
l )−T∗−ΓKwd(θ) (1)

where Tm is  the  melting  point  of  pure  nickel, Vn is  the  interface
migration  velocity,  and ml is  the  liquidus  slope. Cl

* is  the  liquid
concentration at the front of the S/L interface, and T* is the actual
interface  temperature. Γ is  the  Gibbs–Thomson  coefficient,  and
Kw is  the  curvature  of  the  S/L  interface. d(θ)  is  a  function  of
surface anisotropy.

During the nonequilibrium solidification process,  the interface
migration  velocity, Vn,  for  the  IN718  alloy  satisfies  the  following
relationship (Eq. (2)) [32,33]:

Vn = a · (ΔT)b (2)

where a and b are  the  relevant  kinetic  coefficients.  In
accordance with the model proposed by Hunziker et al. [32], a =
1.275 4×10−7 m/(s·K3.05)  and b =  3.05  were  adopted  in  the  present
work.

According  to  the  geometric  feature  of  the  CA  cells,  the
relationship between the solid fraction increment and the interface
velocity is given by Eq. (3):

 

Table 1    Simulation parameters used in present work [29]

Symbol Definition and unit Value
ρ Density (kg/m3) 7 620

Tm Melting point of pure nickel (K) 1 726.15
Γ Gibbs–Thomson coefficient (K·m) 3.65×10−7

Kp
eq Equilibrium partition coefficient 0.48

ml
eq Equilibrium liquidus slope (K/wt%) −10.5

D Solute diffusion coefficient in solid (m2/s) 3×10−9

μ Dynamic viscosity of melt (Pa·s) 6.2×10−3

ν Kinematic viscosity of melt (m2/s) 8.1×10−7
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Δfs = Gm
vnΔt
Δx (3)

where Δfs is  the solid fraction increment,  Δx is  the cell  size,  Δt is
the  time  step,  and Gm is  the  geometric  factor  for  reducing  the
mesh anisotropy.

The LB model was employed in this study to address fluid flow
and solute transport.  The governing equation of the LB model is
given by Eq. (4) [33]:

fi (x+ ciΔt, t+Δt)− fi (x, t) =− 1
τ
(fi (x, t)− f eq

i (x, t))

i= 0, 1, · · · ,8 (4)

where fi(x,t)  is  the  density  distribution  function  of  fluid  particles
and fieq(x,t) is the equilibrium distribution function. x, t, ci, Δt, and
τ are the position, time, discrete velocity, time step, and relaxation
time, respectively.

The evolution of the solute distribution function, gi(x,t), with a
source term can be written as Eq. (5) [14]:

gi (x+ ciΔt, t+Δt)− gi (x, t) =− 1
τc

(gi (x, t)− geq
i (x, t))

+Gi (x, t)
i= 0, 1, · · · ,8 (5)

where gi
eq(x,t) and τc are the equilibrium distribution function and

relaxation  time  for  solute  transport,  respectively.  The  amount  of
solute  that  is  rejected  into  neighboring  liquid  cells  as  a  result  of
solute  partitioning  during  dendritic  growth is  represented by  the
source term Gi(x,t).

The  equilibrium  distribution  functions, fieq(x,t)  and gi
eq(x,t)  in

Eqs. (4) and (5) can be written as Eqs. (6) and (7) [14]:

feq
i (x, t) = ωiρ

(
1+ 3

ci ·u
c2

+
9(ci ·u)2

2c4
− 3u2

2c2

)
(6)

geq
i (x, t) = ωiC

(
1+ 3

ci ·u
c2

+
9(ci ·u)2

2c4
− 3u2

2c2

)
(7)

ρ= ∑8
i=0 fi

ρu= ∑8
i=0 fici

C= ∑8
i=0 gi c= Δx/Δt

where ωi is the weight coefficients (ω0 = 4/9, ω1–4 = 1/9, and ω5–8 =
1/36,  respectively), ρ is  the  macroscopic  density,  which  is
calculated  by . u is  the  velocity,  which  is  calculated  as

. C is  the  composition,  which  is  calculated  by
. c is  the  lattice  speed,  calculated  by . ci

represents the discrete velocities and can be written as Eq. (8) [14]:

ci =

[
0, c, 0, −c, 0, c, −c, −c, c
0, 0, c, 0, −c, c, c, −c, −c

]
(8)

In our study, the ultrasound source was implemented through
the  regulation  of  the  nonequilibrium  extrapolation  boundary
conditions  in  the  LB  model.  The  flow  velocity  at  the  boundary
caused by the ultrasound, uin, can be written as Eq. (9):

uin = Asin(2πft) (9)

where A represents the ultrasound amplitude, and f = 20,000 is the
frequency of the applied ultrasound.

2.2  Model validation
To  demonstrate  the  validity  of  the  ultrasound  propagation
calculation  by  using  the  LB  model,  the  distribution  of  fluid
velocity was computed and compared with the analytical solution
in  Ref.  [34].  Given  a  sinusoidally  varying  velocity  and  density
disturbance  at  the  ultrasound  source  at  the  inlet,  on  the  left

boundary  in  this  case,  the  analytical  solution of  the  flow velocity
distribution is shown in Eq. (10) [34]:

ux (x, t) = Aexp(−asx)sin
(
wt− 2π

Λ
x
)

(10)

where µx(x,t)  is  the  analytical  solution  of  the  flow  velocity
distribution, x is the distance from the left boundary, t is the time,
as is  the  acoustic  attenuation  coefficient  per  unit  length, w is  the
angular velocity, and Λ is the wavelength.

In addition to considering the viscosity of the medium, the two-
dimensional  acoustic  attenuation  coefficient  also  needs  to  be
added  to  represent  the  influence  of  the  wall. as in  Eq.  (6)  is
calculated by Ref. [34] (Eq. (11)):

as =
4π2ν
csΛ 2

+π

 8νΛ
6πcsL2

y
cos2

 1
3

arccos−1

−( 27νΛ
16πcsL2

y

) 1
2
 1

2

(11)

where ν is the kinematic viscosity, cs is the speed of sound, and Ly
is the length of the computation domain in the vertical direction.

In  the  LB  simulation  of  ultrasonic  propagation,  the  nonslip
scheme  was  used  on  the  wall  of  the  computation  domain.  The
velocity  and density  of  the medium, as  well  as  the perturbations,
are  given  at  the  inlet,  whereas  the  fully  developed  boundary
conditions  are  used  at  the  outlet.  The  transient  velocity
distribution in the liquid phase induced by the ultrasonic source at
100 cycles when ν = 0.2 and Λ = 25 is displayed in Fig. 1. The inset
displays  the  contour  of  the  flow velocity.  As  illustrated  in Fig.  1,
the velocity distribution clearly oscillates, and the LB calculation is
in  good agreement  with  the  analytical  solution.  The data  overlay
demonstrates the ability of the LB model to quantitatively describe
ultrasound propagation within the melt.

3  Results and discussion

3.1  Simulation of single equiaxed dendrite growth
For single equiaxed dendrite growth, simulations were performed
without  ultrasonic  waves  and  with  ultrasonic  waves  with
amplitudes  of A =  0.05 and 0.1  mm. The cooling rate  was set  as
CR  =  500  K/s.  As  the  solidification  proceeded,  the  equiaxed
dendrites  started  to  grow,  and the  morphologies  of  the  equiaxed
dendrites with different solid phase fractions are shown in Fig. 2.
CNb represents the mass fraction of solute Nb. Figures 2(a)–2(c)

 

Fig. 1    Comparison of fluid velocity distributions calculated via LB model and
analytical model.
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present  the  dendrite  morphology  when  there  was  no  ultrasonic
wave,  with  solid  phase  fractions  of fs =  5%,  15%,  and  25%,
respectively. Figures  2(d)–2(f)  and 2(g)–2(i)  show  the  equiaxed
dendrites  when  the  ultrasonic  amplitude  was A =  0.05  and
0.1  mm,  respectively.  In  the  absence  of  an  ultrasonic  source,  the
equiaxed  dendrites  exhibit  symmetrical  morphologies.  After  the
addition of ultrasonic waves, the growth of the dendrite arm near
the ultrasonic sound source was obviously faster  than that  of  the
other  three  arms,  and  it  had  more  secondary  dendrite  arms.
However,  the  growth  of  the  dendrite  arms  in  the  opposite
direction  of  the  ultrasonic  source  obviously  decreased,  and  the
number  of  secondary  dendrite  arms  was  also  lower  than  that  of
the other arms. As the ultrasonic amplitude increased, the growth
velocity  of  the  dendrite  arm  increased  when  it  was  close  to  the
ultrasonic source.

Quantitative  analysis  of  the  length  and  growth  rate  of  the
dendrite arms located near the ultrasound source (left side), which
are  marked  by  black  circles  in Figs.  2(a), 2(d),  and 2(g),
respectively,  was  performed. Figure  3(a)  shows  the  evolution  of
the  dendritic  arm  length.  When  the  ultrasonic  wave  was  not
added, the time for the dendrite tip to touch the boundary of the
calculation domain was t = 0.101 s. When the ultrasonic wave was
added with an ultrasonic amplitude of A = 0.05 mm, the time for
the dendrite  tip to contact  the domain boundary was reduced to
t =  0.095  s.  As  the  ultrasonic  amplitude  was  increased  to A =
0.1 mm, the dendrite  tip touched the boundary after t = 0.067 s.
When the ultrasonic wave was introduced, the growth time before
the  dendrite  tip  contacted  the  boundary  clearly  decreased  as  the

amplitude  of  the  ultrasonic  wave  increased. Figure  3(b)  shows  a
plot  of  the  dendrite  tip  growth  rate  obtained  by  deriving  the
dendrite arm length over time. The peak velocities of dendrite tip
growth are observed to be vmax = 10.45, 13.69, and 15.48 mm/s for
the  cases  without  ultrasound  and  with  ultrasonic  amplitudes  of
A =  0.05  and  0.1  mm.  This  shows  that  the  peak  velocity  of
dendrite  tip  growth  without  ultrasound  was  significantly  lower
than that  in the cases with ultrasound.  Moreover,  the greater  the
amplitude  of  the  applied  ultrasonic  wave  is,  the  higher  the  peak
growth velocity of the dendrite tip. In addition, the time required
for  the  peak  growth  velocity  of  the  dendrite  tips  significantly
decreased  after  the  addition  of  ultrasound.  This  is  because
ultrasonic waves induce forced convection in the melt, driving the
solute-enriched  liquid  from  the  upstream  position  to  the
downstream position. Consequently, a lower concentration region
was  formed  in  the  upstream  area,  thus  causing  a  faster  growth
velocity of the dendrite tip in the upstream liquid region.

3.2  Simulation of multiple equiaxed dendrite growth
In  the  simulations  of  multiple  equiaxed  dendrite  growth,  in
addition  to  the  position  of  the  nuclei,  the  simulation  conditions
were consistent with those of the single equiaxed dendrite growth
simulation. Figures  4(a)–4(d)  show  the  morphological  evolution
of  the  equiaxed  dendrites  without  ultrasound  when  the  solid
fraction was fs = 5%, 25%, 50%, and 95%, respectively. Figures 4(e)
and 4(f) show the final dendritic morphologies at a solid fraction
of fs =  95%  when  the  ultrasonic  amplitudes  were A =  0.05  and
0.1  mm,  respectively.  Ultrasound  had  a  strong  influence  on  the

 

Fig. 2    Simulated morphological evolution of a single equiaxed dendrite shown by concentration of solute Nb under conditions (a–c) without ultrasound and (d–f) with
ultrasound having amplitudes of A = 0.05 mm and (g–i) A = 0.1 mm. Solid fractions of insets are (a, d, g) fs = 5%, (b, e, h) fs = 15%, and (c, f, i) fs = 25%, respectively.
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growth  of  the  equiaxed  dendrites  and  their  morphologies.  As
indicated  by  the  squares  in Figs.  4(d)  and 4(f),  ultrasound
obviously  promoted  the  growth  of  primary  dendrites.  Owing  to
the application of ultrasound, the growth rate of the upstream tip
of  the  equiaxed dendrite  closest  to  the  ultrasound is  significantly
greater than that in the absence of ultrasound, as indicated by the
red cross symbols. Owing to the competitive growth mechanism,
it also hinders the growth of the dendrite arms that belong to the
adjacent  equiaxed  dendrites.  As  indicated  by  the  circles  in
Figs.  4(d)–4(f),  on  the  other  hand,  the  secondary  dendrite  arms
were  obviously  thinner,  and  the  secondary  dendrite  arm spacing
was reduced under the effects of ultrasonic waves. In addition, due
to  the  disturbance  caused  by  ultrasonic  waves,  the  concentration
of  solute  Nb  near  the  ultrasound  source  was  significantly  lower
than  that  in  other  regions,  and  it  became  even  lower  as  the
ultrasonic  amplitude  increased.  The  low  liquid  concentration
elevated the degree of solute undercooling and thus increased the
growth rates of the dendrites in this region.

Quantitative  analyses  of  the  growth  of  multiple  equiaxed
dendrites  under  different  ultrasonic  conditions  were  conducted.
Figure  5(a)  shows  that  the  evolution  of  the  solid  fraction  varies
with time. When there was no ultrasonic wave, the time required

for the liquid phase to completely solidify was 0.114 s.  When the
ultrasonic  amplitudes  were A =  0.05  and  0.1  mm,  however,  the
times were slightly reduced. Figure 5(b) shows the time evolution
of the average solute concentration in the liquid phase as multiple
equiaxed  dendrites  grew.  During  the  solidification  process,  the
average solute concentration in the liquid increased drastically. In
the  late  stage  of  solidification,  the  liquid  concentration  slightly
decreased.  Moreover,  for  the  cases  with  ultrasound,  the  average
liquid concentrations were higher than those without ultrasound.
Figures  3 and 5 show  that  the  effect  of  ultrasound  on  single
equiaxed  dendrites  is  more  obvious  than  that  on  multiple
equiaxed  dendrites.  This  is  mainly  attributed  to  the  different
effects  of  flow  propagation  in  the  liquid  region  for  the  cases  of
single  and  multiple  equiaxed  dendrites.  In  the  later  stages  of
multiple equiaxed dendrite growth, the high number of dendrites
reduces the available space for full fluid motion, and the growth of
neighboring  dendrites  also  impacts  the  growth  of  the  equiaxed
dendrites.  Therefore,  the  number  of  convections  induced  by
ultrasound  is  effectively  reduced.  For  a  single  equiaxed  dendrite,
however, there is still enough space at the end of solidification for
flow  propagation  so  that  the  patterns  of  the  dendrites  are
significantly affected by ultrasonic flow.

 

Fig. 3    Time evolution of (a) dendrite arm length and (b) growth rate of dendrite tip of a single equiaxed dendrite on upstream side in cases without ultrasound and with
ultrasonic waves having amplitudes of 0.05 and 0.1 mm, respectively.

 

Fig. 4    Simulated morphological evolution of multiple equiaxed dendrites shown by concentration of solute Nb without ultrasound at fs of (a) 5%, (b) 25%, (c) 50%, and
(d) 95%, and with ultrasound having amplitudes of (e) 0.05 mm and (f) 0.1 at fs = 95%.
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3.3  Simulation of columnar dendrite growth
When  simulating  the  growth  of  columnar  dendrites,  the  cooling
rate and temperature gradient were set to CR = 750 K/s and G =
150,000  K/m,  respectively.  The  simulations  were  carried  out
without ultrasound and with ultrasound having amplitudes of A =
0.05  and  0.1  mm,  respectively. Figures  6(a)–6(d)  display  the
morphological  evolution  of  the  columnar  dendrites  when  there
was  no  ultrasonic  wave  at  solid  fractions  of fs =  10%,  30%,  60%,
and 97%, respectively. Figures 6(e)–6(h) and 6(i)–6(l) display the
columnar dendrite morphologies when the ultrasonic amplitudes
were A =  0.05  and  0.1  mm,  respectively.  The  ultrasonic  wave
promoted the growth of columnar dendrites that were nearest to
the ultrasonic source but inhibited the growth of other columnar
dendrites.  In  our  study,  the  ultrasonic  source  was  located  at  the
left  boundary  of  the  melt.  The  ultrasonic  source  generated  an
acoustic stream and pressures in the melt,  driving the movement
of  liquid  atoms.  These  effects  led  to  the  redistribution  of  solutes
within  the  melt.  The  strong  acoustic  effects  induced  drastic
convection, which drove the solutes to be transported away from
the region near the ultrasonic source, resulting in the formation of
a  low-concentration  zone.  In  addition,  the  expelled  solute  atoms
tend  to  form  periodic  high-concentration  regions  in  the
computational  domain.  The  formation  of  alternative
concentration  distributions  caused  by  ultrasonication  will  be

investigated  in  our  future  work.  It  can  be  seen  from the  velocity
vectors  in Fig.  6(k)  that  the  ultrasound  causes  forced  convection
toward the  inside  liquid  region in  the  domain.  Affected  by  these
convections,  the  solute  atoms  rejected  by  the  growing  dendrite
tips  are  driven  in  the  direction  away  from  the  ultrasonic  sound
source,  resulting  in  an  uneven  solute  distribution.  According  to
Eq.  (3),  as  the  actual  liquid  concentration  near  the  ultrasonic
source decreases, the solid fraction increases, which promotes the
growth  of  the  dendrites.  The  simulated  larger  dendrite  arms  are
consistent  with  the  experimental  findings  of  Bruno  Lebon et  al.
[35].  Moreover,  this  phenomenon  became  more  obvious  as  the
amplitude  of  the  ultrasonic  wave  increased.  Owing  to  the
difference  in  the  growth  rate  of  columnar  dendrites  under  the
effects  of  ultrasonic  waves,  the  competitive  growth  mode  of
columnar  dendrites  was  modified.  Thus,  the  primary  dendrite
spacing changed with increasing ultrasonic amplitude.

To study the effect of the ultrasonic amplitude on the primary
dendrite arm spacing (PDAS), the cooling rate CR = 500 K/s and
the  temperature  gradient G =  100,000  K/m  were  set  unchanged,
and  the  PDAS  values  were  quantified.  For  the  cases  of  no
ultrasonic  wave,  the  ultrasonic  amplitude A =  0.05  and  0.1  mm.
As  shown  in Fig.  7,  with  the  addition  of  ultrasonic  waves  and
increasing ultrasonic amplitude from 0.05 to 0.1 mm, the primary
dendrite  spacing first  decreased but  then increased.  The addition

 

Fig. 5    Simulated evolution of (a) solid fraction and (b) average liquid concentration in processes of multiple equiaxed dendrite growth. Dotted, dashed, and solid lines
represent cases without ultrasound and with ultrasound having amplitudes of 0.05 and 0.1 mm, respectively.

 

Fig. 6    Simulated morphological evolution of columnar dendrites under conditions (a–d) without ultrasound, with ultrasound having amplitudes of (e–h) A = 0.05 mm
and (i–l) A = 0.1 mm, respectively. Solid fractions of insets are (a, e, i) fs = 10%, (b, f, j) fs = 30%, (c, g, k) fs = 60%, and (d, h, l) fs = 97%, respectively. Black arrows in
(k) represent velocity vectors in liquid caused by ultrasound.
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of  ultrasound  increased  the  degree  of  undercooling  at  the
solidification  front,  thereby  promoting  the  growth  of  columnar
dendrites  and  refining  dendrites.  However,  as  the  amplitude
increased  further,  the  columnar  dendrites  close  to  the  ultrasonic
sound source grew too fast, leading to the merging of the dendrite
arms  and  a  reduction  in  the  number  of  columnar  dendrites,
resulting in the formation of coarse columnar dendrites.

4  Conclusions
To  explore  the  influence  of  ultrasonication  on  the  solidification
microstructure  of  an  IN718  alloy,  a  coupled  CA–LB  model  was
developed  to  simulate  dendrite  growth  under  forced  convection
induced by ultrasonic waves. The simulation of the transient flow
velocity distribution in the melt caused by ultrasonic propagation
was performed via  this  model.  The good agreement  between the
simulation  results  and  the  analytical  model  demonstrates  the
quantitative capability of the model used in the present work.

For  the  growth  of  a  single  equiaxed  dendrite,  owing  to  the
influence  of  ultrasonic  waves  on  the  concentration  field,  the
growth rate of the dendrite arm near the ultrasonic field was faster
than that  of  the  others.  The secondary dendrite  arms were more
likely  to  grow  toward  the  ultrasonic  sound  source,  and  the
secondary  dendrite  arms  were  more  developed.  The  simulations
of  multiple  equiaxed  dendrites  revealed  that  the  presence  of
ultrasonic  waves  drastically  influenced  the  dendrite  morphology,
but  its  impact  on  the  complete  solidification  time  was  not
significant.  In  the  cases  with  ultrasonication,  the  average  solute
concentration in  the  liquid  phase  was  relatively  low in  the  initial
stage  of  solidification,  while  the  average  solute  concentration  in
the  liquid  phase  was  relatively  high  in  the  final  stage  of
solidification.  The  simulation  results  of  the  growth  of  columnar
dendrites show that ultrasonic waves promoted the growth of the
columnar  dendrites  that  were  nearest  to  the  ultrasound  source.
Therefore,  the  competitive  growth  mode  of  columnar  dendrites
was  affected  by  ultrasonic  waves,  which  influenced  the  primary
dendrite arm spacing.
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