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A multiphase field model coupled with a lattice Boltzmann (PF-LBM) model is proposed to simulate the distribution
mechanism of bubbles and solutes at the solid-liquid interface, the interaction between dendrites and bubbles, and the
effects of different temperatures, anisotropic strengths and tilting angles on the solidified organization of the SCN-0.24wt.%
butanedinitrile alloy during the solidification process. The model adopts a multiphase field model to simulate the growth
of dendrites, calculates the growth motions of dendrites based on the interfacial solute equilibrium; and adopts a lattice
Boltzmann model (LBM) based on the Shan—Chen multiphase flow to simulate the growth and motions of bubbles in the
liquid phase, which includes the interaction between solid-liquid—gas phases. The simulation results show that during the
directional growth of columnar dendrites, bubbles first precipitate out slowly at the very bottom of the dendrites, and then
rise up due to the different solid-liquid densities and pressure differences. The bubbles will interact with the dendrite in the
process of flow migration, such as extrusion, overflow, fusion and disappearance. In the case of wide gaps in the dendrite
channels, bubbles will fuse to form larger irregular bubbles, and in the case of dense channels, bubbles will deform due to
the extrusion of dendrites. In the simulated region, as the dendrites converge and diverge, the bubbles precipitate out of the
dendrites by compression and diffusion, which also causes physical phenomena such as fusion and spillage of the bubbles.
These results reveal the physical mechanisms of bubble nucleation, growth and kinematic evolution during solidification
and interaction with dendrite growth.

Keywords: multiphase field model, lattice Boltzmann model (LBM), Shan—Chen multiphase flow, solidifica-

tion organization
PACS: 81.30.Fb, 81.10.Aj

1. Introduction

With the development of the field of materials science and
engineering, the study of the behavior and interaction mecha-
nisms of complex multiphase fluids during solidification has
become increasingly important. Bubbles and dendrites are
two common microstructures in the solidification process, and
their morphological evolution and interactions during solidifi-
cation have an important impact on the properties and structure
of materials.!!! Therefore, an in-depth understanding of the in-
teraction mechanism between bubbles and dendrites as well
as the influence of various factors on the solidification tissue
morphology is of great theoretical significance and application
value. >3]

In order to investigate the growth evolution mechanism of
solidified tissues as well as the bubble formation mechanism,
scholars have conducted a large number of experimental stud-
ies. However, the opacity of metallic materials largely limits
researchers’ real-time observation of tissue evolution during
alloy solidification. With the rapid development of computer
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technology, numerical simulation has become an effective way
to solve such complex problems. !

In recent years, scholars have widely applied the phase-
field method (PFM), level-set method (LSM), and cellular au-
tomata (CA) methods in microporosity simulations. The goal
of these simulations is to study the generation and evolution of
microporosity in order to obtain simulation results that couple
the real-time mesoscopic and microscopic scale microstruc-
ture morphology. Among them, the phase field method!:!
(PFM) is a simulation method that describes the kinetic evo-
lution process of the system based on thermodynamics, and
it has many advantages over other methods, such as the abil-
ity to accurately simulate a variety of complex microstructures
without having to track the complex solid-liquid interface.®!
In addition, multiphase flow systems play an important role
in natural and industrial processes, and the lattice Boltzmann
method!!?! (LBM), as a mesoscopic simulation method be-
tween macroscopic continuum simulation and microscopic
molecular dynamics simulation, has been developing rapidly
in the field of computational fluid dynamics (CFD) and shows
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great potential. '] Currently, many scholars have successfully
simulated complex multiphase flow systems using LBM. [!?]

Meidani et al.!'3! developed a two-dimensional/three-
dimensional phase field model to simulate the growth pro-
cess of irregular pores confined by the dendrite lattice using
a multiphase field approach, and investigated the effect of fac-
tors such as the solid-phase fraction on the pores morphology.
However, the model did not consider the effect of dendrite
growth. Zhang et al.!'* developed a solid-liquid—gas mul-
tiphase field lattice Boltzmann model for the study of complex
multiphase flow interactions during solidification of pure met-
als, and they developed a mixed-phase-field lattice Boltzmann
method as well as a parallel adaptive lattice refinement algo-
rithm for simulating the interactions between the gas bubbles
and the solid-growth fronts during the solidification process
and successfully solved the solid growth and bubble evolution
problems using the phase field method. Sun ez al.!'! success-
fully simulated the formation of pores and microstructure evo-
lution of binary sub-eutectic Al-Si-Mg alloys during solidi-
fication using a two-dimensional multicomponent multiphase
metatronic cellular automata model, considered the solute and
hydrogen partitioning at the solid—liquid interface, and simu-
lated the growth of dendrites and solute migration using the
CA-FDM method. Gu er al.,!'® on the other hand, used meta
cellular automata to simulate the coupled process of hydrogen
porosity evolution and dendrite growth during the solidifica-
tion of the alloy, calculated the diffusion of solute and hydro-
gen using the finite difference method, observed the competing
growth and porosity between columnar dendrites and isomet-
ric dendrites, and explored the effect of the cooling rate on
the radius of the porosity; it is worth noting that the model
can only describe the static state of the gas bubbles during the
solidification process. In addition, Zhang et al.!'”! proposed
a coupled LB—-CA-FD model for simulating the formation of
hydrogen pores during the solidification of binary subeutec-
tic aluminum alloy dendrites. They used the LBM simulation
to calculate the hydrogen transport as well as the nucleation,
growth and motion of bubbles.

It should be noted that the meta cellular automata (CA)
method is mostly used in the above studies. As for the cel-
lular automata (CA) method compared with the phase field
(PF) method, the PF method can more realistically simulate
the complete process of dendrite growth.['®! Moreover, due to
the relevant simulation techniques, there are almost no studies
on the interaction between dendrites with different orientations
and gas bubbles during the directional solidification process.
Therefore, in the face of the above research gap in this field, a
multiphase field simulation coupled lattice Boltzmann method
(PF-LBM) is proposed in this study for simulating the distribu-
tion mechanism of bubbles and solutes at the solid-liquid in-
terface during solidification of SCN-0.24wt.% butanedinitrile

alloys, the interactions between dendrites and bubbles, as well
as the effects of different temperature gradients, anisotropic
strengths, and tilting angles on the solidified organization. The
model combines the advantages of multiphase field simula-
tion of dendrite growth and Shan—Chen multiphase flow-based
LBM simulation of bubble motion, and is able to describe the
multiphase flow phenomena during solidification more com-
prehensively. Through this study, we reveal the important
physical mechanisms of bubble nucleation, growth and motion
evolution and interaction with dendrite growth during solidi-
fication. These research results are of great significance for
the in-depth understanding of the behavior of complex mul-
tiphase flow during solidification, and provide new ideas and
theoretical basis for the preparation and property optimization
of materials.

2. Multiphase field model and Shan-Chen
model for LBM multiphase flow

2.1. Multi-phase field mathematical model

A multi-phase field mathematical model is a physical
model used to describe a system of matter with different
phases. In this model, matter is viewed as consisting of mul-
tiple phases, and each phase has different characteristics and
properties. These phases can be transformed through inter-
actions and form specific spatial and temporal distributions
throughout the system. The multi-phase field mathematical
model provides an effective tool for describing the phase tran-
sition process. Its emergence effectively solves the problem
of describing the interaction and evolution laws of multiple
phases (different states) in matter, and has important applica-
tions and significance in multiple fields. In this study, a quan-
titative multi-order parametric phase field model for dilute bi-
nary alloys developed by Ofori-Opoku ez al.!'”! is used, where
the following multi-phase field equations are used in this pa-

per:

, 2
«0%L = v WAool +a (el w0 550
2
<2, (IVaPw(e) 5500 ) + - 0]
— 2)? T — Tier
+2 (1-¢7) <U+|m(1k)c?>. o

Assuming negligible solute diffusion in the solid phase,
the temperature is replaced by an approximation of the con-
densation temperature T = Ty + G(x — Vpt) , where Tief is the
reference temperature and the position above the solidification
axis is denoted by x. 7 is the interfacial relaxation time, W
is the thickness of the diffusive interfacial layer, ¢; is a whole
representing the phase field variables, U is the liquid flow ve-
locity, k is the solute partition coefficient at the solid-liquid
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interface. The strength of the interfacial energy anisotropy is
given by

aw)=as (1422 feost (6.~ @) +sin* (6 0], @)
S

where a; = 1 — 3¢4, 0 are the direction of the thermal gradient

and the angle perpendicular to the grain interface, respectively,

and @ is the top angle of the first grain interface.

The c? = ¢ /k is the concentration of the liquid portion of
the solid-liquid interface, the coupling constant A represents
the width of the diffusion interface, dy = a;Wy/A is the solute
capillary length, 7y is the interfacial relaxation time, x,y are
the horizontal and vertical axes respectively, G is the tempera-
ture gradient at the solid-liquid interface. &, is the anisotropic
strength of the interfacial free energy, and the solute saturation
in Eq. (3) dimensionless U is obtained by solving the solute
conservation equation with the solute equation

l+k (1=K |[oU
R [aﬁ”"}
=V [D _ l — a(Pif
= V:[Dig(p)VU = Jul + 5[14+ (1= QUL =2 = V-,
3)

q(p)=(1=Y,;¢:) /2 in the equation to regulate the diffusion
of solutes at the interface, D; is the diffusion coefficient of the
solute within the liquid. w(0) = Wpa (6 — ©j) and the actual
internal compositions C of the solid and liquid phases can be
given by the relation, and

(he/ea) /[1+k— (1K) Ti0) — 1

U:
1—-k

“4)

Due to the influence of the interface width selection, the
scales simulated by the phase field method model are relatively
small, which is difficult to realize in the real process, so the
thin interface theory is used to analyze the interface so that
the selection of the interface width is greater than the width
of the actual interface. And when the width of the interface
increases, solute shedding occurs, and this occurrence intro-
duces a degree of computational error. In order to minimize
the error generated in this part will be introduced in the solute
equation the inverse solute trap flow proposed by Karma et
al.!"V in the anti-solute trapping flow. 7 = aja2W; /(doDy),
where aj,a; take the results of the derivation of the asymp-
totic analysis of thin interfaces by Karma and Rappel,!'%?!]
a; = 0.8839 and a; = 0.6762. When the sample is fixed and
cooled at a given temperature gradient G at cooling rate R, the
rate of movement of the isotherm is called the pulling speed
Vp = R/G and the inverse solute trap flow J,; in Eq. (3) is

Ju=-Woll+ (1 =KUY 00V o/ Vel /2v2. (5)

2.2. Shan—-Chen model for LBM multiphase flow

The Shan—Chen model is a multiphase flow model in the
lattice Boltzmann method (LBM) used to simulate phase sep-
aration phenomena in complex fluid systems. LBM is a nu-
merical simulation method based on the discrete grids, which
approximately discretizes a continuous medium into discrete
spatial and time step grids, and describes fluid dynamics be-
havior using the microscopic velocity distribution function of
particles. LBM has the advantages of strong parallelism and
ease of handling complex geometric shapes and boundary con-
ditions. The main use of different mutual characteristics can
be simulated by adjusting model parameters to handle various
multiphase flow situations such as gas-liquid, solid-liquid,
and so on. The following are the equations of the LBM multi-
phase flow Shan—Chen model used in this article. The Boltz-
mann evolution equation for LBM multiphase flow lattice can
be expressed as

fE(r+eiAt,t+Ar) — f2(r,t)
= )~ 7 ) ©

The upper corner of the formula indicates the different
group phases in the fluid, o indicates the interfacial energy of
the alloy, where o is 1 for the state of the liquid phase, o is 2
for the state of the gas phase, and f? (r,7) is the relaxation time
of the interface of the distribution function in the direction of
the fluid particles. The computational expression for the parti-
cle equilibrium state distribution function fia(e(p is given by

3ei-u® (rt)  4.5(e;-u® (r,t))?
2 T 4

e = p“(m)wf[l !
C C

c 2

LS (ucz(r,t)) } . o
Regarding the particle equilibrium state distribution func-
tion calculation expression: p°®(r,¢) and u® (r,¢) represent the
density and velocity of the fluid in the ¢ component, re-
spectively, m; is the weight coefficient, in the D2Q9 model,
the value of @; is taken as follows: wy = 4/9, w_4 = 1/9,
ws_g = 1/36, ¢; represents the velocity of the particle in the i

direction of motion, and e; is the configured velocity

(0,0) i=0

c(cos [(—1) %] sin[(a—1)%]) i=1-4

V2 (cos[(2a—1) %] ,sin[2a—1)%]) i=5-8
®

e — )

where c is the lattice sound velocity, under the right-angle co-
ordinate system, ¢ takes the value of 1/ V3, for the D2Q9
format, its expression is ¢ = Ar/At , in this equation Ar is
the spatial step, At is the time step, the actual density of each
phase of the fluid and the average velocity of the fluid can be
derived by solving the particle distribution function, and the
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corresponding fluid particle distribution function satisfies the
following relationship equation:

pe(nt) =Y o fo(rt), ©9)
p(rtu(rt) =Yi | ¥} geiff(nt), (10)

where p (r,t) denotes the overall density of the two-phase flow

Y

The velocity u®(r,t) in the equilibrium distribution function
for each phase can be found from

_ Yo Yo (nt)

- T°F° (1,t)
=)

po(rt) ’

F°(r,t) represents the force acting on a gas—liquid two-phase
fluid

12)

F2(rt) = =Gy () Y8y (r+eiAt,t)e;,  (13)

G, is the flow—flow interaction coefficient, which determines
the strength of the interaction force between fluid particles.
O (r,t) represents the effective density of the fluid, which is
an effective function of the fluid density. The expression is
Yo (rt) = 1—exp(—=p°(r1)). (14)
The value of pressure p(r,7) at the lattice point of the fluid
phase can be obtained from the following equation of state:
p (r 1 ) GC

3 6

p(rt)= vl (rt)y°(nt). (15)

In the formula, p(r,z) for the density of the fluid, when dif-
ferent phases are transformed into each other, will cause the
density of the particles change, such as gas to liquid conver-
sion with the increase of the gas phase liquid phase will be
gradually reduced, the following for the gas-liquid phase par-
ticles density changes in the relationship is

Ap® = —Ap', (16)
ApE = —(pE+p')A9, (17)
A = AAf, (18)

where p& and p! denote the particle densities of the gas and
liquid phases of the fluid, respectively, A¢ is the amount of
conversion from the liquid phase to the gas phase, which is
very much related to the amount of conversion of the liquid
phase to the solid phase. Afs denotes the amount of conver-
sion of the particles from the liquid phase to the solid phase,
and A is the coefficient, which is taken to be the value of 107°
in this paper.

Coupling the multiphase field model with the LBM mul-
tiphase flow Shan—Chen model, where C and D are the hy-
drogen concentration as well as diffusion coefficients, respec-
tively, and K is the hydrogen partition coefficient, the evolu-
tion of bubbles and dendrites growth can be solved coupled by
the following equations:

Cs = KCY", (19)
9CG _ d [ dCe] O [ 9ICe] Ifs 0/ _

o1 _ax[ Eax]+ay [DE ay]+ o A1 =h), 20
Ce = fsCs+ (1 - £)C0, Dg=fiDs+(1—f)DL, (21)

where Cj is the solid at the solidification interface and C*
is the liquid at the solidification interface. Cs and Cl0 are the
solute concentrations of the solid and liquid, respectively, k
is the solute partition coefficients at the solid-liquid interface,
Dg and Dy, are the diffusion coefficients for the solid and liquid
at the solidification interface, f; is the solid phase fraction.

2.3. Physical parameters

SCN-0.24wt.% butanedinitrile alloy was used as the ob-
ject of study, the grid spacing of the computational range was
set to x = 1W)p, and the time step was selected as ¢ = 0.0021.
Periodic boundary conditions were applied to the LBM model
for simulation of the periodic fluid behavior during the inter-
val of solidified tissue calculation in order to facilitate a better
study of the phenomena between different states. The dendrite
tilt angle was measured according to the angle of rotation in
the counterclockwise direction. The physical parameters used
in this paper are shown in the table.

Table 1. Calculation parameters used in the simulation process.

Description Parameter Value
Kinetic viscosity v 1.0x 1070 m?.s~!
Solute diffusion coefficient in liquid D, 2.7%x107* cm?-s7!
Initial liquid temperature T 647 °C
Gibbs—Tomson coefficient r 6.48 x 107® cm-K
Solubility partition coefficient k 0.21
Liquidus slope m —1.365 K- (wt.%) ™!
The initial concentration Co 0.24 (wt.%)
Interface layer width parameter & 54
Time discrete step size dt 0.002 7y

2.4. Validation of the PF-LBM model

To establish the coupled pore PF-LBM model, due to
the addition of the solid phase (binary alloy) part, the force
F°(r,t) previously acting on the gas-liquid two fluid phases
becomes the sum of the flow-fluid force F? (r,¢) and the flow-
solid force F2_(rt), i.e.,

ads

F°(rt)=F?(rt)+ Fo(nt), 22)
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where the flow-fluid force F.2 (r,t) is expressed as Eq. (13) and

the flow-solid force F

Os(rt) is expressed as

8
a%s(rvt):_ngspo—(r’t)Zwis(r‘i'eimvt)eia (23)
i=0

1

where G2 is the coefficient of interaction between fluid-
solid, which determines the strength of the force between the
fluid particles and the solid phase, s(r + ¢;At,t)e; is the la-
beling function, which is used to label the solid-liquid phase
composition of the current lattice node, with a value of 1 when
it is the solid phase, and a value of O when it is the liquid phase.

In order to verify the correctness of the PF-LBM model,
the simulation of the wetting phenomenon between the solid—
liquid—gas three-phase is used to verify our model. Figure 1
shows the schematic diagram when the bubble is in a stable
state after contact with a smooth solid-phase surface. At the
solid-liquid—gas three-phase contact point, the angle 6 formed
between the horizontal line of the solid—gas interface and the
tangent line of the gas-liquid interface is the contact angle.
The contact angle can be calculated by the following expres-
sion:

Yig X €08 0 = ¥s — Yg, 24)

where ¥, ¥s, and %g are the gas-liquid, solid-liquid and
solid—gas interfacial tensions, respectively.

Fig. 1. Relationship between dendrites and bubbles at different tempera-
ture gradients.

There is a relationship between the contact angle 6 when
it has three specific values and the flow-fluid interaction coef-
ficient G, in Eq. (13) and the flow-solid interaction coefficient
G,gs in Eq. (23)

Gy (p") 6=0°
Gads = GCM 0-90° ¢, (25)
Gey (p®) 6 =180°

where y is a function that calculates the effective density of
the fluid with the expression of Eq. (14).

Equation (25) can be understood as follows: when 6 = 0°,
i.e., there is no gas-phase portion above the unit circle at the
contact point O in the schematic diagram of Fig. 1, so only the
solid-phase portion and the liquid-phase portion remain in the
unit circle. At this point the density of the phase above the
unit circle at the contact point O is only the density of the lig-
uid phase. When 6 = 180°, it follows from the same reasoning

that the density of the phase above the unit circle at the contact
point O at this point is only the density of the gas phase. When
0 = 90°, at this point, the upper left part of the unit circle at
point O has only the liquid phase portion, and the upper right
part has only the gas phase portion, so the density above the
unit circle at point O is half of the sum of the density of the
gas phase and the density of the liquid phase.

1.8
1.6}
1.4t — G, =—6.5

— G,=—6.0

1.2
1.0
0.8
0.6
0.4
0.2

0

Relative errors (%)

0 90 180
Contact angle (°)

Fig. 2. Relative errors of the three special contact angles with respect to
the contact angles obtained by simulation.

Fig. 3. Morphology of the bubbles on the surface of the smooth solid
phase: (a) Gugs = —4.77, (b) Gags = —3.90, (¢) Gags = —3.03, (d) Gugs =
—2.16, (€) Gags = —1.29, () Gygs = —0.42.

In the cases of G. = —6.0 and G, = —6.5, respectively,
the G,q4s theoretical values of the three special angle values
are calculated, and then the G,y theoretical values are substi-
tuted into the model for calculation, and the obtained contact
angle simulation values are compared with the three special
contact angle values, respectively, to calculate the relative er-
rors. Equation (26) is used to calculate the size of the obtained
contact angle simulation values and format (27) is used to cal-
culate the contact angle simulation values and special contact
angle relative errors, respectively,

. 4HL
95 = arcsin (LZ—4I-IZ> s (26)
B = %80 1000, 27

d
In Eq. (26), H is the value of the length of the vertical line
from the highest point of the bubble to the surface of the solid
phase s, and L is the value of the bottom of the contact between
the bubble and the surface of the solid phase s, i.e., the value
from point O to point A in the schematic diagram of Fig. 1. In
Eq. (27), ER is the relative error, 6; is the simulated angle of
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the obtained contact angle, and 6 is the theoretical value of the
three special contact angles. The simulation region is set to be
120 x 120, the initial density of the liquid phase p' = 2.8, the
initial density of the gas phase p& = 0.07, the relaxation time
of both phases is 1.0, and the initial radius of the bubble R is
set to be 15. The bottom boundary condition of the model is
used to simulate the solid phase, and the rest of the boundaries
are used for the periodic condition. From Fig. 2, it can be seen
that the relative error does not exceed 2%, which indicates the
correctness of our model. Figure 3 shows the different contact
angle topographies resulting from the contact of a bubble with
a smooth solid phase surface under the G, = —6.0 condition.
The red region in the figure is the bubble and the surrounding
red-blue region is the liquid phase. From the figure, it can
be seen that the contact angle obtained from the simulation is
gradually increasing as the fluid-solid interaction coefficient
G,gs increases, i.e., the wettability between the fluid phase and
the solid phase is gradually decreasing.

3. Results and discussion

3.1. Interaction between dendrites and bubbles at differ-
ent temperature gradients

In the numerical simulation of directional solidification
of alloys, numerous physical parameters have a significant im-
pact on the morphology changes of dendrites, and dendrite
morphology is of great significance for studying the inter-
action between dendrites and bubbles. Therefore, statistical
characterization of some interesting quantities and exploring
the internal mechanisms of research from different appear-
ances are issues that we are more concerned about. Among
them, temperature gradient and anisotropic strength are the
two main factors that affect the morphology of dendrites.

Figure 4 demonstrates the morphological changes of the
interaction between dendrites and bubbles under different tem-
perature gradient conditions. At the beginning of the sim-
ulation, we set up a region as a square of 800 x 800 grids,
and three directionally growing dendrite nuclei were set up in
the region at the beginning of solidification. With time, the
dendrites began to grow slowly and the solid-liquid interface
gradually advanced upward. The density of the liquid at the
left bottom of the region is lower than that of the liquid at the
right bottom, and the high-density region is gradually trans-
formed into a solid state with the prolongation of solidification
time. According to the law of conservation of energy, the den-
sity of low density areas will decrease. When the liquid den-
sity drops to the critical value of the solid-liquid interface, the
hydrogen concentration in the dendrites gap will exceed the
hydrogen concentration at the initial solidification, resulting in
the formation of bubbles. Due to the tendency of high-density
areas to promote bubble formation, bubbles are more likely to
form and develop within the area. This process indicates that

in the early stage of solidification, dendrites and bubbles will
grow together, and high-density liquid regions are conducive
to the formation of bubbles.

0.0002

0.0004

0.0006

s Al

90000t /%,

110000t /%,

100000¢ /%,

Fig. 4. Relationship between dendrites and bubbles at different tempera-
ture gradients.

At low temperature gradients, as shown in Figs. 4(al)—
4(a3), the solute content around the solid-liquid interface is
higher, resulting in a relatively low concentration of the liquid
phase, which generates some small bubbles in the dendrites
interstices. Due to the hydrogen concentration difference, the
growth of dendrites simultaneously inhibits the gas bubbles
from entering the liquid phase, and the solute concentration
around the solid-liquid interface is higher than that elsewhere,
which provides the conditions for the gas bubbles to be trans-
formed. Bubbles between dendrites have an important effect
on dendrite growth. Gas bubbles start in a dispersed state, but
they fuse together due to the pressure difference at the solid—
liquid interface. Thus, bubble formation promotes dendrite
growth, and in the middle stage of solidification, the high con-
centration of solute inhibits the growth of secondary dendrite
arms.

As the temperature gradient is further increased, as shown
in Figs. 4(b1)—4(b3), the gas bubbles absorb hydrogen atoms
around the surrounding liquid—phase dendrites during growth,
leading to overflow, enlargement and fusion. As the secondary
dendrite arms grow and the bubbles enlarge and fuse, the lig-
uid and gas generate different pressures, creating a pressure
difference in the interstitial space. This causes the bubbles to
move irregularly between the dendrites, being squeezed from
the secondary dendrite arms into the interstices of the dendrite
arms, causing the bubbles to deform, or fuse with another bub-
ble. For example, the bubble M1 in Figs. 4(b1)—4(b3) initially
appears within the secondary dendrite arm, and as solidifica-
tion proceeds, the bubble increases in size and passes through
the secondary dendrite arm to the primary dendrite arm gap
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M2. The increase in size and deformation of the bubbles is
accompanied by the growth of the dendrites, resulting in the
formation of bubble M3, which takes on different shapes.
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Fig. 5. Evolution of bubble mean radius with time step for temper-
ature gradients of G = 0.0002 K/um, G = 0.0004 K/um, and G =
0.0006 K/um.
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Fig. 6. Evolution of the total fraction ratio between bubbles and solids
for temperature gradients of G = 0.0002 K/pum, G = 0.0004 K/pum, and
G =0.0006 K/pm.

When the temperature gradient increases to 0.0006, as
shown in Figs. 4(c1)—4(c3), the initial bubble N1 grows in the
interstices of the dendrites, and the co-growth of the dendrites
and bubbles leads to the extrusion and deformation of the bub-
ble at N2, forming two parts. As the dendrite grows over a
larger area, the bubble at N3 is more significantly extruded
and deformed. Over time, the growth of dendrites and bubbles
compete together for growth space, and the growing bubbles
absorb solute excretion, contributing to the growth of dendrites
and the development of secondary dendrite arms. At the same
time, there is also competition between bubbles, while some
bubbles grow, other bubbles may disappear or fuse, and large
bubbles are more likely to aggregate with surrounding small
bubbles to form irregular large bubbles. Figure 5 shows the
variation curves of the average radius of bubbles with time step
for temperature gradient G at 0.0002, 0.0004 and 0.0006, re-
spectively. It can be seen that the curve fluctuates more when

G = 0.0002. As the temperature gradient G reaches 0.0006,
the bubble radius becomes smaller and has better continuity.
Figure 6 shows the variation curves of the total fraction ra-
tio between bubbles and solids for temperature gradient G at
0.0002, 0.0004 and 0.0006, respectively. The curves in the
figure show that the bubbles are formed gradually during the
solidification organization process, the radius of the bubbles
is getting bigger and bigger, and the dendrites do not stop
growing because of the appearance of the bubbles, but are still
growing. The curve shows a monotonous upward trend, and
the bubble continues to get bigger and bigger accompanied
by a decrease in the ratio of bubble to solid, and finally un-
til stabilized, which shows that the bubble has a great role in
promoting the solidification of dendrites.

3.2. Interaction between dendrites and bubbles at differ-
ent anisotropic strengths

Under different anisotropic strength conditions, we per-
form simulations of dendrite growth and stomatal evolution
modeling to quantitatively explore the effect of anisotropic
strength on the interaction between oriented columnar den-
drites and bubbles during solidification. We set the computa-
tional range as a square area of 800 x 800 grids, each of which
represents a computational grid. The temperature gradient in
the whole area is assumed to be uniform and the pulling speed
is kept constant. The anisotropy intensity is increased from
0.02 to 0.06 to observe the evolution process of dendrites and
bubbles.

At the beginning of the solidification simulation, we set
up three initial nuclei in the calculation area. As the solid-
ification process advances, the number of dendrites starts to
increase, and it can be clearly observed from Fig. 7 that the ori-
ented dendrites and pores change with time, and the primary
dendrites grow gradually and interact with the bubbles. From
Figs. 7(al)-7(a3), it can be seen that when the anisotropic
strength is small, the primary dendrites are thicker and gen-
erate a large number of secondary dendrite arms. At the same
time, solutes accumulate in the gap between the primary den-
drite and the secondary dendrite arms, and the growth of the
secondary dendrite arms is slowed down by the accumulation
of solutes. When the dendrite grows to a critical value, hy-
drogen bubbles emerge from the low end of the dendrite (e.g.,
at L1) and then continue to increase until the local hydrogen
concentration falls below the hydrogen saturation or the den-
drite grows around it hindering the growth of the bubbles. And
the lush secondary dendrite arms keep colliding with the bub-
bles, forming a squeeze on the bubbles, and then the bubbles
deform, and part of the bubbles will be divided into two parts
by the secondary dendrite arms. Some other bubbles are com-
pressed by the secondary dendrite arms, which leads to the
fusion phenomenon, as in Figs. 7(al)-7(a3), the bubbles at
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L1 gradually migrate and fuse together (at L2). With the in-
crease of the time step, the volume fraction of microhydrogen
bubbles increases, and the pores also increase, and when the
pressure difference in dendrites is larger than the critical value
of the bubbles it will divide the bubbles into two parts (e.g.,
at L3), and the density of the bubbles is not much affected by
the increase of the time step. It is worth noting that the so-
lutes released from the solid phase in the dendrites gap cannot
be completely discharged and accumulate in the dendrites gap
resulting in the inability of the secondary dendrites arms to
continue to develop, and the effect of the secondary dendrites
arms on the bubble will gradually slow down.

With the further increase of the anisotropic strength,
the primary dendrite spacing becomes correspondingly larger
and the secondary dendrite arms gradually decrease when
€4 = 0.04. At the same moment, compared with the smaller
anisotropy strength, the interaction between the dendrites and
the bubbles slows down, and the deformation rate of the bub-
bles decreases significantly. As shown in Figs. 7(b1)-7(b3),
due to the content of hydrogen concentration of bubbles in the
dendrite organization growth process is less than the concen-
tration in the dendrite, bubbles are crowded by the dendrite
piled together, such as M1, the dendrite’s continuous growth
process, the density of the dendrite is greater than that of the
hydrogen bubbles that is divided into two sections, such as
M2, with the increase of the time step, the dendrite channel
bubbles accompanied by dendrites competing for the growth
of the dendrite infinite close to the connected together (e.g., at
M3).
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Fig. 7. Relationship between dendrites and bubbles under different
anisotropy.

When &4 = 0.06 , the overall morphology of the dendrite
becomes elongated, only part of the dendrite has weak sec-
ondary dendrite arms, and the surface of the primary dendrite

arms of the rest of the dendrite is nearly smooth. As shown in
Figs. 7(c1)-7(c3), only a small number of secondary dendrite
arms are in contact with the bubbles, and the primary den-
drite arms of the rest of the dendrites have less contact with
the bubbles, and the interaction between the two is very weak.
Among them, the dendrite at N1 will be close to the bubble
during the growth process, and when the bubble grows to the
tip of the dendrite, it will be interspersed by the tip of the den-
drite through the bubble to divide the original bubble into two
bubbles of different sizes (as shown at N2). Until the liquid
phase that grows to the solid—liquid interface contains more
hydrogen than in the hydrogen bubbles, it engulfs the small
bubbles, causing them to disappear (shown at position N3).

As shown in Fig. 8, we count the average radii of the bub-
bles under different anisotropic strength conditions. It is worth
noting that, when the anisotropy strength is increasing, along
with the primary dendrite arms become finer and their num-
ber increases, and the surface of the dendrite is also gradually
smooth, the secondary dendrite arms are reduced, and the in-
terstitial channel between the dendrite arms is wider, and the
dendrite gradually reduces the pressure on the bubbles, result-
ing in the bubbles from more continuity to the existence of
a separate dendrites channel, which is less prone to the split-
ting and fusion phenomena. It can be found that the larger the
anisotropy strength is, the more stable the curve fluctuation ex-
pressed by the mean radius of bubbles is, and also due to the
reduction of fusion phenomenon of different bubbles, thus the
mean radius of bubbles is also relatively reduced.
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Fig. 8. Variation curves of bubble mean radius with time step for
anisotropy strengths of & = 0.02, & = 0.04, and &4 = 0.06.

3.3. Interaction of tilted dendrites with gas bubbles

The interrelationship between dendrites and gas bubbles
during directional solidification at an initial angle of dendrite
growth @9 = 70° is illustrated in Figs. 9(al)-9(a3). As the
solidification process progresses, due to the relatively low sol-
ubility of hydrogen atoms in the solid phase, the hydrogen
atoms are repelled by the solid-liquid interface and thus un-
dergo migration into the liquid phase. When the hydrogen
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concentration in the liquid phase exceeds a critical value, bub-
bles begin to form and start generating from the interstices of
the dendrites and move irregularly, in which case the morphol-
ogy of the dendrites will not be changed by the deformation of
the bubbles. Bubbles show irregular motion patterns as they
are captured by the solid phase. The coupled growth of bub-
bles and dendrites leads to the appearance of micropores in
the solidified tissue. It is well known that the defects in the
microstructure due to bubble generation are mainly due to the
trapping of bubbles at the solid-liquid interface. The inter-
action between bubbles and dendrites directly determines the
formation of defects in the microstructure. In Fig. 9(al) at
L1 the bubble does irregular movement between the dendrites,
due to the solid-liquid interface and the different densities of
the hydrogen bubbles, the bubble is divided into two sections
by the dendrites while passing through the dendrites, and the
bubble absorbs the hydrogen atoms from the dendritic inter-
stices into itself during the growth of solidified tissues, so that
the two sections of the differently shaped bubbles undergo de-
formation and are fused together (e.g., Fig. 9(a2)). With the
continuous growth of the dendrite, hydrogen atoms will be ex-
cluded by the solid-liquid interface, which will lead to the re-
duction of hydrogen atoms in the liquid phase, along with the
growth of bubbles, the microstructure of the dendrite grows
relatively fast, when the bubble encounters the dendrite dur-
ing the growth process, its growth will be inhibited, and in the
dendrite gap in the new position with other bubbles connected
together to form a worm-like bubble as shown in Fig. 9(a3). It
is worth noting that due to the tilted growth of the dendrite, the
growth direction of the secondary dendrite arm on the left side
of the dendrite is closer to the direction of the temperature gra-
dient, resulting in the secondary dendrite arm on the left side
of the dendrite being relatively more developed, which will be
more helpful for the interaction between the dendrite and the
bubbles, resulting in bubbles being more susceptible to defor-
mation and the phenomena of multi-bubble fusion and bubble
splitting.

(a1) (a2) (a3)
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Fig. 9. Relationship between dendrites and bubbles at different tilt angles.

Figures 9(b1)-9(b3) reflect the interaction between den-
drite and bubble when the initial angle of dendrite growth is

70° and 90°, respectively. Dendrite A is grown along the direc-
tion of temperature gradient, and the preferential orientation
angle of dendrite B is 70°. Dendrite A and dendrite B show
convergence in the left layer region and divergence in the right
side, and the interstitial channels of converging bicrystals are
narrower than those of parallel dendrites, and the interstitial
channels of diverging bicrystals are wider than those of par-
allel dendrites. Bubble growth exists in the interstices of the
dendrites, and the continuous growth of the dendrites with tilt
angles of 70° and 90° creates the convergence phenomenon,
and the bubbles are located above the dendrites at this moment
(as in Fig. 9 M1). Subsequently, with the continuous growth
of the dendrites, the bubble grows to be in infinite contact with
the converging dendrites on both sides (as in Fig. 9 M2).

When the dendrite contacts the bubble, the gap between
the converging dendrites decreases, the bubble is compressed
and deformed, and finally the bubble is squeezed by the con-
verging dendrites in three directions in the shape of a flower
(as in Fig. 9 M3). In the space of divergent twin crystals on
the right, the bubble (as in Fig. 9 N1) is sandwiched in a nar-
row channel and squeezed into a strip shape by the secondary
dendrite arms. As the dendrite continues to grow, the angle
between the two dendrites grows wider and wider, giving the
bubbles enough space to migrate in motion. The bubbles pile
up into the wide channel (as in Fig. 9 N2). When the an-
gle is large enough, the bubbles are extruded from the narrow
channel to the uppermost position to fuse with other bubbles
to form larger bubbles (as in Fig. 9 N3). It can be seen that
when the bubbles located in the gap between the dendrites in-
teract with the dendrites at different inclination angles, when
the bubbles are located between the converging dendrites, the
bubbles will be squeezed more obviously, and the interaction
between the dendrites and the bubbles will be more intense.
When the bubbles exist in the space formed by the divergent
bicrystals, due to the gap between the bicrystals is expanding,
and the bubbles will have a narrow channel through the diver-
gent tendency of the dendrites to be squeezed into the larger
dendritic gaps to form large bubbles.

Figure 10 shows the curves of the average radius of bub-
bles with time when the growth angle of both kinds of den-
drites is 70°. It can be seen that when the growth direction
of the dendrites is the same, the gap between the dendrites is
more uniform, the radius of the bubbles is in a constant state,
and their areas are roughly the same, which is smoother and
less volatile in the curve. Figure 11 reflects the curve of the
average radius of the bubbles as a function of the time step
when the bicrystal forms a pinch point. When the dendrites
perpendicular to the 70° dendrites to form the angle, such as
Fig. 11, A®;y = 70° dendrites gap from wide to narrow the for-
mation of convergent dendrites, the bubble will be squeezed
from large to small. The radius of the curve tends to decrease
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from large to small downwards, and vice versa the formation
of evanescent dendrites bubbles within the narrow channels
of the dendrites. As the dendrites diverge, the gap suddenly
becomes larger, and under pressure the bubbles rush out and
become larger in the narrow channel.
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Fig. 10. Curve of average radius of bubbles versus time for growth angle
of 70° for both dendrite A®;, and dendrite BG;,.
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Fig. 11. Curve of average radius of bubbles versus time when dendrite A
and dendrite B are formed at angles of A®;y = 70° and B®;y = 90°.
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Fig. 12. Relationship between bubble growth rate and time step for dif-
ferent dendrite growth angles.

Figure 12 examines the bubble growth rate curves of den-
drite A and dendrite B under different growth angles. When
the growth angle of both dendrite A and dendrite B is 70°, the
gap channel between dendrites is narrower, the size of bubbles

is relatively uniform, the bubble movement is in a relatively
uniform speed, and the bubble growth rate curve is relatively
smoother. When the growth angle of dendrite A is 70°, the
growth angle of dendrite B is 90°, the bubble growth rate at
the beginning of solidification is in a smooth state, with the
formation of dispersive bicrystals, the solid-liquid interface
and the pressure difference between the hydrogen pore lead to
the bubbles be rushed out to the wider channels to migrate a
little faster.

4. Conclusion

A multiphase field model coupled with an LBM model is
successfully proposed. For in-depth investigation of the com-
plex phenomenon of solid-liquid—gas interactions between the
three phases of an alloy during solidification. With this model,
we are able to simulate the distribution mechanism of bub-
bles and solutes at the solid—liquid interface to explore the in-
teractions between dendrites and bubbles, as well as the ef-
fects of different temperatures, anisotropies, and tilt angles on
the solidification organization. In this study, we have drawn
some interesting conclusions and findings through an in-depth
analysis of the relevant physical parameters and elucidated the
physical mechanisms of bubble nucleation, growth and kine-
matic evolution during solidification as well as the interactions
with the growth of dendrites.

First, our simulation results show that during the direc-
tional growth of columnar dendrites, bubbles will precipitate
out at the bottom of the dendrite gap, and then gradually rise
due to the differences in solid—liquid densities and differential
pressures, and this process involves interactions between the
bubbles and the dendrites, such as extrusion, spillage, fusion,
and disappearance. All these phenomena have a significant
effect on the solidification organization.

Secondly, in cases where the gap between dendrite chan-
nels is wide, bubbles have more opportunities to fuse and form
irregularly larger bubbles. At the dense channels, the bubbles
are deformed by the extrusion of the dendrites. This suggests
that the channel structure has an important influence on the
evolution and morphology of bubbles, which is of great engi-
neering significance in the actual solidification process.

Finally, our study also reveal that with the divergence and
convergence of dendrites in the simulation area, bubbles will
precipitate out under the compression and diffusion of den-
drites, and also lead to physical phenomena such as bubble
fusion and overflow. This phenomenon manifests the dynamic
complexity of the solidification process and provides a strong
theoretical basis for better understanding and controlling the
material solidification process.

This study has successfully investigated in depth the in-
teraction between bubbles and dendrites during the solidifica-
tion process through the application of the PF-LBM model,
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which provides important insights into our understanding of
the physical mechanisms involved in the solidification process
of materials. These research results not only help to optimize
the solidification of industrial arts of materials, but also pro-
vide strong support for related engineering applications and
useful information for further development in the field of ma-
terials science and engineering. In the future, we can continue
to extend this model to deepen our understanding of the micro-
scopic phenomena in the solidification process and to promote
further research in related fields.
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