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A multi-phase field model is established to simulate the growth competition and evolution behavior between seaweed
and columnar dendrites during directional solidification. According to the effects of surface tension and interfacial energy,
we quantitatively analyze the influences of factors such as inclination angles, pulling velocity, and anisotropic strength on
twin growth. The results demonstrate that the pulling velocity and anisotropic strength have an important influence on the
morphology and evolution of the seaweed and dendritic growth. The low pulling velocity and anisotropic strength are both
key parameters for maintaining the stable morphology of seaweed during competitive growth in a bicrystal, showing that
the lateral branching behavior is the root of the dendrites that can ultimately dominate the growth. And it is clarified that
the lateral branching behavior and lateral blocking are the root causes of the final dominant growth of dendrites. With the
increase of anisotropy strength, the seaweed is eliminated fastest in case 1, the seaweed is transformed into degenerate
dendritic morphology, and eliminates the seaweed by promoting the generation and lateral growth of the lateral branches of
the dendrites. The increase of pulling velocity is to increase the undercooling of favorable oriented grain and accelerate the
growth rate of dendrites, thus producing more new primary dendrites for lateral expansion and accelerating the elimination
rate of unfavorable oriented grain.

Keywords: multi-phase field simulation, grain growth competition, directional solidification, twin grains
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1. Introduction
In the process of directional solidification, thermody-

namic simulation of its microstructure is a popular direction
in developing the material science and computer science.[1]

The solidification structure formed during the solidification
process is a key factor in determining the material proper-
ties. Owing to the close relation between the performance of
the material and its microstructure, the development of sci-
ence and technology relies heavily on the development of new
material systems, through improving or designing microstruc-
tures to meet the requirements for advancing technology.[2]

The growth competition among grains of different orientations
is a common phenomenon in the evolution of microstructures.
Therefore, understanding the mechanism of grain growth com-
petition with different orientations, clarifying the factors that
affect growth competition, and then controlling the process of
grain competition growth, will play a vital role in determin-
ing the performance of castings and material preparation.[3]

According to the analysis of the difference in the extent of
undercooling of the columnar dendrite tip in the tip solidi-
fication process, Walton and Chalmers[4] proposed a classic
competitive growth model, and Rappaz and Gandin[5] briefly
summarized the model. The results show that the lower ex-
tent of undercooling ensures the superiority of the favorable

oriented grains in the competition, so that the unfavorable
oriented grains with higher cutting-edge undercooling should
be eliminated. However, the above analysis of competitive
growth is just based on the dendrite region, and the research
on the growth competition between different morphological
grains is less understood. Therefore, the present work fo-
cuses on the competitive growth of seaweed and dendritic. The
grain growth direction of the directional solidification process
is determined by two characteristic directions, namely the ther-
mal gradient direction and favorable oriented growth direction.
The angle between these two directions is usually defined as
the misorientation angle Θ0.

A large number of experiments and theoretical studies
have shown that under low anisotropy strength it is possible to
grow a seaweed-like organization with the interface morphol-
ogy by controlling the direction of the thermal gradient and the
preferential growth direction of the grains.[6] When this mis-
alignment angle is close to a maximum deviation value of 45◦,
a transition into another complex form, called degenerate sea-
weed, will occur.[7] However, in recent experimental studies,
many experimental and simulation results were inconsistent
with or even contrary to the description of the model, which
makes us start to think whether the classical Walton Charmers
competitive growth model is suitable for the growth competi-
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tion between dendrites and degenerate seaweed.[8] According
to the classical model of competitive growth, the degradation
of seaweed grains cannot be good for competitive growth, and
with the increase of the dislocation angle, due to the higher
tip super-cooling of the degenerate seaweed grains, the elim-
ination rate decreases. Zhang et al.[9] revealed that the in-
crease in undercooling will cause the morphology of seaweed
to change drastically. However, some subsequent experimen-
tal observations have proved that the growth competition be-
havior between actual columnar dendrites and seaweed grains
may be much more complicated. These anomalies indicated
that the difference in undercooling at dendrite tips is not al-
ways suitable for predicting the growth competition between
grains. The experimental results obtained by Yumin et al.[10]

are consistent with our predictions. The growth velocity and
the lateral branching of convergent grain boundary will have
an important influence on the growth competition of seaweed
and dendrites, showing that the formation of degenerate sea-
weed in directional solidification is affected by lower pulling
velocity and higher thermal gradient.

Owing to the complexity and opacity of the microstruc-
ture of metal materials, it is difficult and time-consuming to
obtain useful statistical data from hundreds of experiments,
and the results obtained through experiments have great lim-
itations. Therefore, combining numerical simulation meth-
ods to analyze the growth competition process of grains has
become an effective method of studying the growth mecha-
nism. Among them, the phase field method has become an
important tool to study the mechanism and kinetics of den-
drite growth due to its advantages of accurately simulating the
changes of solute field and temperature field during solidifi-
cation. Tourret et al.[11] established an analytical model of
divergent grain boundary selection based on phase field sim-
ulation of two-dimensional (2D) and three-dimensional (3D)
small sample thickness systems. Feng et al.[12] investigated
the influence of the grain orientation of the parent phase on
the grain growth during the solid–solid phase transition by es-
tablishing a temperature-controlled sequence function and a
new multi-phase-field model. Guo et al.[13] analyzed the ran-
domness of boundary trajectory by simulating the phase field
of transparent alloy SCN-2 wt% Ace, and gave a more accu-
rate choice of boundary direction. Xing et al.[14] studied the
influence of temperature gradient and orientation angle on the
evolution of grain boundary by establishing a multiphase field
model, and found that the elimination rate of degenerate sea-
weed will increase with the increase of misorientation angle
Θ0 at the convergence boundary.

These studies have proved that the dendrites have better
growth kinetics than the degenerate seaweed.[15] However, in
the process of directional solidification, there are some prob-
lems that have not been discussed in detail, such as the dy-

namic behavior of dendrite branching, quantitative description
of the choice of grain boundary orientation, and the competi-
tive growth mechanism between twin grains. So far, there have
been published a few reports about the competitive growth of
twin grains with different values of interface energy and ori-
entation angles, but the growth behavior between them has not
been addressed in detail. Therefore, it is necessary to conduct
in-depth research, hoping a more comprehensive understand-
ing of which parameters and properties can affect the growth
competition mechanism and the elimination rate. In this work,
we explore a 2D multi-phase field simulation method by set-
ting up a bicrystal model with different orientation angles to
conduct an in-depth study of the growth competition between
columnar dendrites and degenerate seaweed. Different growth
patterns are obtained by changing the pulling velocity and
anisotropic strength of the dendrite tip. The elimination rate
of degenerate seaweed and the evolution of convergent grain
boundary are analyzed in detail.

2. Establishment of multi-phase field model
2.1. Phase field equation and solute field equation

In order to distinguish grains with different morpholo-
gies and orientations, in this study we use the binary metal
alloy multiphase field model developed by Ofori–Opoku et
al.,[16] coupled temperature field and solute field, to investi-
gate the growth competition and the evolution of grain bound-
ary. In this model, multiple order parameters from −1 to 1
can be introduced to characterize the multiple grains of dif-
ferent shapes and orientations (1 ≤ i ≤ N), where N is the to-
tal number of the grains, thus forming a phase field parame-
ter 𝜙 = (ϕ1,ϕ2, . . . ,ϕN), each ϕi = 1 presents the solid phase
and ϕi = −1 presents the liquid or the solid in the bulk of the
other grains. The multi-phase field equation and solute field
equation in the directional solidification process are given as
follows:

τ(T )
∂ϕi

∂ t
= ∇ ·

[
W 2(θ)∇ϕi

]
+∂x

(
|∇ϕi|2W (θ)

∂W 2(θ)

∂ (∂xϕi)

)
+∂y

(
|∇ϕi|2W (θ)

∂W 2(θ)

∂ (∂yϕi)

)
+ϕi−ϕ

3
i +λ (1−ϕ

2
i )

2
(

U +
T −Tref

|m|(1− k)c0
l

)
, (1)

where θ is the angle between the direction normal to the in-
terface of the i-th grain and the thermal gradient direction,
c0

l = c0/k the concentration on the liquid side of the solid–
liquid interface, λ is the width of the diffusion interface, and
Θi0 is the misorientation angle of the i-th grain, then the
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anisotropic equation about the interface energy is as follows:

W (θ) =W0a(θ −Θi0), (2)

τ(T ) = τ0a2(θ −Θi0)

[
1− T −Tref

|m|c0
l

]
. (3)

The solute field equation, where the solid diffusion is ne-
glected but the anti solute collapse flow term is added to elim-
inate the non real interface effect, is as follows:[

1+ k
2
− 1− k

2 ∑
i

ϕi

]
∂U
∂ t

= ∇ · [Dlq(𝜙)∇U−𝑗AT]+
1
2
[1+(1− k)U ]∑

i

∂ϕi

∂ t
, (4)

where Dl is the liquid diffusion coefficient and k is the solute
partition coefficient. The supersaturated field U obtained by
solving the solute conservation equation is

U =

(2kc/c∞)
[
1+ k− (1− k)∑

i
ϕi

]
−1

1− k
. (5)

The anti-trapping current term in Eq. (4) is

𝑗AT =−W0[1+(1− k)U ]Σi∂tϕi∇ϕi/|∇ϕi|/2
√

2. (6)

For the SCN crystal with cubic symmetry, the solid–
liquid interface energy anisotropy in a 2D system can be de-
scribed as

a(ψ) = as(1+[cos4(θ −Θi0)+ sin4(θ −Θi0)]4ε4/as), (7)

where ε4 is the strength of anisotropy, as = 1−3ε4.
In Eq. (5), U is a supersaturation field with respect to(

c0
l ,Tref

)
, T = Tref +G(x−Vpt) replaces the temperature field.

Here, Tref is a reference temperature, x is the position in the
axis of solidification, and q(𝜙) = (1−Σiϕi)/2 modulates so-
lute diffusion across the interface. In the multiphase field
model, time scale τ0 and length size W0 can be determined by
the two relations: τ0 = a2λW 2

0 /Dl and d0 = a1W0/λ , respec-
tively, where d0 = Γ /(|m|(1− k)c0

l ) is the capillary length,
a1 = 0.8839 and a2 = 0.6267 are two constants determined by
selecting the free energy function in the phase field model.[17]

In the following simulations, in order to introduce thermal
fluctuations to destabilize the solid–liquid interface, we added
a random noise of MγI,J

√
∆t to the values of all order parameter

fields at each point (i, j) and in each time step, and hence the
value of order parameter field in the next time step can become

φ
n+1
I,J = φ

n
I,J +∆t(∂φ

n
I,J/∂ t)+MγI,J

√
∆t, (8)

where γI,J is a random number in a range from −0.5 to 0.5,
M is the noise magnitude, ∆t is the time step. Different mag-
nitudes of the noise lead to different ways of grain boundary
evolution due to the noise induced side branching behaviors.
Therefore, we fix the noise magnitude M = 0.01 for all grains.

2.2. Physical parameters

In this paper, we explore the SCN-0.24-wt% camphor
model alloy[18] as the research object. Considering the com-
plexity of calculating the multiphase field governing equa-
tions, the phase field equation (1) and the solute field equa-
tion (3) are nondimensionlized by using dimensionless factors
τ0 and W0 in time and space, respectively. Determine a di-
mensionless parameter ξ = 45.25, the width of the interface
layer ξ =W0/d0, and λ = a1ξ , the value of which is 40, then
we will obtain the following formulas: τ0 = a1a2d2

0ξ 3/Dl ,
l̃t = lt/d0ξ , and ∆z = (l̃t · k)/(1− k). The pulling velocity of
the isotherm is Vp = R/G, and the dimensionless expression is
Ṽp =Vpτ0/W0. In this model, we assume that the solute diffu-
sion in the solid phase is negligible. The calculation parame-
ters required for the simulation of the directional solidification
process are shown in Table 1.

Table 1. Parameters of bicrystal directional solidification simulation.

Parameter Value

k 0.21
m –1.365 (K/wt.%)
Dl 270 (µm2/s)
c0 0.24 (wt%)
Γ 0.0648 (K·µm)
ξ 45.25
ε4 0.01
d0 0.0526 (µm)
G 0.0005 (K/µm)

2.3. Numerical calculation method

We explore the explicit finite difference method on a uni-
form grid to discretize the multiphase field model, and the time
discretization uses an explicit first-order forward Euler equa-
tion to solve Eqs. (1) and (3), and the Laplace operator uses a
nine-point scheme to reduce the effect of grid anisotropy. The
time step is set to be ∆t = 0.002τ0. Under the condition of
ensuring the convergence of the calculation results, the com-
putational domain should be large enough to ensure the full
growth of dendrites. Therefore, the calculation area is set to
be 800 µm× 600 µm, and the primary spacing between the
two grains is taken as 400 µm, the grid spacing is ∆x = 0.8W0,
and no-flux (or reflection) boundary conditions are imposed
on the domain boundary, and the diffusion interface thickness
ξ =W0/d0 is taken to be sufficiently small to obtain the accu-
rate results.

2.4. Orientation characterization of two grains

Two seeds are assembled as shown in Table 2. Two grains
with radius R = 40 µm are arranged on the x+ axis of the sim-
ulation calculation area, and the positions of grain A and grain
B are located at x = 600 µm and 200 µm respectively. An-
gles θA and θB are defined to be counterclockwise with respect
to the growth direction y+. Table 2 shows the cases of three
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different angle settings. Previous experimental and numerical
studies have shown that the larger the stagger angle, the lower
the pulling velocity is, and the more seaweed structure is likely
to be formed during directional solidification. So for grain A,
we fix the orientation angle θA =−45◦ and θA < θB.

Table 2. Orientation characterizations of two grains.

Case θA (◦) θB (◦) Seed disposition

Case 1 –45 0 θA×θB = 0
Case 2 –45 15 θA×θB < 0
Case 3 –45 –15 θA×θB > 0

3. Numerical results and discussion
According to previous studies on the competitive growth

process between dendrites, it is generally believed that the fa-
vorable oriented grain can squeeze the growth space of unfa-
vorable oriented grain through the continuous generation of
new dendrite arms and eventually make it eliminated. How-
ever, the current research is limited to the competitive growth
of dendrites, and most of them are understood qualitatively
only. There are too few quantitative studies on the competitive
growth of multiphase grains with different pulling velocities
and anisotropic strengths. Therefore, in this section the mul-
tiphase field model is used to study the influences of angles,
anisotropic strengths and pulling velocities on the competitive
growth process of seaweed and dendrites.

3.1. Effect of orientation angle on competitive growth of
seaweed and columnar dendrites

3.1.1. Convergent growth under different orientation
structures

It can be seen from Figs. 1(a1)–1(a4) that the grain
boundary existing between the seaweed and dendrites is not
smooth. And grain A (red one) is gradually degenerated by
the growth of the grain B (blue one). When the grain A is
close to the left side of dendrite B1 of the grain B, the grain
A is blocked, and the dendrite B1 continues to grow and form
secondary arm dendrites occupying the growth space at the
front tip of the seaweed, forming a lateral impact to gradually
dominate the competitive growth process, until it occupies the
entire growth area. The microscopic enlargement of the grain
boundary is presented in Fig. 1(a4). It is found that when the
newly grown secondary dendrite develops to the grain bound-
ary, the grain boundary inclines from grain B to grain A.

The simulation results of Figs. 1(b1)–1(b4) show that
the grain B also dominates the competitive growth process,
and the grain boundary inclines to grain A. As shown in
Fig. 1(b1), the initial seaweed is more affected by the dendrite
with θB = 15◦ than with θB = 0◦, which is directly blocked
by the inclined dendrite at the grain boundary. When develop-
ing to Fig. 1(b3), the grain B overgrows grain A and occupies

the whole growth area. As shown in Fig. 1(b4), the micro-
scopic magnification of the grain boundaries shows that the
converging grain boundary systematically follows the orienta-
tion of the neighboring dendrite. In this case, the new primary
arm dendrites are produced and rapidly expand laterally, oc-
cupying the growth space of grain A and prompting the rapid
elimination of degenerate seaweed.

(a1)

(a2)

(a3)

(a4) (b1)

(b2)

(b3)

B1

(b4)

(c1)

(c2)

(c3)

(c4)

B1B1

y

x

Fig. 1. Microstructures of dendrites and seaweed during competitive growth
of SCN-0.24-wt% camphor model alloy with ε4 = 0.01 in the plane at time
t = 1000τ0, 2000τ0, 3000τ0: (a1)–(a4) θB = 0◦, (b1)–(b4) θB = 15◦, and
(c1)–(c4) θB =−15◦.

For case 3 in Table 2, the microstructure evolutions are
displayed in Figs. 1(c1)–1(c4). In Figs. 1(c1)–1(c3), the grain
B gradually overgrows the grain A, but it shows different char-
acteristics. In the initial stage, the grain A is less affected by
the grain B. However, through the magnification of the mi-
crostructure at the grain boundary in Fig. 1(c4), it can be ob-
served that in the enlarged view of the microstructure at the
grain boundary, some secondary arm dendrites are formed on
the left side of the B1 dendrite of grain B. The new dendrite
and secondary arm dendrite developed from grain B at the
grain boundary cause the grain boundary to gradually incline
from grain B to grain A, and finally eliminate the seaweed.

3.1.2. Influence on grain boundary angle

Figure 2 shows the evolutions of grain boundary (GB) an-
gles at the interface anisotropic strengths of 0.01, 0.03, and
0.05 for various misorientation angles at the same time, where
θGB is determined by tan(θGB) = R/H, with R referring to the
seed width (40 µm) and H representing the distance from the
initial position to the terminating position. Angle θGB is pos-
itive, meaning that degenerate seaweed will always be elimi-
nated by dendrites over time, which is consistent with the pre-
diction of classical competition model. In addition, and θGB

is not only affected by the dendrite orientation, but also by
the anisotropic strength. As shown in Figs. 2(a) and 2(c), for
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case 1 and case 3, with the increase of anisotropy strength,
the θGB and the elimination rate of seaweed increase. Now
we come to focus our attention on the competitive growth of
grain A and grain B. Combining the simulation diagram from
Fig. 1, it can be seen that the phase transformation of sea-
weed and the lateral branching of the neighboring dendrite B at
the grain boundary lead the grain boundary to incline laterally
from grain B to grain A, and the θGB increases slightly with
the increase of ε4. For case 2, as shown in Fig. 2(b), θB = 15◦,
which has the orientation of inclined dendrites B. Combining
the simulations of Figs. 1(b1)–1(b4), when the growth of grain
A is degenerated by the lateral competition of the neighboring
dendrite B, θGB basically follows the orientation of grain B,
so that the grain boundary angle turn large and stable. At low
anisotropy, the effect of eliminating degenerate seaweed un-
der the convergence condition of case 2 is proved to be best
and that the greater the inclination angle, the greater the elim-
ination rate of grain A, which is basically consistent with the
experimental result of Yumin et al. And then, we will specifi-
cally explore how the value of ε4 changes the θGB by affecting
the morphology of grain A and grain B. Meanwhile, in addi-
tion to investigating the influence of the orientation angle of
grain B on the elimination rate of grain A, it is also necessary
to consider whether changes of the ε4 and the pulling velocity
exert greater influence on the elimination of grain A.

(a) case 1 (b) case 2 (c) case 3
0

5

10

15

G
B

 m
is

o
ri
e
n
ta

ti
o
n
 θ

G
B
 (
O
)

ε4=0.01

ε4=0.03

ε4=0.05

Fig. 2. Evolutions of grain boundary angles at different interface
anisotropies strengths: 0.01, 0.03, and 0.05 for various misorientation an-
gles in case 1 (a), case 2 (b), case 3 (c).

3.2. Effect of anisotropie surface tension on competitive
growth of seaweed and columnar dendrites

Extensive theoretical studies and phase field method sim-
ulations demonstrate that the anisotropy strength will signif-
icantly change the growth velocity of grains and the mor-
phology of the interface. In this subsection, the multi-
phase field method is used to investigate the influence of
anisotropy strength on the morphological evolution of sea-
weed and columnar dendritics, and reveal the physical mech-
anism of the morphological evolution of the twin grains in-
terface under the influence of anisotropic strength. By setting

different values ε4 = 0.01, ε4 = 0.03, ε4 = 0.05, and ε4 = 0.07
to change the twin growth morphology, its growth pattern is
observed. The anisotropic strength of the interface energy is a
main physical factor that controls the directional dendrites to
turn into the seaweed. It can be seen from Fig. 3 that the twin
grains show similar growth trends under the three convergence
cases, dendrites and seaweed coexist for a long period of time.
At a low anisotropy strength, the tip growth of the seaweed
(grain A) is weakened, and there is no obvious preferred ori-
entation. When ε4 is increased to 0.03, i.e., ε4 = 0.03, the sea-
weed morphology becomes more hierarchical, and there is an
obvious preferred orientation. With the further increase of the
anisotropy strength, the morphology of the seaweed changes
greatly, the tip splitting becomes weaker, changing from ir-
regular splitting to symmetric regular splitting, and growth is
also inhibited. As shown in Fig. 3(a3), at ε4 = 0.05 the direc-
tional solidification structure changes from seaweed to degen-
erate dendrites (the degenerate dendrite refers to a solidified
structure that has a dendritic morphology with two growth di-
rections distributed on both sides of the thermal gradient di-
rections). At this time, the actual growth direction of grain A
is between the preferred orientation and the thermal gradient
direction. At ε4 = 0.07, the morphology of the solidified struc-
ture becomes inclined dendrite, its primary arm dendritic has
a unique growth direction, and the angle between it and the
thermal gradient direction is measured to be 35◦. In the angle
between the two sides, the primary arm of the dendrite in a di-
rection of 35◦ has more obvious advantages than in a direction
of −37◦. The latter will gradually be eliminated, thus forming
inclined dendrites with a unique growth direction. Therefore,
low anisotropic strength is an important condition for main-
taining the morphology of seaweed.

According to Figs. 3(a1)–3(a4) and 3(c1)–3(c4), with the
increase of anisotropy intensity, the lateral branching becomes
more developed. At the junction of the twin grains, columnar
dendrites squeeze the space where the seaweed tips grow and
split by generating secondary dendrite arms, which causes the
grain boundary angle in Fig. 2 to increase with the increase
of ε4. When ε4 increases to 0.07, a large number of tertiary
dendrite arms are generated from secondary dendrites, some
of which are eliminated, and some will develop into stable
primary arm dendrites along the growth direction. Although
dendrites prevent the seaweed from growing, compared with
the other two cases, in case 1 (Fig. 3(a)), grain B produces
more primary dendrites, and the growth direction of new ter-
tiary dendrites is consistent with the thermal gradient direc-
tion, and the growth velocity of dendrites is significantly faster
than those in the other two cases, which increases the rate of
elimination of seaweed. In case 2 , some new inclined primary
dendrite grow at the grain boundary, leading the grain bound-
ary to turn to grain A, which has a weaker effect on the growth
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of seaweed than in the other two cases. It can be seen that the
interaction between the twin grains is affected by the inclina-
tion angle of the dendrite. The smaller the inclination angle of
the dendrite and the closer to the thermal gradient direction the
growing direction of dentrite, the smaller the distance between
adjacent tips and the smaller the distance between the den-
drites, the stronger the effect will be. In summary, the compar-
isons among the evolutions of twin grains competition growth
in the three cases indicate that the best effect on the elimina-

tion of seaweed is embodied in case 1 with the increase of ε4.
Moreover, the comparison of the growth evolution between
the twin grains shows that the increase in anisotropy strength
is beneficial to the growth of lateral branches and makes the
seaweed crystals undergo the phase change, thereby enhanc-
ing the inhibitory effect on the growth of the seaweed, and
accelerating the elimination of grain A. Therefore, we will in-
vestigate the factors that affect the deformation of seaweed and
explore the conditions for maintaining stable seaweed later.
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0.01
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Fig. 3. Competitive growths of grain A and grain B at various strengths of interface anisotropy ε4 for case 1 (a), case 2 (b), case 3 (c).
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Fig. 4. Positions of grain boundary in x direction for various strengths of
interface anisotropy.

Since the best competitive growth effect is embodied in
case 1, the influences of different anisotropy strengths on the
values of twin grains under case 1 will be discussed. It can
be seen from Fig. 4, with the increase of ε4, the position
of the grain boundary in the x direction shows the trend of
“increasing-decreasing-increasing”. After the initial stage of
growth from Fig. 5, the dimensionless tip undercooling of
grain A and grain B both oscillate with time. However, the
dimensionless tip undercooling of grain A always maintains a
larger value than that of grain B. Since the undercooling would

affect the growth velocity of grains, the seaweed grows better
than the columnar dendrites and expands rapidly around the
growth area, showing a competitive advantage over a period of
time. Therefore, the grain boundary has a “decreasing” trend
in the x direction. Finally, the columnar dendrites begin to
show the advantages of growing with time, namely the lateral
growth is achieved by generating a new secondary and tertiary
arm, and the grain boundary reflects the trend of “increasing”.

The microstructure in Fig. 3(a1) and the “black line” in
Fig. 4 both show that the position of the grain boundary in
the x direction at ε4 = 0.01 is in regular oscillation. Since
the columnar dendrites have no side branches, twin grains can
better maintain co-growth at the growth interface. As ε4 in-
creases, the grain boundary continuously moves to the position
of the grain A, which speeds up the elimination rate of grain
A. As shown in Fig. 6, the increase of ε4 will increase the un-
dercooling of grain B, and its growth rate will increase, but the
tip radius will decrease, and the dendrites will gradually begin
to be refined. The tip radius is a minimum value at ε4 = 0.04,
which leads more secondary arms to laterally grow, and thus
squeezes the growth space in front of the grain A, indicating
that the growth advantage of columnar dendrite is embodied
here most obviously.
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various strengths of interface anisotropy.

At the same time, the value of the tip radius of the sea-
weed decreases sharply and then tends to be stable. With the
morphology of seaweed at ε4 = 0.05 (Fig. 3), we can know
that the seaweed begins to undergo the phase transformation,
and is transformed into degenerate seaweed. This reflects that
the columnar dendrites grow better than seaweed in the com-
petitive growth process, and seaweed is eventually eliminated.
In short, ε4 is an key factor that affects seaweed to maintain its
own shape. As ε4 increases, grain A will gradually degenerate
into the degenerate mode, the tip radius will decrease rapidly,
and the split will become weaker. In summary, as ε4 increases,
the elimination of seaweed is accelerated mainly through its
own phase change and promotion of the lateral branch growth
of dendrites.

In order to obtain the seaweed under the optimal growth
environment, the anisotropic strength is chosen to be 0.01
in the following simulation calculations on the effect of the
pulling velocity (Vp) on the interface morphology.

3.3. Effect of pulling velocity on competitive growth of sea-
weed and columnar dendrites

We use the multiphase field method to simulate the di-
rectional solidifications at pulling velocities of 5, 10, 15, and
20 µm·s−1, and analyze the solid–liquid interface morphol-
ogy and the evolution of the structure in the directional growth

zone. Figure 7 shows that the twin grains in the front of the al-
loy solidification interface present different immature growth
morphologies for Vp = 5 µm·s−1. The grain A on the left is in
a seaweed shape and the grain B on the right appear as cellular
crystals with small spacing in between. The solid–liquid in-
terface grows forward and the twin grains show stable growth
instead of competing evolution at the crystal interface. For
Vp = 10 µm·s−1, a relatively stable competitive growth inter-
val is formed, and the front edge of the alloy solidification
interface gradually begins to transform. The grain A grows
into a seaweed shape, while the grain B grows into a dendritic
shape. As the pulling velocity further increases, the seaweed
degenerates into columnar crystals, and then become irregu-
lar cellular crystals, whose direction changes into the direc-
tion of the thermal gradient, and eventually is eliminated by
the dendrites. For the grain B on the right side of the growth
interface, the increase in the pulling velocity causes the solid–
liquid interface to undergo a “cellular crystals–dendritic–fine
dendritic” evolution process. The distance between the pri-
mary dentrite and secondary dendrite continues to decrease.
With the increase of the pulling velocity in the three cases, the
position of grain boundary in the x direction moves to that of
grain A, and grain B produces many gradually refined primary
dendrites, which speeds up the elimination of seaweed.

20
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m
m
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Fig. 7. Competitively growing grain A and grain B at various values of
pulling velocity (Vp) for three cases: case 1 (a), case 2 (b), and case 3 (c).

From the simulation results, we can conclude that the
seaweed can maintain a better growth morphology at Vp =

10 µm·s−1 and ε4 = 0.01, that is, lower pulling velocity and
anisotropic strength are both important factors for maintaining
the morphology of the seaweed shape in the growth of twin
grains. Increasing Vp will cause the seaweed to deform and
accelerate the rate of elimination.

From Fig. 8 it follows that as the pulling velocity in-
creases, the dimensionless tip undercooling of dendrite B
rapidly increases, the growth rate of columnar dendrites in-
creases, the primary dendrite spacing becomes smaller, the
tip radius of the dendrite decreases, and the columnar den-
drites continue to be refined. The growth of the secondary and
tertiary arms will also accelerate the lateral expansion of the
dendrite B. It is worth noting that a most important factor in
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accelerating the elimination rate of grain A is the increase in
the number of new primary arm dendrites. Especially when
the pulling velocity continues to increase by 30 µm·s−1 and
above, the grains A and B show the morphology of stable
columnar dendrites, the columnar dendrites become finer and
their number increases. Finally, the grain B slowly eliminates
the grain A.
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Fig. 8. Variations of dimensionless tip radius of grain A and grain B, un-
dercooling (grain B) and averaging primary spacing (grain B) with pulling
velocity.

It can be seen from the above analysis that the Walton–
Charmers’ competitive growth model is basically applicable to
the growth competition between dendrites and seaweed. De-
generate seaweed cannot survive in the competitive growth,
but it cannot be explained only by the difference in undercool-
ing among the tips of dendrites. The real competitive growth
is more complex, involving with the phase transition of sea-
weed, the lateral branching behavior, and the lateral blocking
of dendrites. This study confirms that the competitive growth
of twin grains is affected by factors such as orientation angle,
pulling velocity and anisotropic strength. In the future, more
factors, such as Peclet number, interdendritic flow, etc. need
to be added for further study. The 3D competitive growth be-
tween dendrites and seaweed at the diverging and converging
grain boundaries are also worthy of further investigations.

4. Conclusions
(i) A comparison among the evolutions of twin grains’

competition growth under three cases shows that as ε4 in-
creases, the best effect on the elimination of seaweed is em-
bodied in case 1, in which more dendrites and the fastest grow-

ing tertiary arm dendrites along the thermal gradient are cre-
ated, therefore hindering the seaweed from growing.

(ii) Lower pulling velocity and anisotropic strength are
both important factors to maintain the morphology of seaweed
in the growth of twin grains competition growth. They have
different effects on the seaweed. As ε4 increases, the seaweed
gradually transforms into degenerate dendrites, while the in-
crease of the pulling velocity causes the seaweed to transform
into columnar dendrites that grow along the thermal gradient.

(iii) As ε4 increases, the dendrites accelerate the elimina-
tion rate of seaweed by promoting the growth of their lateral
branches; higher pulling velocity will increase the undercool-
ing of dendrites and accelerate the growth rate of dendrites, to
produce more new primary arm dendrites, thus making grain
A faster to be eliminated.
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