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The dendrite growth and solute microsegregation of Fe-C binary alloy are simulated during solidification process

by using cellular automaton method. In the model the solid fraction is deduced from the relationship among the

temperature, solute concentration and curvature of the solid/liquid interface unit, which can be expressed as a quadric

equation, instead of assuming the interface position and calculating the solid fraction from the interface velocity. Then by

using this model a dendrite with 0 and 45 degree of preferential growth direction are simulated respectively. Furthermore,

a solidification microstructure and solute microsegregation are simulated by this method. Finally, different Gibbs-

Thomson coefficient and liquid solute diffusing coefficient are adopted to investigate their influences on the morphology

of dendrite.
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1. Introduction

Dendrite is a classic morphology of crystal dur-
ing solidification process. Studying the dendrite evo-
lution is helpful to better understanding the essence
of solidification microstructure and solutal microseg-
regation. In the past decades lots of researchers
used different methods to study the dendrite evolu-
tion. Amar, Brener et al used the theoretical method
to describe the dendrite formation.'~% Spittle and
Brown used the Monte Carlo method to simulate the
morphology of solidification microstructure.l®’ Gandin
and Rappaz adopted the cellular automaton (CA)
method to simulate solidification microstructure.!®
Karma and Rappel applied the Phase field method to
simulate the dendrite evolution.!”) Juric and Tryggva-
son used the Front-Tracking method to simulate den-
drite evolution.®! Kim et al used Level-set method to
simulated the dendrite evolution.[®) At present, phase
field method and CA method are the two major meth-
ods in numerical simulation of the dendrite evolution,

and lots of researchers prefer to adopt the phase field

method to simulate dendritic morphology.[*%11] How-
ever, the phase field method is limited by the meshed
grid size. Compared with other methods, CA method
has such advantages that it has simple rules, no re-
striction by meshed grid size and no need to track the
topology of the solid/liquid interface.

Former researchers(®'213] who used CA method
to simulate solidification microstructure only consid-
ered the thermal diffusion without considering the so-
lute diffusion effects. In 1997 Dilthy et al!*?! presented
a CA model for both thermal and solutal dendrite
based on the thermal and solutal diffusion mechanism.
In 1999 Nastac'® presented a model combined the
thermal diffusion and solutal diffusion together, and
the model can simulate the columnar-to-equiaxal tran-
sition and show the interaction among the growth den-
drites. Jocat et all'®l presented a pseudo-front track-
ing method that is similar to CA method, in which
the solid fraction of the solid/liquid interface unit is
got by Thermal-Cal software. However, the model is
based on the assumption of uniform temperature in

the whole simulated zone. Sanchez and Stefanescu [17]
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modified the method of calculating the solid/liquid
interface curvature in a local meaning to replace the
method of counting the solid fraction of the nearest
neighbour cell adopted by Dilthy, et al.[1215]

All these works of the CA method mentioned
above assumed that there was a sharp-interface and
the interface position was known so that the solid
fraction in the interface can be found according to
the interface position and interface velocity. How-
ever, the shape and position of dendrite morphology
is not defined, it leads to the inaccurate solution of
the solid fraction in the solid/liquid interface unit. In
order to overcome this weakness, Jacot and Rappaz
combined the Thermal-Calc software with CA model
to calculate the solid fraction in multicomponent al-

(16] However, those without the soft-

loys solidification.
ware cannot use this method. But the method Jacot
used presents an idea that the solid fraction of the
solid/liquid interface unit can be obtained by calcu-
lating via the phase diagram method. Therefore, in
this paper an improved model is presented to calcu-
late the solid fraction of the solid/liquid interface unit
according to the equilibrium phase diagram, in which
the exact position of the interface position need not to
be known and the solid fraction of the interface unit
can be obtained by solving a quadric equation. The
essence of the model is that if the solute concentration,
temperature and the curvature of a random unit are
known, and all these state parameters responding to a
point in the phase diagram can be deduced. Therefore,
if the state parameters are known, the solid fraction
can be got according the phase diagram. In order to
illustrate the main idea of the model, Fe-0.6%C binary
alloy is adopted in this paper.

2.Mathematical physical model

This model is based on the following assumptions:
1) the density of the alloy is assumed as a constant,
which is not changed during solidification process; 2)
there exists a local phase equilibrium state in the
solid-liquid mushy zone; 3) the influences of liquid
convection are ignored; 4) there are three kinds of
phase states, solid, liquid and the solid/liquid inter-
face that the solid fraction ranges from zero to one,
in addition, the solid/liquid interface unit must lie be-

tween the solid and liquid units.

The energy conservation equation is

orT
V(@) +Q, (1)
ot

where T is temperature, t is time, « is the thermal dif-

fusion coefficient, and &« = ——, k is the conductivity,

P
p is density, C}, is the specific heat, Q) is the latent heat
released as the solid/liquid interface advances into the
undercooled liquid:

_ 8fs Lh

where f; is the solid fraction of the solid/liquid inter-
face zone, Ly, is the latent heat per unit volume. The

solute diffusion governing equation is

%1 -y (mive), 3)

where D is the solute diffusion coefficient, the sub-
script I stands for the liquid or solid. When the in-
terface advances, solute will be redistributed in the

solid/liquid interface unit, there is a relation
Co = kY, (4)

where k;, is the solute partition coefficient, which is
assumed as a constant, Cf is the liquid solute concen-
tration in the liquid side of the solid/liquid interface
unit, C¥ is the solid solute concentration in the solid
side of the solid/liquid interface unit.

According to the phase diagram, if the kinetic un-
dercooling is neglected, the relationship among the so-
lute concentration, curvature and temperature in the

solid/liquid interface unit can be expressed as
T = Teq + m(cl* - CO) + FKf(G,(p), (5)

where m is liquidus slope, which is a constant, I is the
Gibbs-Thomson coefficient, K is the curvature of the
solid/liquid interface, f(6,¢) is the anisotropic func-
tion, which can be got according to Ref.[17], 0 is the
normal direction of the solid/liquid interface, ¢ is the
preferential growth direction. The curvature of the
solid/liquid interface can be deduced from the formula
of curvature definition:[17—19]

Z”

K= (1 + 22)3/2 (6)
where 2’ and 2" are the first and second derivatives of

the solid fraction respectively, they are
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J_dy _dfjde _ (£
de df/dy  (f)y’

S — d(y') _

dfs/dx - (fS)g(fS)yy + (fs)?/(fs)m - 2(fs)m(fs)y(fs)zy.

dz ~ df./(dy) (fs)3
From Eqgs.(6)—(8), we have
_ 2" _ 2(fS)w(fS)y(fS)xy B (fS)i(fS)yy B (fS)i(fS)m
K= (Fo + (FoR)7 )

the subscripts  and y represent the deviations of the solid fraction in z and y-axis direction respectively.

Equation (1) can be divided into two parts. In the
first part, the latent heat is neglected and the heat
diffusion is considered only, which can be expressed as
Eq.(10), in the second part the heat diffusion is ne-
glected and latent heat is considered only, which can

be expressed as

aT )
E =aV T7 (10)

Lhafs
T =T+ —
+ cp Ot

(11)

where T" is the temperature which considered that
the latent heat is released. Therefore, Eq.(11) can be

rewritten as

T =T+ %(fs"+1 — 1, (12)

i
where n+ 1 and n stand for the (n+1)th and the nth
steps respectively.

In this article there are three kinds of solute con-
centration, which are liquid solute concentration, solid
solute concentration and average solute concentration
respectively. In the solid phase, the average solute
concentration is equal to the solid solute concentra-
tion and the liquid solute concentration is equal to
zero. In the liquid phase the average solute concen-
tration is equal to the liquid solute concentration and
the solid solute concentration is equal to zero. In
the solid/liquid interface unit, the average solute con-
centration is equal to the sum of the solid fraction
multiplying the solid solute concentration and the lig-
uid fraction multiplying the liquid solute concentra-
tion. Therefore the average solute concentration is

expressed as

C17 fs :05
C=1{ Cif+Cr(1-f), 0<fi<1l, (13
Csa fs =1,

where C is average solute concentration, the sub-
scripts | and s correspond to liquid and solid phase

respectively.

According to Eq.(13), it can be deduced that the

liquid solute concentration in the solid/liquid unit is

given as
C
Cf =
A Tk )
C
= — (14)
(1— (1 —kp)- £

Combining the Eq.(5) with Eq.(11), we can get

L
T =T =T+ (7 = £
p

:Teq + m(cl* - CO) - FKf(Ov 90) (15)

Substituting Eq.(14) into Eq.(15), we have

L n+1 n

T+ C—p(fs+ )

C
:Teq+m<1—(1—kp). o _CO>

Eq.(16) can be rewritten as

<Teq T+ £f5” — mCy — 'K f(6, (p)>

Cp
(1= (1= k) - £
— E R (U (1= k) 7 4 mC = 0.(17)

P

Eq.(17) can be simplified as

A (I + B M+ C =0, (18)



No.4

Numerical simulation of dendrite growth and microsegregation ... 781

where A, B and C are coefficients, which can be ex-

pressed as
L
A=—(1-k&
Cp( P)’
L n
B = (Teq—T+C-fs —mCy—T'Kf(0,¢)
P
L
1-k —
( P) Cpa
L
C=T,,—T+ —
q + Cp
- f"—=mCy — TKf(8,¢) +mC. (19)

Equation (18) is a classic quadric equation, which have
two roots at most. If B2 —4AC > 0, Eq.(18) has two
roots, which can be given as

—B ++B%2 - 4AC
2A ’
If the Eq.(17) has two roots, the two roots of the equa-

for2= (20)

tion must be beside —5 one is bigger than —

24’
and the other is smaller than ——.

It is easy to show that for the two roots of Eq.(18),
there are only one fr*! e [f,1]if T, <T < T., and

s )

[ e [0, f7] i T. < T < T, where

—. L
T, =T,(C) — =—(1 - f£.),
=10~ (1= 1)
T—T(6)+£f
b — 41 Cp sy
m-C

T. =T., — - @ @
e Ty
_ C
T,(C) = Teq + m(;~ — Co),

kP
Tl(a) = Teq + 'rn“(6 - CO): (21)

where T1(C) and T(C) are the liquidus and solidus
temperature at the solute concentration C, Cj is the
initial solute concentration, Cy=0.6.

The boundary condition and initial conditions are

oT

— =h(T - Tsur )

5 = M )

T(z,y,t =0) = To,

C($7y7t = O) = COv (22)

where h is the interface heat transferring coefficient on
the boundary, Ty, is the surrounding temperature,
which is assumed to be a constant, To=25°C, Tj is

initial temperature.

The advancing velocity of the solid/liquid inter-

face can be given as

v=|o. (%f;) Dy (%)} J(CH (1= ky). (23)

Time step is an important factor affecting the calcu-

lating efficiency, which can be calculated according to

the following equation:

a a a

1 a2 2 2
ot < -min| —, —,—, —— 24
<guin(. o T ) @)

where min is an operation of selecting the minimum

a® a®> a?

value among D' D a and v 0t is time step,
Bl m.

Vinax is the maximum velocity in thz-xall solid/liquid in-
terface unit, a is the size of the meshed grid, 1/5 means
that the advancing interface can’t move over 1/5 of
meshed grid in each time step. In other words, the
solid fraction can also be checked according to Eq.(24),
the reasonable solution of solid fraction should satisfy
|fo = 1 <02

The CA rules of nucleation and capturing are
adopted as in Ref.[15,17].

given as follows:

The calculation steps is

1) setting the initial and boundary conditions ac-
cording to Eq.(22);

2) calculating the time step according to Eq.(24);

3) calculating the temperature field without con-
sidering the latent heat releasing according to Eq.(10);

4) calculating the solid fraction in the solid/liquid
interface unit according to Eq.(18);

5) bringing the new solid fraction of the
solid/liquid interface unit into Eqgs.(6), (12) and (14)
to get the curvature, interface temperature and solute
concentration of the solid/liquid interface unit;

6) the solute concentration based on Eq.(3) that
takes the change of the solute concentration in the
solid/liquid interface unit into account;

7) Restoring the variable data, such as temper-
ature, solute concentration, curvature and solid frac-
tion;

8) repeating the above steps until reaching the
appointed calculating number.

In this paper Fe-0.6%C binary alloy was adopted,
and the parameters used in this paper are listed in
Table 1. The size of meshed grid is 1lpmx1pm, and

the whole simulated zone is 0.25mm x0.25mim.
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Table 1. The parameters used in the model.[!3]

Density/(kg/m?)

Heat diffusion coefficient/(m? /s)
Solute diffusion coefficient in liquid phase/(m?2/s)

Solute diffusion coefficient in solid phase/(m? /s)

Latent heat/(kJ/kg)
Specific heat/(J/kg-K)

Liquidus slope in equilibrium condition
Gibbs—Thomson coefficient/(m-K)

Partition coefficient in equilibrium condition

Melting temperature/°C

Initial temperature/°C

Boundary heat transfer heat coefficient/(W/m-K)

7300
6.1x1076
2x10~9
5x1010
2170
800
-80
1.9x10°7
0.34
1490
1480
1000

In order to simplify the simulation, firstly, a solid
seed is put into the center of the simulated zone, whose
preferred growth directions are 0 and 45 degree. And
then a solidification microstructure is simulated in the
Finally, the different
Gibbs—Thomson coefficients and liquid solute diffus-

same solidification conditions.

ing coefficients are adopted to study their effects on

morphology of the dendrite and microsegregation.
3. Results and analysis

Figure 1 indicates that a solid seed grows as the
solidification time increases. The grey-scale bar in the

right side of Fig.1 corresponds to the different solute
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Fig.1. The dendrite morphology at different solidification time, whose preferential growth direction is 0
corresponded to the horizontal direction. t=0.002, 0.006, 0.012, 0.016s, respectively.
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concentration. When the solidification time is 0.002s,
the solid seed prefers to grow along the vertical and
horizontal direction, which can be seen in Fig.1(a).
When the solidification time is 0.06s, the solid seed
In the
Fig.1(c),(d), it is shown that the dendrite grows up,

becomes a dendrite, as shown in Fig.1(b).

and the solute concentration in the primary dendritic
arm also rises gradually because of the solute back-
diffusion in the solid phase. When the solidification
time is 0.016s, the second dendrite arms appear at
the roots of the primary dendritic arm because the un-
dercooling caused by the solute concentration is much
bigger than the undercooling caused by the tempera-
ture. In addition, Fig.1 shows that the solute concen-
tration in primary dendrite arms rises up as the solidi-
fication time increases due to the solute back diffusion.
The solute concentration of the concave part of the
dendrite contour is higher than that in the protruding
part of the dendrite contour. Finally, the simulated
dendrite morphology is similar to the results shown in
Ref.[17].

In order to investigate whether the dendritic

growth satisfied the Ivanstov parabolic growth law or

0.016
0.012

0.008

Time/s

0.004

i (a)

0.000
0.00000

0.00004 0.00008 0.00012

Distance from the center/m

not, the relationship between the position and growth
velocity of the dendritic tip and the solidification time

is drawn in Fig.2.

Figure 2(a) shows that the relationship between
the dendrite tip position and solidification time ap-
proaches to the parabolic distribution, which indi-
cates that the solid seed is satisfied with Ivanstov’s
parabolic growth law. Figure 2(b) shows that the
growth velocity of the dendrite tip increases as the
solidification time increases at beginning of solidifi-
cation. However, when the solidification time is out
of 0.01s, the growth velocity of dendritic tip will not
rise any more. At the beginning of solidification, the
difference of the solute concentration gradient beside
the dendritic tip is much small, as the solidification
time increases, the difference of the solute concen-
tration gradient beside the solid/liquid interface in-
creases, which leads to the gradual increase of the
growth velocity of dendritic tip. When the solidifi-
cation time is more than 0.01s, the difference of the
solutal gradient keep constant approximately and the

growth velocity does not rise any more.

0.0020[
-
~
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~
B
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Fig.2. The advancing distance and velocity of the solid/liquid interface at different solidifi-

cation time.

Figure 3 shows the solid fraction and tempera-
ture evolution of the solid/liquid interface unit. Fig-
ure 3(a) indicates that the solid fraction increases
rapidly at the beginning of solidification. As the
the solid fraction of the

solid/liquid interface unit increases steadily and the

solidification continues,

dendrite growth velocity is approximately the same
in this period until the solid fraction reaches one.
Fig.3(b) shows the temperature evolution of the
solid/liquid interface unit. At the beginning of so-

lidification the temperature drops down quickly. As

t=9.7x1075s, f,=0.25, the temperature of solid /liquid
interface unit, T=1481.04°C, is higher than the ini-
tial temperature because the latent heat released by
the solid/liquid interface advancing can’t diffuse to
the outside immediately so that temperature of the
solid/liquid interface unit rises and becomes higher
than initial temperature. As the solidification contin-
ues, more and more heat is transferred to the outside,
which leads to the decrease of the temperature of the

solid/liquid interface unit.
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Fig.3. Solid fraction and temperature of the solid/liquid interface unit.

Figure 4 shows the temperature distribution
along the centreline during solidification process. In
Fig.4(a), the highest temperature is about 1479.25°C
at t=0.0004s, and the lowest temperature is about
1476.5 °C on the boundary. The difference between
the highest and lowest temperature is near 3°C. As
t=0.0039s, in Fig.4(b), the highest temperature is
about 1457.25°C and the lowest temperature is about
1453.5°C, the difference between the highest tempera-

—m— temperature distribution along the center line
1479.5 paralleled the horizontal direction at t=0.0004s
O
o
T 14785}
2
2 L
-
[3}
g- 14775}
L)
e~ L
1476.5 | (a)

0 50 100 150 200 250

Distance from the left boundary/10~%m

ture and the lowest temperature is near 4°C. Figure 4
shows that the highest temperature along the centre-
line is in the middle of the centreline because the heat
is generated in the inner side of liquid and the heat is
extracted to the outside through the boundary. Fig-
ure 4 indicates that the temperature difference along

the centreline will increase as the solidification time

increases.
7 —m—temperature distribution along the center line
1457.5 4 paralleled the horizontal direction at t=0.0039s
O 1456.51
~
) ]
3
@ 1455.51
=
3]
Q‘ B
§
[ 1454.5 A
1453.5 (b)

0 50 100 150 200 250

Distance from the left boundary/10~¢mm

Fig.4. Temperature distribution in the centreline at t=0.0004 and 0.0039s respectively.

Figure 5 is the solute concentration distribution
that can also display the dendrite morphology, in
which the preferential growth direction is 45 degree
with horizontal direction. As the solidification time is
0.006s, the solid seed grows up. When the solidifica-
tion time is 0.012s, the second dendrite arms appear

in the primary dendrite arms. When the solidification

time is 0.023s, more and more second dendrite arm
appears, and the solute concentration in the second
dendrite arms is higher than that in the primary den-
drite arms. Compared Fig.5 with Fig.1, it is easily
found that the second dendrite arms rise more eas-
ily because the thermal undercooling in Fig.5 is much

smaller due to its preferential growth direction.
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Fig.5. Dendrite morphology at different solidification time: ¢=0.002s, 0.006s, 0.012s and
0.023s respectively.

Figure 6 is the dendrite morphology at different
solidification time, and the grey-scale bar in the right
side of the figure corresponds to the solute concen-
tration. When the solidification time is 0.002s, some
nuclei forms randomly in the undercooling liquid, as
When the solidification time is

0.008s, in Fig.6(b), some nuclei are preferred to grow

shown in Fig.6(a).

along the horizontal direction, the others are preferred

to grow in 45 degree about the horizontal direction.
As the solidification time is 0.019s, in Fig.6(d), some
dendrite will grow continuously until they meet one
each other or reach the boundary. When the two den-
drites meet, there will be a rich solute zone between
the two primary dendrite arms, which leads to solute

microsegregation after solidification.
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Fig.6. Microstructure at different solidification times t=0.002, 0.008, 0.01 and 0.019s respec-

tively.

Figure 7 shows the dendrite morphology, the grey-
scale bar in the right side indicates the solute concen-
tration. As the Gibbs—Thomson coefficient decreases
as one tenth of the normal value, there is not much
change of the dendrite morphology. In addition, in
Fig.7(a) the solid seed begins to grow with preferential

growth direction along the horizontal and vertical di-

rection, and the solute concentration of the solid seed
is about 0.4%. When solidification time is 0.008s, the
solute concentration in the solid seed rise up to 0.5 for
the solute back diffusing. As the solidification time is
0.016s, the solute concentration in the dendrite tip is

much higher than that in the center of dendrite.
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Fig.7. Dendrite morphology as Gibbs-Thomson coefficient is one tenth of the normal
value, t=0.002s, 0.008s, 0.012s and 0.016s respectively.

Figure 8 shows the dendrite morphology at dif-
ferent solidification time while Gibbs—Thomson coef-
ficient is ten times of the normal value. Compared
with Fig.1 and Fig.8, it can be found that, as the
Gibbs—Thomson coefficient is ten times of the normal
value, the dendrite morphology is not easy to lost sta-
bility, especially in Fig.8(d). In Fig.8 it can be found
that the Gibbs—Thomson coefficient plays an impor-

tant role in keeping the solid/liquid interface stable.
If Gibbs—Thomson coefficient increases, the morphol-
ogy of dendrite will become more stable. On the con-
trary, if the Gibbs—Thomson coefficient decreases, the
solid/liquid interface will become unstable. In addi-
tion, the solute distribution in the dendrite is similar
to that in Fig.7.
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Fig.8. Dendrite morphology as Gibbs—Thomson coefficient is 10 times of the normal value,
t=0.004s, 0.008s, 0.012s and 0.016s respectively.

Figure 9 shows that when the liquid solute diffu-
sion coefficient decreases to a half of the normal value,
the diameter of the primary dendrite arms is much
On the other hand,

the solute concentration in the primary dendrite arm

thinner than the normal one.

is higher than that of the normal value. The reason
which causes this phenomenon is that the solute diffu-
sion distance will become shorter as the solute diffu-
sion coefficient decreases. As we know that the solute

characteristic length can be expressed as I, = D/V,

when V is the interface velocity, [. is solute charac-
teristic length, hence if D decreases, [. will decrease
too. If the solute ahead of the solid/liquid interface
can’t diffuse to a more far away place then the new
solidified part will contain much higher solute con-
centration. When the solidification time is 0.016s, in
Fig.9(d), the solute concentration near the primary
dendrite arm tip is near 0.6%, which is much higher
than that in Fig.1(d).



No.4

Numerical simulation of dendrite growth and microsegregation ... 789

0.70

0.65

0.45

0.40

0.35

0.45

0.40

0.35

Fig.9. Dendrite morphology at different solidification time when the liquid solute diffusion
coefficient is only one half of the normal value, t=0.004, 0.008, 0.012 and 0.016s respectively.

Figure 10 is the dendrite morphology at different
solidification time, in which the grey-scale bar in the
right side of figure indicates the different solute con-
centration. Compared the Fig.10 with Fig.9, it is eas-
ily found that the dendrite growth velocity of Fig.10
is faster than that in Fig.9, as shown in Fig.9(d) and
Fig.10(d). In addition, the solute concentration differ-
ence in the primary dendrite arms is smaller than that
in Fig.1. Furthermore, Fig.10 shows that when the so-
lidification time is 0.016s the second dendrite arms rise

more easily in Fig.10 than that in Fig.1, especially in

Fig.10(d). Moreover, Fig.10 indicates that the solute
concentration in the primary dendrite arm in Fig.10
is much lower than that in Fig.1 because the liquid
solute diffusion coefficient is twice the normal value
so that the solute can diffuse more easily and diffuse
more far away place. Finally, the secondary arms eas-
ily rise up more easily at the solidification time 0.016s
than that in Fig.9. From Fig.9 and Fig.10, the liquid
solute diffusion coefficient has a direct impact on the
solute distribution, which affects the solute segrega-

tion distribution.
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Fig.10. Dendrite morphology at different solidification time as the liquid solute diffusion
coefficient is twice the normal value, t=0.004, 0.008, 0.012 and 0.016s respectively.

4. Conclusion

A new model is presented to simulated dendrite
evolution and solute segregation in this paper, and
then a solidification microstructure is simulated by
this method. Finally, different Gibbs—Thomson co-
efficients and solute diffusion coefficients are selected
to simulate their influences on the dendrite morphol-
ogy. The following conclusion can be drawn according

to the above simulating results:

1. this method can simulate the dendrite evo-
lution and microsegregation during solidification pro-
cess, instead of assuming the interface shape and po-
sition to calculate the solid fraction of the solid/liquid

interface unit;

2. the advancing dendrite tip is consisted with

parabolic growth, which reflects that the model is rea-

sonable;

3. during dendrite solidification process, the high-
est temperature is in the middle of centreline, and as
the solidification time increases, the temperature dif-
ferences among the dendrite arms increase;

4. when two dendrites meet, there will be a rich
solute concentration zone between the two dendrites;

5. when the Gibbs—Thomson coefficient increases,
the solid/liquid interface become stable, on the con-
trary, when the Gibbs—Thomson coefficient decreases,
the solid/liquid interface is easier to be unstable;

6. when the liquid solute concentration increases,
the solute segregation in the dendrite decreases, on
the contrary, the solute segregation in the dendrite
will increase;

7. the model can be extended to multicomponent

alloy solidification, and this work is undertaking now.
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