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Ü7v�L§¥��*|�/�´K�Ò�

5U�­�Ï���. ¢S)�¥A^�Ü7�õ

�õ�NX, Ùv�´»!M�2©���* Û

�Cz5Æ3á��ÆÚvà�ÔnÆ+�É�

��r��'5.

@ÏïÄÜ7v�|�üC±9�* Ûõ

æ^¢��{Ú)Û�{, �)
�
£ãM�

|!§Ý|�Ð)�.¡ëê (��©ê!{¬k

à�»!kà)��Ç�) �m'X��., Ù¥

k£ã��Ü7Ð)�v�L§� Scheil �§ [1]

9Ù�'�U?�§ [2,3], 8cÏLò�ãO�

Ú Scheil �§(Üå5, �ò Scheil �§í2�©

Ûõ�Ü7�v�´»Ú�* Û [4]. 3{¬)

�ïÄ�¡Ñy
£ã{¬kà�»!kà)�

�ÇÚLeÝ�m'X� LGK (Lipton-Glicksman-

Kurz) )Û�. [5] Ú KGT (Kurz-Giovanola-Trivedi)

)Û�. [6]; Ó�kÆöÏL¢�ïÄ, JÑ


�
nØ)Û�.5ýÿÜ7v�L§¥{¬

� g : m å Ú § Ý F Ý ± 9 M � ¤ © � m �

'X [7,8].

¦^)Û�.J±£ãõ�Ü7{¬�/m

A�, 
ê��[�{U
òE,�êÆ�.?1

lÑ¦), ®²ÅÚ¤�ýÿÜ7v�L§{¬/

mÚ�* Û�­�óä, 8c�~^��*|�

ê��[�{Ì�k�|{ (phase field, PF)[9−12]

Ú��gÄÅ�{ (cellular automaton, CA)[13,14].

Ù¥ CA �{duÙäk�p�O��Ç, ��


2��A^, ®²kéõÆöJÑ
ØÓ�U

? CA �.; �´ù
�.Ì�^5�[��Ü7

{¬)� [15−19]. du¢SÜ7õ�n�$��p
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�, ØÓ|�é{¬/mÚ�* Û�K�´ØÓ

�, Ïd CA �.I��õ���uÐ. Cc5, I

S�
Æö [20,21] 3 CA �.¥Ú\��.¡Ä

åÆXê5¼�{¬)��Ç, ¦^ PanEngine ý

kO�eZ¤©�9åÆêâ��êâL, Ù{

¤©�9åÆêâÏLêâLm���¼�, �

[
 Al-15%Cu-1%Mg Ü7Ú Al-4.5%Cu-0.5%Mg-

1%Si Ü7 (�þ©ê) �{¬)�L§. Michelic

� [22] ïáÄu CA �{�U? VFT (virtual front-

tracking) �., �[
 Fe-C-Si-Mn-P õ�Ü7{¬

�)�L§, �´�.<�Ú\
.¡²ïM�¤

©Ú±���M�¤©�m�	�¼ê5¦)�

|��.¡²ïM�¤©, �{��E,.

�©ò®k���Ü7 CA �.*Ð�n�

Ü7X, ��ÍÜ PanEngine ¼���.¡c÷M

�|��²ï���§Ý±9����Ç, ò��

.¡M�Åð�§ÚM�L�ÚÝ�§(Üå5

¦){¬kà)��Ç, ïá
£ãn�Ü7{¬

)��U?� CA (MCA) �.. ÀJ Al-7%Si-xMg

n�Ü7, �[
 Mg �M�¤©Czé{¬)

�/��K�; Ó��[
ØÓÄ.�Ý�^e

Al-7%Si-0.5%Mg Ü7½�v�L§¥ÎG{¬�

)�L§.

2 êÆ�.Úê��{

�©3���*ºÝïÄn�Ü7�Ð)�

üzL§, Ú\e�b�: 1) �*«�SM�Åð;

2) ��¥M�*ÑXê'��¥peZêþ?, l


�Ñ��M�*Ñ; 3) �.¥�ÑÄåÆLe;

4) ��M�*ÑXê�§Ý¬u)Cz.

2.1 MMM���***ÑÑÑ���������§§§

n�Ü7v�Ð){¬��/¤L§¥, �½

M�|�©O� B Ú C, �ÑM�|��m�p*

Ñ, ��|����M�*Ñ�§�
∂CL,i

∂t
= ∇ · (DL,i∇CL,i)

+CL,i(1 − ki)
∂fS

∂t
, (1)

CS,i = kiCL,i (2)

(1) ª¥, CL,i ´|� i (i L« B ½ C |�) ��

�M�¤©, éu Al-Si-Mg n�Ü75`, B �

L Si |�, C �L Mg |�; DL,i ´|� i ���

M�*ÑXê; ki �|� i �M�²ï©�Xê,

�±ÏL PanEngine ¦)ì¼�, PanEngine ´{I

CompuTherm úimu��ãO�^� Pandat �

Ø%Ü©; fS ´��©ê; �ªm>1��L«�

X.¡��Ç�O\, .¡��¢SM�¤©Øä

,p. (2) ª¥� CS,i Ú CL,i ©O´.¡þ|� i

���Ú��¢SM�¤©.

2.2 §§§ÝÝÝ|||���������§§§

dun�Ü79*ÑXê'M�*ÑXêp

eZêþ?, �
@�3�*O��¥§Ýþ!,

±(½�e%�Ç (CR) eü, l
O��¥§Ý

|���§�{z�

T = T0 − CRt, (3)

Ù¥ T0 Ú T ©O�O��Ð©��§ÝÚ t ��

�§Ý.

2.3 {{{¬¬¬)))���ÄÄÄåååÆÆÆ���...

�.¥òO��y©¤��/���, �â

�����©ê fS 5«©��¤?�G�: �

� (fS = 0), �� (fS = 1) Ú.¡G� (0 < fS < 1).

1) .¡9åÆ²ï

du¤©LeÚ­ÇLe��^, .¡��÷

vÛÜ9åÆ²ï^�, Ù.¡²ï§Ý����

§Ý�m÷vXe'X

T = TL(CL,B, CL,C) − ∆TC − ∆TR, (4)

ª¥, T �.¡���.¡²ï§Ý, �ÏL (3) ª

¼�; TL(CL,B, CL,C) ´���§Ý, ´¢S��M

�¤© CL,B Ú CL,C �¼ê, �±ÏL PanEngine

¦)��; ∆TR Ú ∆TC ©OL«­ÇLeÚ¤©

Le.

2) ­ÇLe

3��^�e, á�¬Xn�Ü7{¬)�L

§¥­ÇLe�O��{�

∆TR = Γ [1 − 15ε cos (4(ψ − ψ0))] · K, (5)
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ª¥, Γ ´ Gibbs-Thomson Xê, ε �.¡U��É

5Xê, ψ ´��.¡��ü {�¥þ¤éA�

²¡�, ψ0 ´{¬�J`)���, K ´.¡­Ç.

CA .¡��­Ç K ���g�±9±��

����©êk', O��{�

K =

[
1 − 2

(
fS +

N∑
i=1

f i
S

)
/(N + 1)

]
/∆s, (6)

ª¥, ∆s ´��Ú�, f i
S ´�Ø�����©ê,

N �.¡���±��Ø���ê, ��^�e N

� 8.

3) ¤©Le

.¡c÷�¤©Le�.¡¢SM�¤©±

9²ïM�¤©k'

∆TC = mL,B(CL,B − C∗
L,B) + mL,C(CL,C − C∗

L,C),

(7)

mL,B =
∂TL(CL,B, CL,C)

∂CL,B
,

mL,C =
∂TL(CL,B, CL,C)

∂CL,C
,

(8)

Ù¥, mL,B Ú mL,C ©O´|� B Ú C ����

�Ç; C∗
L,B Ú C∗

L,C ©O´|� B Ú|� C �.¡

²ï��M�¤©. n�Ü7v�L§¥M�|

������Ç���Ü7ØÓ, Ø2´½�, 


´÷��¡Ú��¡;,
Cz, ´§ÝÚM�¤

©�¼ê, �.¥ mL,B Ú mL,C ÏL PanEngine ¦

). ÏL (7) ªØU��¦Ñ|� B Ú C �.¡²

ïM�ßÝ, I�éáÙ¦�§¦).

4) .¡)��Ç

n�Ü7{¬)�L§¥, ��.¡þ�3M

��þÅð, ��.¡���{�)��Ç vn �

vnC∗
L,i(1 − ki) = −DL,i∇CL,i · n, (9)

ª¥, C∗
L,i ´|� i �.¡²ï��M�ßÝ; n �

.¡���ü {�þ, ÙL�ª�

n = −∇fS/ ‖∇fS‖ = nxi + nyj, (10)

Ù¥

 nx =
(
−∂fS/∂x[(∂fS/∂x)2 + (∂fS/∂y)2]−1/2

)
= cos ψ

ny =
(
−∂fS/∂y[(∂fS/∂x)2 + (∂fS/∂y)2]−1/2

)
= sin ψ

 , (11)

dd�� vn �L�ª�

vnC∗
L,i(1 − ki) = −DL,i

(
∂CL,i

∂x
nx +

∂CL,i

∂y
ny

)
.

(12)

5) .¡c÷M�L�ÚÝ

Ð)�{¬)�L§¥, Ø�Ä|��m�p

*Ñ, ¿�M� Péclet ê�u 1, �
éu|� i 5

`, Ù.¡c÷M�L�ÚÝ ∆i ÷v�§ [23]

∆i =
C∗

L,i − C0,i

C∗
L,i(1 − ki)

= Iv(Pei), (13)

Ù¥Iv(Pei) = Pei exp(Pei)
∫ ∞

Pei

exp(−x)
x

dx,

(14)

Pei = vnR/(2DL,i), (15)

ª¥ C0,i ´|� i �Ð©��M�¤©; Iv(Pei)

´|� i � Ivantsov ¼ê, Pei ´|� i éA�M

� Péclet ê, R ´{¬kà�»; du Pei < 1, �

� Iv(Pei)≈−PeilnPei− 0.5772Pei
[24].

6) .¡��©êOþ

�¦)�� vn ±�, ��.¡�����©

êOþ ∆fS �

∆fS = (vn∆t)/L, (16)

Ù¥L = ∆s/[max(| cos ψ|, | sinψ|)], (17)

fn+1
S = fn

S + ∆fS, (18)

ª¥, ∆s = ∆x = ∆y, ∆t ´�mÚ�, L ´.¡�

�{���mÚ�, fn
S Ú fn+1

S ©OL«�c��

Úe���.¡�����©ê. � fS = 1 �, ¤

�����, m©Ð¼±�����, ¦Ù=C¤

#�.¡��.

7) �mÚ�ÀJ

�
�yM�*Ñ�§¦)�Âñ, �mÚ

� ∆t �O��{Xe

∆t = min
(

∆s2

5DL,B
,

∆s2

5DL,C

)
. (19)

108101-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 10 (2012) 108101

2.4 êêê���¦¦¦)))666§§§

1) òO��y©¤ M ×N � CA ��, 3O�

�¥�ÅÀJ��½eZ�����/ØØ%, /

ØØ%Ð¼±������, ¦Ù=C�.¡��;

2) ÏL�§ (3) ¦���§Ý T ;

3) ÏLéá�§ (5) Ú (6) O��� ∆TR;

4) Ï L � § (1) O � CL,B Ú CL,C, ? 


Ï L PanEngine � � TL(CL,BCL,C) ± 9 mL,B

Ú mL,C;

5) ÏL�§ (4) O��� ∆TC, éá�§ (7),

(9) Ú (13) ¦� C∗
L,i, �\�§ (12) ¥¦� vn;

6) ÏL�§ (16)—(18) ¦� ∆fS ±9 fn+1
S ,

e fn+1
S = 1, K.¡��¤�����, Ð¼±�

����. e fn+1
S < 1, K­EÚ½ 2—6.

3 �[(J�?Ø

�.=O�n�Ü7Ð)�/Ø9��L§,

ëêXL 1 ¤«.

L 1 Al-Si-Mg Ü79Ô5ëê [10,25]

ëþ ��

9*ÑXê αT/m2·s−1 2.6×10−5

Si ���M�*ÑXê
0.11×10−4 exp(−2856/T )

DL,Si/ m2·s−1

Si ���M�*ÑXê
2.02×10−4 exp(−16358/T )

DS,Si / m2·s−1

Mg ���M�*ÑXê
0.99×10−4 exp(−8610/T )

DL,Mg / m2·s−1

Mg ���M�*ÑXê
0.37×10−4 exp(−14854/T )

DS,Mg/ m2·s−1

Gibbs-Thomson Xê
1.7×10−7

Γ / m2·s−1

��É5Xê ε 0.04

3.1 Al-7%Si-xMg {{{¬¬¬)))���///���

�!ïÄ Al-7%Si-xMg (�þ©ê) n�Ü7

¥ Mg |�M�¤©Czé{¬)�/m�K�.

À�O����êþ� 400×400, ∆s = 0.5 µm,

T0 = 878 K, CR = 5 K/s, O��¥%/Ø¿Øä

��. ©OÀJ Al-7%Si-0.1%Mg, Al-7%Si-0.5%Mg

Ú Al-7%Si-2.0%Mg n«Ü7, ÏL PanEngine O

���§��Ð©���§Ý©O� 889, 887

Ú 882 K(ã 1).

ã 1 PanEngine O�� Al-7%Si-xMg Ü7���§ÝCz

ã 2 �ØÓ Mg ¹þ�n�¾Ü7gd{¬)

�/m, Al-7%Si-xMg Ü7�±á�¬XA�, {

¬:�mY�� 90◦. Xã 2(a1, a2) ¤«, � Mg ¹

þ���, {¬Ñy
��u���g:; 
 Mg

¹þO\�, Xã 2(b1, b2) ¤«, {¬�g:�é

Ø�u�; � Mg ¹þUYO\, Xã 2(c1, c2) ¤

«, {¬�g:É�³�.

Xã 3 ¤«, �X Mg ¹þ�O\, �g{¬

:kà)��Ç (vtip) Åìü$, ù´du Mg ¹

þ�O\¦� Al-7%Si-xMg n�Ü7����§

Ýü$ (Xã 1 ¤«), ��v�L§¥ Al-7%Si-

0.1%Mg { ¬ . ¡ c ÷ � L e Ý p u Al-7%Si-

0.5%Mg Ú Al-7%Si-2.0%Mg {¬, l
 Al-7%Si-

0.1%Mg Ü7� vtip �é�p. lã 2(a1) � 2(b1)

Ú 2(c1) �'�¥��±w�, �p� vtip ¦� Al-

7%Si-0.1%Mg Ü7�v��m�� á, �g:)

���×�, .¡þL8�M�Ã{9�üÑ�±

���¥, Ó�du�g:ÌZNCM�L8§Ý

�ÅÄ, M�¤©FÝØþ!, ���g:©{�

Ñy, ¿��X�mí£, {¬m�M�L8\ì,

�g:�\u�. 
 Al-7%Si-2.0%Mg Ü7� vtip

é�, v��m�éé�, k|u��M��¿©

*Ñ, {¬mM�L8��, l
�g:©{É�

³�.
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ã 2 ØÓ Mg ¹þ� Al-7%Si-xMg n�Ü7gd{¬/mÚM�©Ù (a1, a2) Al-7%Si-0.1%Mg; (b1, b2) Al-7%Si-0.5%Mg;

(c1, c2) Al-7%Si-2.0%Mg

3.2 ØØØÓÓÓÄÄÄ...���ÝÝÝééé½½½���vvv���ÎÎÎGGG{{{¬¬¬���
ggg:::mmmååå���KKK���

�!ïÄ½�v�L§¥¾Än�Ü7Î

G { ¬ 3 Ø Ó Ä . � Ý (Vp) � ^ e � g : m

å � C z � ¹. � é Al-7%Si-0.5%Mg Ü 7, À

J O � � � � � 400×600, ∆s = 1 µm. Ð ©

��O��.Ü§Ý T0 � 886 K, du§ÝF

Ý (G) ��ç��þ, �
 (x, y) ?�Ð©§Ý

� T0(x, y) = T0 + Gy. G = 50 K/mm, O��±(

½� Vp £Ä, l
 CR = GVp, (x, y) ?3?¿�

� t ��§Ý T (x, y) = T0 + Gy − CRt. Ð©��

O��.ÜÁ÷¬Ø, 3 Vp �^e¬Ø÷X§Ý ã 3 Al-7%Si-xMg n�Ü7{¬ vtip ��mCz��[(J
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ã 4 Al-7%Si-0.5%Mg Ü7ØÓÄ.�Ýe½�v�ÎG{¬¿�)��[(J (a1, a2) Vp = 0.2 mm/s, t = 2136 s;

(b1, b2) Vp = 0.6 mm/s, t = 691 s; (c1, c2) Vp = 0.15 mm/s, t = 2.83 s; (d1, d2) Vp = 0.3 mm/s, t = 134 s

FÝ��)�, ²L�ã�m�¿�)�, ÎG{

¬��­�� (d�)��Ç V ≈ Vp) ��[(J

Xã 4 ¤«.

lã 4 ��, Vp ��, ÎG¬�g:må λ1 �

�. Hunt �. [7,8] @�, � G �½�, λ1 � V Cq

÷v λ1 ∝ V −1/4, V �O�¬�� λ1 ~�. ã 5

¤«��[��� λ1 � Vp Cz��[(J, Cq

÷v λ1 ≈ 225.4V
−1/4
p , l
 MCA �.��[(J

� Hunt �.Ä���.

��Ã*ÑÚ��¿©·Ü^�e, õ�Ü7

¥|� i � Scheil �§L�ª [26] �

CL,i = C0,i(1 − fS)ki−1, (20)

ª¥, i L«|� Si ½ Mg.

ã 5 ²þ�g:må�Ä.�ÝCz�[(J
ã 6 ØÓ Vp �^e Al-7%Si-0.5%Mg ÎG{¬.¡c÷�

�M�¤©� fS Cz��[(J� Scheil �.�é'

108101-6
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lã 6(a) Ú 6(b) ¥�±w�, Vp = 0.30 mm/s

^�e� Si Ú Mg ��M�¤©� fS Cz5Æ

��[(J� Scheil �.�O��, ù´dud^

�ev��méá, .¡c÷L8�M�Ã{¿

©���¥·Ü; �X Vp Øä~�, ��M�*

Ñ�m�\¿v, k|u��M��þ!·Ü, l


�[(J� Scheil �.�5��C. lã 6 �

� Vp = 0.02 mm/s � Si Ú Mg ��M�¤©� fS

Cz5Æ��C Scheil �..

4 ( Ø

�©�Än�Ü7�|�é¤©Le�K

�, ±9��É5.¡UE¤�­ÇLe, (Ü

��M�*Ñ�§Ú{¬kà)�ÄåÆ, ÍÜ

PanEngine, ïá
n�Ü7 MCA �.±£ãÐ)

{¬��/müz. ÀJ Al-7%Si-xMg Ü7, �[

�¶{¬�gd)�, (JL², Mg M�¹þ�

O\U
³��g{¬:kà�)�±9�g{

¬:��). ù´du Mg �O\ü$
Ü7�

���§Ý, ��)��Çü$, �g{¬:)�

É�³�, k|u.¡c÷��M�*Ñ�¿©?

1, M�L8§Ýü$, ?
³� Al-7%Si-xMg Ü

7�g{¬:��)�uÐ. Ó�¦^��.�[


 Al-7%Si-0.5%Mg Ü7½�v�ÎG{¬�¿�

)�L§, (JL², �XÄ.�Ý�O\, ÎG¬

�g:må~�, �[(J� Hunt �.(J��

��; ¿��XÄ.�Ýü$, ÎG{¬.¡c÷

��M�¤©���©ê�Cz5Æ� Scheil �

.�5��C, L²��.U
2y½�v�^�

e¾Än�Ü7ÎG{¬�)�/müz.
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Abstract

Based on the binary cellular automaton method, a modified cellular automaton model for ternary alloys is developed to simulate

dendrite growth controlled by solutal effects and microsegregation in the low Peclet number regime by coupling PanEngine, which is

a multicomponent thermodynamic and equilibrium calculation engine. The model can be used to calculate the interfacial equilibrium

composition by considering the influence of Gibbs-Thomson effect induced curvature undercooling, and multicomponents contributed

constitutional undercooling. Meanwhile, the growth velocity of interface is determined by solving the solute conservation equation

simultaneously with dimensionless solute supersaturation equation for each alloying element. Moreover, equilibrium liquidus temper-

ature and equilibrium solid concentration at the interface are derived by PanEngine. Free dendrite growth of Al-7%Si-xMg ternary

alloys is simulated by the present model, which shows that the increase of solute Mg can suppress the growths of both primary and

secondary dendrite arms. Meanwhile, constrained columnar dendrite growth of Al-7%Si-0.5%Mg with the increases of pulling veloc-

ity and constant thermal gradient during directional solidification is calculated. The results reveal the competitive growth of columnar

dendrites, and demonstrate that the primary dendrite arm spacing would decrease as the pulling velocity increases, which accords well

with the Hunt model.
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