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1 Ú ó

3½�v�^�e, ü�Ü7.¡�XÄ.�
Ý�ØäJpÑ¬²{��l².¡��¬!{
¬�.¡/�=C [1]. 'uù«.¡/�=C�
�
©Û, ���¡��á Mullins Ú Sekerka u
Ð�.¡­½5nØ (MS nØ)[2]. MS nØuy
�§ÝFÝÚ.¡Uk|u.¡­½, 
.¡c
÷�M�*Ñ|KØ|u.¡­½. ,
 MS n
Ø�©Û´ïá3.¡c÷­�M�*Ñ|�Ä
:þ, Ã{£ã².¡�­��m�'A5. �¥
ÀÚ±�Ú [3] æ^¶�Q - ¯Uß²�.Ü7[
�ïÄ
².¡­½5��m�'5, ¿�Ñ
²
.¡�­)��mÚÄ.�Ý�²�úª. ��,

Warren Ú Langer[4] u 1993 cÄg�Ñ
��£ã
².¡c÷Ð©M�*Ñ|�­�üzL§��
)Ûê��., ¿ddé².¡­½5¯K?1

�m�'��)Ûê�©Û, 3nØþ�«
.¡
­½5��m�'A5. Losert � [5,6] Kæ^±ä
kF1A5� C152 ��M��¶�Qß²�.Ü

7, ÏLÿþ.¡c÷�Ä�M�©Ù, [�/ï
Ä
².¡�­��­�üzL§. ¦��¢�
(J� Warren-Langer nØ©Û��
éÐ���.

2004 c, �c� [7,8] 3éX*ÑÚ�3é6�¹e
��­�M�*Ñ|?1XÚ©Û�Ä:þ, év
�.¡/�­½5?1
Ú���m�'�­�
©Û.

I��Ñ�´, Ø
9�DÑ|Ú.¡Ué²
.¡­½5äk­��K�	, .¡U��É5
é½�v�L§¥�².¡­½5��3­�K
�. .¡U��É5¢Sþ´K�¬N)�/�À
JÚüz����~­��ëê, X½�v�^�
e, ØÓ�¬N��3².¡�­�¬¥y{¬!
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Coriell Ú Sekerka[12] Äkæ^�5­½5©Ûï
Ä
.¡UÚ.¡ÄåÆ��É5é��Ü7½
�v�e�².¡/�­½5�K�, uy.¡
U��É5��f[�A��6u)���, 
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5é½�v�¥/�ÀJ�K�, uy.¡U��
É53�­ÐÏÒ�)�^, ¿Úå���/�À
J9/�­½5�â�Cz. Golovin Ú Davis[14]

æ^f��5{©Û
.¡UÚ.¡ÄåÆ��
É5é�LeLN)�L§¥�/�üz1��
K�, ¼�
aq�(J. ù
nØïÄÑ´Äu
­��©Û. �C,���� [15−17] æ^ì?©Û
{Ú�|{ïÄ
�¹.¡U��É5��m�
'�.¡­½5, uy.¡U��É5é².¡Ð
©�­�)��mÚ6ÄÅ��ÀJäk­��
K�. Chen � [18,19] æ^õCþÐm{ïÄ.¡U
��É5é².¡­½5�K�, uy�X��É
5�O\, .¡6ÄuÐ�ÝO\, .¡�N´ª
��­.

'u½�v�¥².¡�­�¢�ïÄ®²
��
éõ­��ïÄ¤J, ,
ù
ïÄA�
Ñ´ÀJ¬N�{001}¬¡�Á�Ý²¡²1, �
± 〈100〉 ¬��96��²1�J`��¬â�
�ïÄé� [20−22], vké'ïÄØÓ��¬â�
².¡�­L§. �C, Fornaro Ú Palacio[23] ïÄ

 Zn-Cd Ü7¥äkØÓ¬N���¬â3½�
v�^�e�².¡�­L§, uy².¡��.
�­�ÝÚ6ÄÅ�Ñ�¬N��k', �¦��
¢�êâ'��, �¼�
�����½5(Ø,

Ó�du7á�Øß²5, �vk*	�².¡�
­��­�üzL§. oN5`, �8c��, 'u
¬N��é½�v�^�e².¡�­�K��
¢�ïÄE,é�, �"�XÚ�ïÄ.

�é±þ¯K, �©æ^¶�Q - ZÑ (SCN-

ACE) ß²�.Ü7À�
äkØÓ¬N���n
�¬â, *	ù
¬â3��½�v�^�e�
².¡�­L§, ïÄ¬N��é�­)��m
ÚÐ©6ÄÅ�±9�­6Ä��­�üzL§
�K�.

2 ¢�C�Ú¢�L§

¢�æ^¶�Q - ZÑß²�.Ü7, ���
�ªÜ7¤©d2�{ÿ��Ü7���§Ý(
½. Ü7��L§¥¶�Qd	ï�û^��²
L8g°2JX��, ÙXÝ�u 99.99%, ZÑ�
©ÛX. ¶�Q - ZÑÜ7X®�y²3v�1�
þ�7áäkéÐ��q5, ²~�^uv��¡

�¢�ïÄ±u��'v�nØ©Û��(5, �
TÜ7X�Ô5ëê��O(/ÿþL. Á�Ý�
Ý/f[Àæ+ (Vitrocom úi, .Ò: RT5015), Ù
S»º�� 2 mm×0.1 mm. òÜ7��Ð�, 3ù
	\9�¥, |^f[�^òÜ7¿\f[Á�Ý
¥, ,�^��ä��òÁ�Ý�üà�µ. ½�
v�C��DÚ� Jackson-Hunt§Ý²�, Xã 1

¤«. §Ý²��eàÚ9à§Ý©Odü�ð§
Yú��, ð§Yú�§ÝÅÄ� ±0.02 ◦C. Á�
Ý�£Äd[^ª�6åÝÿ�Å|²�Å~�
ìÚE¾jm?1VÚ°Ä. æ^Zx AZ100 w
�º¢�*	�/�.¡/��üCL§, ¿ÏLê
i CCD z� 5 s æ8�g�/�.¡/�.

�©æ^n�Á�Ý, z�Á�ÝSÑ���
ü¬, �´z�ü¬�¬N��ØÓ. zg¢�c,

òÁ�Ý�u²��Ó� ��§ 2 h ?1Ü7þ
!z, ±�y¢�Ð©^����5. þ!z�, �
	3�½§ÝFÝe, n�äkØÓ¬N���ü
¬3Ê�ØÓ�Ä.�Ýe�².¡�­üzL
§.

æ^2�{ÿ��Ü7���§Ý� 56.7 ◦C,

dÜ7�����Ç (–2.16 K/mol%[24]) í�Ñ�
Ü7¤©� SCN-0.63 mol%ACE. ¢�¥��.¡
?�§ÝFÝ� 6.6 K/mm.

ã 1 ½�v�C�«¿ã

3 ¢�(JÚ?Ø

n�Á�Ý¥�ü¬3½�v�^�e.¡
�­��)�/�Xã 2 ¤«, ©O½Â�ü¬ a,

ü¬ b Úü¬ c. éu�¶�Qù��N%á�¬
N
ó, {¬)�ÀJ 〈100〉 ¬���ÙJ`)�
��, 
°>¬KÀJÑy3.¡UA����
Ó5�{111}¬¡S [10]. Ïd, l¬â�)�/�
þ�±���äÑ: ü¬ a �{¬ÌZ�96��
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��, ü>ý{é¡©Ù, R�Á�Ý���©{
?3ÌZ�¥%�þ, `²ü¬ a �{001}¬¡�
Á�Ý²¡²1� 〈100〉 ¬��96����; ü
¬ b �{¬ÌZ�96���3� 25◦ �Y�, ý
{ü>©Ù, R�Á�Ý���©{Ñ� lÌZ
�¥%�, `²ü¬ b �{001}¬¡�Á�Ý²¡
��²1� 〈100〉 ¬��96��¤� 25◦ �Y
�; ü¬ c�)�kàØä©�/¤�;.°>¬,

`²ü¬ c �{111}¬¡�Á�Ý²¡��²1.

b�¬â3Á�Ý²¡þ��/�.¡U�L«
� γ(θ) = γ0[1+ε cos(4(θ−θ0))], Ù¥ γ0�.¡U
�²þ�, ε��Á�Ý²¡²1�¬¡S�.¡
U��É5ëê��, θ ��/�.¡{���, θ0

�¬¶��Ú96���m�Y�. ®k¢�ÿ�
¶�Q��/�.¡U��É5��� 0.5%[25]. Ï
d, �â¬â�)�/�, ��Ñ: εa ≈ εb ≈ 0.5%,

εc ≈ 0, θ0a ≈ 0 Ú θ0b ≈ 25◦, Ù¥eI a, b Ú c �
L�ã 2 éA��'¬â.

� � � � � � � � � � � � � � �
� � � � � � � � �

ã 2 SCN-0.63 mol%ACE Ü7½�v�^�e�¬â)�/� (a) ü¬ a; (b) ü¬ b; (c) ü¬ c

ùn�ØÓ���¬â3Ê�ØÓÄ.�Ý
e��­)��mÚÐ©6ÄÅ�Xã 3 ¤«. �
­)��m±m©Ä.��m��O�å:, ò�
�.¡ÑÑy�­6Ä!�6Ä��ÌÚÅ��
���m��O�ª:. Ð©6ÄÅ�d��Á�
°ÝØ±o6ÄÅê��. lã¥�±wÑ, n�
¬â��­)��mÑ´�Ä.�Ý�O�
~
�. ü¬ b Úü¬ c �Ð©6ÄÅ��XÄ.�Ý
�O��3ü$�ª³, �Ø´��/üNü$;


ü¬ a �Ð©6ÄÅ�Czª³Ø�²w. ¦+
Ð©6ÄÅ��ÀJ��Ò�3����, ¬É�

�ÅÏ��K�, �Ð©6ÄÅ�3ÚO¿Âþ
�´�Ä.�Ý�O�
ü$. ù
(J�± �
¢�ÚnØ©Û [26,27] ´���.

.¡U��É5é².¡�­�K��Ny
3�­)��mÚÐ©6ÄÅ��¬N���C
z. lã 3 �±wÑ, 3�Ó�Ä.�Ýe, ü¬ a

�².¡�­)��m�á, ü¬ c g�, ü¬ b

��. ü¬ a �Ð©6ÄÅ�3�¢�¤À�Ä

.�Ý��SCzØ�, �Ä�þ'ü¬ b Ú c

�Ð©6ÄÅ�Ñ��. )��m�¿�X².
¡�­½5�Ð. ¢�(JL²3�Ó¢�^�
e, ü¬ b Úü¬ c �².¡'ü¬ a �­½. (
Üþãén�¬â�¬N��©Û�±�Ñ, �
�É5�~�Ú¬¶���96���mY��
O\Ñk|u².¡­½. Chen � [18] Ú���
� [16] �)Û(JL²3b½¬¶���96�
��� (θ0 = 0) �, �X.¡U��É5�O\,

².¡­½«�~�, =¿�X².¡­½5C
�. ü¬ a �¬¶���96�����.¡U
��É5�� 0.5%, ��u.¡Uª���Ó5
�ü¬ c. (Jw«ü¬ c �².¡'ü¬ a �
­½, ù�¦��)Û(J´���. ��5¿�
´, ü¬ b �.¡U��É5�'ü¬ c �, �ü
¬ b �².¡­½5�
'ü¬ c Ð, ù`²¬
¶���96���m�Y� θ0 é².¡­½
5�K��éwÍ. Wang � [15] ��|�[Ó�
�Äùü�Ï�. yò¢�(J�Ù�[(J?
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1é', �|(JL²².¡�­)��mÚÐ
©6ÄÅ��X.¡U��É5� −ε cos(4θ0)

� O � 
 O �. � ¢ � À J � n � ü ¬ � .
¡ U � � É 5 � � Ï L þ ã � � � ©Û� O
� −εa cos(4θ0a) ≈ −0.5%, −εb cos(4θ0b) ≈ 0.09%

Ú −εc cos(4θ0c) ≈ 0. w,, n�¬â��É5

����'X� −εa cos(4θ0a) < −εc cos(4θ0c) <

−εb cos(4θ0b), =ü¬ a ��, ü¬ c g�, ü¬ b

��. Ïd, ¶�Q - ZÑÜ73½�v�^�e�
².¡�­)��mÚÐ©6ÄÅ��X.¡U
��É5� −ε cos(4θ0a) �O�
O�, ù��|
�[(J´���.

� � � � � � � � � � � �� � �� � �� � �� � �� � �	 
 � � 
 � � � � � � 
 � � � �� � � � � � � � � � � �� �� �� �� � ���	 ������ � � � � �
ã 3 SCN-0.63 mol%ACE Ü7ØÓ��¬â3½�v�ØÓÄ.�Ýe��­)��mÚÐ©6ÄÅ� G = 6.6 K/mm;

(a) �­)��m; (b) �­6ÄÅ�

n�¬â�².¡�­��­�üzL§X
ã 4 ¤«. éuü¬ a Úü¬ b, �­6ÄÄk3
,A� �þüÕÑy, ¿ØäuÐ��, ��.
¡�Ù¦ �Ó�Ñy�­, �d��².¡Ñ
Ñy�­6Ä. 3ù��­�üzL§¥, @Ï6
Ä��ÌwÍ+kuÙ¦ ��5Ñy6Ä��
ÌuÐ, Xã 4(a) Ú (b) ¤«. 
éuü¬ c, Ð©
6Ä3��².¡A�Ó�Ñy, �ÙÅ�¿Ø´
��þ!�, ,�ù
Ð©6Ä�Ó÷96��
¿�)�, Xã 4(c) ¤«. ¦+ã 4 ��Ñ
Ä
.�Ý� 4.25 µm/s ��².¡�­6Ä��­
�üzL§, �þã�¬â¬N���'�üz
5Æ3�¢��	�Ê�ØÓÄ.�ÝþÑ´�
��.

ü¬ a Úü¬ b �².¡�­��­�üzL
§�ü¬ c kwÍ�O. 3ü¬ a Úü¬ b ¥, 6Ä
ÄkÑy3,A�A½� �, ù
A½ �3Ø
ÓÄ.�Ýe´�±ØC�, Ïdù
 �é�U
Ò´¬â�¬N"�?. Bottin-Rousseau � [28] 3
ß²X���½�v�¥�uy
aq �Èà
���.¡C/�­. �©�*	�uy, Ð©6
Ä�)�ã�m�, .¡�Ù¦ �A�Ó�Ñy
�­6Ä, �¿vk*	�l@Ï/¤�6Ä÷.

¡î�DÂ, *Ð���.¡��­L§. �©@
�ù«�N�­6Ä´�µ9åÏ�ÀJ5��

E¤�.¡6Ä, = Warren-Langer nØ [4] ¤J
Ñ�².¡�­Å�. 
3ü¬ c ¥, KØ�3,

kÑy6Ä�A½ �, 
´34á�mS��
.¡Ó�Ñy�­6Ä. ©Û@�ü¬ c ��3¬
N"�, Ï�3y¢�¹e�{¬N´Ø��U�
3�, ��U´ü¬ c �.¡�­é¬N"�Ø¯
a, 
Ì�d�µ9åÏ��. ù�U´Ï�¬N
"��Uþ�¬N��k', ?3{111}¬¡�ü
¬ c �¬N"��Uþ'?3{001}¬¡�ü¬ a

Úü¬ b �$, Ïd3ü¬ a Úü¬ b ¥, ¬N"�
k��.¡JcÑy6Ä, ,�â´�µ9åÏÚ
å�.¡�­; 
3ü¬ c ¥, ¬N"�Ã{°Ä
.¡JcÑy6Ä, 
´��d�µ9åÏ���
�.¡Ó��­.

� â � ' n Ø [29,30], � µ 9 å Ï �
� Ì � L « � |A(k)|2 =

kBT

(γ + γ′′)k2
=

kBT

γ0(1 − 15ε cos 4θ0)k2
, Ù¥ kB ´Å�[ù~ê,

T ´�/�.¡²ï§Ý, k ´�µ9åÏªÇ. l
ª¥�±wÑ, �µ9åÏ��Ì� −ε cos(4θ0)

�'. �âcã�¬N��©Û(J, n�ü¬�
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�µ9åÏ�Ì��'X�: |A(k)|a > |A(k)|c >

|A(k)|b, =ü¬ a ��µ9åÏ�Ì��, ü¬ c

g�, ü¬ b ��. ��@�, �µ9åÏ�Ì�
�, ddÚå�.¡�­6ÄÑy��mÒ�á.

lã 4 �±wÑ, n�ü¬¥��µ9åÏ�À

J5/¿©���÷*����m���: ü¬ a

� 4.7 min, ü¬ b� 6.0 min, ü¬ c� 5.0 min. ¢
�(J�nØ©Û´���, ù�l,��¡y¢
.¡4á�mSÑy��N�­6Ä(¢d�µ
9åÏÚå.

(a) (b) (c)

3.7 min 5.0 min 5.0 min

4.2 min 5.5 min 5.5 min

4.7 min 6.0 min 6.0 min 300 mm300 mm300 mm

ã 4 SCN-0.63 mol%ACE Ü7ØÓ��¬â½�v�².¡�­6ÄuÐ G = 6.6 K/mm, V = 4.25 µm/s (ã¥�mÑ±
m©Ä.��å:); (a) ü¬ a; (b) ü¬ b; (c) ü¬ c

4 ( Ø

(1) ½�v�^�e, ü�Ü7².¡�­�
)��mÚÐ©6ÄÅ��¬N��k', �­)
��mÚÐ©6ÄÅ��X�/�.¡U��É5
� −ε cos(4θ0) O�
O�, ù�± ��|�[
(J´���.

(2) ².¡�­��­�üzL§�¬N��

�'. éu{001}¬¡�Á�Ý²¡²1�ü¬ a

Úü¬ b, ¬N"�¬°¦².¡Äk3,A� 
�Ñy�­6Ä, ,�?�ÚdØÓªÇ��µ
9åÏ�ÀJ5/������.¡�­; 
é
u{111}¬¡�Á�Ý²¡²1�ü¬ c, ².¡�
­é¬N"�Ø¯a, ��dØÓªÇ��µ9å
Ï�ÀJ5/��E¤��.¡Ó��­.
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Effect of crystallographic orientation on instability
behavior of planar interface in directional

solidification∗
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( State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China )

( Received 9 November 2011; revised manuscript received 22 December 2011 )

Abstract

The instability process of planar interface in directional solidification with respect to the crystallographic orientation is studied

using a transparent model alloy ¨ succinonitrile-acetone. Three typical crystal grains which have preferred dendrite, tilted dendrite

and seaweed patterns at rapid pulling velocity respectively are chosen in our experiment. The experimental results show that the

preferred dendrite grain has the shortest incubation time and the smallest initial perturbation wavelength of planar interface instability,

the tilted dendrite grain has the largest ones and the seaweed grain has median ones. These results accord qualitatively with previous

analytical results and phase-field simulation results. It is also found that the interfacial non-steady-state evolution behaviors of the

preferred dendrite grain and the tilted dendrite grain are significantly different from that of the seaweed grain, suggesting that the

non-steady-state evolution behavior of planar interface instability is closely related to the crystallographic orientation.
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