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�©Äu�Ý�¼nØ1��n�{, lK�åÆ5U���>f(�O�þ, é¹ Σ5{001}Û=¬. � Al

7á.�rÝ?1
ýÿ, uyÙnØ.�rÝ�� 8.73 GPa, �.AC� 24%. .�rÝ$u©z�� (Phys. Rev.

B 75, 174101 (2007)) ���¬. � Al 7á�nØ.�rÝ 9.5 GPa, �Ù�.AC%��u��¬.� 16%. �
ïÄ(JL², ÏLó²ëê��, UC"�/�, �4�/UCÙåÆ5U. ?�Ú/, l>f(��gþ, ©Û

¹¬. � Al 7á.�ä�1��¢�, ÏL©Û>Ö�Ý©Ù!��Cz�, uyÙä�?u)3¬.?; nØ
O�(Jòé Al 7á(��O9åÆ5UUõäk�����^.

'�c: ¬. �,Al, .�rÝ, 1��nO�

PACS: 68.35.Gy, 71.55.Ak, 31.15.ae

1 Ú ó

¾ (Al) 7á���«4���(�åÆá
�, 3��+�Ñk�©2��A^. Ïd, nØý
ÿ�"� Al 7á�åÆ5U3(�á��Oþò
k�©���^. 3 Al á����L§¥, d
uó²^����,   /¤�«"�, ��K�
Xá�÷*åÆ5ULy. Ù¥, ¬.´�«;.
�¡"�, Ù(�E,õC, §��)![£Ú�
�L§òî/K� Al á��åÆ5U. Ïd, n
)ØÓ¬.�åÆA�é Al 7á(��O9åÆ
5UUõäk��¿Â. �´, ¬.ÚÙ¦"�
�m��p�^E,, ��
)¬."����5
�, 7LüØÙ¦"��Z6. 8c, �~^��
{ [1] ´�E��¹�«¬.�n�"��., nØ
þ�[ÙåÆL§, ¼�åÆëê. ¯�uÐ�O
�UåÚk?�{®²¦�ù«nØ�[U
O
(/?ná���'¯K, ¯õïÄö®²|^1
�5�n�{¤õïÄ
X Al �åÆ5U [2]!Al

¬.�åÆA5 [3−8]. Cc5, �´uÐ
1�
5�n.�½}�Á��{, ±¼�¬.�nØ
rÝ�. T«�{®¤õõ«¬N9Ù¬.þ, ~
X Al[1,2,9−11], V[12],α-Al2O[13]

3 , Fe[14], Ni[15], W[16],

TiAl[17], NiAl[18], Cu[19], ZnO[20]. 8c,Al 7á¬.
�nØïÄÌ�8¥u Al ¬.9Ù.�Á�, "
�a.õ8¥u��¬.. �'©z�� [21] ��
¬.� Al 7á�nØ.�rÝ� 9.5 GPa, �.A
C� 16%. éuÛ=¬., ÙnØ.�Á����
��. ·�3cÏó� [22] ¥, |^Ü �:
�
.�{�E
 Σ9{221}��¬.Ú Σ5{001}Û=
¬., XÚïÄ
Ù½59.¡(ÜrÝ. ïÄ
uy, ¾¥ Σ5{001}Û=¬.' Σ9{221}��¬.
�\½, ÙåÆ5UAT`u��¬.. �©Ä
u�Ý�¼nØ1��n�{, lK�åÆ5U�
��>f(�O�þ, é¹Û=¬. Al 7á.�
rÝ?1ýÿ, ïÄT«¬.�åÆ��A�. O
�(JL²: éuÛ=¬. � Al 7á.�rÝ
�nØ.�rÝ��� 12.8 GPa, �.AC� 24%.
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�`u©z�����¬. � Al 7á�nØ.
�rÝ 9.5 GPa, �.AC� 16%. ù¿�XÏLó
²ëê��, UC"�/�, ò�U��JpÙå
Æ5U.

2 O��.

O�¤^��.æ^Ü �:
 (CSL) �
.. 3 CSL �.¥, dØÓ��¬N¥,
 �
�pÜ��f|¤��#:
, = CSL :
,

¿^ CSL ü�NÈ�¬N:
ü�NÈ�' Σ

5L«Ùê�. Xã 1 ¤«, �©O�� Al ¬.

ã 1 Σ5[001] Û=¬. Al O��¬��.ã (êi��f?
Ò) (a) :Àã;(b) ýÀã

´
∑

5 (001) Û=¬., T¬.´ÏLòÐ© fcc ¬
�� (001) ¬.¡�ý± [001]�¶^= 36.87◦ ¼
�, 3 (001) ¬.¡þ� CSL ü�Ä¥½Â� [3 1

0] a0 Ú [1 3̄ 0] a0 ��©��, 3 (001) ���Ý
� 5a0, Ù¥ a0 ´(�`zO���¢�ÿÁ�
� Al �¬�~ê 4.03Å,�
�±.�O�é¡É
å©Ù9±Ï5é¡^�, Xã 1 ¤«, ·�æ^

V¬.�.. 3O�¥, ·��½.�÷R�u

¬.��?1, .�AC ε ½Â�

ε =
lz − lz0

lz0

× 100%, (1)

ùp,lz �.�Aå�^��÷R�¬.���¬
��Ý,lz0��\.�Aå��¬��Ý.

�©�1�5�n.�O�æ^�´�Ý
�¼nØ (DFT) (ÜM\ÝK²¡Å�{ (PAW)

� VASP ^�� [23], ��'é³æ^2ÂFÝC
q (GGA) ?n. ²LÿÁ, ²¡Å�äU� 450 eV,

æ^ 6×6×2 � Monkhorst-Pack . k :��. >f
gUO��UþÂñIO� 1.0×10−4 eV, (�`
zO��ÂñIO��^å�u 0.02 eV/Å.

3 (J�?Ø

��ó, oUþ�NXÚ�½G�, dd
���ä3.�Aå�^e�XÚCzG�. ã 2

�Ñ
, XÚUþ�.�AC�Cz�. lUþ
Cz��±wÑ, �X.�AC�Or, oUª
�O�, ,�ª�½ØC. ù¿�, �X.�AC
C�, XÚC��5�Ø½, �� Al ¬��.ä,

ã 2 Al Û=¬.¬�XÚoU�ACCz�ã

XÚUþØ2Cz. lUþ - AC�ã�±wÑ,

AC��� 24%�, Uþm©ª�uØC, ù`²
¬�m©u)ä�. Ù�.AC��u©z [21] �
����¬.� 16%, ù`²Û=¬.�é��¬
.5`, �Uäk�Ð�.�rÝ. �´�©zØ
Ó�´, Uþ���´ëYCz, vkâ,~�
�Uþ$:�3. ù�U¿�X, 3AåëY\1
G¹e, ä�u)´��±Y�ìCL§, Ø¬â

026801-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 2 (2012) 026801

,u). lã 2 ��wÑ, ä��, oUþCz��
� 10.35 eV, �u��¬.�ä�Uþ 9.85 eV[21],

ù¿�XÛ=¬.�nØ>5�U�`u��¬
.�nØ>5. ±e·�ò?�ÚlÙ¦�¡©Û
¹Û=¬. � Al 7á.�A5.

ã 3 �Ñ
Aå - AC�ã, �±é�ß
/w�
, �XACO�, Aåd 0 :ìO�, �
����, ,�:ìeü¿�AåO�ªCu 0.

3AC� 24%�,[001] ���.�Aå����
� 8.73GPa,  [310] � [1 3̄ 0] .�Aå��Ù�
�� 6.61 Gpa. ÷ [310] � [1 3̄ 0] ��Aå�Ä
���, `²ùü���é¡5���Ó, �É�
R�¬.��Aå\1�¹�, ²1¬.ü���
¤É�AåG����. lã 3, ���Ù/��,

éuÛ=¬. �, ÙnØ.�rÝ� 8.73 GPa,

$u©z [11] �����¬. ��nØ.�r
Ý 9.85 GPa, �Ù�.AC��� 24%, %�u�
�¬. ��.��.AC 16%. ù`², ØÓ¬
. �"�, �U��ØÓ�.�rÝ9AC�Ý.

��¬. ��UJpÙ.�rÝ, %��Ùy5;

Û=¬. ��.�rÝü$
, �Ù>5%J
p
. ù
åÆA5�¬. �ØÓUC, �U
´duØÓ �"���3, ��
¬.?�f¤
�(Ü9Ù>f(�ØÓÚå�. ±e, òl�
f�(Ü9d>Ö�Ý�XAå\\�Cz�¹
5?�Ú&?Û=¬. �K� Al 7áåÆ5U
�ÔnÅn.

ã 3 Al Û=¬..�L§¥AC - Aå'X�ã (σ11

� σ22 ©O� [310] � [1 3̄ 0],σ33 � [001] ��)

ã 4 �Ñ
¬.?�C��fmå�éCz
Ç (100×(L − L0)/L0,L �C��fmå,L0 �¬N
�f��) �ACO\�Cz�ã, Äk�é�

ã 4 ¬.NC�C��fmå�ACCz�ã ( a),(b),(c)

©O� 11,12,15 Ò�f

Ù/w�, 3u)ä�c, �Ò´AC�u 5%�,

¬.?¤k�C��fmå�±3¬N��f
��NC. AC�u 5%�, �f 15-7 � 15-8 �C
�måm©u)²wCz (�ã 4(c)); AC�u
� 15%�, �f 11-18 � 12-17 �C�måm©.
� (ã 4(a),(b)); 3AC��� 24%�, �f 11-
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15,12-15,15-13 9 15-14 �C�måm©ä�. l
¬.?�f�C�må�AC�Cz5Æ5w,

¹Û=¬. � Al 7á.�ä�Ak±en�
L§:1) pé¡5 � (X�f 15) Éå8¥, 3A
C� 5%�, ¬.��g¬.��fmåu).�
/C (15-7 � 15-8);2) Aå?�ÚO��, AC�
� 15%�, ¬.�þe�fmåm©�.m; 3) A
C�� 24%�, ¬.��f�m©äm, 7ál¬
.¡Åìu)ä�. ¢Sùn�L§��lã 3 A
å - AC�ã�ß/w�, ÷R�¬.��, 3A
C� 5%� 15%?, �3ü�$:, `²ù´3.�
L§¥ü�=C:; AC� 24%, AC - Aå�
Ñy
��¸, `²ä�m©u). ���ß/w
�3.�AC�^eä�L§u)ÔnÅn, ã 5

�Ñ
R�u¬.¡�¬����¡>Ö�Ý©
Ùã. �±wÑ²w�n�L§, 3AC� 6%�,

¥% �>f�Ý(Üm©~f��.�; 3A
C 16%�, ¬..Ñ>Ö�Ý©Ù®���¬NØ
��, 3¬.¡�f�(Ü®�»�, ¬.?�>
f�Ý®C��~�f; 3AC� 26%�, �±�
Ù/w�, ¬.?>Ö�Ý©Ù� 0, .�¬�®�
�l¬.?ä�; ã 5(d) �k�/uyä�¡¥y
Ñ7i©/]à/G, ù`²3.�L§¥Aå©
ÙØþ!, ä��¬.?�f���fu)��£
 . .�ä��/¤�ù«/G, ½N�U�ü�
f7áB�kà���Jø�«{ü�1g´, Ï
L¢�ëêN��EÛ=¬."�, ÷R�¬.¡
¦Ù.ä, 3ä¡?�/¤ü�fB�kà.

ã 5 Al Û=¬.ý�¡>Ö�Ý©Ù�ACCzã

4 ( Ø

æ^1��n�Ý�¼�{, Ò¹Û=¬. 
�"� Al 7á?1
.�O�. (JL²: �éu

©z�����¬., Û=¬."�äk�Ð.�
>5, ��3AC� 24%��ÿâ���.ä, �
.ACJ, 50%; lÙ.�L§¥oUCzw, o
UCzvkâC:; ¦Ù��ä�, Ù.�rÝ
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� 8.73 GPa, �u��¬.�.�rÝ. ù
O�
(JL², 7á¥"�/�ØÓ, ò�UéÙrÝ
�>5äk��K�, ù¿�X�ÏL¢�ó²ë
êUC7á¥"�a., ��N�7áåÆ5U.

?�Ú/, ÏL©Û>Ö�Ý©Ù9���AC�

CzL§, l�f>f(��gþ&?
¹¬. 
� Al 7á.�ä�1��Ôn¢�. ,	, Û=¬
..�ä��Ùä¡�7i©]à/G, ��7á
B��(�\óJø
�«�1g´.
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Abstract

By the first-principles calculations based on the density functional theory, the tensile strength of Al metal with dislocations of

twist grain boundaries (GBs) is predicted from its electronic structure to its essential mechanical properties. The results show that the

theoretical tensile strength for Al twist GB is about 8.73GPa and it is less than that for Al glide GB(9.5GPa) (Phys. Rev. B 75, 174101

(2007)). However, its fracture strain for Al twist GB is 24% and 16% more than that for Al glide GB. It suggests that the mechanical

properties of the metal can be greatly improved by experimentally modulating its defect or dislocation. Furthermore, the physics of

the fracture of Al twist GB is analyzed by the distributions of charge density and the changes of bond length, and it is found that the

facture appears in the GB. Our theoretical predictions can play an important role in guiding the improvement of mechanical properties

and structural designs for Al metal.

Keywords: grain boundary dislocation, Al, tensile strength, first-principles calculations
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