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ò Zr55Al10Ni5Cu30 ¬N�¬Ü73 715 K �§ò» 30 min, Ú\�þB�¬, ,�u¿§±ØÓ�AC�Ç
?1W�, ^�«×£þ9¤�	ØÓACþ�¬�9½5ÚgdNÈüz. (JL²µ=¦W�� 95%���
ACþ, �¬�9½5�A�vku)UC. 3�«AC�Çe, �XACþ�O\, gdNÈ¹þ±Yþ,. �
�XAC�Ç�O\, �ÓACþegdNÈ�¹þkþ,�ü$, T5Æ�ü��¬�(�Ü73�5C/L§
¥gdNÈ�Cz�¹�,ØÓ.

'�c: ¬N�¬Ü7, �5C/, gdNÈ

PACS: 71.23.Cq, 62.20.F−

1 Ú ó

��f�æü�Ó��±ÃS�(��n�
�¬Ü7�', �Ó¤©�¢S�¬Ü7o´�¹
�
õ{�gdNÈ [1,2]. �â Spaepen[3] �Ñ�
�¬Ü7�5C/�gdNÈ�., �¬Ü7�÷
*6C´����f3	\Aå�^eu)½�
�[?\�C ��(J, ��f�@\�uÙN
È��C ��, Ò¬�)�½þ�gdNÈ. d
d��, �5C/¬Úå�¬Ü7gdNÈ¹þ
�Cz.

·���, �¬Ü73�$uÀæ=C§Ý^
�e?1Ø ½.�C/�, Ï~¬÷X�OÌ
}��u)â,ä�, ùÒ¿�X3ùü«C/
�ªeéJ¼����C/þ [4,5]. æ�W���
ªé¬N�¬Ü7?1C/, ��C/þ�±�
� 95%$��p, ¿�C/���¬EäkéÐ�
ò5 [6]. Ïd, 8c<�~æ^W�C/5ïÄ�
¬Ü7�5C/L§¥gdNÈ�üC5Æ, dd
uyü�(���¬Ü7�5C/L§¥gdN
È�üCØ=�C/§ÝÚC/þk' [7], �É

AC�ÇÚ�¬Ð©G��K� [8,9]. XJ3�¬
Ü7¥Ú\�þ¬N/¤�¬ÄEÜá�, ��X
¬N/�¬.¡�Ñy, �5C/L§¥gdNÈ�
)¤Ú�v�ª7,¬k¤UC. 8c, éu�¬
Ü7ÄEÜá�3�5C/L§¥gdNÈüC
����é�. �©± Zr55Al10Ni5Cu30 ¬N�¬
Ü7��ïÄé�, 3²Ü©¬zò»�, 2æ^
ØÓAC�ÇéÙ?1¿§W�, ïÄá�3�5
C/L§¥�gdNÈ�üC�¹.

2 ¢��{

¢�^ Zr55Al10Ni5Cu30 Ü7Ò¼dXÝ�
u 99.9%�X7á¬3ý�>l¬¥L�¤. �
�y¤©þ!, z�Ò¼Ñ�EL 6 g. LõÐ
�Ò¼3Ó�>l¬þáÒ¤� 1 mm × 10 mm ×
60 mm ��¬¡, òÙ¥�
�¬¡3 715 K ò
» 30 min, ,���¤ 1 mm × 3 mm × 10 mm �
�¡, Yuü��©þÝ� 1 mm �ØCg¡m,
¿§e3VDWÅþ�E?1W�, �����

* I[g,�ÆÄ7 (1OÒ: 50771064) Úp�Æ�Æ¬Æ�:;��ïÄ7 (1OÒ: 20060248022) ]Ï��K.

† E-mail: jfli@sjtu.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

087102-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 087102

��ACþ. ACþ ε ^�¬þÝ�Cz5L«,
= ε = (h0 − h)/h0, Ù¥ h0 Ú h ©O�W�c�
�¬�þÝ. AC�Çk 1×10−2 s−1, 5×10−2 s−1

Ú 3×10−1 s−1 n«, e¡©O^$�Ç (LR)!¥
�Ç (MR) Úp�Ç (HR) L«.

� ¬ C / c � � ( � ^ Thermo ARL . X
� � û � (XRD) ¤ Ú JEOL JEM-2100F . p ©
E > f w � º (HRTEM) ? 1 u ÿ. 9 © Û ¢
� 3 Perkin–Elmer Pyris Diamond . � « × £ þ
9 (DSC) ¤þ?1, �oí¨�pX�, ×£�
Ç� 20 K/min.

3 ¢�(J

ÃØ´Ò��¬, �´ò»��¬, Ù XRD Ì
þ�dûÑ�¸|¤; �^ HRTEM ?1(�*	
�, �öþØ�3²w�¬�^«, À«>fû�
s�þ�wØ��N¬����: (�ã 1), q�
ü«�¬Ñ´�¬�(�.

ã 1 Zr55Al10Ni5Cu30 �¬� HRTEM � S�ã´1
å�»� 100 nm ��À«û�s�. (a) Ò�; (b) ò»�

�?1 DSC ©Û�, Ò�Úò»��¬Ly
Ñ²w��O, Xã 2 ¤«. 715 K �§ýò»
¦ Zr55Al10Ni5Cu30 ¬N�¬Ü7�¬�Àæ=C
§Ý Tg �p§��£Ä, ¬zm©§Ý Tx Ú¸�
§Ý Tp �$§��£Ä, Le��«°Ý ∆Tx Ú
¬zó ∆H ²w~�, L²ýò»��¬�½5
wÍü$, �'9Æêâ�uL 1. ¬zó�~�¿
�X�¬3ò»L§¥u)
�½§Ý�¬z, ß
�>fw�º*	�vkuy¬N, �U´/¤�
¬N��êþq��, 3k�� HRTEM À|¥Ø
N´�*	�. ¬z��NÈ©ê Vf �±ÏLe
ªO�:

Vf = (∆Hmax − ∆H)/∆Hmax, (1)

ª¥ ∆Hmax ����¬=C���¬��º��
o�9ó, �^Ò��¬�¬zó5L«. âd¦
�ò»��¬�¬zNÈ©ê� 2.6%, �¬��¬
ÄNþ©Ùk�þ¬z��EÜá�.

ã 2 Ò�9ò»� Zr55Al10Ni5Cu30 �¬3 20 K/min
\9�Çe� DSC �

L 1 Ò�9ò»� Zr55Al10Ni5Cu30 ¬N�¬Ü73
\9�Ç� 20 K/min �� DSC êâ

�¬ Tg/K Tx/K ∆Tx/K Tp/K ∆H/J·g−1

Ò� 675 761 86 764 53.2

ò»� 678 759 81 762 51.8

ò»��¬3^ LR, MR Ú HR n«AC�Ç
?1W��, ��ACþþ��
 95%, ¿�3²
{ù���C/��¬�±� 180◦ Øu)ä
�, `²Týò»ó²?n���¬Eäk�Ð�
ò5. ã 3(a)—(c) �ò»��¬3ØÓAC�Çe
W��± 20 K/min �\9�Ç\9�� DSC �.
ÃØ´=«AC�Ç, W���¬¬z¸�¸�§
Ý�C/c�'Ñvku)Cz, Xã¥J�¤«.
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ã 3(d) �Ñ
¬zó�ACþ�Czª³, l¥�
éJwÑ¬zóÏC/u)Cz. dd�ä½,

±ò»� Zr55Al10Ni5Cu30 ¬N�¬Ü7W�L§
¥¿vk?�Úu)¬z, 9½5�±ØC.

ã 3 ò»��¬±ØÓAC�ÇW��� DSC �9¬zó�ACþ�Cz (a) LR W�; (b) MR W�; (c) HR W�; (d) ¬
zó�Cz

Van den Beukel � [10] ïÄuy, �¬Ü73�
5\9L§¥(�µþ¤º��9þ (∆H)r �3
dL§¥gdNÈ�Cz ∆vf ¤�', =

(∆H)r = β′∆vf , (2)

ª¥ β′ ´���Ü7k'�~ê. 3Ø�� β′

äNê���¹e, ·�J±ÏL (2) ªO��
¬Ü7¥gdNÈ�ýé�, ��^ (∆H)r �C
z5m�L�gdNÈ�Cz [7,11]. ã 4 �ò
»��¬±ØÓAC�ÇW�C/� DSC �
þ(�µþ¸���ã. �Ä�¬NØ¹k¤
¢�gdNÈ, O� (∆H)r �A�Ø�¬¥¬�
��NÈ©ê. b½í{�¬��NÈ©ê�
�þ©ê�Ó, (∆H)r �Ò�uü �þ�¬�
(�µþ9Ø±í{�¬��NÈ©ê, �©ý

ò»�¬9Ù3�W����¬��NÈ©ê
� 97.4%.

ã 5 �ü �þ�¬��(�µþó (∆H)r
� A C þ ε � C z ª ³. d ã 5 � ± w Ñ, Ã
Ø 3 Û « A C � Ç e, (∆H)r Ñ � X ε � O \
,p, ùL²gdNÈ¹þ3W�L§¥±
YO\, vkÑygdNÈ��Ú. 3ØÓ�A
C�Çe, �¬¥�gdNÈ¹þ¥y�q�
Czª³µACþ�u 80 �, gdNÈO\
��ú; ACþ�u 80%�, gdNÈO\�¯.
Ó���±w�, �XAC�Ç�O\, gdN
È�O\�Ýkþ,�eü, ��gdNÈ¹
þ����kO��~�, 3 LR, MR Ú HR n
«AC�Çe (∆H)r ����©O� 15.4, 17,
13.7 J/g.
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ã 4 ò»��¬3±ØÓAC�ÇW�� DSC �þ(�µþ¸��� (a) LR W�; (b) MR W�; (c) HR W�

ã 5 ò»��¬±ØÓ�AC�ÇW��(�µþó�A
Cþ�Czª³

4 ? Ø

Spaepen[3] �Ñ, �¬Ü7��5C/´ÏL
6Ä"�þ�X��f��[5�¤�, �A�Ò
K��
�¬Ü7¥gdNÈ�¹þ. Aå�±r
¦gdNÈ�), �ddOr��f£Ä5�¬\
�gdNÈ��v, �5C/��¬Ü7�gdN
È¹þ´C/L§¥gdNÈ��)Ú�v�m

¿��(J. �â Spaepen �gdNÈnØ, �¬Ü
7¥"��ßÝ�±L«�

cf = exp
(
− γv∗

vf

)
, (3)

ª¥, γ �AÛ�SÏf (γ = 0.5—1), v∗ ��f�
[¤I��.º�.

�¬Ü73(�µþL§¥, "�ßÝ��v
�Ý�±L«� [12]

dcf

dt

∣∣∣∣− = −krcf(cf − ceq), (4)

ª¥, kr �(�µþ���ÝÏf, ceq �,�§Ý
e�²ï"�ßÝ.

�¬Ü73u)Øþ!�5C/�"�ßÝ
�)¤�Ý�±L«� [12]

dcf

dt

∣∣∣∣+ = axε̇cf(ln cf)2, (5)

ª¥, ε̇ �AC�Ç; ax �'~Ïf, §�±L«�

ax =
kBT

S

Ω

vfε0v0
. (6)

ùp, kB �À�[ù~ê, Ω ��fNÈ, ε0 �Û
ÜAC, v0 �u)AC«��NÈ, S �fÝ.
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du cf � vf �m��ê'X, "�ßÝÚg
dNÈ¹þ�mkX�Ó�Czª³. d (4) Ú (5)
ª��, gdNÈ��)�Ý�gdNÈ¹þÚ
AC�Çk', gdNÈ��v��gdNÈ
¹þk'. Ïd, �¬Ü7¥�gdNÈ¹þ¬�
XAC�Ç�O\O\, ¿�®��
¢��
y [8,13]. ,, ·��¢�(J%� (5) ªØ��
��, =�ÓACþe, �XAC�Ç�O\ýò
»�¬W��gdNÈ�¹þkO\�ü$.

Li � [14] æ^ Miller Ú Gibson JÑ�Eâé
C/��¬Ü7� HRTEM �?1
?n, uy3
}��¥Ñy
�þ�B��É, ¿@�õ{g
dNÈ��$´B��É/¤�Ì��Ï. ��,
Wright � [15] ÏLnØO�uy, �¬Ü73�5
C/L§¥, ?Û}��¥�gdNÈÑ´Ø½
�, §���$¬��B��É�gu/ØÚ��.
�C, Cao � [8] æ^�Ó� HRTEM �?nEâ3
W�C/�� Cu60Zr20Ti20 �¬¥�*	�
B
��É, ¿�B��É��Ý�XACþ�O\
O\. �5C/L§¥, B��É�Ñy3�½§
Ýþ~�
}��¥gdNÈ�¹þ, �§¿ØU
-�du}���ÝO\Úå�gdNÈO\.
Ïd, �©ýò»�¬W��gdNÈ�À¹þ�
´�XACþ�O�O\, 3¢�¤�	�AC
��SvkÑygdNÈ��Ú.

�â Wright �. [15], B��É����Ý�

gdNÈ¹þÚ�f�£Ä5k', Ù¥B��É
����Ý�gdNÈ¹þ�'X�±{ü'�
M�¥�L�ÚÛÑ. AC�ÇLp�, gdNÈ
¹þ�O\±9�f£Ä5�OrÑk|u�É
�/¤���, l³�gdNÈ�O\�Ý. A
O´éu�©¤�	�ýò» Zr55Al10Cu30Ni5 �
¬Ü7ó, �þB�¬�Ñy�ÌÝü$
�¬
Ü7�(�þ!5, �5C/L§¥B��ÉéN
´3¬N/�¬.¡?/ØÚ��, ùò?�Úrz
gdNÈ��vL§. AC�Ç�p, ¬N/�¬.
¡>uB��É/¤�VÇ��, Ïd�5C/L
§¥gdNÈ¹þ�O\�Ýü$.

5 ( Ø

�©±ýò» Zr55Al10Ni5Cu30 ¬N�¬Ü
7��ïÄé�, ± 1 × 10−2 s−1, 5 × 10−2 s−1

Ú 3 × 10−1 s−1 �AC�Ç?1¿§W�, ïÄ

á�3��C/L§¥gdNÈ�üC�¹. ï
ÄL²: �XACþ�O\, 9½5A�vk
Cz, �gdNÈ¹þ±YO\. �XAC�Ç
l 1× 10−2 s−1, 5× 10−2 s−1 � 3× 10−1 s−1 Cz,
�ÓACþegdNÈ�¹þk,p�ü$. pA
C�ÇeB�¬/�¬.¡éB��É/¤�r?
�^´���5C/L§¥gdNÈ¹þO\�
Ýü$�Ì��Ï.
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Abstract
Traces of nanocrystals are introduced into Zr55Al10Ni5Cu30 bulk metallic glass through isothermally annealing the glass at 715 K

for 30 min. The pre-annealed samples are rolled at different strain rates up to 95% thickness reduction at room temperature. The thermal
stability and the free volume of the deformed sample are examined by differential scanning calorimetry. It is found that the thermal
stability does not change with deformation degree. At any strain rate, free volume content increases continuously with the increase of
deformation degree without saturation. As strain rate increases, however, the free volume content with the same deformation degree first
increases and then decreases, which is significantly different from the case of the metallic glass with monolithic amorphous structure
under plastic deformation.
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