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�Ä·YAåégdNÈüz�K�, ïÄ
7áÀæ3ØÓ§Ýe�.Ø¯Ñ1�. (JL², 3.�ÚØ
 1Öe, ¯ÑrÝþ÷v (T/Tg)

1/2 �§Ý�6'X; Ó�, 3ØÓ§Ýe, á��Øå¯aXê�±�~� 0.1.

�X§Ý�,p, ØåégdNÈ�K�Åìü$, l��á��.Ø¯ÑØé¡5ÅìªuØwÍ. 3p§e,

wÍ�(�µþ~�
gdNÈO��Ç, l³�á�×�¯Ñ. ù
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1 Ú ó

7áÀæÏÙ`��åÆ!zÆ9Ôn5U
É�á�9åÆ+�ïÄö�2�'5 [1−6]. Ó
�, ÙE,�åÆC/1�éDÚ�@£ÚnØJ
Ñ
�X�]Ô, Ù¥, XÛn)7áÀæ�¯Ñ
9ä�1�¤��cïÄ���9:¯K [7−11].

7áÀæ¯Ñ1�äkØå¯a5 [12−18]. �k�
Øå¯a5¦�7áÀæ3.Ø1ÖeLyÑØ
Ó�¯Ñ1�, X.Ø¯ÑrÝ�Øé¡. 8c�
ó�Ì�8¥37áÀæ¿§¯Ñ�Øå¯aï
Ä [7,19] 9Äu.Øé¡�¯ÑrÝÚ�56Ä�
§Ý�Cz [20]. Johnson Ú Samwer[21] ÏLïá�
Ó}�=C�., uy7áÀæ�¯ÑrÝ�§Ý
÷v (T/Tg)2/3 �IÝ'X. Schuh � [9] ïá
a
q��¼ê'X, ���ê� 1/2. �±uy, þã
ü«nØþvk�ÄØå�K�. Prased � [22] Ï
Lé Zr Ä7áÀæ3 300 K—525 K §Ýeÿþ
�åÏf (=MÝ�Ø ¯ÑrÝ�'), JÑ7á
Àæ�56Ä3ØÓ§Ýeþ�3Øå¯a5. �
C, 3}�=C�.¥Ú\}ä�A, Sun � [23] ï

á
Ó��ÄØå¯a�A9§ÝK��7áÀ
æ¯ÑOK. ,, §ÝXÛK�7áÀæ�.Ø
¯Ñ1�9ÙØé¡5ºù�¯K8cÿØ�Ù.

�©Äu7áÀægdNÈ�. [24−26], ÏLÚ\
·YAå�K�, é7áÀæ3ØÓ§Ý (300 K—

600 K), ü¶.�ÚØ e�¯Ñ1�?1©Û. ï
ÄL²,ÃØ´.�¯ÑrÝ�´Ø ¯ÑrÝþ
Ñl (T/Tg)1/2 �§Ý�6'X. Ó�, Øå¯aX
ê�±�~�, Ø�§Ý�CzCz. ?�Ú, l
gdNÈüz��Ý�«
7áÀæ.Ø¯Ñ1
�§Ý�6�S3Ån.

2 nØ�.9O�

g d N È � . � Ð d Cohen Ú Turnbull J
Ñ [16]. Spaepen[24] ÄkòTnØA^�7áÀ
æ¥, ¿ïá
ÄugdNÈ��56Ä�., T
�.Ø=U
£ã7áÀæ$§e�¯ÑÚ�þ
!6Ä, Ó��±L�p§e�þ!6Ä. 3T�
.¥, gdNÈ υf �z��f�²þgdNÈ; Ù
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ÀO�ÇdüÜ©û½, =}äÚå�gdNÈ�
)Ú*ÑÚå�gdNÈ�«. ¢Sþ, du7á
Àæ�k�Øå¯a�A [12,13], 	\·YAå¬
égdNÈ�üz�)K�. ·YAåÚå�gd
NÈO�½~�ò\�½³�á�ÅÝ�eüÚ
^zL§ [27,28]. ÏL�Ä·YAå�K�, gdN
Èüz�§�L«�

∂υf

∂t
= υ∗f exp

[
− αυ∗

υf

]
exp

[
− ∆Gm

kBT

]
×

2αkBT

υfS
×

(
cosh

σeΩ
2kBT

− 1
)

+ f(σkk)

−υ∗

nd
f exp

[
− αυ∗

υf

]
exp

[
− ∆Gm

kBT

]
, (1)

�ªm>, 1��L«d}äÚå�gdNÈ�
)Ç, 1��L«d·YAåÚå�gdNÈC
zÇ, 1n�L«d*Ñ���gdNÈ�«Ç.

ῡf = υf/αυ∗ ��z�gdNÈßÝ (��Bå
�, e©Ú�{¡�gdNÈßÝ), Ù¥ α �A
ÛÏf, υ∗ �ü��f�M¥NÈ. f ´�f�Ä
ªÇ (��Cq� Debye ªÇ); σe =

√
3sijsij/2

�� � A å, Ù ¥   A å sij = σij − σkkδij/3;

kB ´Å�[ù~ê; T ´§Ý; Ω ´�fNÈ;

β = υ∗/Ω ∼ 1; S = E/3(1 − υ) ´ Eshelby Ïf,

Ù¥ E �¼�þ, υ�Ñt'; nd ´�«�u υ∗

�gdNÈ¤L��fa�Úê, ����� 3—

10; ∆Gm ´-¹U, �±d (8/π2)Gγ2
CζΩ0 ?1�

� (}��þ G ∼ E/2(1 + v), STZ NÈ Ω0 ∼ 2υ∗,

γC ∼ 0.026, ζ ∼ 3)[21].

'u·YAåégdNÈ�K�, 8cÌ��
3ü«b�. 1�«, @��fNÈ (M¥NÈ) Ø
Ï	\·YAåu)UC, ·YAåÚå�á
�NÈ)ä��8ÏugdNÈ�Cz [26,28]. ,
, ù«�¹=3.�·YAåe·^, Ï�Ø 
·YAåÏ~ÚågdNÈ�~�, l�UE¤
gdNÈ�K��¹. ,�«, @�	\Aå��
�á�NÈCzdgdNÈÚ�f�Ó«ú, =�
fNÈÚgdNÈ��3·YAå�^eu)U
C [13,16]. Tb��±Ó�Ün�L�.�ÚØ 
·YAåegdNÈ�UC. Äudb�, �±�
�·YAåÚå�gdNÈCzÇ�

f(σkk) =
υf

K
· ∂σm

∂t
, (2)

ª¥ K ´NÈ�þ, σm ´·YAå.

3 Ø Ó �§Ý e, 7 á À æ ä k Ø Ó � Ð
©gdNÈ. ÏLl�fºÝO�uy, 3Àæ
� = C « � z g d N È ß Ý C z ��� 2.7%

� 4.1%[29−31]. 3¿§^�e, Wang ���

7áÀæ�.¯Ñ:éA��zgdNÈßÝ
� 2.4%[32]. dd�±Ünb�Ð©gdNÈßÝ
�Cz��� 2.3% (¿§ T ) � 3.0% (Àæ�=C
§Ý Tr), �Ð©gdNÈ�§Ý�Cz�Cq�
{ü��5'X [29]

υ0 = 0.023 + 0.007 · T − Tr

Tg − Tr
. (3)

Äuúª (1)—(3), ±e�éØÓ§Ýe�7
áÀæ.Ø¯Ñ1�mÐê�ïÄ. �©�Äü¶
.�Úü¶Ø �Aå\1�ª, 3ü¶.�/Ø
 Aå σ ��.�½Ø ¯ÑrÝ σy c�±ð½
\1Ç� ±E × 10−4 s−1. ØÓ§Ý (300 K, 400 K,

500 K Ú 600 K) e�Ð©gdNÈ υ0 �d (3) ª(
½, ò υ0 �\ (1) ª=�¢yØÓ§ÝegdNÈ
�	\Aåüz�ê�O�. �©Ì�'5�5C
/�ã9�5¯Ñ�.:�gdNÈüz. ±e(
JÄu�«;.�7áÀæá�, ÙåÆÚá�ë
ê� [26,32,33]: ¼�þ E = 96 GPa, Ñt' υ =

0.36, kB = 1.38× 10−23 J/K, υ∗ = 1.69× 10−29 m3,

Ω = 2.11 × 10−29 m3, Tr = 300 K, Tg = 623 K,

α = 1, f = 6.542 × 1012 Hz, nd = 3 Ú β = 1.

3 (J�?Ø

ã 1 �Ñ
3ØÓ§Ýe (300 K, 400 K, 500 K

Ú 600 K), gdNÈ©O�ü¶.�ÚØ Aåü
z��. loNþw, gdNÈ3Ð©�ãüz
'��ú, ���,��.Aå�, gdNÈ×�
O\. gdNÈ�¯�O�  éAuá�ÅÝ�
ì�eü, =á�¯Ñ [24,33,34]. 3¿§e (300 K),

�±w�¯Ñ�.:éA��zgdNÈßÝ�
�� 2.4%, ù� Wang ��(J�Ð�� [32]; .
Ø¯ÑrÝ�¢�ÿþ� �, 3ê�O��Ü
n��S. é'Ø �¹, .�1ÖeÏ~¯Ñr
Ý���.gdNÈßÝ�p, ùL²3.�
egdNÈO��×�lr?á��¯Ñ. l
ã¥, ?�Ú�±uy, .ØrÝ��É�X§Ý
�O\Åì~�. �$§�¹�', 3p§^�
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e (X 500 K Ú 600 K) gdNÈLyÑk~��O
\�ª³, ÙS3Ånò3e©¥�±?Ø.

ã 1 ØÓ§ÝegdNÈ�.�/Ø Aå�üz�

�
�«ØåÚ§Ýé¯ÑrÝ�K�, ã 2

�Ñ
ØÓ§Ýe�.�ÚØ ¯ÑrÝ. �±
w�, .�ÚØ rÝþ�X§Ý�,pü$,

�.Ø�3X²w��O. ùL²¯ÑrÝØ=
�6u§ÝÓ�É�Øå�K�. Sun ��Ä
±
þü«Ï�, ïá
7áÀæ�¯ÑrÝOK [23].

·�uyÏLTOKU
éÐ�[Ü®k�.
�!Ø rÝ. �â Sun ��©Û [23], }�¯Ñr
Ý (∼ σy/2) ÷v

τy = τ̂
(
1 − (C · T/Tg)1/2

)
− µσm, (4)

ª ¥ τ̂ ´ ý é " Ý � � á � } � r Ý, µ

´ Ø å ¯ a Ï f, ë ê C � L � ª� C =
1

Ω0τ̂ GkBTg ln(ω0/ϑγ̇)/(4ξ2
s /A − ξs), Ù¥ ω0 �}

ÁªÇ, γ̇ �	\ACÇ, ϑ ´þ�� 1 �Ãþj
~ê, ξs Ú A ©O�Ñt'Ú}äXê�¼ê. |
^ (4) ª©Oé.�ÚØ ¯ÑrÝ?1[Ü, X
ã 2 ¤«. ÏL[Ü, �±��ëê C Ú (τ̂ +µσm)

��. 3.�ÚØ ^�e, ¯ÑrÝþéÐ�÷
v (T/Tg)1/2 �§Ý�6'X���
�Ó�[Ü
ëê C = 0.8, ùL²ëê C ´��Ø�6Øå�
Ïf. d C �nØL�ª�±uy, ÙØ�¹Øå
�'�� [23]. ÏLé'.�ÚØ [Ü�, �±
?�Ú(½}�rÝ τ̂ � 4.1 GPa, �Cn�}�
rÝ (∼ G/10), 9ØÓ§Ýe�Øå¯aÏf, X
ã 3 ¤«. ·�uy, Øå¯aXê3$§Úp§
eþ�±~� 0.1, L²§ÝéØå¯aXêA�
Ø�)K�. Ó�, T(J�Ù¦ê�O�9¢�
ÿ��Øå¯aXê� 0.12 �C [12,35,36]. ,, d
u¯Ñ:éA�·YAåÏ~�§Ý�O\~

�, Ï.ØrÝ�ÉELyÑé§Ý��6.

ã 2 ØÓ§Ýe�.�/Ø ¯ÑrÝ9rÝ�§Ý
Cz�[Ü�

ã 3 ØÓ§Ýe�Øå¯aXê

?�Ú, §ÝXÛK�.Ø¯ÑØé¡Qº
±elgdNÈüz��Ý5&?ù�¯K. ·
���, gdNÈ�ÀO�þdnÜ©|¤, =}
�Úå�gdNÈO� υfe; ·YAåÚå�gd
NÈUC υfm; 9*Ñ���gdNÈ�« υfa, ©
OéA (1) ª¥��!�!n�. ã 4 £±
3¿
§ 300 K e, υfm, υfe Ú υfa �	\Aå�üz. d
ã 4(a) ��3.�Ð©�ã, υfm � υfe O��¯.

�Aå��,��.Aå, X 2.75 GPa, υfe ×�O
�¿�L υfm, u�Ì��^. 3��L§¥ υfa C
zé�, `²á�(�µþ���ú. ��, }�Ú
å�gdNÈ¯�È\9(�µþ�á���¿
§¯Ñ  3]mu). Ó�, ·YAåÚå�g
dNÈO� υfm r?
.�e�á�¯Ñ. 3Ø
 1Öe, υfm LyÑ����^, Xã 4(b) ¤«.

=ØAåÚågdNÈ�~�³�
á��^z
L§, l¦�á�3���	\AåeâUu)
¯Ñ.
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ã 4 T = 300 K �, υfm, υfe Ú υfa �	\Aå�üz
ã (a) ü¶.��¹; (b) ü¶Ø �¹

�X§Ý�,p, *ÑÚå�gdNÈ�«Å
ìC�wÍ. � T = 600 K �, Xã 5 ¤«, du(
�µþ���gdNÈ�«�Ç�ugdNÈO
��Ç, ¦�o�gdNÈ3\1Ð©�ãLyÑ
eü�ª³; �X?�Ú\1, }�Úå�gdN
ÈO� υfe Åì�L υfa, ¦�á�u)�ú�^
z. ù�)º
c¡?Ø¥��oogdNÈ3$
§eO��'p§e�Í���Ï. ���Ñ�
´, 3p§e·YAåÚå�gdNÈCzþ υfm

3.� (Xã 5(a) ¤«) ÚØ e (Xã 5(b) ¤«)

�é,ü�þ��þ, égdNÈüz�r?½³
��^Ø²w, lá�LyÑ���.�Ø Ø
é¡5. dd��, �X§Ý�,p, υfm égdN
Èüz�K���f, l¦�7áÀæ¥�.Ø
rÝØé¡5~f.

ã 5 T = 600 K �, υfm, υfe Ú υfa �	\Aå�üz
ã (a) ü¶.��¹; (b) ü¶Ø �¹

4 ( Ø

ÏLÚ\·YAåégdNÈüz�K�, ï
Ä
7áÀæ3ØÓ§Ýe�.Ø¯Ñ1�. 3.
�ÚØ 1Öe, ¯ÑrÝþ÷v (T/Tg)1/2 �§
Ý�6'X; Ó�, 3ØÓ§Ý^�e, á��Øå
¯aXê�~� 0.1, LyÑ4��§Ý�6. ?�
Ú, lgdNÈüz1��«
ØÓ§Ýe.Ø¯
Ñ1�Øé¡�S3Ån: ØåégdNÈüz�
K�ò�X§Ý�,p~f, l��7áÀæ
�.�Ø Øé¡5ªuØwÍ. 3p§e, ²w
�(�µþò~�gdNÈO��Çl³�á
�×�¯Ñ.
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Temperature-dependent yield asymmetry between
tension and compression in metallic glasses∗
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Abstract

By taking the pressure effect into account in the free volume evolution, the yield asymmetry between tension and compression

of metallic glasses (MGs) under different temperatures is investigated. The yield strength in MGs with a (T/Tg)
1/2 temperature

dependence is obtained for both tension and compression. The pressure-sensitive factor is derived to be a constant ∼ 0.1 within a

broad range of temperatures. Furthermore, it is revealed that the declining effect of pressure on the free volume evolution causes a

weaker tension-compression asymmetry with temperature increasing. The significant structural relaxation at high temperature slows

down the free volume evolution and hinders the sharp yield. These results improve our understanding of the underlying mechanisms of

the yielding and its asymmetry between tension and compression in MGs.

Keywords: metallic glass, yield, asymmetry between tension and compression, free volume
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