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Lc-��{
•�ã
_�ê,X	¥�)C_�“,���‚ �t�¹�T��	¬�k�¹,žG¡?U��(Engel��&��Eckstein��2002,��Fu��&��Chan

2013).����1u
Î�b������,X�‚�t�¹�T���Æ4£�ü�‚��+	2Ï4³��(MEMS)���Ã	��Ð�'	ž�‚+	�$8ƒ(�1�NZ
³

	ª�kG¡?U5à�S"¯,X�h*ü,�����´�J	«L$�b.�
Î�$Bü,���è�����T����Bü�Þ���Ô/¡�GM6�‚�t�¹�¹8N,���´

!8,���h*ü�����T���
Eô
Î�b�J�ª�$�m,X�Ý4È�´�)LÊF¼�ÊE¬�,�ü�U�û�å�ì.���‚4‡�ä
_���Û�ý*ü�$�m

,X�%�û	¬�6,È�y�
�Û�Î7Ç�å�ø�þ4È�z,X���ÌFÑ�ü�‚4‡2G���z,XLÊF¼�Ê�ê4§�X,XE›/ß.���‚4‡�ä
_

+��b�J*ó�{ �� )[P¬�Ã�ä�� �"1�(M&•,���� �‚4‡LÊF¼�Ê,X�
 �Û�¤�o�Z�Ô/¡�U�K�! �C,X�‚ �t �¹ �•"©

(Fu��and��Chan��2013).��'
5à,��7 ¾ 20 �ê4 ~ 90 �H�·>•�¤�Î�¹�9,���‚�ä
_�T����1u�éCK�Z�î+ ,X�S"¯�G

"¼,�����ü4»4Á�ã
_�ê�ÊM6���Ô�þ�GK�KÂNl,��	G���Ì���h��(Vollertsen��et��al.��2006).��Oj��,��	Ø/¡�0*ü�o


�)„�â��,X���Ì���h

�J�� �Ú�ÿ��BüG£�ÃG¡�o�tEó�z�Ã><M6�ô�o�ÃT£�z�Ã�G
�#�Eó�Ã+ M6�>�Û���z


`$¥/ÏM6�Þ,X��+ �Û�h�o.��Lc-�(M�U���Ì��(�,)��,X�£�ã,��!¨><M6/Ã��:+�r�û,��G¡�o�0*ü��( )��	Ã�¹�Ñ

+9,��><M6�ô�o��()���ÃT£�û�o��( )���Ã+ M6�=�º�o��( )��	ž$¥/ÏM6�Þ,X��+ $¥/Ï�o��( )���0*ü��:+�¤

	�.��	º�Ô�•M6,���'LÊF¼�Ê,X(M�U���Ì�ã7Ç�‚4‡2G���z�Ê,��,Ì��	s)Ú�á�aEÖ*ü,��	G�û���z,X�ä
_�õ
_

�á6Ñ,È�y*ü�b�ã���z.���_�V,���'(M�U���Ì�ã7Ç	Ã�â�$�m,X�J2f���Ì,Ì!¨�³�Ê,���$�m��D•,X�o�:�û

Bü�î	¥*ó��:+	¬�ê,��	Ã�¹NX?•,���‚4‡2G���z�ß,X�ä
_��)Ú�3�Ú	¥*ó,Ì�h�
	¬.��!8�ê,���'5×<%+ M6�y

?º(Š�Õ�Ê,��E•+ �5�Ê�ü�õ
_4ý���Ê�3�Ú	¥*ó	¬�ê.

,Â�!,���Æ>•�ä�s�h*ü,X�‚4‡���z,X�ä
_�T����?U��EC�����T����(Zhao��et��al.��1997),���Ù�À4‡2G

	_	D��������(nanoimprint��lithography)��(Chou��&��Krauss��1997;��Chou��et��al.��1995,��1996)�Ã�‚�y?º	_	D

(microcontact��printing)���Ã�‚E@/ÏJÌEô��(microtransfer��molding)��1�.���L
_,X4‡2G	_	D������	s)Ú�V

� * 1(a)����/�,���^.@,X4‡2G�õ�S	_�9� � Si 
Î�i><M6,X6.	Ü( = PMMA ��,��+�� b PMMA �ü�t&Á���J

)•*WE@	¬#ý�z��(�4g)���¹�Þ�Ê�î+�.@�
�ûE@	¬��T£�û���Ð,X2O#��'> ����(� * 1(b))��,���´!8,��� ü �4g �¹�Þ

EîE›�y?º	¬�6�•�ç� ü PMMA ><M6	_	D�Î4‡2G�Ò�6��(� * 1(a))��.���á�
�Î�Ò�6	â,���Í2Ï4³L!#ý,��!8�Ê

PMMA �6�á.@�
�û,���S�kP¬#ý�ßEîE›�y?º	¬�6�á�
,X4‡2G�Ò�6�ü�x#ý�ß7��õ	â�k�¹�±�Õ.��EC��

���T��,X
Î��	s)Ú���ý*ü2O#��'�$�m,X�"T£$²L��o,���S�J�üE°�ã�b�õ�K�$�m���z,X�h�o�0*ü�ß

#��|�¹�?��
_7(,���¹�Ô4ÈEH�Í/Ä1u#��õ
_���_��(1u	��X� � �2)��,���J�ü�Å
$�Û2Ï�ß,X�{�
�•/ß��

�J �� ,�� ,�� �� �Ú �ÿ �� #� �' "“ 1u EH 4“ �• 	å ,X Eó �z �Ã 	_ �o 
` #� �' �š �z .�� �' LË AÎ �D E° �ã � b 1 �Ê ,�� �Ý

,��!8�Ø .
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7¾
Î�b6.	Ü(=,X4‡2G	_	D������>•�¤�Î�¹	â,���Ž�ÀE¯> �Z�ûG£,X�D���õ�³
`�rP`-è0J,���vA|

�Z4‡2G�õ �K �Þ �Ò�� ,XKS4š!¨ �Ã6. 	Ü(= ;X7p,X 	n �z �Ã �‘ �t ,X �h �o1� �Í �‚ 4‡ �ä 
_ ,X �E 
¡ ��(Hey-

derman��et��al.��2000,��Hirai��et��al.��2001).��2009 �H,��Schroers 	ž �J 	Ü �05Ù��(Kumar��et��al.��2009,��Schroers

2010,��Schroers��et��al.��2011)���ý*üM2�J	ÜG¥��(G¥�2)•*W)���ü�t&Á���J)•*WE@	¬#ý�z�¹�Þ�36ÑE@	¬��P¬

T£#��',X(M�û,��)[���h*üL��U!û�êJ±4‡2G�õ�S�ÚM2�J	ÜG¥E¯> 4‡2G�õJÌ,���r)„�ZP¬KS�X!¨M2�J	Ü

G¥4‡2G�ÅL	�ë,X�
�Û.��!8�ê,���Ž�À�3�Ò�ñA©�ü�J�'G¥�2,X'h&•#ý�z�¹�ß�Í�J�'G¥�2E¯> 4‡2G	_	D

(Buzzi��et��al.��2008,��Gao��et��al.��2014,��Saotome��et��al.��1998),�����™�
�Û�Z(M�U���Ì�ü�J2f���ÌG£4{,X�‚

4§�X,���è+��b.@�õ�K��EîE›2f�$�3��<T�
�k,���Ð7È���
�Û,X�‚4§�XKS�X!¨EW�ã.���G�b�J�'G¥�24‡

2G	_	DE›/ß,X�Ú�$�|�o�:�õ�³><�â,��Lc-����Ì,X�£�ã,����LÔ,X�ä
_	_�oC^�û��(Hsu��et��al.��2005,��Pei

et��al.��2007).���Ô8�Ax��,���J�'G¥�2,X�ä
_�û6ÑLc-�(M�U���Ì��(LÊF¼�Ê,X�´�)���Ì�ê�J2f���Ì)��,X�£

�ã 5à �� :+ L! �" �� (Csikor�� et�� al.�� 2007,�� Kumar�� et�� al.�� 2009,�� Saotome�� et�� al.�� 1998,�� Uchic�� et�� al.�� 2004,

Vollertsen��et��al.��2004),���´!8,���üE°�"�b'h&•,X#ý�z�ß�h*ü4‡2G	_	D�T��,È�y�ü�J�'G¥�2><M69‹�k

�ã�b�J�J2f���Ì,X4‡2G�Ò�6�,�ü	s)Ú�Þ,X�ÄL’.���ÔE¥,���05ÙAÒNl4˜,X2Ï�ë-è0J><�â,���ü�"#ý�5�Ê

�ß�Í�J�'G¥�2�r�‘4‡2G	_	D,��.B�r�����ÌC^�ã,���ä
_6Ñ�oC^�Â��(Liu��2019,��Xu��et��al.��2020),��'
5à,���'

�¤P¬�ä
_#ý�z� � �4���“��0.4�4m �Ê,��4‡2G�õJÌ�J�'G¥�2�Ú	¬�kC^�ãC^�•�ç,��A¹�•"©�S�k�"�ä���ÃP¬��

)[�è	Ã�{
��
�ÛCYP¬KS4š!¨��(4 z 2000)���¹	ž,È�X	Ã�ã7Ç4 z 5��nm ,XG¥�24‡2G4“L	�ë�ä��	Ã6Ñ��(Liu

2017).��5×<%���ÞEÄ�J�'G¥�24‡2G4§�X,X�
�Û$d�b
+�'�J�'G¥�2,X�;&œ�%�û	¬�6,����	��ÿ�b#��'

,X4‡2G	_	D�T�� ,��	Ã/Ä�J�'G¥�2�üE°�" �b�J 'h&•#ý�z�ß,X4‡2G	_	D�T�� ��CY�%�û4‡2G	_	D��

(superplastic��nanoimprinting,���êCY�%�û4‡2G�õJÌ��,��superplastic��nanomolding)��(Liu��2017).

E¥�`	��H�9,���h*ü4‡2G	_	D�T���
�Û	Ø/¡4‡2G4§�X	ª�k�ZEW�û,XE¯�),��	ÃE¯> 4‡2G	_	D,X�$

��

��

�*����

3ß1Ÿ�·�œ�u�g�¬�[.��(a)���¤�·+°3ß1Ÿ�·�œ��7¦"m/7.f�;�*��(Chou��&��Krauss��1997,��Chou��et��al.��1995,
Guo��2004):���T�,�Æ+°�·�Ç	¸#U�Ò�ˆ*T�7�¶=”LŽ�£�53ß1Ÿ�*�t+°-˜�M�£�·�‘�\5†	4'•��(� ® PMMA)
=”LŽ,��K»	:Ky#U	:�«�Ã-˜6È�£�:5†	4'•6].ç��(6]�M)��,���ú58�T5†	4'•=”LŽ8ã�Ã�9�b+°3ß1Ÿ�*�t,���,
	:,���À*T!S0u.ç�|;¬�g�çK•�·+��Y+° ·*…5†	4'•;��(b)��5†	4'•�Ô6)�MFû+°#U�Ò,$�Ÿ�S.��5†	4'•�T�¢
(ç)¯D˜	�#U� Ò �4g ���7=”(Ü�f�e�S,���T(ç)¯D˜	�#U�Ò�ö&À%å#U� Ò �4m �wK =”(Ü�fSû�e�S,��58� T �4m

���6=”(Ü�fSû�S=x�f��(Chantiwas��et��al.��2011)

1� ��1���ó 
����ñ �
��RU�!�
���ì"Ñ �������‚4‡�ä
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�m�'2Ï�á�•��� ,���¢�Ô�ñ,X6.	Ü(=�ÃM2�J	ÜG¥��4ƒG¥�2�Ã�Î$Š�'�ÃP¬'‰	ÜG¥�Ã�Ý�c,Ì1�.��E­�Ô�"

�ä��P¬��)[,X	Ã�{�
�Û�T���U�û�—E¯�Z�‚4‡2G4§�X�$�m�ü6Ñ$d�ÃP¬���€�ê�Ã><M61�/•�$�'���:�Ã

4‡2G+	�$�:	ž�‚4‡��+	2Ï4³1�NZ
³,X�S"¯�h*ü.���´!8,���� �[ �ÚJ\�Í�‚4‡�ä
_�T��,X�Ô�„-è0JE¯

�),��6.&ú�á	à�$�m�ü�‚4‡�ä
_E›/ß��,X	¬�6��)Ú	ž���Ì���hE¯> 4ÐEÄ.���Ô	â,���ÚJ\�ÍG¥�2�‚4‡�ä


_�¹8NM6��,X�T���å�ì	ž�J�GK��o�:KÂNlE¯> �)�ï.��

2��������6•
>(Ÿ,º�ä4é2©�F
Á

6.	Ü(=�$�m,X�‚4‡2G	_	D�ä
_,����?U�ý*ü�Z�J�üP¬�b)•*WE@	¬#ý�z�Ê
�)„�Î2O#��'(M�û,���è

#��|L��oLc-�#ý�z,X�Þ	�5à��:+L!�".���Ô8�
�,���'M2�J�Õ�$�m�t&Á7Ç�J)•*WE@	¬#ý�z�¹�Þ�Ê,��	G

�4���!���4g,���JT£�û2Ï�D��(��)��0ú	 Ü Vogel-Fulcher-Tammann��(VFT)���@�ã��(Debenedetti��&��Stillinger��2001)

�J� � �4����4±�Í#ý�z;���!,��� " ���qC*�b#ý�z,X���D,���40 ��	–5×#ý�z.��+��bT£�û2Ï�D�â2Ï4³,X�ïB?�ÊKÈ

�š�Û,Ì�G,��5à�ïB?�ÊKÈ�âT£�û2Ï�D�Ô��,���3��*ü�b��+�2Ï4³�ü	s�$/�Ú�$���z�Þ,X�|�o�:> ��,���´

!81��Ë
�,��M2�J�$�m�3Eî��+��ïB?�ÊKÈ�í#ý�z�G2Ï	 G Williams�±Landel�±Ferry��(WLF)���•/ß��(Willi-

ams��et��al.��1955)��E¯> �£EÄ

�J � � � 2 ��M2 �J �Õ �$ �m ,X 
¡ �h �ÊKÈ,�� �ß � Û s >< /� 	–5× �� .��8 ¹ �4s��=�� �4g,�� � í �#1��=��17.44,�� �#2��=��51.6��K

(Scheer��&��Schulz��2001).

�ü6.	Ü(=,X�‚4‡�ä
_��,��6.	Ü(=,X#�	¬> ���Ú,È�y�E
¡���
�Û,XLÊF¼�Ê,X
•Bü.��Heyderman

1���(2000)�ÃScheer��
`��Schulz��(2001)��G›*ü�K�Ý�‚2G���z�Ò��,X�õ�K,���ü)•*WE@	¬#ý�z�¹�Þ�Í6.	Ü

(=	_	D�ä
_E¯> �Z2Ï4³,X�rP`-è0J,��EîE›�Ú� d PMMA ;X7p��(	n�z4z� � 200��nm)���ü,Ì	à�(7(P¬�z

(175��nm)�� �� �á 	à �‘ �z �� (6�Ã 10 
 ` 20����m)�� ,X 
_ 7( �� ,X �? �� E› /ß ,��?– �³ �� �Ô /¡ �³ 	  �Ä �´ 	¬ �6 �õ �ã

(� * 2(a)),��	 G PMMA �ü&Á	_ �0*ü �ß �¢ �(7(E•4ìE¯ �9 �J"“ �â �( �• 
V ,È,X�• 	å 	¬ �6 ��(Heyderman

et��al.��2000).��Scheer 
 ` Schulz��(2001) EîE›�Í �á	à	n�z,X6.	Ü(=;X7p��(500��nm 
 ` 4����m)��E¯> 	_	D�È

	¥)„�ÞEÄ�³	 �Ä�´	¬�6�õ�ã	¾�Ý�ü	_	D;X7p�Ê�!�Î)„,��E­���´��7(�ê;X7p#��|�î�ø	_7(�Y;X7p�¢

5à�Ð7È�(7(�9	·�{�•L�E¥,X6.	Ü(=;X7p	¥*ó��F¼	«	_���Æ.Cross 1 � (2003)���ü1�#ý	_	D�rP`���3

?–�³���Z2O��,X�³	 �Ä�´	¬�6�õ�ã.���ÞEÄ-è0J><�â6.	Ü(=,X	¬�6�õ�ã�â;X7p	n�z	ž�õ�K,X�(7(��

�Ì�š�Û,Ì�G.��Lc	â,��Rowland��
`��King��(2004) � ü PDMS ,X)•*W�êE@	¬#ý�zL�E¥��(�4g���í��10���ƒC�������4�������4g

+��20���ƒC)��E¯> 2Ï4³,X	_	D�rP`,���V� * 2(b)����/�,���ª�ÀEîE›�
	¬	_	D�ÊKÈ�Ã#ý�z
`�õ�S�(7(,X�‘

�z,��?–�³���Z6.	Ü(=�ü	_	DE›/ß���á	àL
!‰,X	¬�6.��	à�Ê,���ª�À�3	¥)„,���Í�bP¬� � 4����m ,X�(7(,���'

�‘�z� � 50 
 ` 100����m �Ê,���î�Î)„�³	 �Ä�´	¬�6�õ�ã,��5à�'�(7(�‘�z� � 30����m �Ê,���í���³	)�Ä�´	¬�6�õ�ã

(� * 2(c))��.������,���ü�‚2G���z�ß6.	Ü(=,X&Á	_	DE›/ß��,��T£�û#��|�Ã��F¼�h�o(Š�Õ
`�>�Û/Ô�êCK

���Ð�0*ü,���J#��|(M�ûEÖ*ü�bP¬#ý-Á�ÊKÈ&Á�%�û	_	D.��!8�ê,��T£�û2Ï�D�0��>5G£&Á�%�û�$�m#��|

�û6Ñ,X�Ô�þG¡?U	–�D,��	ÃEîE›�?����)[E¯> ��1k��(Rowland��&��King��2004)
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�J� � � P ��	_	D�Ê,X	_��,���!fill ���?��M6/Ã,R�Ú!¨,��� T ��	_	D�ÊKÈ.

L8�ZEîE›�rP`-è0J6.	Ü(=�‚4‡2G�ä
_E›/ß��,X#�	¬���
,���Ž�ÀE¬�h*ü�D���Ó,ó��!‰�õ�³�Z

6. 	Ü(=;X7p,X�‚4‡2G�ä 
_E› /ß ��(Hirai��et��al.��2001,��2004;��Juang��et��al.��2002).���_ �V ,��Hirai 1 � (2001,

2004) EîE›�ÝL$���Ó,ó�õ�³�Z	Ø/¡	_	D�5�Ê��(�õ�K�(7(,X#Å�‘!¨,��6.	Ü(=;X7p,X�ñ�Ÿ	n�z
`�ä
_

	_�o)���ß6.	Ü(=;X7p�ü)•*WE@	¬#ý�z�¹�Þ,X#�	¬> ����(� * 3(a)���a��(c))��,��EîE›Eg�Î	_	DE›/ß���á	à

L
!‰,X6.	Ü(=�þM6EB�§�J�â�rP`E¯> !¨EW,���nG£A˜���Z6.	Ü(=E¯�9�õ�K�(7(,X�þM6#ëEã)[
`6.

	Ü(=,X!_�-	n�z,��4§�p><�â	_	D��LÔ,X	_�o
`�õ�K�(7(,X�?��)[��:+�qC*�b�Ò��,XKS�‘!¨�Ã6.

	Ü(=,X�ñ�Ÿ	n�z
`�Ò��,X	40N!¨:���Í�b#Å�‘!¨�\�û�ê�\�ã,X�Ò��,����LÔ,X	_	D	_�oFÑ�î�r�û,��E­

�â�rP`?–�³
�	Ü;���'6.	Ü(=,X�ñ�Ÿ	n�z�£�ã7Ç�õ�K�(7(P¬�z,X�ø�á�¹�Y�Ê,����LÔ,X	_	D	_�o�3�î

�r�û��(Heyderman��et��al.��2000,��Rowland��et��al.��2008).��Jeong 1 � (2002) �ü�õ�³��5×<%�Z!¯4š�o
`�õ�K

�(7(�‘ �z�Í6.	Ü(=#��|> ��,X�E
¡,��4§�p><�â,���ü�û�(7(�‘ �z�Ã	_	DEó�z�6�è><M6�ô�o�á��:+

(	GT£�û�o��:+�û�b><M6�ô�o)��,X�5�Ê�ß�!�î�Î)„�³	 �Ä�´	¬�6�õ�ã,��!8�Ê,X�?���¹	_�oPE�|�ß,X

�þ	å#��|�õ�ã��(�•��#�
`�>�Û#�)������,���ü�(7(���í���2#��õ�ã��(� * 3(d))��.�����Z>5G£4‡2G	_	DE›

/ß �� !¯ 4š �o ,X �E 
¡ ,��Rowland 1 � (2005) Au 1k �Z �á 	à (M �U �� �Ì �ß 	_ 	D E› /ß ,X !¯ 4š 1u � D �#�A��=

���6NIL���1,���ã� � �6NIL ��4‡2G	_	DE›/ß��,X(M�UEó�z,��� 1 ��><M6�ô�o,���J�â�rP`E¯> �Í!¨,��	¥)„!¯4š

1u�DL8�Z	Ã*ü�bNX#�6.	Ü(=,X#��|���
,���Í6.	Ü(=,X	¬�6�õ�ã�3CK-��GK��0*ü.��+��b!¯4š�o��:+

��

��

�*����

5†	4'•�T�Ú1Ÿ�f�Ò&��·�<�·Dó/7�Y+°	��Ž�M�;.��(a)��PMMA 	¸��(b)��PDMS =”LŽEFDó&��·�œ�9�b+°
�Ú1Ÿ3ÿ�°+ ° SEM �*��(Heyderman��et��al.��2000,��Rowland��&��King��2004),��(c)��&��·�œDó/7�Y,��5†	4'•
—
�q�M�«�€6€+°�P.ù�¤�·	��Ž�M�;��(Rowland��&��King��2004)

1� ��1���ó 
����ñ �
��RU�!�
���ì"Ñ �������‚4‡�ä
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�qC*�b><M6#z$S�û6Ñ,���è���ÌC^�ã,���J�0*üC^��:+��(�ã��(1)��)��,���Ž�ÀEîE›A×�{><M6#z$S�û6Ñ,���Ô	¥�Z

!¯4š �o �� �� �T �� ��(capillary��force��lithography)��*ü �b �
 �Û �K �ÝP¬�ÚE| )[ ,X6. 	Ü(= �õ �S ��(Bruinink

et��al.��2006,��Suh��et��al.��2001,��Suh��&��Lee��2002).��LÔ?U�Û�Î,X��,��!¯4š)„B5,X�,�ü�3���Ò��,X	ÃM4�
�Û

�ú�9�Z�å�ì,���_�V,��P¬KS�X!¨,X�Ò���•�ç	¥*ó�¶1Û��(Stoykovich��et��al.��2003);��EÔ&?�îEô�ä	_	D�Ò��

E•
`?¦,X�G$¥�ê��(Chao��&��Guo��2004,��Chou��&��Xia��2008),��*î7Ç�S�k�Ò��,X�´�)(M�U#\����(Ding��et��al.

2007,��Jones��et��al.��2006).

5×<%6.	Ü(=,XT£�
�û> ��,��Takagi 1 � (2008) �Ú�ÿG›*ü4“�û
`�S��Tz���ƒMº�õ
_-è0J�Z4‡2G

	_	DE›/ß��6.	Ü(=��(cyclo-olefin-polymer,��COP)��	¬�6,X�ÊKÈ�qC*�û��(� * 4(a)).��6.	Ü(=�>�Û�õG£Lc

��

��

�*����

(a)���a��(c)���5K|�o�M��5†	4'•�T�Ú�<�·Dó/7�Y"m�‘�•�,�€6€Dó/7�Y+°�VLŽDš�ÿ	¸�g�À�Ç�2�/,���€6€
+°#��é!��2�W�f:��(a)��0.5,��(b)��1.0 	¸��(c)��1.5.���*� Y �H0��=”.f5†	4'•:°6È�I�÷+°�Æ�Ò,���Hm =”.f�M�£�€6€
+°#��Ò.���0���f�·�œ�"+°�·�Ç,��� % =”.f5†	4'•+°�e�S�MFû��(Hirai��et��al.��2001);��(d)���é�€6€�‘	�KpDý5†
	4'•"m�Ô.f�;�*.���·�Ç�Û�ÒO•�Ô�7+°5†	4'•"m�Ô�2�T�‘	��0	8�"�Ó*K�–�3	¸�õ�d"m,���T�&	��0�E
�&(Ü
Š"m(ÜA•��(Cross��2006,��Schulz��et��al.��2006)
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�ÊKÈ,X�G2Ï	Ã></���

G›*ü-€�Ê�>�Û�õG £ �'0 �Í�ã��(6)��E¯> �´G£4†�ê�Ý

��

��

�*����

(a)���ûE�5†	4'•Sû�e�S=x�f+°�3�ò3ë�S�M�·��(��)��	¸�«�uSÒ�w�ÛM��M�·��(	�)��;��(b)��5†	4'•	��ŽK»�"
K 	��B+°�œ�h�M��3ÿ�È.���<�·�·�Ç� f 1.25��MPa,���	�-�"K �2�W� f 10��s,��30��s 	 ¸ 60��s;��(c)���a��(f)��&��·�œ
COP 	:+°=”L Ž SEM �*�û.��&��·�œ�·�Ç� f 1.25��MPa,���	�-�"K �2�W� f 10��s��(c),��30��s��(d),��60��s��(e)��	¸
120��s��(f)��(Takagi��et��al.��2008)

1� ��1���ó 
����ñ �
��RU�!�
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�ü�D���õ�³��,���ïB?�ÊKÈ�í#ý�z,X�G2ÏEîE›�ã��(4)��9‹�k,���¢5à6.	Ü(=,X�>�Û�õG£�â#ý�z,X�G2Ï

	Ã></���

� * 4(b)����6.	Ü(=�ü	_	D�Ê,X	¬�6Lc�ÊKÈ	¬�ê,X�D���õ�³4§�p.��	_	DE›/ß��6.	Ü(=,X	¬�6Lc

-��±EQ�ÊKÈ,X�ÊKS5à�r�û,��E­�â�rP`4§�p�Ô7È��(� * 4(c)���a��(e))��(Takagi��et��al.��2008),��	à�Ê,��4§�p><�â

�ü�£EÄ6.	Ü(=Lc�ÊKÈ,X	¬�6�Ê,��G›*ü�S��Tz���ƒMº�õ
_�È�t	Ü)Ú.��

3��������M”�¬
>H��ä4é2©�F
Á

M2 �J 	Ü G¥ �0 �� 	º �Ô /¡ M2 �J �Õ �$ �m ,�� 	œ /Ä G¥ �2 )• *W ��(metallic��glass,��MG)��(Schroers��&��Paton

2006),��+��b�J�YF¼	s�$���´�c�f�ë,X,���´!8G¥�2)•*W,Ì!¨�J�ÕG¥�2�K�ÝP¬���z�ÃP¬�
�û�UL$
`

�k7$<T5ä.¼�31��ì�Ö,X�o�:�û6Ñ.��
Î�b�ÞEÄ�ì&•,��G¥�2)•*W>•�S"¯*ü�b+	�$A’�Û��(�V/Ï�| �� ��)

,X�ê�Ç��(Schroers��2005)�Ã	�+k�<�$�Ã)´�q�¹	ž�'6†�<�$1����î�h*ü��(Telford��2004).��G¥�2)•*W	º

�Ô�þ(À(M,X�ì&•��	Ã&Á�%�û�”�ä
_(M�û��(superplastic��formation,��SPF)��.��+��bG¥�2�Ô8��K�ÝEWP¬

,X'h&•,���´!8�t&ÁG¥�2���J'h&•�¹�ÞE¯> #�JÌ�ä
_�¶�á8V6Ñ�3�Í�õ�K�$�m5ä#ý�û�¤�Î�Z8¯��?U

"�,���èA¹�¹8N�h*ü�bG¥�2)•*W�Ê	«��LÔ?U�¿Eó�‹	H�¹FS�!4§�J,X�T���å�ì��(� * 5(a)����,XCÃ� X 1)

(Schroers��&��Paton��2006).��G¥ �2 )• *W,X&Á�%�û �ä 
_ �� �Û �t&ÁG¥ �2 )• *W7Ç�JCY�‹#† ,Ì#ý �z 	�KÈ

(SCLR:�� 	G #ý �z �û �b �� �4g 5à �ã �b �J �ê #ý �z �� �4x ,X 	� KÈ )��E¯ > �ä 
_ �
 �Û LÊ F¼ �Ê ,X E› /ß �� (� * 5(a)

/¡ ,X CÃ � X 2)�� (Kawamura��et��al.��1995;��Kumar��&��Schroers��2008;��Kumar��et��al.��2010;��Martinez��et��al.

2008;��Packard��et��al.��2009;��Schroers��et��al.��2011,��2007c,��2004,��2002).��,Ì !¨ �ô4³,X�$�m�V6.�Í8Ã�`+�

GL�-�`G[GC��(PET,���Ô/¡&Á�%�û�å6Ö)���Ã	ÃCY�%�û�ä
_	ÜG¥��(SPF,���L
_,X� V 2004 J±	ÜG¥)��
`�áJÜ

Jv,��G¥�2)•*W��(�V� * 5(b)����, X Zr-BMG 
 ` Pt-BMG)���ü� J �4g �¹�ß�K�Ý�ì�b�áJÜJv,XP¬���z,��5à�ü

�JCY�‹#†,Ì	��K�Ý�â&Á�%�û�å6Ö	Ã�†5b,X�ä
_�û6Ñ��(� * 5(b))��.���Ò��)Ú�Ç,X�ä
_	�
³�Ô8����
�B

�$�m,X#��|�û�æ�Ú��(�L
_,X�V�Î�',X���z�Ã#��',XT£�û2Ï�D)��,��?U"��ü�rL��ä
_�ÊKÈ���z�Þ	Ã�¹

�Ñ+9$!#��Ã><M6�ô�o
`G¡�o1��´2ô,X�E
¡��(Schroers��et��al.��2011).

G¥�2)•*W&Á�%�û�ä
_�Ô�½	ÃEÑ$ƒ� � 1978 �H,��Patterson��
`��Jones��(1978) A’Au�Z�Ô/¡1T	),X�t

�¹>™5B,��G›*ü	_�o�
1û�¤�o	_�o,���Ú>™5B� â Fe40Ni40P14B6 G¥�2)•*W�Ô	à��5B�üP@�ë&]��,���±�Õ�&

#ý�5�Ê,���¨�Î�†��,X�¦JÔ,���ü	_�o�
1û,X�ú�|�ß,���†���†	_��
•�È�‹	H	â�k���´�n
_,X�Å(Š4§�X.

Lc 	â ,�� �ûG£ �:5ÙE¯> �Z ,Ì �G -è0J ,��Kumar 1� ��(2009)��EîE›&Á �%�û �ä 
_ �
 �Û �ZG¥ �2 )• *W�‚USEB

(� * 6(a))��;��Schroers 1 � (2007b) �
�Û�Z�‚�A1û��(� * 6(b))��;��Nishiyama��
`��Inoue��(1999)���S*ü&Á���„#�

A©�•"©,��-è0J� Z Pd40Cu40Ni10 G¥�2)•*WT£�z�â�t&ÁEó)[�Ã�ê�t�h�o,X�G2Ï,���JG›*ü&Á�%�û�ä
_�T���t

�¹�Î�Z�Ý4{USEB;��Sojiema 1���(2005) #�G£�ZJÚ
ÎG¥�2)•*W�ü�JE›�‹#†,Ì	�,X�h	¬)[�#�ó2Ï� D �M,

*ü�¹A˜�Ë�J�ä
_6Ñ�o.��!8�ê,��Schroers 1 � (2007a) G›* ü Pt57.5Cu14.7Ni5.3P22.5 
 ` Au49Ag5.5Pd2.3Cu26.9Si16.3

1�G¥�2)•*WNk2f��	s�m,���üEW�",X	_�o�ßEîE›&Á�%�ä
_�
�k7È�š2û�r�è><M6��"Õ,XLÊF¼�Ê,���J�o

�:�û6Ñ	à
+�'�$�m,Ì�'��(� * 6(c))��,��Lc	â	œ*ü&Á

�%,X�•"©� Í Zr44Ti11Cu10Ni10Be25 G¥�2)•*WE¯> 
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�Z&Á�%�û�ä
_,���%�û	¬�6CYE › 500%��(� * 6(d))��,���J	¥)„
Î�b(/NS#��',X

�%�õ�³4§�p�â�rP`
�	Ü

�\�Q��(Schroers��et��al.��2007c).��L8!8���ê,��5×<%��P¬#ý	Ã6Ñ�Ð7È,XG¥�2)•*W,X!û�ê> ��,���Ž�À�3�Ô	¥

�Î�"#ý�ß
Î�bCY�Ä���|AÅ�ÐG¥�2)•*W�%�û	¬�6,X�ä
_�•�ã,��A¹�•"©>•/Ä��CY�ÄEY�}�ä
_��(ultra-

sonic��beating��formation,��UBF)��(Li��et��al.��2020,��Ma��et��al.��2015).

�Ô8��9AÈ,��G¥�2)•*W,XCY�‹#†,Ì	�C^�‘,���üA¹8×�È�Y,XT£�û2Ï�DC^�",���J&Á�%�û�ä
_6Ñ�oC^

�Q.���D�:�Þ,��	Ã�¹*ü�ä
_A©�����¤�Ô&•,X�Ô�û�h	¬���9>5G£G¥�2)•*W,X�ä
_6Ñ�o.���ü�ã�h	¬)[�ß,

G¥�2)•*W�ü�JCY�‹#†,Ì	�	Ã*ü(/NS#��'�£EÄ,��� V Zr35Ti30Be26.75Cu8.25 G¥�2)•*W�ü#ý�z� � 370��� 
 �è

�h	¬)[� � 10�í3��s�í1 �Ê><)„��(/NS#��'> ����(Li��et��al.��2013),��!8�Ê,���J���X�•/ß��

�J� � �1�I�J,���P,���/�I�J,����,���$�I� J �Ú�ÿ���h�o�ôG£�ÃM-"�	_�o�Ã��5+�Y��0ú	Ë�ÃT£�û2Ï�D
`	¬�6)[�ôG£.�����ä


_A©�����¤�Ô&•�ü�ä
_E›/ß��,X3�Au	¬�6G£��

�Í�b	)EH�•��A©��,���ü4­�n�ä
_#ý�z
`	_�o�5�Ê�ß,���
�B�ã��(12),���ç�kG¥�2)•*W�ü	¥*ó�J�ê

�!	ÃE’��,X�Ô�û�h	¬��(�0max)������(Schroers��2008,��Schroers��et��al.��2007c)

�ã��:���Tcryst��></�G¥�2)•*W�üE›�‹#†,Ì	� 	¥*ó4§�J�Ê,X�ÊKÈ��(Schroers��2008,��Schroers��et��al.��2007c),

�Þ�ã�Ñ+9�ZF¼�Ú�J�ê�ÍT£�û2Ï�D,X�E
¡.���ã��(13)����,��	¾�Ý 
` ���$�m,X���U�2�û,���W�À,X!¨��

��

��

�*����

(a)��Fý�Š(ç)¯+°�"K �í#U�Ò�íD˜	�.f�;�*.��C�� ° 1 	 ¸ 2 �2�W4��&�²Fý�Š(ç)¯"sJ$	¸&�
}�S�<�·�P.ù
�å�;.��C�� ° 1 +°�<�·�å�;>­!n��EK�ã� ��E«�y3ÿ�¢,���� •�<�·�"K -�;��C�� ° 2 4��&+°�<�·Dó/7�9
L,��EK�ã� ,���� •�<�·�"K /Ã	�J«��(Schroers��2005,��Schroers��&��Paton��2006);��(b)��Fý�Š(ç)¯�:�9J4IÎ��
	�B±
}�S�<�·	4Fý���ö&�
}�S�=6.+°�f�Ò�:	��<�·�S6)!�D¯��(Schroers��et��al.��2011)
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C^�û,��></��ü,Ì	à�ä
_�5�Ê�ß,��A¹G¥�2)•*W,X	¬�6G£C^�û,��	G�ä
_�û6ÑC^�Q.���Í�b�&	�#ýEó)[�ß,X

�ä
_E›/ß��(	G �����D)��,��	Ã�Ô8�
��n��G¥�2)•*W,X�ä
_�û6Ñ��

� ã (14) �h*ü�bG¥�2)•*W;X	�)×�Ç,X�&	�#ýEó)[

�%�rP`,��	Ã�k��(Ding��et��al.��2014)

�ã�� ,�� ,���H,���20 �Ú�ÿ��)×�Ç�Y�ê	_�o�Â�Ã�ñ�Ÿ7p	n�Ã)×�ÇP¬
`	��X.��A¹�ã	Ã�¹�•�“
��^(M�n�5

�Ê�ßG¥�2)•*W,X�ä
_6Ñ�o�â�rP`	Ã#�,X

�%�´�)���Ì�Î0Ÿ�G2Ï,���¢5à	Ã*ü�b�Ô�ì�ä
_6Ñ�oG¥�2

��

��

�*����

(a)��Pt57.5Cu14.7Ni5.3P22.5 Fý�Š(ç)¯�ÚT«Dš��(Kumar��et��al.��2009);��(b)��3ë�4�Ž'â�Ú�e1S��(Schroers��et��al.
2007b);��(c)���6�*�f� % Au49Ag5.5Pd2.3Cu26.9Si16.3��Fý�Š(ç)¯1µ�WE�=x+°&�
}�S�MJ$�<�·,���<�·#U�Ò	¸
�· �Ç�2 �W� f 150��� 
 	 ¸ 100��MPa,���-4� �"K  200��s,���7 �* �f � % Pt57.5Cu14.7Ni5.3P22.5 Fý�Š(ç)¯1µ�W�T
270��� 
 	 ¸ 28��MPa �·�Ç�7E�=x+°&�
}�S�MJ$�<�·,���-4��"K  100��s��(Schroers��et��al.��2007a);��(d)���T�·
�Ç� � 105��Pa 	¸#U� Ò 460��� 
 �7EFDó	e
}"��b�3+ ° Zr44Ti11Cu10Ni10Be25 Fý�Š(ç)¯)/��3ÿ�°,��
}�S	�
�Ž	�B±D ó 500%��(Schroers��et��al.��2007c)
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)•*W�ä�Ú,X�¿Eó1/EÝ��(� * 7)��(Ding��et��al.��2014).

,Ì!¨6.	Ü(=M2�J�$�m,��G¥�2)•*W,X#��|	)��	Ã�ã7Ç	s�$���z,���´!8�h*üG¥�2)•*W,X&Á�%�û�ä


_(M�û,��	s�í�Þ	Ã�¹�
�Û(M�U���Ì�Ï�ã�ã,X4‡2G4§�X,���J�è���ÌC^�ã,��G¥�2)•*WC^EC,��	G�ä
_6Ñ�o

C^�Q��(Huang��et��al.��2007).��'
5à,��,È� � 2009 �H,��Schroers AÒNl4˜��(Kumar��et��al.��2009;��Schroers��2010;

Schroers��et��al.��2011,��2007a,��2007b)���!Oj���h*ü4‡2G	_	D�T���
�Û�ZKS�X!¨	ÃCYE › 10 5à,È�X	Ã�ã

7 Ç 13��nm , X Pt57.5Cu14.7Ni5.3P22.5 G¥�2)•*W4‡2G�ÅL	�ë��(� * 8(a))��.��Lc	â,��Liu 1��r)„�ZM2C	G¥�2
Î

G¥�2)•*W��(�VJÚ
Î
`K�
ÎG¥�2)•*W)��4‡2G�Å,X�
�Û��(� * 8(b))��(Liu��&��Schroers��2015).

�üG¥�2)•*W,XCY�‹#†,Ì	�E¯> �‚4‡�ä
_,��	ÃEîE›�ßEÄLËAÎ�D�Í�J�?��#��|> ��E¯> NX#�

�J�� ,���U,��� D �Ú�ÿ��G¥�2)•*W,X�š�z�Ã#�Eó
`�õ�K,X(M�U���Ì.���Í�b�L
_,XG¥�2)•*W�‚4‡�ä
_�r

P`,�� ��kg/m3,���U������1����m/s,���D������10����m,�������!��1.0�î105��Pa�Âs,��� í �2�E������2.0�î10�í11,���´!8G¥�2)•*W�ü�‚

4‡�ä
_E›/ß��	Ã?š����#�.���'�õ�K�("ò���Ú�Å�6�Ê,��Schroers��(2005,��2010)��EîE›�
	¬�(�X?–�³��&Á

��

��

�*����

�À*T&�	e
}�<�·�ÊO¸0‡E5�£�5�,�D�<�·6)�Ç+°Fý�Š(ç)¯3ð�2��(Ding��et��al.��2014).��(a)���9	8�y4š�0
+°Fý�Š(ç)¯�£�5�9	8+°�<�2,���¯���T,$	8�•�"�7&�	e
}	:�Ã�\�9	8�S�;+°)/��;��(b)���%��(a)���Y�f

�E�=x�<�2�2�¼,��&b	:�%!���(a)���*�Y&�	e
}	:�,�S+°)/���l�T+°�y4š,��8ã�Ã�,�D�<�·�S6)+°Fý�Š
(ç)¯�<�2� f Mg68Cu22Y10;��(c)���À*T�å/7��(15)��	�Fû�B�9	8�<�2+°Fý�Š(ç)¯+°&�
}�S�<�·6)�Ç,��	�-�
�9	8�y4š�0	0�Ë�|+°+ª�2!�	WFû�ñ�ý*KD¯�;+°	��B,���r&�
}�S�<�·6)�Ç�„�TB±Dó�,�V�œFû3Ó+°
���.
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�%�û�ä
_	â,XG¥�2)•*W�‚�Å,XKS�z�â,È�X
�4“�û�G2Ï��(� * 9)��,��A¹)„B5� â Hagen�íPoiseuille 1u#��õ


_NX#�4§�p�Ô7È

�ã� � � P ���‘�t,X�ä
_	_�o,��� T ��&Á	_�ÊKÈ.

'
5à,���' �õ�K���Ì�£�ã� � 5����m �¹�ß�Ê,���‚ �Å,XKS�z�â,È�X�Ô�Ÿ�#/•4“�û�G2Ï��(Kumar��et��al.

2011,��2009).��E­�� �´ ��Lc-�(M�U�� �Ì �£�ã,��><M6�ô�o�� �h�á6Ñ>•�Ñ+9��(�ã��(1)��)��,��!8�Ê,��LÔ?U�ü�ã

(17)�����é�9><M6�ô�o���h.���
�BG£4†�Ú�d,���•�ç9‹�k5×<%><M6�ô�o�E
¡, X Hagen�íPoiseuille �@�ã

�J��������G¥�2)•*W,X><M66Ñ,��������G¥�2)•*W�â�õ�K��KÈ,X�y?º?¦.��Shao 1���(2013)���h*üL��U!û�êJ±

4‡2G�õ�S� Í Pt57.5Cu14.7Ni5.3P22.5 G¥�2)•*WE¯> &Á	_�ä
_,��	¥)„���ÌC^�ã,��,Ì	à�5�Ê�ß,��4‡2G�Å,XKS

�X!¨C^�ã��(� * 10(a))��,�ª�À�^A¹)„B5�&�´�b4‡2G���Ì�(F'�ÍG¥�2)•*W#��|	)��,XL$�
�Ð7È#��|L�

�o��(�êT£�û2Ï�D)����:+�r�û��(� * 10(b))��.��

4���������¬�‰H��”,º�ä4é2©�F
Á

�¹�Þ�G�b6.	Ü(=�êM2�J	ÜG¥,X�‚4‡�ä
_FÑ���h*ü�Z�J�üE›�‹#†,Ì#ý�z	�KÈ><)„��2O#��',X

> ��,���è�JT£�û2Ï�DLc-�#ý�z	�P¬
��Û�D�ßL!��(�ã��(3)��)��,���¢5à�£�å�Z�$�m#��9�õ�K�(7(,XL��o,

	¬�k�ç�b�ä
_.���Í �b�J�Õ�$�m,���$�mEC�êEî��LÔ?U�t&Á���\P¬,X#ý�z,���_�V,���áJÜJvLÔ?U�t&Á��

800��� 
 �¹�Þ���á�h�o�!�î	¥*ó��:+�ßL!��(� * 5(b))��,���ø�J��5×<%���J�Õ�$�m���á�h�o,X���Ì���h

(	 G Hall-Petch �� �h)��(Greer��&��De��Hosson,��2011) 	ž�J
Î �b�!JíE¤�| ,X	¬�6�õ�ã��(Han��&��Yi��2021,

Hou��et��al.��2009),���Ž�ÀKS�ÊKÈ�¹�9Ax���üE°�"�b�J�',X'h&•#ý�z�¹�ß�Í�J�'G¥�2E¯> 4‡2G�ä
_��

��

��

�*����

�À*T3ß1Ÿ�·�œ�[�b�3+°��(a)��Pt57.5Cu14.7Ni5.3P22.5 Fý�Š(ç)¯3ß1Ÿ��Ka�C��(Schroers��2010,��Schroers��et��al.
2007b) 	¸ �� (b)�� Zr44Ti11Cu10Ni10Be25,�� Mg65Cu25Y10 Fý �Š (ç )¯ 3ß 1Ÿ �� Ka �C �� (Liu�� &�� Schroers�� 2015)
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�á)„�r,X��(Csikor��et��al.��2007,��Greer��&��De��Hosson��2011,��Uchic��et��al.��2004).��Buzzi 1 � (2008)���Ò�ñA©*ü

.��õ�S	_	DG¥
`JÊ�
�Û�ZKS�X!¨	ÃE ’ 5 ,X�‚4§�X,�����´	_	D#ý�zEW�"��(G¥�â.�,X�E�J	¡�h#ý�z4z

� � 300�
)��,�����
�Û,X�‚4§�X,X�Ô�ã(M�U���ÌEî��
`�J2f���Ì���Ô�þG£4{.��!8�ê,���3�Ý�ñA©EîE›%”

���†�Ï4‡2G	_	D�
�ÛG¥�2�‚4‡2G4§�X,X�yF'��(� * 11)��(Cui��et��al.��2009,��Gao��et��al.��2014),��A¹�•"©�ý

*ü%”���†�Ï�6�ä,X�UP¬�h	¬)[��(105���a��107��s�í1)���9���á�J�'G¥�2�ü4‡2G���z�ß,X	¬�66Ñ�oL$�
,���r

)„�ZKS�X!¨	ÃE ’ 5 ,XG¥�24‡2G4§�X,X�
�Û��(� * 11(e))��.���ÔE¥,��Liu��(2017,��2019) ,X-è0J	¥)„�Í�b�î

�D�J�ÕG¥�2�$�m,���'�ä
_#ý�z�¤P¬� � 0.5�4m L�E¥�Ê,��	Ã�¹EîE›4‡2G�õJÌ�T���•�“
��
�Û�Î�Ý�c,X

�èKS�X! ¨ �,/� D 	ÃP¬E’4z��2000 ,XG¥�24‡2G4“L	�ë��(� * 12)��(Liu��2017),��5à4‡2G4“,X,È�X	Ã�ã7 Ç 5��nm

(Liu��2019).

�h*ü�‚4‡�ä
_�¹8N�
�Û�J�'G¥�24‡2G4§�X,����Bü�Þ���ý*ü�$�m,X�%�û	¬�6��(
�8GM&1���2005).

��

��

�*����

(a)���À*T	��€�°-q�M�«&��·�<�·�b�3+°, �°� f 10���a��50���Æm + ° Pt57.5Cu14.7Ni5.3P22.5 Fý�Š(ç)¯�Ú1Ÿ��;
(b)���e�š��(a)���*"w�Ã�Ú��+°J«�Ò	¸, �°+°�Ÿ2'��(Schroers��2005,��2010)

��

��

�*������

(a)��&��·3ß1Ÿ�<� · Pt57.5Cu14.7Ni5.3P22.5 Fý�Š(ç)¯�b�Ã+°3ß1Ÿ��J«�Ò�:, �°+°�Ÿ2',���¢�Y3Î%å�f�Ê
O¸�œ�š,��Sý7ž%å�f�e�š�;��(18)��@Í0Ã�Ã�\;��(b)���ÊO¸�œ�š�:)2@æM°"w�h+°�{.ç#¼�º3ß1Ÿ/¦K K|�b�7
Sû�S2'�œ+°�j9ƒ
Ê�Ì��(Shao��et��al.��2013)
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�´!8�$�m,X�%�û	¬�66Ñ�oC^�Q,��C^�•�ç�
�kG¥�24‡2G4§�X.��5×<%���rP`���\L’#��k�ä
_A©�����¤

�Ô&•,X3�Au�%�û	¬�6G£,���n���V�ß�J�'G¥�2,X�ä
_6Ñ�o

�ã��,�� 
` �Ú�ÿ���Ý���h�o
`�Ý���h	¬,�� ��><?–!_�-�h	¬,�� ���ä
_A©��E’��><?–!_�-�h	¬

��3�/Ã,X�Ý���h	¬.��+��b�ä
_E›/ß���
�û	¬�6Eî��	Ã�¹�Ñ+9��(	ÃE¥��Ax���$�m,X�'/ Ã �60 ���Ô

�þ���D)��,���´!8�Í�b�šM-�Õ,X�ä
_E›/ß,��/Ã�ÚNM	¡�ô�Z�$�m���Ô&•E’��><?–!_�-�h	¬��LÔ?U#\5ë

,X6ÑG£�š�z,���ü 4­�n,X�5�Ê�ß,��/Ã�ÚNMC^�ã,���$�m,X�ä
_6Ñ�oC^�Q.���¹-Á2k�Å,X	_4ý�ä
_���_,

�rP`�Þ	Ã�¹�•�“#��k�ä
_	â-Á2k�ÅP¬�z,X,Ì�Í	¬�êG £ �û�H���H,��5àEîE›A„�)�ä
_E›/ß��,XM-�Õ�o-

�! /Ï �Æ 4“ �� (�Ù �À �t 	L EQ E› /ß )�� ,�� �• �ç Au 1k 9‹ �k �ä 
_ E› /ß �� 5ë �7 ,X �ê �o �s

,��� 0 ���êEQ9K��(� * 13)��.��!8�Ê,���ã��(19)��	ÃE¥��></���

�J�'G¥�2,X�ä
_�û6ÑC^�Q,���ü,Ì	à�5�Ê�ßE¯> 4‡2G�õJÌC^�•�ç�
�kP¬KS�X!¨,X4‡2G4§�X,���´

!84‡2G4§�X,XKS�X!¨�Ô�n/ß�z�Þ�3	¡�ô�Z�J�'G¥�2,X�ä
_6Ñ�o.��LÔ?U�Û�Î,X��,���J�'G¥�2,X�%�û

	¬�6���
,Ì!¨M2�J�$�m�È�t�á��.���Ô�•M6,���J�'G¥�2,X�%�û	¬�6���
�Ù�À�!Jí�6��	žE¤�|��(Schall

��

��

�*������

$ì �u �Þ�' �· �œ�b�3Fý�Š3ß1Ÿ3ÿ�° ��(Gao��et��al.��2014)��.��(a)��(b)��Ag��3ß1Ÿ3ÿ�° ;��(c)��(d)��Al��3ß1Ÿ3ÿ�° ;
(e)��� T Ag =”LŽ�Ž�<+°�³V�´�Ž!Ë�),���¢J«�°!�	�D ê 5;��(f)��IÇ3ß1Ÿ!Ë�)3ÿ�°
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et��al.��2006,��Yamakov��et��al.��2001,��Zhu��et��al.��2008)�Ã�J+ $¥�|	žE•/Ï��(Langdon��1970,��Voronov��et��al.

2006,��Wei��et��al.��2008)�Ã�>*ó	¬�6��(Wu��et��al.��2008,��Zhu��&��Gao��2012,��Zhu��et��al.��2013)�Ã�=�7=é	¬
`

T£�û#��| ��(Coble��1963,��Herring��1950,��Kim��&��Lu��2006,��Mukherjee��et��al.��1969,��Raj��&��Langdon��1989)

1�,���´!8�J�'G¥�2,X	¬�6���
 ��:+�qC*�b�ä
_#ý�z�Ã�ä
_�h�o	ž�J�',X�‚4§�X��(�V�J2f���Ì)��.

	º�Ô�•M6,���'�h*ü�‚�ä
_�¹8N�
�ÛG¥�24‡2G4§�X�Ê,��+��b�õ�K,X(M�U���ÌEî��E°�ã�b�$�m,X�‚4§

�X���Ì��(Liu��2017),���´!8,���™NO5×<%�êF¼�´�)���Ì�Í�ä
_�¹8N�ú�9,X�E
¡.

�Ô8�5à?Ô,���üP¬�h�o
`�"#ý�5�Ê�ß,���J�'G¥�2,X�‚4‡�ä
_$d�b�!Jí���Ð,X	¬�6���
,��5à�ü�"

�h�o
`P¬#ý�ß�í���=�7���Ð,X	¬�6���
.���ü�=�7=é	¬���Ð,X�ä
_P¬#ý	�KÈ��(Eî� � �4���!��0.4�4m)��,���J

�'G¥�2,X�%�û	¬�6�h	¬)[����(Frost��1982)

�J� � �!1 ��	ª��4z� � 1 ,X�´G£4†���D.���$�L,���1s,���Æ,��� B 
 ` �KB���Ú�ÿ���J���=�72Ï�D�Ã1����h�o�Ã�>�Û�õ

G£�Ã�£!ã-¶G£����
`"¶�è�M�Ð���D.���_�V,��500��� 
 �ß4ƒG¥��,X7¾�=�72Ï�D4z� � 10�í17��m2/s,���>�Û�õ

G£4z� � 27��GPa��(Liu��2017),���£!ã-¶G£����� � 2.88���c��(1���c��=��0.1��nm)��(Ashby��1972),��� ' �1s��=��200��MPa

��

��

�*������

�¢�-Fý�Š+°3ß1Ÿ�MJ$�<�·.��(a)���À*TB±
}�S3ß1Ÿ�MJ$�¬�[�b�3+°Fý3ß1Ÿ��Ka�C��(!��· �f � f 5���Æm,
�þ�*+°!��·�f� f 30��nm);��(b)��, �°�f3 Ò 200��nm +°I÷Fý�Š3ß1Ÿ��Ka�C��(!��·�f� f 5���Æm,���þ�*+°!��·
�f � f 200��nm);��(c)��J"3ß1Ÿ��Ka�C,��J«�°!�P�Dê3 Ò 2000��(!� �· �f � f 2���Æm,���þ�*+°!� �· �f � f 25��nm);
(d)��(e)��J�	¸Iî3ß1Ÿ��Ka�C��(!��·�f�2�W� f 200��nm 	 ¸ 100��nm)
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�Ê,��+��ã��(21)��	Ã�¹��1k�Î�h	¬)[4z� � 3.0�î10�í3��s�í1.���¹�Ô4È4‡2G�õJÌ�õ
_���_��(� * 14)��,���n���V�ß><

?–�h	¬)[

�í �Ý ,�� �· �9 �L 
_ ,X �r P` �Ê KÈ �� � z �T��=��100��s 	ž ��s�í1,�� 	Ã �k

,��	G4£E › 100��s ,X�ä
_�tEQ	â,��4‡2G�Å,XKS�z�î�rK S 35%.���ÞEÄ��Au><�â�Ô�º�ä
_	_�o6Ñ���á

�J�'G¥�2E¯�94‡2G�(F'��,X�ñ�Ÿ�“
f,����6Ñ�r)„4‡2G�Å,X*óKS,��E­��?·Gž�Z� * 12 ���î�DG¥�2�ü

EWP¬#ý�z�ß��(�Ô8�� ü 0.5�Å�4m L�E¥)��	Ã�¹�r)„4‡2GJÌEô,X	s�´��(Liu��2017),���ø�J���'�ÊKSCY�%�û4‡

2G�õJÌ,X�ÊKÈ	â,���
�Û,XJÊ4‡2G4“,XKS�X!¨	ÃP¬E’4 z 2000,��E­E°P¬�bG¥�2)•*W4‡2G�ä
_��6Ñ9‹�k

,XKS�X!¨,���J�
$d�ü�b�J�'G¥�2��D•�K�Ý�\�Q,X&Á�o�:0��n�û,���´!8�ä
_�ÊKÈ�á	«L$�
,��5àG¥�2

)•*W�ü&Á�%�û�ä
_E›/ß��	«���J�ê�ÊKÈ,XL$�
,���\L’�
�Û�Î�K�ÝEWP¬KS�X!¨,X�Ô4È4‡2G4§�X��(�ì

"Ñ��2018).

5×<%��4‡2G�õJÌE›/ß��,���õ�K�(F'���ÌE°�ã�b�J�'G¥�2,X�J2f���Ì,���´!8�J�'G¥�2E¯�94‡2G

�(F',X�ñ�Ÿ�“
f	Ã�¹EîE›��Au	)�J�J�'�ü�(F'�9	·L�E¥,X�!Jí)ƒ�6���h�o�k����(Xu��et��al.��2020)

�J �� �� � D � . �qC* �b �6 �� �! Jí ,X2O
_ 	ž"ž �R!¨ .���ã ��(23)��NX#� ,X �G�b �(F' �� �Ì ,X �Û�z �_ � â Hall-

Petch ���h2O��,�����Z���á�9	·�Ø�!Jí)ƒ,X�6���“
f,���õ�K�(F'���ÌC^�ã,����+ �ä
_	_�oC^�û,��E­

�â�rP`4§�p
�	Ü��(� * 15(a))��(Liu��2019).��Lc-��ä
_#ý�z,X	�P¬,���ÞEÄ��+ �ä
_	_�oL!�"�ZE¥�Ô�þ�D

G£4{,���è�Í���Ì,X�qC*�û��:+L!�"��(� * 15(b))��,��E­��?U$d�b�!Jí�6��,X&Á%”#����
.

�h*ü�ã��(21)��
`�ã��(22)���b�J�'G¥�2,X�‚4‡2G�ä
_�Ê"u�Ý5×<%4‡2G�(F'0NKÈL$�
�Í�$�m	¬�6

��

��

�*������

�¢�-Fý�Š�<�·6)�Ç�ÊO¸@ê@Í.��(a)���Ÿ=x�«�·4U�ÊO¸�°�·;��(b)���¤�·+°�òL…�-�Ì�¤D©��3ë.f�;�*,���*
�Y:	3ë�f�ÌD©Dó/7,��3Î3ë�f�¤D©Dó/7
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,X�E
¡.���ÔE¥�¢�rP`�ÞEîE›#�G£G¥�24‡2G�Å,XKS�X!¨,���v#��Z�ä
_E›/ß��G¥�2�$�m,X	¬�6> ��.

�L
_,X�Í�b
+� ' Au,��	¥)„�ü,Ì	à,X�ä
_�5�Ê��(	G#ý�z4 z 0.67�4m�ÃA©���´�)�Ã�t	LEQCÃ�XFÑ,Ì	à)

�ß,��4‡2G�(F',X���ÌC^�ã,��Au 4‡2G�Å,XKS�X!¨C^�û��(� * 16 ��4v8F�D�B&•)��,��E­><�â���ÌC^�ã,��Au

,X�ä
_�û6ÑC^�Q��(Liu��et��al.��2019),��A¹)„B5�âG¥�2)•*W,X4‡2G�ä
_?˜�_�`�<,Ì	¡��(Shao��et��al.��2013)

(� * 16 ��T¥8F�D�B&•)��.

���Z)Ú?·�ÞEÄ�rP`)„B5,��Oj��EîE›�Ú�$�|�o�:�õ�³�Í
+� ' Au ,X4‡2G�õJÌE›/ßE¯> -è0J,���õ


_�Ò�V� * 17(a)����/�,��� ü 700��K �ä
_#ý�z�ß�tE Q 1��ns ,X�õ�³4§�p�V� * 17(b)����/�,��!8�Ê	_�94‡2G

�Å�$,XKS�z4z� � 35��nm��(�Í�h�Ò��T¥8F&•�æ4“)��,��'
	â�üA¹�!/ÏEQ9K�ß�±� Õ 0.5��ns,��4³Au�!/ÏEQ9K

�±�Õ�!	 â Au 	s�$"“-�4‡2G�ÅEH4“�•	å,X�Ú�×,��	Ã�¹,ß�Î�ü�tEQ�ÊEH	å	s�$�D�Ú�×��(�ê0N�!#'�z)

�¢4‡2G�Å�$,X�
F¼���ê0ÃE¥����4“�û�Ú�×��(�ê0Ã,XM24“�û$d�b�6(Š�E
¡)��,��5à�ü�!/Ï�±�ÕE›/ß��

4‡2G�Å�$��,X#'�z�ƒ�z�Ý��L!�",��E­��?U��+��h�o�R�ï�Ð7È,�����Å�$��,X	s�$�D�Ú�×�¡'
E¥����

4“�û��(�Í�h�Ò��4v8F&•�æ4“)��.��5×<%��P¬#ý�ß�J�'��,X0N�!�á	ÃFS�!,��5à�õJÌE›/ß��	_�oAÅ�Ð4‡

2G�Å�$��,X0N�!#'�z�ƒ�z�î�Ð7È(=BüEgE¤,���S�k4‡2G�Å�Õ4Á*óKS.��
Î�b�ÞEÄ���
,���•�ç9‹�k�&�n

	_�o�ß�K�Ý4“�û0N�!#'�z�Ú�×,X4‡2G�Å�$,X*óKS�•/ß����(Liu��et��al.��2019)

�J� � �$� L 
 ` �$� ) �Ú�ÿ���' �=�72Ï�D
`G¥�2�â�õ�K+ M6�=�72Ï�D,��� / ��+ M6��	n�z,��� K ��"¶�è�M�Ð��

��

��

�*������

�¢�•Fý�Š+°B±
}�S3ß1Ÿ�<�·�M�·

1� ��1���ó 
����ñ �
��RU�!�
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��
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3ß1Ÿ�MJ $ Au Dó/7�Y�`*x�<�·�·�Ç�:�€E•�f�$+°�Ÿ2'��(Liu��2019).��(a)���<�·#U�Ò� f 0.39�4m,��(b)���<�·
#U�Ò� f 0.71�4m

��

��

�*������

�¢�-	¸LŠ�¢�-Fý�Š�T3ß1Ÿ�MJ$Dó/7+°�f�$�t�À��(Liu��et��al.��2019),���<�·6)�ÇEFD ó �,/� D �ù�L.���*�YSý
7ž�Ê�ï�å�ƒ	¸3Î7ž�ÀDå�Ž%å�2�W�fFý�Š(ç)¯��(Shao��et��al.��2013)��	¸�ƒ� • Au��(Liu��et��al.��2019) +°3ß1Ÿ
�<�· �ÊO¸3ÿ�È,��	í3Î7ž �Ê3ë	¸ :	7ž �Ê3ë�2 �W�f5/ ;}=”LŽ�L �Ç��(����=��1��N/m,������=��120�ƒ)��(Williams
et��al.��2008)��	¸�95/;}=”LŽ�L�Ç�ˆ*T+ ° Hagen�íPoiseuille )2@æM°"w.���ƒ� • Au +°3ß1Ÿ�MJ$�•�"�f�T
622� 
 	¸3 Ò 800��MPa �7�<� · 100��s.���%�ºFý�Š(ç)¯,��)2@æ��(	í3Î7ž�Ê3ë)��	¸�ÊO¸3ÿ�È��(Sý7ž�Ê�ï�å�ƒ)
+°�{��#¼�º3ß1Ÿ�f�Ò�7Sû�Ò+°�j9ƒ
Ê�f��(Shao��et��al.��2013)
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�D.��� ã (24)��><�â�=�7EgE¤���Ð,X4‡2G�Å,X*óKS�Ú�Ð7È4‡2G�Å,XKS�X!¨Lc-��J,È�X,X�£�ã5à�r�t,

E­	Ã�¹�\�Q,X?·Gž�rP`?–�³��(� * 16 ��4v8F�D�B&•)��(Liu��et��al.��2019).

LÔ?U�Û�Î,X��,���ã��(24)����NX#�,X���ÌC^�ã,���õJÌC^�•�ç,X)„B5�™�ü4‡2G���z�ß�Ý��.���Ô�•M6,

Lc-����Ì,X�r�û,���Å�$,X!¨><M6/Ã��:+L!�",���´!8+ M6�=�7,XBõ)�,Ì!¨�'�=�7	Ã�¹�Ñ+9;��	º�Ô�•

M6,���'�Å�$���Ì�û� b 1����m �Ê,���'�=�7�Ð7È,X*óKSEó)[�Ú�ã� b 1��pm/s��(� * 18)��.

+��bG¥�2�$�m�üP¬#ý�ß�K�Ý	Ã!¨�³,X�=�72Ï�D,��	Ã�¹NX#�	Ø/¡G¥�2�ü�=�7���Ð,X#ý�z	�KÈ

FÑ6ÑEîE›4‡2G�õJÌ�r)„><M64‡2G�ê.���L
_,X�rP`4§�p�V� * 19 ��/�,��	Ø/¡4ƒG¥�2�Ã�Î$Š�'�Ã�Ý�c

,ÌFÑ6ÑEîE›P¬#ý4‡2G�õJÌ�¿Eó�r)„><M64‡2G�ê.��

5���������E5	
Â�‹�Q

7¾
Î�b6.	Ü(=�$�m,XEC�����T��	¥�â�¹�9,���ä
_�T���Ô�ŸE¯�9��4‡2G���z,���ø�J��E¥�H�9�r

)„�ZM2�J	ÜG¥�Ã�J�'G¥�2�Ã�Î$Š�'
`�Ý�c,Ì,X4‡2G�õJÌ,���S�k�"�ä���ÃP¬��)[�
�Û	Ø/¡�$�m><

M64‡2G4§�X�ä��	Ã6Ñ,��E­�Ú�U�û�—E¯4‡2G�$�m,X�S"¯�h*ü.��'
5à,����1u4‡2G�ä
_�T��	ª�k�Z�ÞEÄ

0U.�,���J�è,Ì�h,X�$�m	¬�6��)Ú�3	ª�k�Z	Ã�p,XE¯�),�����‚4‡�ä
_NZ
³�¡'
�,�üEW�û,X�å�ì,���¹

�ß�ë���Ô�o�K�',X�T���å�ì�â�GK�,X�o�:KÂNl:

(1)��4‡2G	_	D�ê4‡2G�õJÌ�T��FÑ��:+�qC*�b�õ�S,��+��b	«���õ�S�$�m�â7��õ�T��,XL$�
,���Í

�Ô�o#��û�$�m,��<Q'
6Ñ�óE¯> 4‡2G�õJÌ,�����
�Û,X4‡2G�$�m�â�õ�S�,�ü�Ú/•�ÄL’,X�å�ì.���´!8,��M2

���Ý�™?U�Ô	¥���„7��õ�T��,���J�¢)ÚAŽ�Þ�Î0Ÿ7��õE›/ß,X�o�:�õ
_,��E­�á�™6Ñ�ó���   JKR �y?º

)ÚAŽ,��	à�Ê�3	Ã�¹�—�ä4‡2G�õ�K,XG¡�á�S*ü�¢5àL!�"�ä��.

(2)��,Â�!���S*ü,X4‡2G�õ�K�ê��
Î�b�����T���
�Û,���ê��
Î�bL��U!û�êJ±�õ�S,���õ�S,X�
�Û

�T���‡�n�Z�ÞEÄ4‡2G�õ�SEî�����GM64§�X,���´!8EîE›�‚4‡�ä
_�
�Û�á���X
_�Ý4È4‡2G4§�XE¬�,

��

��

�*������

3ß1Ÿ�MJ$�ƒ� • Au +°�2�|�Ô�Ç�’�M��,���M�£�|�Å�f�•�¢-q.��(a)���M�·�*,����Då�f�Ó>ò�*,��	�Då�f�M�£
+°��>ò�*;��(b)���y/'�ÌD © 1��ns �"��(Sý7ž%å�>3ë)��	¸�y/'D©8£�	� - 0.5��ns 	:��(3Î7ž%å�>3ë)��Au �Ë�|�œ
,�!ë,l3ß1Ÿ��D 3ë+°�2�/

1� ��1���ó 
����ñ �
��RU�!�
���ì"Ñ �������‚4‡�ä
_�o�: 171



�ü�å�ì.

(3)��Lc-�(M�U���Ì,XL!�",��!¨><M6/Ã��:+�r�û,��	Ã�¹NX?•+��b+ M6�=�º�o,X�,�ü,��
Î�b�õ�S,X

�‚4‡�ä
_�T���ü�
�Û�ûKS�X!¨4‡2G4§�X�Ê�î�,�ü��)[KÂNl.���´!8,���
�X�ê�Ô	¥�„,X�‚4‡�ä
_�T��

�� �GK� .���ÔE¥,���05ÙAÒNl4˜ 	¥)„ �ü4‡2G�õJÌE›/ß�� 	´ �t �‚ �� �"Ne�� �| 	Ã�¹ �Ý�� �¤P¬�ä
_�� )[

(Zhang��et��al.��2021),��Ge 1 � (2021) �h*üCY�Ä���|�tEQ,���3�r)„�Z�x#ý�ßF¼�ÚG¥�2,X4‡2G�õJÌ.��'
5à,

�Í�b���|�—E¯�ä
_,X�‚?–(=)ÚE›/ß	ž�o�:��)Ú,��,Â�!E¬�á���\#Ù�..

(4)��Lc-��ä
_�T��E¯�9���‚4‡2G���z,��><M62k2­�z+��b�á$µC‡��4ý?˜�_,���´!8�ü�‚4‡�ä
_E›

/ß���ÚEô�ä��F¼�y?º(Š�Õ,X�Â�Ö,���Ð7È�
�Û,X4‡2G4§�X<Q'
-Á/ß�Ý�c,����KS/ßEî���î�,�ü5�LK,

�´!8�V�)�¢	s)Ú
`�T���Þ�±A•�‚4‡�ä
_�¹8N�
�Û�‚4‡4§�X,X
��Ô�û,��E¬LÔ?U4š7È#Å�9,X-è0J.

(5)���Í
+�'�J�'E¯> �‚4‡2G�ä
_,��+��b!8�Ê�õ�K���ÌEî���ã�b�J2f���Ì,���´!8LÔ?U5×<%�$�m

	Ø	å�Ö�û�Í�ä
_E›/ß��4‡2G�J*óKS,X�E
¡;��!8�ê,���üEWP¬#ý�z�ß+��b�J+ �ØP¬,X�=�7#��ûE¬LÔ-è

0J�J+ �Í�ä
_E›/ß���$�m	¬�6,X�E
¡.

(6)��4§	Ü	ÜG¥�ê�T��	ž�‚4‡�ä
_�T��,���Ý�ï�ü�‚4‡2G���z�ß�Í4‡2G4§�X,X���Ì
`4˜�Ú	à�ÊE¯

> A×�{�ÈE­�á�™	Ã�¹��:+�
�X�$�m,X�o�:�û6Ñ��(�Æ4¡�H
`
<�ÞN²��2014),��E¬6Ñ�r)„�î�s6Ñ4‡2G�$

�m,X�Ô�'�êA’Au�â�
�Û.

7 ��AN �Â �Ñ �Š7¾ '
 /¥ �: 
ÎG¥ �¨C� �}NM,Â ��(12172260 
 ` 11632009)�� �¹ 	ž !: "� �Ö /¥ �T ��C� �}NM,Â

(2019010701011390).
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��

�*������

�%!�3ß1Ÿ�<�·Dó/7�Y�9	8	��Ž�f�b�(7 +°3ß1Ÿ��+°*KJ«EK(³��(Liu��et��al.��2019).���*�Y�•�•�g�(+°
	��Ž�f�b�[�e� š Au � T 500��� 
 �7+°�î�œ@Í0Ã�Ã�\��(�%�;��(24)��!n�(�œ)��,���•�•�•	¸*xLŽ�•�•�2�W�%
�À�*�Y3Î7ž	¸2W7ž��3ë)��.���ˆ�f�%!�,��
&�ºSû�S"m�Ô+ ° Pt57.5Cu14.7Ni5.3P22.5 Fý�Š(ç)¯3ß1Ÿ���|+°*K
J«EK(³�®�*�YSý7ž3ë�•�l.f��(�;��(18)��,���<�·�·�Ç	�� f 500��MPa,��3ß1Ÿ��+°J«�°!�	�� f 5)
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	ø��69���½��)d
��

�ì"Ñ.��2018.����E¯�‚�
Eô�o�:.���Î�'�o�:�:�y,��39:��223-247
��

��

��

�*������

�À*TB±
}�S3ß1Ÿ�MJ$�b�3	0.ù3ß1Ÿ��Ka� C (Liu��et��al.��2020,��2019).��(a)��, �°� f 5���a��13��nm +°Fý3ß1Ÿ
����(LŽ�ï/÷�å);��(b)��Jy��(LŽ�ï/÷�å);��(c)��I¾��(�•�ï/÷�å);��(d)��Ií��(�•�ï/÷�å);��(e)��Ni60Ti40��(�Ž'â@Ü�ò	4
Fý);��(f)��Ag75Ge25;��(g)��Cu34.7Zn3.0Sn62.3��(�Ž'â@Ü�ò	4Fý);��(h)��PdCuNi;��(i)��PdCuNiPtRhIr��(P�&á	4Fý);
(j)���a��(x)��	0.ù�Ë6)�| �Å3ß1Ÿ3ë��(!� �· �f � f 1���Æm),���1 	W:��Ge2Sb2Te5��(GST,��,$	� �| �Å),��FeSe��(B±�(
�•),��Au2Al��(�5�»,$),��SnTe��(�ÿ�}4	4D�•),��Sb2Te3��(�ÿ�}4	4D�•),��Cu7In3,��In2Bi,��BiSb��(�ÿ�}4	4D�•),
CuAl2,��AuAl2�� (�• 7ž �| �Å ),�� In75Sn25�� (*a �| &6 �Å ),��AuSn,��AuIn2�� (B± �( �• ),�� InBi 	 ¸ InSb�� (�v �( �• ).
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Abstract��Exploiting�� the��plastic��deformability��of��materials�� to��manufacture��components�� is��widely��ap-

plied�� in��automobile,��aerospace,��consumer��electronics,��medical��equipment,��and��other��fields.��With��the��de-

velopment��trend��of��device��miniaturization,��nanofabrication��techniques��plays��a��central��role��in��the��manu-

facturing��industry.��In��recent��years,��extensive��research��and��remarkable��progress��have��been��made��in��devel-

oping��micro-/nanoforming��techniques,��and��in-depth��understanding��of��the��underlying��deformation��behavi-

or.��This��paper��will��review��the��latest��research��progress��of��micro-/nanoforming��techniques,��focusing��on��the

deformation��mechanism�� and�� size�� effect�� in�� the��micro-/nanoforming�� of�� different��material�� classes�� such�� as

polymers,��amorphous��alloys/bulk��metallic��glass,��and��crystalline��metals.��Finally,��the��technical��challenges

and��key��mechanical��problems��of��micro-/nanoforming��of��crystalline��metals��are��prospected.

Keywords�� microforming/nanoforming,�� polymer,�� amorphous�� alloys/bulk�� metallic�� glass,�� crystalline

metals,��nanoimprinting/nanomolding,��superplasticity
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