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�
�û�õG£
`�Y5ë�0���Î�'�$�m,X
Î���o�:�û6Ñ,���J�š.B�¿Eó,X#�G£�•"©M2��
Î��
`G¡?U.���Í

�b��?•,X	Ø	å	à�û�$�m,���
�û�õG£�Ù�À�<!ã�õG £ �%�Ã�>�Û�õG £ �'�Ã�'/Ã�õG £ � + 
`"ž�R! ¨ �Æ,��E­�¯

�þG£��	¾� Ý 2 �þ��(À0Ÿ,X,���J���S*ü�Ô�î,X� � � % 
 ` �'��(�d8q4Š��1979).���Í�b�$�m,X�Y5ë,��,È?–,X�£

EÄ��,���'�Ô�þ�X�Ê7¾+����|�Ê,��	G�S"u�Ý�ê+ ,XL���,�����|�3�îLc�ÊKÈ>D�£�ß�9,���3����AÈ,���$�m

��D•�3�î5ë�76ÑG£.���Î�'�$�m,X�Y5ë�û7È	Ã�¹�Ú���ø2O:��$²�
�û�Y5ë
`M-$²	â�Y5ë.��$²�
�û�ÔA¡

� � Zener��(1948) �¤�Î,X,���J(M&•���$�m�ü�tEQ
`	LEQ�Ê,���h	¬�á��-€�ÊE’���J�G>5��,��5à��EîE›�¤

/¡�ïB?E›/ß�`�ä�J	¬�ê.���L
_,X�ïB?E›/ß�Ù�À+�&•5�LK�éCK,X�ïB ? (Zener��1943,��1947;��Nowick��&

Heller��1963)�Ã+� �! Jí �ú ,XL� ��E¤ �| �{ *ó ,X �ïB ? (Thompson��&��Holmes��1956,��Alers��&��Thompson

1961)���¹	ž+��J+ $¥�|�éCK,X�ïB?1 � (K�r��1947,��1950;��K�r��&��Mehl��1999).���
� B Boltzmann 	´�t	s)Ú,

Zener 4­�Î�Z	Ø/¡$²�
�û��� h (=é	¬�Ã�h�o�R�ï�Ã�õG£�c�3�Ã�Y5ë) KÈ,X�nG£�G2Ï,���J+�:/�•'»

�ü�î�J4ƒJ±�ÞEîE›�rP`P`A • (K�r��1947).��M-$²	â�Y5ë�{*ó�b�h�o�â�h	¬��KÈ�,�ü�î�� �Ñ�D�G2Ï,

�J�û�ã�âNe)[�´�G���â�����š�Û,Ì� G (amplitude��dependent��internal��friction,��ADIF),���L
_�·><��

J]�"�!Jí7�J]E›/ß�éCK,X�Y5 ë (Granato��&��L�•cke��1956,��Bauer��&��Gordon��1960,��Asano��1970).���ü�û

�î�D�™�‰�ß,���Î�' �$�m,X�o�:> ����$²�
� û (anelastic),��E­�â's-¹,XT£�
� û (viscoelastic) �Ý���á

	à,���Î�'�$�m,X	Ø/¡�á	à�o�:> ��,X�Ú2O?•= ” 1��(�ƒ0Ã��1999).
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 � ()�í�Ê� Ñ ( ) �©31�/
0�‰�†�Ï�C
B�Ñ�œ>‚�pF�>‚�<2±

�â �ä	)���G2Ï �Í -€�Ê
¡�h �â �ä4“�û�G2Ï

)Ú�Ç�
�û �� �� ��

M24“�û�
�û �� �� 	ú

�%�û 	ú �� 	ú

$²�
�û �� 	ú ��

4“�ûT£�
�û 	ú 	ú ��

��
�Ô�½,X�
�û�õG£#�G£�•"©,��	Ã�¹EÑ$ƒ��	��×�ê4~<"���n�_,X�¤�Î,��	G�ü�šM-�Õ�tEQ�ßG›*ü#�

G£�o
`	¬�6,X�G2Ï�9.B�n�$�m,X�<!ã�õG£,��E­�����ü�ß�Ô8V?U�Ÿ4¡,X�šM-�Õ#�G£�•"©.���¢)ÚAŽ�Þ

AÈ ,�� �š M- �Õ �• "© �3 	Ã �¹ Eî E› #� G£ =é 	 ¬ (Brook��&��Sully��1955,��Ninomiya��et��al.��1963) 
` �h �o �R �ï

(Sternstein��&��Ho��1972) �Æ4“�9�k���Î�',X�Y5ë,�����rL����Ô8��áG›*üE­2O�•"©�9#�G£�Y5ë.���|�Õ

�•"©����*ü,X�
�û�õG£
`�Y5ë#�G£��!‰,���Ý#�G£Ne)[�¢�"��P¬	Ã�Ú���"Ne"©�Ã�E��"©�Ã"¶�ô�•

"©.���Í�h�bE­�o�•"©�Æ4£�Î)„�Z�Ô�o��*ü,X#�G£�¾�<,���V�|�Õ&Á���„�Ú�d� ¾ (DMA)�Ã�E���Å#�

A©�¾�ÃCY�Ä�õG£�¾1�.��LÔ?U�Û�Î,X��,���Í�b4§�X.@�$�m�VG¥�2�ÃLJ*Ë1�,���J�
�û�õG£LcNe)[	¬�ê

EW�ã,��	Ã�¹Ax�� �� �� �D.��5à�Í �b�Y5 ë ($²�
 �û�Y5ë) �9AÈ,���W�â#�G£Ne)[�ÝEW��,X,Ì �G� û (Woir-

gard��et��al.��1977,��Lee��et��al.��2000),���´!8�üA|AŽ�Y5ë�Ê�™NO�â.B�Û�Î#�G£,XNe)[.��,Â�!,���
�û�õG£,X

#�G£�•"©�Æ4£!¨EW�ä's,���J�è�Î0Ÿ�ZEî*ü,X�Û�š,��� V ASTM��E1875 
 ` E1876 �Ú�ÿG›*ü7¾+��U�E��
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"©
`6Ý�†%”�…"©�9#�G£	Ø	å	à�û�Î�',X�<!ã�õG£
`�>�Û�õG£,���J#�G£AÃ�Â	Ã�¹�{�
� ü 5% *î7Ç

2% �¹� Y (Wolfenden��et��al.��1989,��ASTME1875-13��2013,��ASTME1876-15��2015).��,Ì!¨���ß,��,Â�!�Y5ë

#�G£,X�š.B�zE¬�Â���Ž�ã,���ÍG¥�2�$�m�9AÈ,���'�!��?UG›*ü,X�A��"©
`7¾+��U���|>D�£"©,X�Y5ë

#�G£AÃ�Â
�� ü 10% �¹�Þ.���Y5ë,X�š.B#�G£E˜�ž��!6E¬���Ô�þ�î�þ?·�‡,XL’Nl.

���[,X�Y�•�]�f�V�ß:��1 � 2 8V���'�Ÿ4¡�
�û�õG£
`�Y5ë#�G£, X 4 2O�•"©,��	G�šM-�Õ�•"©�Ã�"

Ne"©�Ã�E��"©�Ã"¶�ô�•"©.��1 � 3 8V�Í��*ü,X�´/¡�E���•"©E¯> �ZAº4š�Ÿ4¡�âA˜AŽ.��1 � 4 8VG¡&•�Ÿ

4¡�Z��AÒNl4˜�ÔE¥�¤�Î,X
Î�b��+	L��k,X�õG£�Y5ë#�G£�„�•"©.���Ô	â,���ÍE­/¡�„,X�õG£�Y5ë#�G£

�•"©,X�ã��
`�h*ü�!�CE¯> �ZA|AŽ
`�)�ï.��

2���������o�] WH��D�»6M#•H�, º 4 2±�ï#�
��

2.1���������üM•�7�ï#�

�š M- �Õ "© �á �™ 	Ã �¹ �
 �B �h �o �í�h 	¬ �Æ 4“ ,X �p )[ �9 Au 1k �
 �û �õ G£ ,�� 	à �Ê E¬ 	Ã �¹ #� G£ �Y 5ë

(Blanter��et��al.��2010).���J#�G£�•�ã�Ú���¹�ß�ø/¡:��(1) #�G£�h�o�í�h	¬$²�²�Æ4“,���
�B$²�²)ƒ,XM6/Ã

�9Au1k�Y5ë;��(2) �ý*ü�šM-�Õ�R�ïA©P`#�G£�Y5 ë (#�G£�&�n�h�o �ß,X=é	¬���h �ê5Ù#�G£

�&�n�h	¬ �ß,X�h�o�R�ï���h ).

�ý*ü�h�o�í�h	¬$²�²)ƒM6/Ã#�G£�Y5ë,Ì�Í1T	),��,È�y�
 �B�Y5ë,X�n�� Au1k	G	Ã,

�J�� ���$�m���|�Ô�þ
<�ó����5ë�7,X6ÑG£,��5à ���$�m��C��,,X�Ô�û�
�û6Ñ.��	º�ê,��EîE›�


	¬�Ô�û�h	¬"��G	Ã�¹�•�“
�#�G£�â���|����,Ì�G,X�Y5 ë (ADIF).���y�ß�9��?UKä�â�šM-�Õ�R�ï"©,

E­G �¹=é	¬���_,���V� * 1 ��/�.���'�üLÊ�Ê��-€�Ê�‘�t�&�n�h�o 	â,��)Ú�Ç�
�û�',X�h	¬�î,È�yE’

�� �J�±�Õ�&� n (�ß� Û U �·><�þ�ïB?,��unrelaxed);��$²�
�û�',X�h	¬�í����-€�Ê��E’ ,���y-�EîE›

�¤/¡�ïB?E›/ß#ä#ä�r�t,È7ÇOE
`��E’ ,��(�ß� Û R �·><�ïB?,��relaxed);��4“T£�
�û�',X�h	¬�í�îC_

�b4“�û�rKS.��E­G A|AŽ,X��$²�
�û�',���n��$²�
�û�',X
¡�h�Ñ�D��:���*(�T)��=�� / ,���þ�ïB?�
�û�¨

G£��:�� ��=�� .��Fw���
�B)•�è�M�Ð	´�t	s)Ú	Ã�¹�k��A¹$²�
�û�'�ü�Ï�ãNe)[ �ß,X�|�Õ�
�û�¨

G£ ,X�rF¼ 
`<.F¼ ��(�ƒ0Ã��1999)

��

��

�*����

�e�S�•+°=A	�Dó/7

1� ��1���ó Aö�â�[ �
���""©�„ �������Î�',X�
�û�õG£
`�Y5ë#�G£�•"©-è0JE¯�) 35



�Y5ë	Ã�¹�
�B�|�Õ�¨G£,X<.F¼�â�rF¼,X!¨���k��.��+��b�S*üM-�Õ"©#��
�û�õG£�â�Y5ë�Í�h

�o�h	¬,X#�G£2’�z?U"�EWP¬,�����¹�Ð7È�J#�G£AÃ�ÂEî��� ü 10% �¹� Þ (Nowick��2012),���´!8�W�\�å

>•�S*ü.��

2.2���������„NÇ#�

�"Ne"©EîE›#�G£�h�o�â�h	¬��KÈ,X,Ì�!�Â�9Au1k�Y5ë,���J���Ô�L
_,X�ø�þ�•"©�����A��"©

� â DMA.���A���¾���å�Ñ:+	á(=)Ú�:�Š:/�•'»L6�¿�¤�Î, X (K�r��1947,��:/�•'»��1994),���J��?U4§�X�V

� * 2(a) ��/�.��>•#���
•Eî��
�4š�¦(Š�ê5Ù�ñ(Š,���J�Ô0Ã*ü�
�K�Î�n,��	º�ê�Ô0ÃEîE›�
�K�â�þ�U�Ã

�û�'E²�y,��>•#���
•>•5B�bP¬#ý&]�ê5Ù�"#ý�&#ý�<��.��EîE›4­��5B�ü"�.•�'��,X4“�Ü�‘�t+	#��¢

5à�{*ó�A-½,���ý*ü���:�4��#��n�‚�ã?¦�!/Ï.���h�o�í�h	¬��KÈ,X,Ì�!?¦��EîE›Au�Ê�<#�G£BóEQ�µ

	Ë
`�!/Ï�µ	ËE›LÊ&•��KÈ,X�ÊKÈ�ÊE³�9.B�n,X.���Í�b�Ô�þP¬2’�z,X�A��,���V�pAu�Ê�<,X#�G£2’�z

� � 1����s,��Fw���J� ü 10��Hz �ß,X,Ì�!?¦#�G£�á.B�n�z� � 6.0���î��10�í5��(Lakes��2004).���������ZE’��E­��,X

�š.B�z,���™NO�Ý��,XL!�"+	�$�¹	ž���„�>�Ä.����* ü DMA ,X
Î��4§�X�V� * 2(b) ��/�,���WEî���S*ü

+	.•PE�|�<E²�y�|��4­>•#���
•�‘�t�Ô�þ�Î�nNe)[,X��� | (0.01��Hz���a��100��Hz),��'
	â�ý*ü�o�ô�ó

�<
`�!/Ï�ô�ó�<�Ú�ÿ#�G£�o
`�!/Ï�µ	Ë�J�
�B�W�À��KÈ,X�����G2Ï�â,Ì�!�Â�9Au1k�
�û�õG£�â

�Y5ë.��DMA Eî���K�Ý�î/¡	¬�6�õ�ã	Ã�oEÝ�½,���V�•	_�õ�ã�Ã�>�Û�õ�ã�Ã�Ý&•���õ�ã1�1 � (Salje��&

Schranz��2011).

��

��

�*����

�zM½"�"wFû�e�S�MFû�:�±5C+°=ñ4š.��(a)���™�r��,��(b)���Ô�-&��f�Ü�2�¼� � DMA

36 �o�Â�Â�Â�:�Â�Â�ÂE¯�Â�Â�Â�) ������� ��H������1� ��������	K



�"Ne"©�Ô�û�ì�“�ü�b�J	Ã�¹�•�“,X#�G£�á	àNe)[�¹	ž�h	¬�����ß,X�Y5ë,�����Í�b��L����$

�m,���VG¥�2�ÃLJ*Ë1�,��+��b�h�o�h	¬��KÈ,X,Ì�!�Â�\�ã,���J�è�Ê��>•�>�Ä���},ª,���´!8�™NO�Ý��,X

�{�
�µ�>! ¨ (Lakes��2004).���_�r�Þ,��#�G£��L����$�m,X�Ô�Q�•"©���E��"©.��

2.3���������§�e#�

�'�ê�t%”�…,XNe)[E’��>•#�A©��,X�E��Ne)[�Ê,��A©����E²4Á	¡�Ø,X> "¶�F#]�6�äPO"¶,��A©��

�{*ó�;&œ���|,��A¹���|,X�����á�™�â�ê�t%”�…�ä!7!¨,��	à�Ê�âA©��,X�Y5ë�ä	¡!¨.���E��"©���Ô	¸

5Õ�3���h*ü�Ô���S"¯,X�
�û�õG£�â�Y5ë#�G£�•"©,���J#�G£2’�z�Ô8�P¬�b�J�ª�•"©.���Ý';#�G£�Y5ë

,X�•�ã,���E��"©	Ã�¹�Ú��7¾+�>D�£"©�Ã�s)[>9�S"©�Ã�E��"¶�6"©.���Ý';#�G£>™5B��	ú�â>•#���
•

�y?º,���E��"©	œ	Ã�¹�Ú��:���y?º�ã�âM2�y?º�ã�•"©.��8¹�Ý';%”�…�E��,X�•�ã,��E¬	Ã�¹�Ú��:��	_+	�J

�'%”�…"©�Ã+	.•%”�…"©�ÃM-+	%”�…"©1�1�.���ü���[,X1 � 3 8V���Ú�Í,Â�!��*ü,X�Ô�o�E��"©E¯> 

Aº4š,X�Ÿ4¡.��

2.4��������#��V�ã#�

�E��"©�ü>•#�A©�� �� �6�äPO"¶,��5à"¶�ô�•" © (Rose��1999,��ASTME494-10��2002,��Periyannan��&

Balasubramaniam��2015) �íG›*ü�ÈP¬Ne,X�D�|%”�…A©��,���¢5à�üA©���¤�þ�•	å�Þ�{*ó	)�Ô,X6Ý�†

�ê5Ù�Ô�þ"¶�Ù,���V� * 3(a) ��/�.��A¹6Ý� † ("¶�Ù) ,X���—Ne)[E°�û�b>•#�A©��,X�E��Ne)[,���è"¶KS4z

��A©�����Ì, X 1/10 *î7Ç�È�ã.��EîE›#�G£6Ý�†4£E›A©��,X�ÊK È (�ø�þ�66Ñ�<�Ô	¥�Ô�
#�G£),���ê5Ù

#�G£6Ý�†4£E›A©���Ô�þ0ÃF¼�a õE¨�²,X�ÊK È (	)�66Ñ�<6Ý�†�²"¶#�G£) �9Au1k"¶Eó,���y-��
�B"¶

Eó�â�
�û���D,X�G2ÏE¯�Ô!9Au1k�õG£.��7Ç�b�Y5ë ,X#�G£,���V� * 3(b) ��/�,��	Ã�¹�
�B,ÌF•6Ý�†

����,X�Í�D>D�£�¹	ž6Ý�†,X���—Ne)[ �61k�k��

��

��

�*����

"��L�Ù"�"wFû�|�Å+°�MFû�:�±5C.��(a)��"��L�Ù"�"wFû.f�;�*,��(b)��B±��"�EFDó$
�e�S+°=œ�ûDó/7

1� ��1���ó Aö�â�[ �
���""©�„ �������Î�',X�
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�J�� �â ��,ÌF•6Ý�†,X����,��� V ��"¶Eó,��� , ��"¶�ô�•4£E›,XKS�z.���Ô��*ü,X"¶�ô�•"©�����ý*ü

EW�ã���Ì,X�66Ñ�<�üEW�û,X	Ø	å	à�û,XA©����%”�…�Î7|6”"¶�â�>�Û"¶�9#�G£�
�û�õG£�â�Y5ë,

!8�Ê>•#���
•,X"¶Eó�â�
�û���D��KÈ$µC‡�¹�ß�G2Ï

�J�� 
` �Ú�ÿ��7|6”"¶"¶Eó
`�>�Û"¶"¶Eó,�� ���š�z,��� % 
 ` � ' �Ú�ÿ���<!ã�õG£�â�>�Û�õG£,�� ��"ž

�R!¨.��"¶�ô�•"©,X#�G£AÃ�Â�Ô8�!¨�E��"©�û�k� î (Nowick��2012),���J�è+��b>•#�A©��,X�´�)Ne�7,

�¹	ž"¶�üA©��E•+ ,X	¡�ØEã�Ø�î�Ð7È�Y5ë,X#�G£��EW,ó�r���#� û (Lakes��2004).��

3����������0��§�e�ï#�,º	Õ*<�D(¯&ï
��

3.1��������8 +g�·�§�e#�
Â7?�è%ö�ç#�

7¾+��U�E��" © (free-free��beam) 
`6Ý�†%”�…" © (impulse��excitation��technique) ��#�G£�$�m�
�û

�õG£,X �ø �þ �Û �š �• "© ,���Ú �ÿ> • ASTM��E1875 
 ` ASTM��E1876 �
 � ) (ASTME1875-13��2013,��AST-

ME1876-15��2015).��E­�ø/¡�•"©,X��BüFÑ��EîE›%”�…KS�5(Š��
•,X���Æ��� | (�AE@���|) �9#�G£�<

!ã�õG £ (�>�Û�õG£).���J��,��KS�5(Š��
•,X�<!ã�õG £ � % �â�ÔL
���Æ�E��Ne)[ �Ã�>�Û�õG £ � ' �â�J�Ô

L
�AE@�E��Ne)[ $µC‡�¹�ß�G2Ï

�J� � � M ����
•BüG£.���B,���T,��� , �Ú�ÿ��KS�5(Š��
•,X�‘�z,��	n�z�âKS�z.���41 ���Ô�þ�â"ž�R!¨�Ý�G,X�Â

!72Ï�D.��� " � â � ! �í���â>•#�A©�Ê�‘	n!¨�Ý�G,X2Ï�D.

�V� * 4(a) ��/�,��7¾+��U�E��"©�Ô8�G›*ü�ø�
�€4“�€�Ö��
•�J	à�Ê*ü�b%”�…�â�y�
���|�µ	Ë.

EîE›�
	¬�€4“,X�€�Ö�•�ã�¢5àEÝ�½%”�…���Æ���|�ê5Ù�AE@���|.���€�Ö&•Eî���ü��
•�ÔL
���|�õ

�Õ,X�ø�þ8V&•L�E¥.���Ô�
�€4“E²�yPE�|�66Ñ�<,��	º�Ô�
�€4“�íE²�y�y�
�66Ñ�<.��EîE›�?Ne�µ	Ë�9

%”����
•,���
�B#�G£,X��Ne(M�û�Æ4“	Ã�¹�k���ÔL
Aä��Ne)[ �ê ,���Ú�J�·�9� ã (4) 	â	G	Ã�¹�k��

�
�û�õG£.���â!8	à�Ê,��A¹�
�û�õG£,Ì�Í�h,X�Y5ë	Ã�¹�
�B��Ne(M�û�Æ4“,X	��ú�‘�k�Î.��>•#���
•

Eî��?U"�><M6�G�H,���Þ�ß><M6�¹�ÝEW�Q,X�G> �z,���è�ÔL
���ÆAä��Ne)[�{�
� ü 1��kHz���a��10��kHz,��5à

�ÔL
�AE@Aä��Ne)[�í�{�
� ü 10��kHz���a��30��kHz��(ASTME1875-13��2013).���Í�bP¬�"#ý)ƒ�W�ß,X#�G£,

	¾LÔ?UEÝ�½EÖ�',X�€4“�Ú>•#�A©�Ê�€5B�bP¬#ý&]�ê�"#ý�&#ý�<��	G	Ã.

�V� * 4(b) ��/�,���á	à�b7¾+��U�E��"©,XE²4Á�?Ne%”�…,��6Ý�†%”�…" © (IET) G›*üEO�‚,X���„

�†�Ï�9%”�…��
•.��EîE›�ÍG›Lš,X�Ê
³�µ	ËE¯> �YG 	Ê	¬�6	G	Ã�k����
•,X�ÔL
��� Æ (�AE@) �E��
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Ne)[.����
•,X�Y5ë	Ã�¹�
�B	��ú�‘�k�Î,���ê5Ù�3	Ã�¹EîE›�³	Ü�ß�ã4­� Î (Roebben��et��al.��1997)

�J� � �X(�T) ���y�
,X�Ê
³�µ	Ë,�� ��EîE›�YG 	Ê	¬�6�k��,X	ØL
Aä��Ne)[,�� 
` ������
`,Ì�!.��>D

�£�Û�D �â�Y5ë ,X�G2Ï��:�� = /( ).

7¾+��U�E��"©
`6Ý�†%”�…"©,X�ì&•�ü�b>™5B1T	),��Eî*ü�û��,��(M�ÿ��7¾+��U�E��"©,��P¬�"#ý

�ß,X#�G£>™5B�´�"�â��#ý�Ô��,��L8�Z%”�…
`�y�
���|,XL’�z�î�Ý���r�t.������E­�ø/¡�•"©,X#�A©

2’�z	«�€� Ö (���e) &•,X�!5B�¹	ž�5(Š>•#�A©�Ê�Þ�ß><M6,X�G> �z�E
¡EW� û (Nowick��2012).��

3.2��������C»�&�§�eBg�ï#�

�ô4³,X�E��"©#�G£�
�û�õG£�â�Y5ëFÑ��
Î�b(M�n�6(Š,XA©�Ê�{*ó	)�Ô/¡2O,X���|�9�`�ä,X,

�ü!8�™�‰�ß,��A©�Ê,XAä��Ne)[�â>•#��
�û���D��KÈ�K�Ý1T	)�Í�h�G2Ï.������,��8¹?U#�G£	Ø	å�Ö�û

��
•,X�
�û���D-½L 	 �#�I�J,���ô4³�•"©���î���k�o�á�¢�—,��5àE¥�Ý	��H�9	¥�)CK�9,XCY�Ä�E��B��•

" © (resonant��ultrasound��spectroscopy,��RUS) ��6Ñ?·�‡E­�þKÂN l (Migliori��et��al.��1993,��Leisure��&��Wil-

lis��1997).��RUS EîE›#�G£	)�Ô	Ø	å�Ö�û��
•,XNeB��9	¡$è���Ý�
�û��� D (�
�û���D-½L	).��� * 5(a)

���Ô�þ�L
_, X RUS #�G£/��ã�Ò.���J��>•#���
•,X�´�)�6(ŠEî����KS�•�'�Ã�Ú�Å�'�ê5Ù)×�'.��>•

#���
•,X�ø�þNJ&•>•EOEO
��
�ü�ø�þ	_+	�66Ñ�<��KÈ,���¢5à.B�±E•+ 7¾+�,X�5�Ê.��PE�|�66Ñ�<*ü

�b%”�…�?Ne�µ	Ë,���y�
�66Ñ�<�í*ü�b�ó�h��
•,X
¡�h.���'PE�|�66Ñ�<,XNe)[E’����
•,X�Ô�þ�E��

��

��

�*����

(a)��7�*]�­�•�["�,��(b)��65�Þ$ì�Ý"�
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���""©�„ �������Î�',X�
�û�õG£
`�Y5ë#�G£�•"©-è0JE¯�) 39



Ne)[�Ê,���y�
�66Ñ�<��6Ñ?–�³��EW�û,X
¡�h.��� * 5(a) ����/��Z�Ô�þ�L
_,X#�G£NeB��Ò.

�
�B#�G£�k��,XNeB�	¡$è>•#�A©�Ê,X�
�û���D,X#�/ß�V� * 5(a) ��/�,���J��?U�Ú���ø�þ!9Px.

Oj���Í�b4­�n���Ì�Ã�š�z�¹	ž�ñ�Ÿ�
�û-½L 	 �#�I� J ,X>•#�A©�Ê�ü�´�êEQ,X�5�Ê�ßE¤* ü Lagrangian

	¬�Ú	s)Ú,��'
	âEîE›"�?·�¹�ß�S��(M�U�•/ß�k��A©�Ê,X	ØL
�E��Ne)[

�J� � � % ���S��BüG£-½L	,�� ���S���î�z-½L	.���'>•#�A©�Ê�K�Ý!7�x�ê5Ù�ÈP¬�J�'�Í/Ä�û�Ê,��E¬	Ã

�¹ �
 �B�! /Ï ,X�Í /Ä�û � ^ � % -½L	 
` -½L	 �Ú� � 8 �þ �$-½L	 �9 �Ú�ÿAu1k,���¢5à�� :+ �t �¿E¤1kEó�z

(Ohno��1976).���y�ß�9�ÚAu1k�k��,X�E��Ne)[�â#�G£�k��,XNe)[�.!¨EW,���'�`5ÙAÃ�Â�á$µC‡�•AŒAÃ

�Â�Ê,���ý* ü Levenberg�íMarquardt��(L�íM) 1k" © (Press��et��al.��1986) �9	¡$è�Ô4˜�„,X�
�û���D.��L�íM

1k"©,X��Bü��(/NSEÁ�·"©�â�ƒ�z�ßL!"©,X4§	Ü.��4£E›�î õ�~)ƒEÁ�·	â��	Ã�¹�k��>•#���
•,X,ó

�r�
�û���D-½L	.

RUS 	à��	Ã�¹#�G£�Y5ë-½L	 ,�����W�J�á6Ñ1T	)
��
�BAä���Ä,X	��s)[�ú�‘�k��.���´��Aä

���Ä ,X	��s)[�ú�‘	¾�·><�ZA¹�õ�Õ,X�Y5ë ,��5à�üA¹�õ�Õ�ß�Ý�î�þ�
�û���DCK���Z�0*ü,���´

!8 �hA¹���Y5ë-½L	 �î�þ�ÚG£,X�t����.��Sumino 1 � (1976) �Î0Ÿ�Z �â ,X�G2Ï�V�ß

��1 u RUS 	Ã�¹EîE›�Ô õ#�G£9‹	ª��
•,X���Ý�
�û���D�â�Y5ë,�������W	H�¹�Ý�Ý�þ7È
Q5�LK

(Balakirev��et��al.��2019):��(1) >•#���
•,X
•Bü�´� D � 1 �á6Ñ�þ� ã (Eî��LÔ? U �1���!��300),��	ú�íNeB���	Ø�õ

�Õ,X�Ä#Ë	´�ü�ÔCK;��(2) #�G£NeB�,X�õ�ÕF+$ã4­"�?·	¡KÂNl�ú�9�\�ûT•&º.���J?·�‡�r"©�Ô8���A×

��

��

�*����

B±���•�[A]" � RUS.��(a)��RUS "wFû	0	=�.�S�c	í�e�S�d�œ-�Ka.f�;�*,��(b)��� T RUS �Y�U*T$ì�u"w
�[���—�û.çLŽ�y/'E�=x�M�-@ò� W (Ogi��et��al.��2002)
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�H>•#���
•�î#��´ õ,���ê5Ù�Í!¨Au1k,XNeB����|�r�t5���,X�õ�ÕNe)[,����E­M2��5×P`#�A©�Ž,X4£

P ` (Leisure��&��Willis��1997);��(3)��L�íM 	¡$è1k"©�ÍEÁ�·�ñ�Ÿ���qC*�ûM2��P¬,���' �ñ�Ÿ��E°/•,ó�r��

�Ê,��EÁ�·	Ã6Ñ�á�
�/,��*î7Ç�
�/���¤�þ�þ4§�p�Þ,���´!8�'#�A©�Ž�Í��#���
•,X�
�û���D,X�û�ã�Ô

�´��-¹�Ê,��RUS �\	Ã6Ñ���� .���_�r�Þ,��?·�‡KÂN l (2) 
 ` (3) �Ô�Q,X�•"©����L8�Z#�G£��
•,XNeB�

�ê,��E¬?UAš�ÿ�Î!£�Ô�þNe)[���Í�h,X���|�õ�Õ.���V� * 5(b) ��/�,��Ogi 1 � (2002) �ý*ü%”��#����¾�?

�£#�G£KS�•�'��
•,X�Ô�þM6,X/•M6�!/Ï�Ú�×�Ò���9Aš�ÿ	Ø�þAä��Ne)[���Í�h,X�õ�Õ,����E­�û�û

�r�t�Z#�G£�ÊKÈ�â�ä��.��

3.3��������	Á+kC»�&�C
>�e�Þ�¶�e

	_+	CY�Ä�á	Ü���|�T� � (piezoelectric��ultrasonic��composite��oscillator��technique,��PUCOT) ���Ô

/¡!¨EW	¸5Õ,X#�G£�T��.���½� ü 1925 �H,��Quimby��(1925) � Í 18.5�ƒ��X �Û--Ç8Å��95�<PE�|,X�Ï�ãKS�z

,X��,X4‰	å���|E¯> �Z)ÚAŽ�Ú�d,���JEîE›#�G£��95�<�í���á	Ü2Ï4³,XNe)[�â0ÃF¼Eó�z�9Au1k�<!ã

�õG£�â�Y5ë.��Zacharias��(1933) � ü Quimby ,X�¹�0
Î.��Þ�.�Î�Z�
E¯,���ª�¤�Î�
�B-Ç8Å��95�<,X�Ð

4‡�9Au1k�<!ã�õG£�â�Y5ë.��<Q'
�ª�À	Ã�¹EîE›EÁ�·1k"©"�?·>•#�A©�Ê,X�
�û�õG£,�������Y5ë,X2’

.B><E’�ã�J�á6Ñ4­�Î.����� Z 20 �ê4 ~ 50 �H�·,��Marx��(1951) �üAä��2Ï4³���t�91��`
+-Ç8Å��95�<�J

�â1��Ô
+-Ç8Å��95�<4˜�ä	�"���	)��.���V� * 6 ��/�,��E­�ø
+��95�<�Ô�þ�0��PE�|	)� � (drive),��	º

�Ô�þ�0��,¥#�	)� � (gauge).��-Ç8Å��95�<�â>•#�A©�Ê,XKS�zLÔ?U�
�B�W�À�ü��#ý�ß,X�
�û�õG£2’

�—A’Au�¢5à$µC‡Ne)[	
G!�5�Ê,��	G4˜	Ü2Ï4³��,X�h�o"¶,X	¡8V&•LÔ?UEîE›	Ø	)��,XE²�y&•,���6	¹

A±AÈ,��	Ø	)����LÔ?U�Ù	ÿ�H�D�þ	�"¶KS.���'�ü-Ç8ÅPE�|	)���Þ�‘�t�Ô�þ�x#�+		_ 	â,��EîE›#�G£

,¥#� 	) �� �Þ,X+	 	_ ,XAä��Ne)[ �â�� �� �� 	Ã�¹ �k ��>•#�A©�Ê,XAä��Ne)[ �Ã�Y5ë
` �Ô�û�h	¬.

Robinson 1� �
 �B1� ��+	CÃ)ÚAŽ�| �Ð�Z2Ï4³ ,X�� �Y5ë �¹ 	ž 	Ø4˜ �Ú,X�Ô�û�h 	¬ ,X><E’ �ã

(Robinson��&��Edgar��1974,��Schaller��et��al.��2001)

�J�� �� ,¥#�	) �� , X (Gauge) +	L��k,�� 
` ��2Ï4³�� ,XBüG£�¹	žAä��Ne) [ ( ).�� 
`

� � X �Û --Ç8Å��95�<,X�
�û�¨NN2Ï�D�¹	ž	_+	2Ï�D,�� ��-Ç8Å��95�<K�+	�UM6,X�‘�z,�� ��4˜� Ú �I

��,X4‰"¶"¶KS.��>•#�A©�Ê,X�Y5ë�âAä��Ne)[EîE›�¹�ß><E’�ã4­�Î

�J�� ,�� 
` ��1 � � I 4˜�Ú,XBüG£,��Aä��Ne)[�â�Y5ë.��+��b-Ç8Å��95�<,X6 �C�Y5ëM2��� ã (4 z 10�í6),

�´! 8 PUCOT �Í�b�Y5ë,X#�G£2’�zEWP¬.��L8�Z� * 6 ��/�,X4‰���|
 _ PUCOT �ê,��Robinson E¬�¤�Î

�Z�AE@
_, X (Robinson��et��al.��1974) �¹	ž���Æ
_, X (Devine��&��Robinson��1998)��PUCOT *ü�b#�G£�$

�m�ü�á	à���|�õ�ã�ß,X�Y5ë.

1� ��1���ó Aö�â�[ �
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�Í �bP¬#ý�â�"#ý)ƒ�W�ß,X#�G £ (Marx��&��Sivertsen��1953,��Sutton��1953,��Weertman��&��Salkovitz

1955),��LÔ?U�ü>•#�A©�Ê�â-Ç8Å��95�<��KÈ�¦�9�Ô!‰Ne)[	
G!,X'h=a-Ç8Å�¦*ü�9Lh&Á.��>•#�A©�Ê

�¦�9��P¬#ý&]�ê5Ù�"#ý�&#ý�<��,��-Ç8Å��95�<�í�±�Õ�ü�&�n#ý�z8×�È�Y.��PUCOT ,X�Ô�þG¡?U�ì

�“ �ü �b�W	Ã�¹#�G£�â�h	¬�� �� ,Ì �G,X�Y5 ë (amplitude-dependent��internal��friction)(Kustov��et��al.

1998,��1999),���J�è�Ô�û�h	¬����� ü 10�í12���a��5���î��10�í4 8×�È�Y	ÃA × (Robinson��&��Edgar��1974),��E­��-è0J

�$�m+��b�%�û	¬� 6 (Sapozhnikov��et��al.��2000) �â+†�‡�3� ø (Mason��1956,��Golovin��et��al.��2004) �{*ó,X

M24“�û�Y5ë�¤�o�ZG¡?U���}.

LÔ?U�Û�Î,X��,��PUCOT G›*ü�Z�ø�þ-Ç8Å��95�<�0��%”�…�â�y�
>™5B.��'
5à,��+��b-Ç8Å�J�',X

	_+	�û�\��,��5à�è�E���Ä�\0X,���´!8LÔ?U�ü-Ç8Å��95�<
`A©����KÈE¯> Ne)[	
G!,���3����AÈ,��LÔ?U

�üA’AuA©�Ê���Ì�Ê-¹F'A©��,X�
�û�õG£.���´!8,��PUCOT �á6Ñ*ü�9#�G£�
�û�õG£�þ-¹,X�$�m.��E­

�êAŒ� � PUCOT �Ô,È�þ6Ñ�k���S"¯�h*ü,X�Ô�þG¡?U	s�´.��PUCOT ��?U*ü�b#�G£�Æ-¹�õG£�$�m#ý

�z,Ì�G,X�Y5ë,����+��b-Ç8Å�¦�â��
•��KÈLÔ?U!¨EW�ù��,XNe)[	
G!,��5àG¥�2,X�õG£Lc#ý�z	¬�ê�T

�T !¨EW�û ,�� �´ ! 8 PUCOT #�G£G¥ �2 �Y5ë ,X#ý �z8× �È �T �T !¨EW0X.�� 	º �ê ,��+� �b -Ç8Å �AE@��95 �<

(Robinson��et��al.��1974) ,X�û6Ñ"“)ƒ	å�Ú�×�á
��Ô,���´!8�ý* ü PUCOT #�G£�AE@�Y5ë�,�ü�Ô�oKÂNl.

4œ�Þ��EÄ,��,Â�!�
�û�õG£,X#�G£�•"©�Æ4£!¨EW�ä's,���3�6�ä�Z!¨EW�r*ü	ÃM4,X�Û�š,���,�ü,X

��?UKÂNl��#�G£E›/ßE¬�á�þ�•�“�¿�K.��5à�Y5ë,X#�G£�´AŽ�ü�:��+ E¬���¹�î+ FÑ�î�þ�B	ž,���ø�J

�Í�bG¥�2�ÃLJ*Ë1�4§�X�$�m�9AÈ,��,Â�!E¬5��å�š.B	ÃM4,X�Y5ë#�G£�•"©.��

4���������0�Ä�p+kLq�Í,º�o�] WH��»6M#•H��æ�ï# � (M-PUCOT � L Q-EMI)

�ÔE¥,����AÒNl4˜ �¤ �Î �Z �Ô/¡ 
Î �b ��+	L� �k "©,X �õG£
` �Y5ë#�G£ �• "©,��/Ä �� � � M-PUCOT

(modified��piezoelectric��ultrasonic��composite��oscillator��technique)(Xie��&��Li��2020a).��A¹�•"©�3	Ã/Ä��

�nG£,X��+	L� �k" © Q-EMI��(quantitative��electro-mechanical��impedance),���¹ 	� �ÿ�b4§�X�9�‹,¥#�

NZ
³,X�n� û EMI �•" © (Ayres��et��al.��1998,��Fu��et��al.��2015).��A¹�•"©	Ã�¹�š.B�Ã�¿Eó�Ã	à�Ê#�G£�Î�$

��

��

�*����

�53ð�2�·*aB±���9	4�[�Ô�¬�[
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�m,X�õG£
`�Y5ë,���Ú�õG£
`�Y5ë,X#�G£	¬�ä�Z�Ô/¡Eî*ü�¹�K,���¢5à	Ã�¹*ü�o�:�û6Ñ,X	¬�ê�9><�U

���Ý�Î�'�$�m,X�YF¼$è�ê,���V�Î�Õ,Ì	¬�Ã)•*W�ÕE@	¬�Ã�!JíE¤�|�Ã�J+ $¥�|�Ã�YF¼�3�ø1�1�.
��

4.1��������#•H�	Õ*<

�V� * 7 ��/�,��M-PUCOT �&�×� Z PUCOT ��,X�Ô�Í-Ç8Å�¦��95�<,��	ª5à�·��,X���Ô(��ã,XJÚ

JoGLJ ™ (PZT) 	_+	�Ú) ƒ (�Y� X �D,���ê� X �$,��	n� z �H).��A¹	_+	�Ú)ƒ�á�™*ü�b%”�…���|�µ	Ë�3*ü�b�y�


���|�µ	Ë.��+�� b PZT �K�Ý�\�û,X	_+	2Ï�D�â��+	5ú	Ü2Ï�D,���´!8	_+	�Ú)ƒ�66Ñ�<�â>•#���
•��

KÈ,XNe)[	
G!�5�Ê�áLÔ?U$µC‡,���J�è	_+	)ƒ,X	n� z � H E°�ã�bLh&Á�¦,XKS�z�¹	ž��
•,XKS�z ,

5à	_+	)ƒ,X�ê� X � $ �âLh&Á�¦�¹	ž��
•,X,È�X�Ô7È.���'LÔ?U#�G£�<!ã�õG£ 	ž�J�Í�h,X4‰���|�Y

5ë �Ê,��G›* ü d33 �õ�ã4‰	å���|
_	_+	�Ú)ƒ,��A¹�Ú)ƒ"“	n�z�•	å�U�ê,���J�Þ�ß�ø�þ�iM6��+	�U

M6,���' �^	_+	�Ú)ƒ�í>•#���
 • (�ê	_+	�Ú)ƒ�íLh&Á�¦�í>•#���
•) 2l�y�J"“�Ú)ƒ	n�z�•	å�‘�t�x	¬

+	
��Ê,���H�þ2Ï4³	G	Ã�{*ó4‰	å���|.���'LÔ?U#�G£�>�Û�õG£ 	ž�J�Í�h,X�AE@���|�Y5ë �Ê,

�íG›* ü d15 �õ�ã,X�AE@
_	_+	�Ú) ƒ (Xie��et��al.��2020).���AE@
_	_+	�Ú)ƒ,X�
�Û#�/ß�V�ß:��Oj���Ú	n

�z�U�ê,X	_+	�Ú)ƒ,X�Þ�ß�ø�þ+	�UM6.¼	•.���y-��Ú�J"“,È�X
��Ô
��Û�F�ä�ø�þ	��Ú)ƒ,���J� ü 4 �þ

�Û�FM6�‹�
+	�U.��'
	â�Ú�J���Ô�þ	��Ú)ƒ	¡	å,���S�k�ø�þ	��Ú)ƒ,X�U�ê�•	å,Ì	¡,���J*ü�Ð+	JÊ6Ê

�Ú�W�À2l�y4˜�ä�Ô�þ�„,X�Ú)ƒ.���Ô	â"“A¹�Ú)ƒ,X)ƒ	å�‘�t�x	¬+	
�	â	G	Ã�{*ó
��Ô,X�AE@���|.

�Í�b��#ý�ß#�G£�
�û�õG£�â�Y5ë,��	Ã�¹,È�y�Ú	_+	�Ú)ƒ�66Ñ�<�â>•#�A©�Ê2l�y4˜�ä	 4˜�Ú

2Ï4³.��5à�Í�bP¬�"#ý)ƒ�W�ß,X#�G£,���â�ô4³, X PUCOT 2O��,��E¬LÔ?U�ü�66Ñ�<�â>•#���
•��KÈ�¦

�9�Ô!‰Ne)[	
G!,X'h=a-Ç8Å�¦�ê!û�êJ±�¦�9Lh&Á,���¢5à�±A•�66Ñ�<�¹�0�ü	ÜEÖ,X#ý�z8×�È�Y.��>•

#�A©�Ê�¦�9��P¬#ý&]�ê5Ù�"#ý�&#ý�<���±A•�&�n#ý�z.��+��b'h=a-Ç8ÅLh&Á�¦�ê!û�êJ±�¦�K�Ý�U

��

��

�*����


&�º�f*aKg�Ã"�+ ° M-PUCOT "wFû2'4�

1� ��1���ó Aö�â�[ �
���""©�„ �������Î�',X�
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�G,X&Á0��n�û,���´!8�J�YF¼#ý�z�ƒ�z�Í�J�
�û�õG£�¹	ž�Y5ëEô�ä,X�
	¬� ü 600��� 
 �¹�Y	Ã�¹�Ñ+9

�áA u (Marx��1951),���'#�G£#ý�z��E ’ 600��� 
 �¹�Þ�Ê,��Eî��LÔ?UE¯> �Û�n#\L8�J�E
¡.���â�ô4³,X�E��

"©#�G£2Ï4³ ,X ��Ne(M�û �Æ4“ �á 	à ,��E­G  �ý*üL� �k �Ú �d �¾E² �y �66Ñ�< 	â#�G£2Ï4³ ,X+	4‡ �Æ4“

(�Ð4‡�Æ4“,X<.F¼),��Eî�� �Ô�5+	4‡�Æ4“,X#�G£Eó�z� ü 1���a��2��s.���
 �B+	4‡�Æ4“, X �M+� N L
Aä��Ne)[

�â	¡Aä��Ne)[ �9Au1k�
�û�õG£�â�Y5ë.���J� � � M ��Lh&Á�¦��,X	�"¶KS�D,��� N ��>•#�A©�Ê��

,X	�"¶KS�D.��+��b+	4‡�Æ4“,X�p)[	¾�â�66Ñ�<,X	–�D�Ý�G,���´!8E¬LÔ?U�Ú+	4‡�Æ4“,X�p)[�•�G	â

�99‹�k�š.B,XAä��Ne)[�â	¡Aä��Ne)[,���V� * 7 ��,X�¦�9�Ò��/�.��+��b	_+	)ƒ,X	n�zE°�ã�b��
•	ž

Lh&Á�¦,XKS�z,����
•,X�<!ã�õG£�Ã�>�Û�õG£�¹	ž�Í�h,X�ø/¡�Y5ë	Ã�¹+�2Ï4³,XAä��Ne)[
`	¡Aä

��Ne)[��/�
�"��Î,���J><E’�ã�V�ß

�J�� ,�� ,�� �Ú�ÿ��	_+	)ƒ�Ã>•#�A©�Ê�ÃLh&Á�¦,X�š�z.�� ,�� ,�� �Ú�ÿ��	_+	)ƒ�Ã>•#�A©�Ê�ÃLh

&Á�¦,XKS�z;�� ,�� ,�� ,�� ,���Ú�ÿ��Lh&Á�¦,X�<!ã�õG£,��4‰	å���|�Y5ë,���>�Û�õG£�¹	ž�AE@���|

�Y5ë.��+��bLh&Á�¦,X�Y5ëM2��� ã (�a10�í5),���´!8 
` Eî��	Ã�¹�' �0LÊ.���Í�b�Ý4˜�Ú2Ï4 ³ (�66Ñ

�<�íLh&Á�¦�í>•#�A©�Ê),��Eî��G›* ü �N��=��1,���M��=��1 � ê 2.���Í�b	 4˜�Ú2Ï4³,��� �̂�=��0,���M��=��0 �·�9� ã (10)

	â,��	Ã�¹�k��	 4˜�Ú2Ï4³,X�õG£�Y5ëAu1k><E’�ã

���ZP`A•�Þ�ã,X�š.B�û,���ý*ü%”��#����¾#�G£�Z	 4˜�Ú2Ï4 ³ (�66Ñ�<�í>•#�A©�Ê) ,X0ÃF¼�!/Ï

,X��Ne(M�û�Æ4“�J�â�J+	4‡�Æ4“�0�Í!¨,���V� * 8 ��/�.��	Ã�¹,ß�Î+	4‡�Æ4“,XAä��&•�â	¡Aä��&•�Ú

�ÿ�Í�h�b�!/Ï��Ne(M�û�Æ4“,X�ø�þ�í3��dB &•,��5à�W�À,X�G
����î�Q����Ne(M�û�Æ4“,X�Ä��&•.��!8

�Ê�ô4³ ,X�Y5ë�n �� ��=�� �â �Þ�ã,X�Y5ë><E’ � ã (11) �áAß5à	Ü,���¢5àA• �â �Z �@�ã,X�š .B�û.

	º�ê���k�Ô�¤,X��,��� ã (11) ��,X�Y5ë><E’�ã�á��L$�b�Í?˜�í�Ú�Å�',X#�G£.���_�r�Þ,���Í�b�K

�Ý�Ï�ã�6(Š�â�Ï�ãE•+ �5�Ê,X4§�X�',���' �J�â�¤	_+	�'2l�y	 â (	_+	�' �K�Ý�Ï�ã�6(Š�â���|�õ

�ã),��EîE›#�G£2Ï4³�•�G�p)[	â,X+	4‡�Æ4“,XAä��Ne)[�â	¡Aä��Ne)[,���a�·�9� ã (11) 	â	G	Ã"��k

2Ï4³,X�Y5ë.���'	_+	�'C‡�ó�ã,���èE•+ �5�Ê�á�é�9Nq�ê�35ë�Ê,��!8�Ê#�G£,X2Ï4³�Y5ë	G	ÃAx����

4§�X�'��D•,X.���´!8,��	Ã�¹�ý*üA¹�•"©�Í4§�X�Y5ëE¯> �•�“,¥#�.
��
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4.2��������#•H�,ºH��C�]
Â�!FU�]

,Ì!¨�b���!,X�õG£�Y5ë#�G£�•"©,��
Î�b��+	L��k"©, X M-PUCOT ,X�Ô�û�ì�“��#�G£,XP¬�z

G¡�á�û
`�¿Eó�û.��� * 9 ��*ü�ø�þ	á���Þ,Ì	à,X	_+	�Ú)ƒ�66Ñ� < A 
 ` B �Í	à�Ô�þG¥�2�¦E¯> , X 4

 õ#�G£4§�p.���¢� * 9 ��	Ã�¹,ß��,��	G�SG›*ü�ø�þ�á	à,X	_+	�Ú)ƒ�66Ñ�<,���E��Ne)[,X#�G£G¡�áAÃ

�Â�3�ã� b 0.1%,���õG£#�G£G¡�á�ûAÃ�Â�ã� b 0.2%,���Y5ë#�G£,XG¡�á�ûAÃ�Â�ã� b 3%.��,Ì!¨���ß,��ASTM

)„> �Û� š E1875(7¾+��U���|"©) #�G£�<!ã�õG£,XG¡�á�ûAÃ�Â�Ô�Q�™	Ã�¹�{�
 � ü 2% �¹�Y.���´!8,


Î�b��+	L��k"©, X M-PUCOT ,X#�G£�š.B�û! ¨ ASTM )„> �Û�šP¬�Ô�þG£4{.��	º�ê,��#�G£� * 9 ��

,X�Ô�5+	4‡�Æ4“	¾L Ô 2��s �º	Ç.��+�� b M-PUCOT ,X�¿�K�û
`�š.B�û,���W�Ú�õG£
`�Y5ë,X#�G£	¬�ä

�Z�Ô/¡�¹�K,���¢5à	Ã�¹EîE›#�G£�o�:�û6Ñ,X	¬�ê�9-è0J�$�m,X�YF¼$è�ê.��

4.3���������®
Á�Ê+^

M-PUCOT #�G£Eó�z�¿,���ÚE|)[P¬,��M2��EÖ	Ü*ü�b�$�m,X,Ì	¬-è0J.��� * 10 ��/��Z�ý* ü M-PU-

COT ,X4‰	å���|�õ�ã#�G£EH	å�U� ê PZT-5H ,X�
�û�õG£�¹	ž4‰	å���|�Y5 ë (Xie��&��Li��2020b).��	Ã

��

��

�*����

�Ž6)�”�í=×"wA��"�ø3ð�22'4�+°*a3ß��3ë�:0�F��y/'�qM½'¥�S��3ë

��

��

�*����

Fó* T M-PUCOT �å"�"wFûFý�Š�þ�”!;�MFû	¸�±5 C (3á	=�[�Ô�M�;) �"�Ã�\+°*a3ß��3ë.��(1) Fó*T
�·*a�Ž6)� ” A +°0X�, M"wFû;��(2) Fó*T�·*a�Ž6)� ” A +°0X�¸ M"wFû;��(3) �2�Ž6)� ” A 	��7,���¹ M1Ä
3ÿ	:+°"wFû3ÿ�È;��(4) Fó*T	��B�,�V�Ž6)� ” B +°"wFû3ÿ�È

1� ��1���ó Aö�â�[ �
���""©�„ �������Î�',X�
�û�õG£
`�Y5ë#�G£�•"©-è0JE¯�) 45



�¹,ß��,���ü��G #ý� z (190 ) ���!,��Lc-�#ý�z,X�Þ	�+	4‡�Æ4“,XAä��Ne)[�â	¡Aä��Ne)[,X�G
���4ç

�6�Þ	�,���·><�Z�
�û�õG£,X4ç�6�r�t,��5à	¡Aä��Ne)[�âAä��Ne)[,X�Â���í��4ç�6�£�ã,��><�â�Z�Y

5ë4ç�6L!�";���'�yE¥��G #ý�z�Ê,��Aä���â	¡Aä��Ne)[E™EóL!�",��5à�J�Â��E™Eó�r�û,���·><�Z�$�m�ü

�yE¥,Ì	¬&•�Ê�õG£,XE™Eó�£�ã�¹	ž�{*ó,X�Y5ë�Ä;���'#ý�zCYE›��G #ý�z	â,���õG£	œE™Eó�r�û,���Y

5ë�íE™Eó�£�ã,È7ÇOE
`.

� * 11(a) ��/��Z�ý* ü M-PUCOT #�G£�û
+G¥�2)•* W Zr41.2Ti13.8Cu12.5Ni10Be22.5 )•*W�êE@	¬�â

�J�êE›/ß�� ,X�
 �û�õG£�â�Y5ë,X	¬� ê (Xie��et��al.��2021).��	Ã�¹,ß�Î ,���'#ý�zE’�� �ñ�Ÿ)•*W�ê#ý�z

�4x � Ê (375���
),���û
+G¥�2)•*WE¯�9E›�‹#†,Ì	�,��4§�X	¥*ó�ïB?,���Ð7È�J�
�û�õG£L!�"�¹	ž�Y5ëE™

Eó�r�t.���'#ý�zE’���ñ�Ÿ�J�ê#ý� z �4g��(440���
) �Ê,���
�û�õG£E’���Ô�ã��,��4z���ñ�Ÿ��, X 90%,��	à�Ê

�Î)„�â��,X�Y5ë�Ä.��4§	Ü� * 11(b) 	Ã�¹	¥)„:��(1) �'�û
+G¥�2)•*WE¯�9E›�‹#†,Ì	 � (4 z 410���
) 	â

�aL!#ý,���
�û�õG£�‚���r�t,��5 à X�í�Ø4“>!� Ø (XRD) �Ò"u�Ý	¬�ê.��AÈ�â�õG£,X�r�t�á����F¼4§�J

�Ð7È,X,��5à��7¾+��'/Ã,X$B&AEô�ä,X;��(2) �'#ý�zE’� � 600��� 
 �¹�Þ�Ê,���`�<4§�J,���$�m><)„�Î�J�'

,X�ûBü,��	G�
�û�õG£Lc#ý�z�Þ	�5à�ßL!,���Y5ë
��Û�D�r� t (P¬#ý6 �C�Y5ë).

L8�Z-è0J�$�m#ý�z,Ì�G,X�õG£
`�Y5ë	¬�ê,��M-PUCOT E¬	Ã�¹EîE›#�G£�õG£
`�Y5ë,X	¬�ê

�9NX#��$�m�YF¼,X�3�ø/ß�z.����P`A•E­/¡�•"©,X�Ý���û,���Í���E"�,Q)]�}-Ç�ü	_4ý.�
#E›/ß��E¯

> �Z�õG£
`�Y5ë,X#�G £ (Xie��&��Li��2020c).��� * 12 ���}-Ç�ü	_4ýE›/ß���L
_,X�h�o�í�h	¬�Æ4“,���¢�Ò

��	Ã�¹,ß�ÎA¹�}-Ç,X���z!¨EW�",�����z�Ú�7�û!¨EW�û,��4z� � 20���a��35��MPa.

� * 13 4­� Î 3 �þ�á	à,X�}-Ç��
•�ü	_4ý��.�
#�!,���<!ã�õG£�Ã4‰���|�Y5ë�Ã�>�Û�õG£
`�AE@

�Y5ë,X	¬�ê�™�‰.��	Ã�¹,ß��,��� Í 3 �þ��
•�9AÈ,���<!ã�õG£
Î���ÞLc	_�h�o,X�r�û5à�r�û,��5à�>�Û�õ

��

��

�*������

�U* T M-PUCOT +°3á�[�Ô�M�;"wFûD 	=�­� B PZT-5H +°�e�S�MFû	¸3á	=�[�Ô�±5C.��(a)���qFø#U�Ò
�y*a3ß��3ëK»#U�Ò+°	��B,��(b)���qFø#U�Ò	:*a3ß��3ëK»#U�Ò+°	��B,��(c)���e�š*a3ß��3ë@Í0Ã�Ã�\+°
�e�S�MFû�:�±5C
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G£	¬�ê�á�û.��4‰���|�Y5 ë (longitudinal��IF) 	¬�ê�á?˜�_.��5à�AE@�Y5ëLc-�	_�h�o,X�r�û	)A×�Þ	�,
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Review��of��the��measurement��methods��for��elastic��moduli
and��internal��friction��of��solids
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Abstract��Elastic��moduli��and�� internal�� frictions��are�� fundamental��properties��of��solid��materials.��The��ac-

curacy��and��convenience��of��the��measurements��these��properties��are��of��great��significance��to��industrial��pro-

duction��and��scientific�� research.��This��paper�� reviews�� the��measurement��methods��of��elastic��moduli��and�� in-

ternal��frictions��of��solid��materials��in��the��past��100��years.��These��methods��can��be��divided��into��four��categories:

quasi-static��method,�� low�� frequency��method,�� resonance��method,��and��wave��propagation��method.��Firstly,

the��measurement��principle��of��each��type��method��is�� introduced��and��evaluated.��Then��the��resonance��meth-

ods,�� including�� free-free��beam��method,�� impulse��excitation�� technique,�� resonant��ultrasound�� spectrum��and

piezoelectric�� ultrasonic�� composite��oscillator�� technique�� (PUCOT)��are��presented��and��discussed�� in��detail.

After��that,��a��new��method��called��modified��piezoelectric��ultrasonic��composite��oscillator��technique��(M-PU-

COT),��proposed��by�� the��authors,��are�� introduced.��This��new��method�� is��based��on�� the��principle��of��electro-

mechanical�� impedance,��and��can��measure�� the��Young�¶s��modulus/shear��modulus��and�� the�� related�� internal

frictions�� simultaneously,�� accurately,�� and�� quickly.�� Finally,�� the�� significance�� and�� prospective�� of�� this�� new

method��are��discussed.

Keywords�� elastic�� moduli,�� internal�� frictions,�� measurement�� methods,�� electromechanical�� impedance,

piezoelectric
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