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1.1  ����	���
����� 

������	
��

��������� (piezoelectric material)1 !"
�#$%&��'(�)*+�,-
.
/�*%�����

�0
12.�#$%
�#��30/42'56'%�*�7#�.��,,*3(*�	��..*%�8#&%12.�#�#$%
4��8#&%12. !6*
&*�'567#�.��,,*3(*�	��..*%���#$%	��..*%�99:*  (���#$%/�*%�����

�0�)*&��;
#�*�<�*�30�	
��

���������7;;��. (direct piezoelectric transducer) '%/)*%
.���;��%!6*&*�
'567#�.��,,*3(*�	��..*%�99:*�#$%	��..*%�� (���#$%/�*%�����

�0�)*&��;#�*�<�*�30A�%
���; (inverse piezoelectric transducer) ���
CD*.�5D% �E����9% �F�+��9% 
12./)*&%6*/42��;+�"2%
��4C.7�G�#�42C%	��..*%��4C.�#�#$%	��..*%�99:* %
�(*�%4H ��2.#�G��IJ07�G
�#��30
"2%K/42'56
#�G�C5%0(*�������	
��

��������� ��67�D  �+�"2
.��G��6% (actuator) �+�"2
./)*+�*F�G
*�
����*
�
%�� (ultrasonic cleaner)  �
%*�0 (sonar)   �+�"2
.���((�; (sensor)   �+�"2
.�D.��4C.��"
% (alarmer)   
�)*�	. (loudspeaker)  /�*%�����

�0   �D.-��;+�"2%
����*�
%�� �)*&��;'56'%/*.�*�7	/C0 �5D% 
���(
��C�GN*C'%�D*.�*C  /42(����*7�O� (ignitor)  �����
.+�*F!42  (frequency filter) '%�.(�

�����/�
%���0 �����2%	6
. (resonator) '%
�#��30�99:* �5D% �/�/�T%0 �+�"2
.��4C. U�U �)*&��;   

.*%�� (� C%4H�%'(T1�I*+6%+�6 */�*%���� �

�0/42 '56 .*%�#$%�E����9% 
(hydrophone) 
12.�#$%
�#��30���(���+�"2%�)*&��;'56.*%'%-
.�&�� �5D% %H)* 
*T�C������	
��
�

�*F�� (piezoceramic) �#$%�����;-�D.��,,*3'%�8#-
.+�"2%
G+8���� (acoustic waves) 
12.(G�6
.F4
+�*F�8,��4C (attenuation) -
.��,,*3�2)* 7�G F4+�*F�� (sensitivity) '%�*����((�;�8. �*F*�!
���#	*�*F���
�0/42��42C�-6
.��6��.%4H 

1.  +
##��.79���
�0�99:*-��   (electromechanical coupling factor, k) !6*F4+D*F*�&F*C+�*F
�D* �����&�"
��2.#�G��IJ0F4#�G��/Z�N*	�8.'%�*��#�42C%��,,*3�99:*'&6�#$%+�"2%��4C. 
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 ���������	
��
���
������
� (piezoelectric effect)  !"�# �$%&'�� �(  .*. 1880  �+, �-'��	  .�/ '�0 '1�   .�/  23�,45& �367�82!           

 9�3� !"�� '�:9$;+<
��
������3
�10�:�82!��
+�����01$+=�&
>>?�@5%" '�08"=�&��$#�$"�367��?�";"�3
>>?�82!'�:9$;+<10=A�82!
��
+ 9�3� �/,+ (Cady, 1968) 
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 2. ��F#�G��/Z�\+�*F�+�4C��	
��

���������
�/��!�� (hydrostatic piezoelectric strain 
coefficient, dh)  !6*F4+D*F*�&F*C!1.�����&�"
��2.#�G��IJ0�*F*�!%)*�#'56�#$%����D.+�"2%
G+8����/42
�4 
 3.  ��F#�G��/Z�\+�*F�D*.T��C0
�/��!�� (hydrostatic piezoelectric voltage coefficient, gh) !6*F4
+D*F*�&F*C!1.�����&�"
��2.#�G��IJ0�*F*�!%)*�#'56�#$%�����;+�"2%
G+8����/42�4 
 4.   
�F	�7�%
0/*.
G+8���� (acoustic impedance, z ) !6*F4+D*'��6�+4C.��;�����*./42+�"2%
�+�"2
%/42AD*% (G5D�C���*���G�(�.&�"
�*��G/6
%���;-
.+�"2% 
  5.  +�*F	��% (porosity) /42�&F*G�F-
.����� +"
 10-50 % 
12.(G�
�+�6
.��;+D*+./42��
�����

���� ( dielectric constant ,εr)  -
.�*� ��C/�2��#+D*+./42��
���������(GF4+D*���.�F"2
+D*+�*F	��%
-
.�*�F4+D*F*�-1H% 
 6.  dh.gh ��4C��D* Figure  of  Merit (FoM) �#$%+D*/42;D.;
�#�G��/Z�N*	/�2��#-
.
/�*%�����

�05%���D*.K 

.*%��(�C%4H�%'(���4CF�*��	
��
�
�*F�� 2 5%��+"
 7;��4CF�/�/�%� (barium 
titanate, BaTiO3 ) 7�G �#����
4CF�/�/�%� (potassium titanate, KNbO3) ��C��Z4#<�����C*��.  
(solid state reaction)     �%"2
.(*��#$% �	
��
�
�*F��/42 �FDF4�G��2�  �#$%F�����;��2.7���6
F  
F*���D*������	
��
�
�*F��/42F4�G��2��#$%�D�%A�F  7�G%)*�*��	
��
�
�*F��/42���4CF��6F*'56�#$%
�D�%#�G�
;&���-
.�E����9%   ��C/�H.%4H (GF4�*�/��
;&*+D*/*.
�/��!��-
.�*�7�G
�E����9%  ��.��D*�-6*.�6% 
 
1.2  �	�����
���	� 

�*�T1�I*+�3�F;���7�G+�3���I3G-
.������	
��
�
�*F��/42�FDF4�G��2��#$%
�D�%#�G�
; �)*&��;�*�#�GC���0�#$%��6*.�#$%�E����9%   F4�*� �*C.*%��6'%.*%��(�C/42AD*%F*
��*;(%#k((�;�% ��.%4H   

Bao-Jin Chu 7�G+3G (Chu et. al., 2002) ���4CF�	
��

�����������C'56��Z4
#<�����C*��.  F4 BaTiO3  �#$%�D�%#�G�
;&���  7�GF4�*����F �
��4CF+*�0;
�%� (sodium 
carbonate, Na2CO3) �8���F�����/�2��#-
.�*�+"
 (1-x)Na1/2Bi1/2TiO3-xBaTiO3 ��C/42 x +"
#��F*3

�
��4CF+*�0;
�%�      	;�D*�F"2
 x  ≤  0.10  F4+D*+./42��
���������  
C8D'%5D�. 400-800 ��F#�G��/Z�\
�	
��

���������+�*F�+�4C� (piezoelectric strain coefficient, d)   �/D*��; 122 pC.N-1 +
##��.79�
��
�0'%7%��G%*; (planar coupling factor, kp) �/D*��; 0.29  7�G'%7%�+�*F&%* (thickness 
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coupling factor, kt) �/D*��; 0.40  (*�.*%��(�C%4H ��67��.'&6�&�%!1.;/;*/-
.������F�D*F4�D�%'%
�*�#��;#��.�F;����	
��

��������� '&6F4+�*F�&F*G�F�)*&��;�*�'56.*%/*.�6*%
����*�
%�� 

.*%
4�5�H%&%12./42��42C�-6
.��;;/;*/-
.������F+"
 �*C.*%-
. Xiaoxing Wang 
7�G+3G (Wang et. al., 2003) ��6���4CF�	
��
�
�*F����G�8�7;��4CF�/�/�%�+"
 (Bi0.52Na0.5) 

0.94Ba0.06TiO3 &�"
 BNBT ��C#<�����C*��. 	;�D*  BNBT /42F4�*����F�*��("
 0.4 �F��#
�0�
�%�0  F4 
d33  152 pC.N-1 +D*+
##��.79���
�07%�+�*F&%*F4+D* 0.34 +D*+./42��
����������/D*��; 652  


�3&N8F�+8�4 (Curiets Temperature, Tc)
2 +D
%-6*.�2)*+"
 280 °C  

 Zang 7�G+3G (Zang et. al., 2003) T1�I*��42C���;�."2
%�-7�.
��/42F4A��D
+�*F

	��%-
.�
�*F�� BaTiO3 	;�D* �F"2
'&67�.
��-%*� 1×103 MPa (GF4+D*+�*F	��%�8.!1. 25 % ��C
/42+�*F&%*7%D%(G7#�A�A�%��;+�*F	��% -3G/42 +D*+./42 ��
���������(GF4+D*���.�F"2
+D*+�*F
	��%F4+D*F*�-1H%�5D%��4C���%  
12.(G/)*'&6+D*��F#�G��/Z�\+�*F�D*.T��C0�	
��

����������8.-1H%  

 Bowen 7�G+3G    (Bowen et al.,2004) T1�I*+�*F	��%-
.�*��	
��

���������   
�)*&��;�*�%)*�##�GC���0'56��;�E����9%'%5D�.+�*F!42�2)*	;�D*�*��	
��

���������/42F4+�*F
	��%�8.(GF4+D* FoM �8.     7�G�&F*G/42(G�#$%�����;+�"2%��4C.+�*F!42�2)*   ��Z4�*�/42���DF��(�C%4H'56'%
�*�/)*'&6�*�F4+�*F	��%�8.   +"
'56�9F	
���F
�0A�F�-6*�#'%-�H%�
%�*����4CF�*��
�*F��  
7�G�)*(���9F	
���F
�0

�'%�G&�D*. �A*
�%��
�0 3 (sintering  process) /)*'&6�9F 	
���F
�0
�G�&��

��#  7�G/�H.5D
.�D*. (void) ��6'%�+�.��6*.         �8	��%-
.�*�/42��6(G
C8D'%�G��;
�F�+��F��7�G��G(*C�����%
CD*.�F2)*��F
  

(*��*�T1�I*-
. Huebner 7�G+3G (Huebner et al.,1994) '%��"2
.-
.-%*�
���%7�G�8	��% -
.�*��	
��
�
�*F�� ('%/42%4H+"
 ����

�0�+�%��/�/�%� lead zirconate 
titanate : PZT) 	;�D*��F	�%Z0��;�F;���/*.�99:*�� +"

�3&N8F�
�%��
�0 7�G���*'%�*��A*75D 
(soaking time)  !6*
�3&N8F�
�%��
�0�8.7�G�A*75D�#$%���*%*%/)*'&6-%*����%��-1H%  +D*��
�����
���� +D*+./42�	
��

��������� 7�G+D*�8,��4C/*.�99:*(G���. 

Smith  7�G+3G (Smith et al.,1991) �#$%���DF��(�C/42	�z%*/{I|47�G�F�*�/*.

�/��!�� '%/*.#<�;���  ���DF��(�C-
. Taunaumang 7�G Guy (Taunaumang and Guy,1994) T1�I*
�F;���
�/��!��-
.������	
��

���������/42�#$%�����+
F�	��/(composite)
12.#�G�
;�6�C�9� 

                                                   
2
   /42
�3&N8F��8.��D* 
�3&N8F�+8�4 �*��#�42C%(*��F;����9�0��
��������� (F4�	�*���
5�%'%����
.)�#�#$%	*�*
���������(�FDF4�	�*��

�
5�%) 
3
 ����L��#L"5� ��67�82!�3�+;��3/����M67�3�:��$" 
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���F
�07�G�9��
�*F���/+%�+��Z4/42A86��(�C���DF%4H	�z%*+"
�*�	�z%*�����+
F�	��/F*'56.*%�#$% 
/�*%�����0�

�0 

Hans Jaffe (U.S. Pat. No.  1952) ��6#��;#��./�*%�����

�0/*.�99:*��(*�7�D
���F/42F4���"
 Rochelle �#$%�D�%#�G�
; 
12.F4#k,&*'%�*�#�GC���0'56��;.*%'%%H)* 7�G/42/42F4
+�*F5"H%�8. �	�*G�D*���"
 Rochelle  �#$%�*�/42�G�*C%H)*��6 ��.%�H% Hans (1.&�%F*'56�*���
�����
����7/%  
12.�#$%�*�A�1���42C�/42�FD�FF*��  7�GF4�*�C"�&���6N*C'%�%*F�99:*  7�D�*�
�
;�%
.�D
�%*F�99:*%4HC�.F4+D*%6
C  7�G�FD��6�#$%�5�.��6%��;��,,*3
�%	��/*.�99:*��./42'&6  
7�D Hans ��+6%	;�D*�*���
���������/42F4�	�*���
5�2%(GF4�*��
;�%
./*.���#$%�5�.��6%��;
�%*F�99:*��G7����; 7�G��6/)*�������
���������#�G�N/�
�*F��/42F4�D�%#�G�
;&����#$%
7;��4CF�/�/�%� (BaTiO3) 
12.F4+D*
���*�D�%�G&�D*.+�*F�+6%�D
7�.��%�99:*/42'&6��;�*�/42F4+D*�8.   
F*/)*�#$%/�*%�����

�0/*.�99:*�� ��C(GF4���I3G�#$%7AD%�.��F+�6*C�&�4C,  7�GF4
-�H��99:*/42A��&%6*/�H.�
.-
.�*�   

Joseph  W.  Crownover (U.S. Pat. No.1958)   ��6/)*/�*%�����

�0#�G�N/�99:*
��/42�#$%�����G��6%  (*�������
�*F��#�G�N/
�������������/49 (electrostrictive)   
12.�#$%�����/42F4
�*�&�����F"2
'&67�.��%�99:*  �*�/42'56(G
C8D'%���DF7;��4CF (Ba) &�"
 �/�
%�/4CF (Sr)  ���G�%� 
(TiO3)  �*�/)*.*%-
./�*%�����

�0(G�#$%�*�/)*.*%�D�F��%�G&�D*.7AD%��&G��;�*���D..

-
.������
�*F���F"2
'&67�.��%�99:*��;�*��
�*F�� 
12.��Z4%4H�#$%�*�#��;#��.#�G��/Z�N*	-
.
�����G��6% (actuator) '%�*�#�GC���0F*'56.*%�#$%�F�+��9%  �)*�	.  �#$%�6%  ���I3G-
.
/�*%�����

�07AD%��&G;*.�#$%J*%�8#�.��F7�GF47AD%�
�*F���8#�.7&�%C1������;7AD%��&G
/42�#$%J*%�6�C (epoxide  resin) ��C/42-�H��99:*(G
C8D/42A��&%6*-
.�*� ��C�F"2
(D*C7�.��%�99:*
'&6��;�
�*F�� (GF4�*�&����'%7%���TF47�6��1.'&67AD%��&G/42�#$%J*%�����*���D..
 

Necsoiu 7�G+3G (Necsoiu et al.,1997) ��6F4�*C.*%�*�#�GC���0'56.*%�E���
�9% '%���I3G�D*.K ��C��6T1�I*�*��	
��

��������� 7�G+�*F��-
.5D�.+�*F!42�E����9%
�)*&��;+6%&*��"
�)*%H)*  

Ramesh 7�G+3G (Ramesh et al.,2005) ��6 T1�I*+�3�F;���-
.+�"2%
G+8����-
.
�*��	
��

���������/42F4+�*F&%*7%D%�8.    7�G-
.�*��	
��

���������/42F4+�*F	��%�8. ��C/)*
�*�-1H%�8#7;;7AD%7�G%)*F*/)*�#$%�E����9%  	;�D*�E����9%/42'56  �*��	
��

���������/42F4
+�*F	��%�8. (10-30%) �#$%�����;+�"2%
G+8������6�4'%5D�.+�*F!42+D
%-6*.��6*.+"
 10-100 KHz   
'%5D�.+�*F!42��4C���%%4H �E����9%/42'56     �*��	
��

���������+�*F&%*7%D%�8.  �#$%����D.+�"2%
��6�4  
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Hunter et al.1984; (  Matsubara et al.,1994)    �*C.*%�*�+6%+�6*'%/)*%
. 
��42C���;�*�'56�E����9%'%�*����(�*�����7AD%��%�&�7�G/)*�*���6*.N*	��C/)*�*���;
��,,*3/42�G/6
%���;(*�	"H%��%F*7#�.��,,*3'%�*���6*.N*	 �	"2
T1�I*���I3G-
.N8�-*�9
'�6%H)*   

�)*&��;�*C.*%�*�+6%+�6*-
. �#����
4CF�%�
�;� /42��42C�-6
.��;�E����9% F4
�	4C.����%6
C �D�%'&,D�#$%��"2
.��42C���;�*�T1�I*!1.A�-
.�."2
%�-/42'56'%�*�7+��
%0/42F4A��D

�*������9�7�G-%*�-
.
%�N*+-
.A. ( Na1-xKx)NbO3 ��C��Z4�!*%G-
.7-�. 7;;A�F

��
�0 
��CF4�*���H.�6%+"
 K2CO3,Na2CO3,Nb2O5  A�(*��*�/��
.	;�D* 
�3&N8F�/42'56'%�*�7+��
%0/42
F4A��D
	{�����F�*������9�-
.�*����
CD*.��C/42
�3&N8F���H.7�D 900 OC  -1H%�#�*����
CD*.����
�*�9
�0F-
.A�1���6
CD*.�F;8�30 '%-3G/42���*7�G����D�%-
. (Na:K) �FDF4A��D
�*������9�

CD*.5���(% �)*&��;-%*�7�G�8#�D*.-
.
%�N*+	;�D* �F"2

�3&N8F�7�G���*�	�2F-1H% -%*�
%�N*+F4
7%��%6F��-1H%��C-%*�/42��/42���F4+D*�/D*��; 0.32  +  0.11 mµ  �8#�D*.F4���I3G�#$%�8#/�.
�42�&�42CFF*�-1H% %
�(*�%4HC�.	;�D*����D�%-
. (Na:K) ��F4A��D
�8#�D*.-
.
%�N*+�5D%��4C���% 
 
1.3  ��������������� ����	� 

1.3.1 �	"2
���4CF�*��	
��
�
�*F��'&6F4+�*F	��%10-30 %  /42�FDF4�G��2��#$%�D�%#�G�
;
�%
��67�D KNbO3 7�G BaTiO3 

1.3.2 T1�I*�F;���
�/��!��-
.�*� 
1.3.3 	�z%*�*��#$%�E����9%�)*&��;'56.*%'%%H)*     /��
;�*�/)*.*%'%��2.7���6
F

()*�
.   ��C
*T�C�.(�
�����/�
%��/42�&F*G�F  


