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18. ��������	
��
�������������� lead-free bismuth sodium lanthanum titanate-

barium titanate �����
� morphotropic 

 

��	����� 

 ��������	
���
������������������������������� morphotropic (MPB) ��
!��	


��"��"�����#$%���$!�&	���!�&!��	$�'*��+!���,������+��%�� Bi0.487Na0.487La0.017 TiO3 

(BNLT) ��- BaTiO3 (BT) +�/����������#�&!��	�� BNLT ��- BT �-29�����
%�
��	� ��/

!'��:9%�������"�
+�; 900 ��- 1200
o
C ��%����	� ����	��$���	��$!�>�������-29�#$%

��%�	����
!	���$��� X=0.00, 0.02, 0.04, 0.06, 0.08 ��- 0.1 ����	��
�����
A#���&	���!�

&!����!	�&	���9A ��-�#�+����!�;��/!'��:9%���/��������	� �*D/!���
��>��������/%�"��%���������/

����/$'�:�
�����D/!�
&��/��%�-$% +�/�*����������% BT %��-$��#���!���
	�
	�������&!�����

�� BNLT-BT �+��%�� !���	��
	�$��#���!����*�/%&���&!�"��"���/
�!���,�����&!��+��%�� "��

$	%A�-$��F�G*��+!���,�����
��29��������*�/%&���
A��/ 130 pC/N ��>�������+��%�� 0.96BNLT-

0.04BT ��/#������+����!�;��/!'��:9%� 1125
o
C +�/�%�"��%�AI�
A
����������%��>�����	$�'*�

�+!���,�������/%��-�	/��AI�!�";A�-�!� 

 

����� 

 ��!���
��%����������*D/!"�����	$�'��/$�%��2�>�������	$�'*��+!���,�������/%��-�	/�

�AI�!�";A�-�!� �	�!
����>�� (Pb,Zr)TiO3 (PZT), PbTiO3 (PT) ��- Pb(Mg1/3Nb2/3)O3 

(PMN), ��D/!�����	$�'��������$��#���-����!$�/������!% ���/����	$�'��/
���	�"��%$����AI�

!
���%���	��"D! Bi0.5Na0.5TiO3 (BNT) +�/�29�"��*���
 Smolenskii [1] +�/��AI��	$�'��/$%�	��


�!���,����� ��-*��+!���,�������/�� ��
%��"��$����#����AI��!%��J��!� %�!'��:9%�"9����/

A�-%�� 320
o
C Pr ��/ 38 �C/cm

2
 ��- Ec ��/ 73kV/cm ��-%�!'��:9%�����A��/
��Q$����&�����/

!'��:9%� 200
o
C +�/��>D/!���%�����A��/
��"��$��������Q�;��!���,�������/%��"��$����#����AI��!%

��J��!�
A
	��!����Q�;��!���,����� ��/%��"��$����#����AI� "�����+�/����������	���������
���� 

Tc [2,3] 

 !
���
��,��% Bi !�!!��-��

A!
��������,���/!'��:9%�$9����� 1130
o
C &�-������

�#�+����!�; +�/����'#��	������$��#��������	$�'�	�������AI��	$�'��/
����!����*���/� !���	��
	�%�

"��������
QQR���/$9�[4] +�/�������������AUW���	��������/
���	�"��%��
%�AI�!
���%��"D!���

A�	�A�'��������"��$����#������
������%A�-�'��/�������� A-site ��- B-site �	�!
����>��

�-��&!��+��%����$���-��
&!��&,� (Bi0.5Na0.5)(1-1.5x)LaxTiO3  (BNLT)[5], BNT-BT[6], 

BNT-KN[7], BNT-Ba(Ti,Zr)O3[8]  $%�	��*��+!���,�����&!��+��%��
��%�������	
��-29�
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A�	�A�'�%�!
�����!��D/!� �%D/!��,�^��� Pengpat[9] 
����
���#���������2���-����/%�"��%

���$��� ��
A�-�!�
A���
 2 ���"�����
�	� 1.������% rare earth !	�
����� La
3+

 +�/�%�

����������
 Harabut ��- Safari[5]  ��- 2. $��#$%�-����� BNT-BT +�/��������������
 

Takenaka ��-"�-[6] ������&!����#����-����%�&!� (1-y)(Bi0.5Na0.5)(1-1.5x)LaxTiO3 

(BNLT)-yBaTiO3 (BT) ��
��/ x=0.017 ��- y=0, 0.06, 0.1, 0.15, 0.2 +�/�*����
��"�� d33 ��/

%����/$'�!
9���/ 112 pC/N +�/�$�%��2����
%
����/ y=0.15 +�/�
	�
%��>��'� MPB ����'� MPB ��/

��%�-$%�-!
9���/ y=0.1 +�/�
����
���
����������	
j�	�������� ��
�������� MPB ���%�"��%

�������������-��&!� (1-x)BNT-xBT ��/
����
�����
 Takannaka +�/�
��*���������&!� 

MPB ��/�������
A ��
%�"��!
9���/ x=0.06 �!�����	������
	�*�����AI����
����/�-������

>������%�"��%�&���	�&!���D�!$�� ��-!�";A�-�!���%�&!�������% BT ���-��&!� BNLT-BT 

�	��
%�$%�9��;�*�
�*!��/�-�>��� MPB &!��-�� +�/��AI����
��������A��
����
�#�&!�

������	
��!�������� 

 ��������	
������
��������������-��&!� (1-x)BNLT-BT ���
��"��"����	�����% ��


�������A��/
��A��A��%�� x ��/�����	� MPB &!��-�� BNLT-BT (��/ 6mol% &!� BT) ��-

��D! 1.7mol% La
3+

 +�/��-���������% BT �&��
A���'���/��%�-$%&!��-�� +�/�$%�	�����

��
:�*, $%�	��
�!���,����� ��-$%�	��*��+!���,�����&!��+��%�� BNLT-BT 
��29�

�������������������	
��� �"��$��������'�:�"&!��+��%�����-��
��29�����$!� ��-

�������������-�A��
����
��	�������	
��!�������� 

 

�������� 

 #�&!� Bi2O3, Na2CO3, La2O3, TiO2 ��- BaCO3 
��29����%��>��AI�$���	����������

����
% BNLT-BT ��/ x=0, 0.02, 0.04, 0.06, 0.08 ��- 1.0 ��

��������"�������->	/���%

!�";A�-�!�&!� BNLT ��- BT ��-29���#$%��&����$����� 24h ����	�����

$��A�-�!��	��&!� BNLT ��- BT ��/
��%��#��"�
+�;��/!'��:9%� 900 ��- 1200
o
C 

��%����	� +�/�!'��:9%���/��%�-$%������"�
+�; ��/�-�>������#���#���/%�"��%���$'�F�G$9�&!�

�	�� 2 �Q$ #��	��$!�
��29����%�#$%�	���%$%�����/�����%�����D�!�������
��"��" ball-

milling ��� 24h ��
�>� acetone �AI�$��>��
��-��
�	� ����	��������&����9A�AI�

�����-�!��$��#����9�
;���� 15 %�����%�� ���
���!	�������������
� ����	��>������
��

29��������#�+����!�;��/>���&!�!'��:9%� 1050 ��- 1150
o
C ���
���
QQR������
����A��� 

:�
�����D/!�
&&!�����*�/%&���&!�!'��:9%� ��-��!'��:9%���/ 5
o
C/���� ��-�#��>���/ 2 >	/��%� 

��&	���!�&!�������"��-�;�Q$!�";A�-�!� ��-"��%�������&!�>�������+��%��:�
��	�

����#�+����!�; 
������������$!����
�"�D/!� XRD Archimedes method ��-�>� SEM ��

�������$!��"��$��������'�:�"&!��+��%�� &���&!�����
������������$!����
��F� 
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liner intercept *D��#���	�� 2 ����&!�>������
��29�&	� ��-���&	�����
$���-��
�����*D/!�>��AI�&	��

���
QQR����>������ �������
%>�������+��%���	�����
����
��� poled �� silicone oil ��/

!'��:9%� 50
o
C ���
"��%2�/ 3.0 kV/mm ��� 15 ���� >������
��29���,�
����/!'��:9%���!���� 

24 >	/��%�:�
��	���� pole ����	�$%�	��*��+!���,�����
��29�����$!����
�"�D/!� d33 %���!�; 

"��"���/
�!���,�����&!�>������
��29�����$!���/"��%2�/ 1kHz, 10kHz ��- 100kHz  

 

����������!�"���#�$	��"%& 

 
�9A��/ 1  �$��#������������
�	�$��!�+;&!��+��%��  (1-x)BNLT-xBT �%D/! x = 0.0-0.10 

 

 �9A����������
����&!��	�$��!�+;&!�>��������/%�"��%�������$9�&!��-�� BNLT-

BT 
��29��$�����9A��/ 1 �$�������,�2���	���-&!�*�"��
��%&!� BNT +�/�%��9A������

����
��������	� JCPDS file No 34-0360 ��
%��"��$�����AI��!%��J���!� �!�����	������

*����������% BT ��/A��%�� x>0.04 $��#����������� split &!�*�" 200 
A
	� (002) ��- 

(200) +�/���� split ���$�%��2*�
����/ x=0.06 ��-$�%��2*�
���%D/!������&
�
�9A������

����
����&!��	�$��!�+;��/%'% 44 ��-48 !��� �	��$�����9A��/ 2 +�/��AI�����A��/
��"��$����

����!%��J���!�%��AI�����-���!� !���	�� MPB &!��-��!
9���/ x=0.04 ��-0.06 +�/����

�*�/%&���&!� BT ���-���-������*��"��$��������-���!����-���*�/%%��&��� 
��%�������	
��/

#���%���
������ MPB &!��-�� BNT-BT �-!
9���/ x=0.06[6]  $����	���������	
���
��������

��D! La
3+

 �&�����-�� BNT-BT +�/�����������$!� XRD 
%�*�����A��/
��A��&!��������� 

MPB �	�������D/!���� La
3+

 %�&�����/
%�������� Bi
3+
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�9A��/ 2  �$��#������������
�	�$��!�+;&!��+��%��  (1-x)BNLT-xBT �%D/! x = 0.0-0.10 ��


���������"��-�;��/%'%�-����� 44
}
 2�� 48

}
 

 

 ������"��-�;�"��$��������'�:�"&!��+��%�� ��
����������$!����
 SEM +�/�

�$�������,����9A��/ 3 *����>��������/%�"��%�������$9��	���-%��9*�'���/�/�� ��-������% BT 

�&��
A���-���-$��#���!&��� ��-�����&!����� +�/���
��%����%�&�����
�j��/
��/����

��%����*�/%&���&!� BT +�/��������&!���������-�������"��%�������&!��	�%�
!!!�&!� 

Ba
2+

 ��- Bi
3+

  ��
 Ba
2+

  �-��!�������      

 
�9A��/ 3  �$��:�* SEM &!� (a) BNT ��- (1-x)BNLT-xBT �+��%��, �%D/! (b) x=0.02 (f) 

x=0.10 
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 $����	�&	���!�&!��������$!� "�����
�!���,�������/!'��:9%���!� (�9A��/ 4) *���� 

������ BT ��/����������$!�*��������*�/%&!� BT ����������$%�	����/����/$'���/ x =0.06 !���	��

������% BT �&��
A
	�$��#���!"��"���/
�!���,�������
%�"����/�*�/%&�����2��A��%��&!� BT ��/ 

x=0.10 +�/�����*�/%&���&!�"��"���/
�!���,�������/ x=0.02 (�"��$�����!%��J���!�) 
A
	� 

x=0.06 (�"��$�����!%��J���!���-����-���!�) !���AI����!
9����%�	���/�'� MPB &!��	��

$!��"��$���� �����/���D!�'� MPB &���
A &���&!����� ��-"��%�������$��#���/$��"	W��!

���"��"'%"��"���/
�!���,�����&!��+��%�� ��
��/�%D/!"��&!�"��%������� ��-&���&!�

�������-�� BNLT-BT �-�A��/
��A����%����*�/%&���&!�A��%�� BT �$��&��
A�	��$����

�������/ 1 +�/�������%�	�������-$�%��2����������$!�
�����'�"��%2�/ �!�����	������

*����"�����$9W�$�

�!���,�����%�"���*�/%&�����/A��%�� BT $9����� x=0.04 !���	���%D/!�*�/%

A��%�� BT ���$9����� x=0.04 "�����$9W�$�
�-%�"��$9�&���!
���>	���� +�/��AI�#�%�������

����&!�"��"��%������� ��D/!�%��������*�/%&���&!��9*�'� ��/A��%�� BT $9����� x=0.04 

 
�9A��/ 4  �$��"��"���/
�!���,����� ��-"�� tan� ��/!'��:9%���!�$	%*	�F;�	�A��%�� x ���+��%�� 

(1-x)BNLT-xBT  

 

�������/ 1  �$��"��"��%������� &������� "��"���/
�!���,�������-"��$	%A�-$��F�G*��+ 

!���,�����&!��+��%�� (1-x)BNLT-xBT ��
�	���/!'��:9%���!� 

 



161 

�

 �������$!�"��"���/
�!���,������	�!'��:9%�&!��+��%�����-�� BNLT-BT �$�����

��,����9A��/ 5 �������&!�!'��:9%� Tc �-$�%��2����$!�
�����>'�������!���/���������% 

BT ��
�	/�
A����"�� Tc ��/�/�� (A�-%�� 130
o
C +�/��%D/!���
��	� BNLT +�/�%�"�� Tc A�-%�� 

340
o
C) +�/�
��29���
���
�������������!��������[6]  !���	��"�����$9W�$�

�!���,�����&!� 

�+��%��
	�%�"����/�����/��������$���&!��+��%�� BNLT ��/
%����������% ��D/!�%���� BNLT-BT 

%�"��$:�*������
QQR���/�/����/!'��:9%�$9� ($9����� 90
o
C) ��
���/$��"	W&!�������
!!!���

�+��%���	�������������"�D/!���/&!�
!!!�+�/��AI��	����*���-�$����"�D/!���/ +�/��AI���/����

�	���!
9�������� alkali ion �AI��	����*���-�$��/��/�����+��%�� �����-�	��
!!!�
	��AI�$�����/

$��"	W���������������
QQR����+��%�� BNLT +�/� Na
+
 
!!!��� BNLT �-��������"�D/!���/


�����
�%D/!%�����*�/%&���&!�!'��:9%� ��������% BT �&��
A���-���	�� Ba
2+

 +�/�%�&�����W� 

(156 pm) �-
A�����/���������� A-site &!� BNLT +�/��-$��#������
A&	�&���A��%��&!� 

Na
+
 +�/��AI��	����*���-�$ +�/��-$��#�
A��$:�*������
QQR�&!��+��%�� BNLT-BT +�/��-

&���!
9��	�!'��:9%����
 ��
�%D/!%�����*�/%!'��:9%����$9����� Tc $:�*������
QQR� ��D! "�����

$9W�$�

�!���,������-�*�/%$9�&���+�/��AI�#�%��������A��/
��A���"��$�����������-���!�


A�AI�"�������/!'��:9%�"9�� 

 
�9A��/ 5  �$��"��%$	%*	�F;�-�����"��"���/
�!���,�������-"��  tan� �%D/!���
��	�!'��:9%�

$����	��+��%�� (1-x)BNLT-xBT ��
�	���/"��%2�/ 1 kHz 

 

 "��$	%A�-$��F�G*��+!���,����� d33 29�����$!����
�"�D/!� d33 meter �������/ 2 �$��

�����,����A��%�� BT $��#���!!
���>	������
"�� d33 ��/A��%�� x=0.04 %�����*�/%&�����/$9� ��


%�"�� d33 $9�$'���/ 130 pC/N ����%D/!%�����*�/%&���&!��"��$���� tetragonal ��/$9�&����-*����"�� 

d33 �-���/����%�!
9���/ 32 pC/N ��>'�������!���/ x=0.1 +�/��AI�#�%�����������&!�"��%

��������%D/!�*�/%A��%�� BT ���$9�&��� 
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 �������/ 2 �$�������,�2��$%�	����/$��"	W&!� BNLT ��- BNLT-BT ��/����
%
�����

������	
�A��
����
��	�������	
��!�������� +�/��$�������,�2������*�/%&���&!�"�� d33 &!� 

BNLT�+��%�� +�/�
��"�� d33 $9���/$'���/ 130 pC/N ��/�'� MPB x=0.04 (0.96BNLT-0.04BT) ��


*����%�"��$9��������-�� BNT-BT ��/%�"��!
9���/ 125 pC/N[3] 

 

�������/ 2  �$��"��"���/
�!���,����� ��- tan� "��$	%A�-$��F�G*��+!���,������	���/!'��:9%���!�

��
�������A��
����
��	�������	
&!���'�%!D/� 

 

 
 

��
'�����#���� 

 $%�	��
�!���,����� ��-*��+!���,�����&!��+��%�����-�� (1-x)BNLT-xBT 
��29����

�������$!� ��
*����$�%��2������A�	�A�'�"��$	%A�-$��F�G*��+!���,����� d33 ���%�!
9���/ 

130 pC/N ��>'�������!���/ 0.96BNLT-0.04BT ��-*��������*�/%A��%�� BT �-$��#�������

"��"���/
�!���,�����%�"��$9�&��� &�-��/!'��:9%� Tc %�"���������
 
�/�
A�����	��������% BT >��


��"�����$9W�$�

�!���,�����&!��+��%����/!'��:9%�$9�&��� 

 

$������������ 
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19. ����������	
���
����	����������	�����������
���
��������	��!�"�������
��	���������������#$��������#$��
�%������"����

	�� 
 

��$����� 
�������	
��
����

��������������������
�	����������� �!��"#���	��	�$	%�
�

���	���&��!"" (Pb0.90Ba0.10)ZrO3�����()�����	� ""�%
�
������ (�����������	���&�
�!""(Pb0.90Ba0.10)ZrO3 ������*�
��

����� ""�#+����� ,	��#+��-	�	��������

�����
����������&�
����	�����
��	��
	 )�����&�����	. 1, 3, 5  �! 10  ��
����2���(��
�+-	4�#� (���	�������� �!�	������������
����	���&��!""(Pb0.90Ba0.10)ZrO3 ���,�
"
���������)��)�	����+���"��
��#����
2��� �!��)��)���)�	!4��	�)�	���
�(Thermal 

Analysis) ,	�
��	����
� ���&4��42���	�	��������

���������������
���
�	��������
���,	� 
�������(�
���2���������7��������(�
���2����� 
��	����2�	� ���%"��	�	�������� 


���������������
���

8.4$9���	�����������,	�����(�
���2���������7����%	�	
���2����� 
 

���&� 

 &��: ).�.1950  Roberts ���)��%"���	���&��!"" (Pb1-xBax)ZrO3, (PBZ) [1] ��
�	
�#���,#�4�	���
4�	���	����&4�)�	���&,����	��"#���
����	���&��!"" PBZ (���=%	!

��	����� �	������������
����	���&��!""��+[1-7]  Shirane[3]  �2��7��#���,#�&�
#��#"���>
��
)�4�������
*�"	��	�����������,	� 
�������(�
���2���������7��������(�
���2����� (AFE � 

FE) �
����	���&��!"" PBZ �����
�)���!�
"�
� x � 0.05 ,	��	����,�
"��� 
��� 
����(�
���2����� �!�������(�
���2�����%"��	��()�����	���7� ""

(*�
�"�� �!�
�(" 
?���
��	��-	�#"  �!�#����	��	���	�	�����������,	� 
�������(�
���2���������7���� 
����(�
���2�������
&4������	��%�������	��
��	��	� ���������	�#+�)�	���
��	�&@���	����A	
&��	��4������-	&4� �����	�����������,	� 
������� (�
� ��2���������7��������(� 

���2������#���)�	��
����	���	���&��!"" PbZrO3 (PZ) )�
���	��	� �����4�8��+,����
&4�����
)�	���&,��
���	���&��!"" PBZ &��	�&@��	���7�
8���.� 
)@9�
��
��[8] 

 %"��	��8���#���,#�"	���8�� ����	��	�
��	�����������,	���� 
�������(�
���2�����
����7��������(�
���2����� ����	�

���[4-8]  �#���,#�"	�)�[4,6] ���%"4�#�E	��	��������
��� 
�������(�
���2���������7��������(�
���2����� &��.!���"	��	��	� ����	��������
���,	� 
�������(�
���2���������7��������(�
���2�����(������#�%#�*��#"�	�����������,	�
����(�
���2���������7���� 
�������(�
���2�������F�
��2��#���[2] (�����
 �!��	��!"���	�
�������%F�
&4����
� PBZ �#+�
	,,!�-	)#H��

��*�%��	�������� �!�	�����������[7]  �J,,#�
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�

�-	)#H���%�,	�.	��	��	,!��
���!�")F
�	��9H�������

�������F�
�,	��	��!�4��!4��	�
��!"���	����
8.4$9���9� [7] �#��#+�&��	���+,������-	�	�����	����	.���

����������
���

�	����������� �!��"#���
����	���&��!"" (Pb0.90Ba0.10)ZrO3 (PBZ10) 

 

��'�	������� 

 �-	�	��#+������� ��
� PbO, ZrO3  �! BaCO3 ��@#�� �!
��&4����	�#������9�"���
��
()���� ,	��#+��-	&4� 4�� �!)#���	� ��
��-	���
	 )��������
8.4$9�� 800 
��	�������� 
��7����	 6 @#��(�� ���

�������������,!������&�
����	�����
��	��
	 )�����&�����	. 
1, 3, 5  �! 10  ��
����2���(���+-	4�#� 
����
�	��	� )�����,!�-	��"�
���#"�	�����4�����
)�	�������� 1 ��
����2���(���+-	4�#� ,	��#+��-	&4� 4�� �!)#���	�
��)�#+���
��-	����+��9�
��7���2������	�
#� ""4�	�����	����)�	��#����	�#� ����
	�����
�����
8.4$9�� 1325 
��	
�������� ��7����	 6 @#��(�� &�L���
!�9���	 �%F�
���	��9H�������,	��	��!�4� ,��&@�
� PZ 

��7�
���" �	����,�
"�M������	�!4��	�

������
��	��#+����&@���)��) Thermo-
gravimetry (TG)  �! Differential thermal analysis (DTA) �	��#��	���	��#��	�)�	���
�
�
����	����#�
��	�&@��)�F�
� dilatometer ����
8.4$9��&��	������������!"8���,	��)�F�
� 
differential scanning calorimeter (DSC) ��)��)���)�	!4��	�)�	���
��8���)��)&@�
#��	�	�
�
	��� 10 
��	����������
�	�� 
 

��	������� 

  
�9���� 1  �������()�� TG  �! DTA �
��	�
��,	�
� PbO, ZrO3  �! BaCO3   
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,	��9���� 1  �������()�� TG  �! DTA �
��	�
��,	�
� PbO, ZrO3  �! BaCO3 
&�
#��	���� PbO: ZrO3 : BaCO3 = 1:1:1  ����()�� TG  ���,8��	��9H�����+-	4�#� 3 ,8����
��	��&, )F
 . 
8.4$9����-	���	 800 
��	�������� ,8��9H�����+-	4�#�,8� ������ . 
8.4$9��
��-	���	 150 
��	�������� ������7�
�,	��	��!�4��
��+-	 ,8�����
������!4��	�
8.4$9�� 270-
350 
��	�������� �#�%#�*��#"�	��,#��	�
�����������4�F

�9�,	���!"���	�"���
� ,8�
�8���	����� . 
8.4$9���9����	 700 
��	�������� �#�%#�*��#"�	������M������	 ""�L	�!
�
� �2��!4��	��	��#+���� ,	���
�9��4��	��+ ,����F
�
8.4$9�� 850 
��	�������� �-	4�#"�	�
�
	 )������%F�
&4� ��&,��	,!�����M������	 ""�L	�!�
� �2�
��	���"9�.� 

 
�9���� 2  ����9� ""�	����+���"��
��#����
2����
����	��� PBZ10 ���
�	��	��
	�����
��(��
���� PbO ����
#��	������	�>  
 

�9���� 2  ����9� ""�	����+���"��
��#����
2����
�@�+��#�
��	����
�	��	��
	�����
�� 
,!�42������	�8�@���
�)���!�
"��	�M���"���8�*�N�
� PBZ �����()�����	� ""�%
�
������  
�
�,	��#+� ���,	��	��#����8
#��	����)�	������
�,8��9��8� 004 ��
 240 (,	�
��	�
���)�	!4��#����
2���) �#�L9�&@���7��#�"��@�+)8.$	%�
��#������#�%#�*��!4��	����

(*�
�"�� 
(AFE)  �!����
�("?���
� (FE) (���#����%"��	
#��	������+������F�
�%�������	.�
����
�
�("?���
������
�9�[8]  &��	���,#���+ 
#��	����)�	������
�,8��9��8� 004 ��
 240 �%�����+�
��F�
�%�������	.���

�������������,�L�� 1 ��
����2���(���+-	4�#� L�	�%�������	.���

�
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�

������������&4��9����	��+ 
#��	����)�	������
�,8��9��8� 004 ��
 240 ,!����
��	���
��F�
� 
�#� ���&��	�	���� 1 
��	����
�@�+&4��42���	���

(*�
�"��,!������+��	�&��	��#�
��	����
������	.���

������������� 1 ��
����2���(���+-	4�#� 
��	�4	)�	)���� ����� �!����	��
�
������4���� �
��	� PBZ10 4	���,	���)��) least square refinement ��� ���&��	�	�
��� 1 ����	���
������4�����%�����+���2���
���F�
�%�������	.���

�������������,�L�� 1 
��
����2���(���+-	4�#� L�	�%�������	.���

�������������&4��9����	��+ ����	���
������4����
,!���� 

 

�	�	���� 1   ���)�	
#��	����)�	������
�%�)�#����
P���  004/240 peak, )�	)���� �����  �!
��	��
� unit cell, )�	�4�	 ���  �!
8.4$9���	���������L	�!�
����	���������� PbO 

��������	.��	�> 
 

 

 

 

 

 

 

 

 
�9���� 3  ����	��#��	���	��#��
�@�+��	��#�
��	� . 
8.4$9�������	�> �#��
����	��� 
PBZ10 ���
�	��	��
	�����
�� �!�������� PbO 
#��	������	�>  
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 �	��#��	���	��#��
�@�+��	��#�
��	� . 
8.4$9�������	�>��#� �#�,!&@�&��	�
)-	��.4	�	�������� �������
� PZ[12-13]   ��	��	���	��#��	�)�	���
��
� PBZ10 
�������	.���

���������������	�> ���&�$	%��� 3 ����()����������
��F�
��	�	�L&4��4�8
���	
��7��	����������� 
�������(�
���2���������7��������(�
���2����� ��F�

8.4$9���%����9���+�
[3,12]  
��	����2�	� )�	�
�������
��	����������� 
�������(�
���2���������7��������(� 

���2���������	�	�L�#������� ��F�
�,	���
,-	�#��
��)�F�
� dilatometer 

 
�9���� 4  ���
� DSC �
����	��� PBZ10 ����������� PbO 
#��	������	�> 

 


� DSC �
� PBZ10 �������	.���

���������������	�> ���&�$	%��� 4 ,!%"
,8��9��8���� ����	��#� 2 ,8� ,8��9��8��
�
8.4$9�������-	���	��2���	,8��9��8��
�
8.4$9������9����	

��	��42����@#� ,8��9��8��4��	��������
��#"�	����������� 
�������(�
���2���������7��������
(�
���2�����  �!����������,	�����(�
���2���������7����%	�	
���2����� �	��-	�#" �	�
���������� 
�������(�
���2���������7��������(�
���2�����  �!����������,	�����(�
���2� 
��������7����%	�	
���2������#� ���&��	�	���� 1 


8.4$9���	�����������,	�����(�
���2���������7����%	�	
���2��������������	��
�
 ��(������@#��,� 
��	����2�	� %"��	
8.4$9���	�����������,	�����(�
���2���������7����
%	�	
���2�����
�9�&�@��� 194-197 
��	�������� �
�,	��#+� ���
8.4$9���	�����������,	�
��� 
�������(�
���2���������7��������(�
���2����� �%�����+���F�
�%�������	.�
����

�����
,�L�� 1 ��
����2���(���+-	4�#� ,	��#+�
8.4$9��,!������F�
����	.�
����

��������� 1 
��
����2���(���+-	4�#� 
��	����
���+�
�)��
��#"
�,	��9� ""�	����+���"��
��#����
2��� 
����@�+&4��42���	 �	����������� 
�������(�
���2���������7��������(�
���2������
"��
���

����


�&�
�)���!�
"�
��	� (�� Scott  �! Burns �	��	���	@���
8.4$9���
��������
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(�
���2�����&��	� PbZrO3 ��+�
�9��#"����	. stoichiometry[14]  %����	�#�%"��	@���
8.4$9��
�����
�����8��
��������(�
���2�����������+�&��#�
��	������
�)���!�
" stoichiometry  ""���� 
&��	�����	��+ 
�,	��	�������� ����
� defect 
	,��7��4�8&4�
8.4$9���	�����������
��������� 

 

�(���	������� 

,	��	����������	��� PBZ10  ������*�
��

����� ""�#+����� (���������

�����
����������&�����	.��� ����	��#� %"��	�	��#�
��	����������	.���

������������� 1 
��
����2���(���+-	4�#� ,!&4�)�	
8.4$9���	�����������,	� 
�������(�
���2���������7����
����(�
���2������9�����8� 
��	����2�	� ���%"��	�	��������

���������������
���

8.4$9��
,	�����(�
���2���������7����%	�	
���2����� ,	�
��	����
���+@�+&4��42���	 �	�����������
 
�������(�
���2���������7��������(�
���2�������+��#"
�,	��	�������� ����
� defect 

 
��	
���%����� 
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20. 	���	����
���$()
��������
��*����������	 lead-free bismuth sodium 

titanate-potassium niobate  

 
��$����� 

 %�(�
���2��������	�������	��!�#��&��!"" (1-x)(Bi0.5Na0.5)TiO3-xKNbO3: (1-x)BNT-

xKN ���L9��-	�	�������������)��) ""�
��#+��
� &�@���
�)���!�
"��� x=0.0 L�� 1.0 ,	�
�	����,�
")8.��"#��%"��	��F�
������	.�
� KN �9����	 50mol% ��+��� ,!��
��-	&4��	�
@�+��	������������� (��)�	�4�	 ��������-	)  �!����"#���	��	�$	%������� 
��	����)�	!4�
���� XRD %"��	���	��� BNT-KN ����&4H� ��!�
"�������
�)���!�
"�
� ferroelectric 

perovskite ������7��	�����#��!4��	�()�����	� rhombohedral  �!()�����	� orthorhombic 

�	���,#�%"��	)�	)������
���2��������
8.4$9��4�
� (�r) ��)�	�9���+���F�
�-	�	��%�������	.�
� KN 


���#+��#�%"��	)�	�#���!���*�N%�(�
���2����� (d33) ��)�	�9��8���� 170 pC/N &�@8��	����
���� 
0.9BNT-0.1KN )�	�()���� (diffuse transition) �
��
�%�)�
�)�	)������
���2�����,!��
�#��.!���@#��,���+���F�
�-	�	��%�������	.�
� KN &4��9���+�  �!�#�%"
����	&�@8��	����
�
��� 0.7BNT-0.3KN ��)�	�()��������	��	�@������	��
�
8.4$9�� ����,	�
��#����	�,!��)�	�
��7����������	�	�L%#Q�	��7��#���2"��!,8����	��!�#����� 
 

���&� 

 ��7������	"�#�����	���	��� PZT ��7��#��8%�(�
���2����������)�	��-	)#H  �!&@��#�
��	�
 %��4�	�&��8� ��� 
��	����2�	�

������
��!�#�������7�
�)���!�
"�-	)#H&����	��� 
PZT ��7��	�4�84��������-	&4�������%���#"���� ����
� (��������+�&��!4��	��#+��
��
��	�

��� �!&@��	� ��%���������,	�

������
��!�#����7��4�8
�����-	&4����	�����	  �!)��4	
�#��8%�(�
���2��������	������,!�	�	�L�-	�	&@��� �����	��� PZT ���&�
�	)� 4����&��#��8
�����)�	���	��&,���,!�-	�	&@���7��	�%�(�
���2��������	�������#+�)F
 BNT  �! KN ������
()�����	���7� perovskite 

 BNT L9�)��%"(�� Smolensky  �!).! [1] �����@F�
��	��7�4����&���8���
�%�(� 

���2���������	��!�#�� (����()�����	�
�����7� rhombohedral ���
8.4$9��4�
�  �!���������7� 
tetragonal ���
8.4$9�� 200o

C (�������,	� ferroelectric ��7� antiferroelectric (Tp) ���� 
rhombohedral ferroelectric ���������7� antiferroelectric tetragonal) 
���#+��� Tc 
�9���� 320

o
C 

�������
8.4$9����+,!���	��������()�����	�,	� antiferroelectric tetragonal ����7� paraelectric 

cubic[2-4]  ���
8.4$9��4�
� BNT ����"#����7� ferroelectric ������)�	 remament polarization 

(Pr)  �! coercive field (Ec) �����!�	. 38 μC/cm
2
  �! 73 kV/cm[5]  
��	����2�	� BNT �-	
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�

�	�(%���������	���F�
�,	����	��9H�����
���! �$	�&�����	�  ����!�#+�������	���#"��8�
��"#���#+�&���	��
�
�)���!�
"��	�> �%F�
���,!�-	�	���#"��8�&4��	�	�L(%����������	���+� �!
%#Q�	��"#���	����A	&4�����+� (������&4H� ���,!�-	�	� �����&��-	 4��� A-site  �! B-site 

�
� BNT �	���,#���
�4��	��+����-	�	��,F
 La ���	��&�()�����	��
� BNT (�� Herabut  �! 
Safari[6] BNT-KN ���	���[5]  BNT-BT[3]  ����&��	���,#���+����-	�	���#"��8�&��!""�
� 
BNT-KN ��F�
�,	���7������	��&,&��#��$	%���,!%#Q�	��"#��&���	��
� %�(�
���2�����  �!
��
���2����� 

 KN ���$	%��7� ferroelectric ���
8.4$9��4�
�  �!��()�����	���7� orthorhombic  �!
�	�	�L���������7� paraelectric ���
8.4$9�� Tc �����!�	. 435o

C[7] �#��8��+��)�	 
electromechanical coupling factor ����9�&�@������	��
�
�)���!�
" ���������	�#+���7������	"
�#���
�9� �����	
����������
� KN ��)�	%�(�
���2���������9� �����	�����	"�%F+�E	��
� BNT �#" 
KN ������)��) hot-press �#+����L9��	��	���� ���[5] 

 ��7������	��&,��	 ��)��)�	������� ""�
��#+��
��	�	�L��#"��8���"#���	��	� 
$	%  �!��"#���	����A	&4� �����	��������7�
��	��� ����&��	���,#��
� Peng  �!).![8] 
%"��	 ���	������
�	��	�������������)��) ""�
��#+��
�,!����"#����������	�	�&@��	�
��
 ""�#+����� 
��	����2�	�()�����	��	�,8�$	)  �!)�	�#���!���*�N%�(�
���2����� (d33) �
�
���	��� BNT-KN �	�	�L�-	�	����,�
"���,	���)��)������	��	��	���� ����)�	��������
�
�����	.�	��#+�,!��
���
��"#����
���2��������� &��	���,#���+���&@���)��)�	������� ""
�
��#+��
� (���-	��&@��%F�
�-	�	���#"��8���"#���
����	��� BNT-KN ,	��	����)�	!4����� 
XRD �	�	�L&@�&��	�"
�
�)���!�
"��	�>  �! SEM �	�	�L"
�L��()�����	��	�,8�$	)
�
����	������  
 
��'�	������� 

 BNT-KN ���	����	�	�L�-	�	�������������)��)�	������� ""�
��#+��
�(��

	�#��	��#+����
#���� �� Bi2O3, NaCO3, TiO2, K2CO3  �! Nb2O5 ,	��#+��-	�	������� ��
�!4��	� BNT �#" KN �	� 24 @#��(�������9�"� Zirconia &��	��!�	� Acetone ,	��#+��-	
�	� )����� ���#����
8.4$9�� 800o

C �	� 2 @#��(�� ,	��#+��-	�	�
���	�&��!"" (1-

x)BNT-xKN ���� x=0.0-1.0 ,	��#+��-	�	�"�
��
��)�#+���7����	�	� 24 h �����	��!�	� 
ethyl alcohol ,	��#+��-	�	���+��9����� ��%��%���	�����
�	��9�����	� 15 mm  �!�-	�	��
	
�����
�����
8.4$9�� 1025  �! 1000o

C �	� 2h (���-	�	����)�	!4�()�����	��
��������
��)��) XRD ����)�	�4�	 ���(������	�	�L���,�
"���,	��	��E	� ASTM-C373 
��
�#+� �#��	�	�L&@� SEM &��	����,�
"()�����	��	�,8�$	)���
������ 
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 &��	����,�
"��"#���	����A	 ��
����	��-	�#+�������+� (���-	�	��	%F+�
��&��#+��
�
��	�  ����-	���
	���
8.4$9�� 750o

C ,	��#+��-	�	����,�
")�	)������
���2����������)�F�
� 
LCZ ���)�	�L�� 100-1kHz) 4�#�,	��#+��-	�	����,�
"��"#��%�(�
���2�����������
��-	�	�
(%�����&� silicon oil 

 

��	������� 

 �	�������� ������&����	��� BNT-KN ����-	�	�������������)��)�	������� ""
�
��#+��
� �����-	�	����,�
"�����	����+���"��
��#����
��� �
��!"" (1-x)BNT-xKN ���� 
x=0.0  L�� 1.0 ����,	�
� XRD %"��	��	��
�%�),!�����	���F�
�����2���
�&��8�@8��	�
���
���� x=0.0 ��F�
�,	������	�������� ����
� lattice parameter �
�@�+��	���F�
����"�#"
����
� BNT ���������	�#+��	��%�����+��
�����	. KN ���
�&4�����	.����
� orthorhombic 

�%����9���+� 
���#+�����-	 4��� x>0.7 ���
�)���!�
"�
� rhombohedral ����-	 4��� (111) ,!
4	��� ��	���7�()�����	��
� orthorhombic 
��	������  

 

 
�9���� 1   ���
��	����)�	!4������#����
����
����	��� (1-x)BNT-xKN ��F�
 x = 0.0-1.0 
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�	�	���� 1   ���)8.��"#���	��	�$	%�
����	���  BNT-KN $	�&����F�
����	��
	���

8.4$9�����������8�  

 

 
 

 �-	4�#")�	�4�	 ����
�@�+��	�����-	�	����,�
"  �!����������#+� %"��	
8.4$9��
&��	������
������4�	!������8�&��	�������@�+��	��#+����	�)#���F
��	 �#��	�	���� 1 ����
�
�	����
� ���&4��42�L��
8.4$9������4�	!��&��	������
��&� ���!
�)���!�
" (�����

8.4$9������4�	!��&��	������
��,!�����	��	��%�����+��
�����	. KN ������� x>0.6 @�+��	�
�	�	�L������������
8.4$9��������#�  ��%"��	"����.���
��@�+��	�,!�����	��9H���� K2O ����
�	�	�L4�8��!�4���&�"���	�	�������
8.4$9���9����	 800o

C  �!)�	�@F+�
#���F�
��	,	�
"���	�	�&��	������
���#+���7��	�4�8����-	&4� K2O �!�4��%�����+��������[9-11] �#��#+��	�
������@�+��	����	����
�@8��	����
���� x>0.6 &4���)�	�4�	 �������9��#+��-	����	� 
��F�
�,	�,!�-	&4������9%�8����%F+�
��,-	����	� ��
�����)�	� �2� ���	����
�@�+��	� ����

	,�����	,	��	�4�8��!�4�

����
� K2O ���
8.4$9���9�[10-11] �-	4�#"
��	�4	)�	)�	�
4�	 ���  �!��	��
������#+� %"��	 ��F�
���	��%�����+��
�����	. KN (�	�	���� 1)  �!��
 ��(����#��9���� 2 ���� ���&4��42�L���	������
�)�	�4�	 ���&��9� ""�@��������F�
���	�
�%�������	.�
� KN �.!�����	��
��������	�������� ���
��	������2���F�
���	����� KN ��
��&�����	.�����
� (x=0.1) ���� ���&4��42���	 KN ��
����#"�#+��	�(��
������
����	��� 
BNT-KN  �! ���&4��42�L����
,-	�#��
�����	.�	��!�	��
� KN &��!""�
� BNT ������
����	.�����
����	 10 mol% �J,,#�&���	��
���	� ionic radius �
� K+

 (1.33A) ��������	����
&4H����	 Na

+
 (0.94A) (����!�	.��� 29% �#+����
���
)�	��	�	�L&��	��!�	�  �!��
�
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�

��
��F�
���
�����	�(��
����� ������7�����@F�
�#���	��
,-	�#�&��	��!�	��
� KN ��
���
�#"�#+��	�(��
�����  �!�
"����[12,13] 

 
�9���� 2   ��(����
���	����� �!)�	�4�	 ����
����	��� (1-x)BNT-xKN 

 

 ,	�$	%L�	� SEM �
� BNT-KN (�9����3)  ���&4��42�L������	. KN ��2���
��������
���� ,!��
���
�	���)�	�4�	 ���  �!��	��
����� 
���#+��#���
�&��	���������9���	�
�
����������	�M,	� equiaxed grain �
� BNT ����7� orthorhombic grain �������	. 
x>0.1 �	����� KN ����&�����	.%�����2���
�,!���
��-	&4�
8.4$9��&��	������
���
� 
���	�������  �!������� ���()�����	��
�
���&4���7��9� ""()�����	��
� KN ���
8.4$9��
�����
���9�
����
� KN,!������7� secondary nuclei &�()����	� (matrix) �
�
.8$	) BNT 

���
��-	&4������	�(��
��������
������ 4�F
�	���
���)�#+�����
��
�
���������#��.!
()�����	���7� orthorhombic &����	��� BNT-KN[14] ���������	�#+�����	.����%�����+��
� KN 

���
�&4������9%�8�����	�&�@�+��	� ����
	,�����	,	��	��9H���� K+ ���
8.4$9�������
������9� ����
 ���

��	&���
�9��
�)�	)�	�4�	 ��� 
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�

 
�9���� 3  $	%L�	� SEM �
����	��� (a) BNT ��- (1-x)BNLT-xBT �%D/! (b) x=0.02 (f) x=0.10 

 
��"#����
���2������
�@�+��	������)�	�4�	 ����#+�L9��#����)	��L�� ����	��#� �#�

 ���&��9���� 4 (��)�	)������
���2��������
8.4$9��4�
�,!%"��	��)�	����9���+��	��	��%�����+��
�
����	. KN ��,�L����� 1715 ���)�	�L�� 10 kHz &�@8����������	. KN 1.0 mol%  ��4�#�,	�
�#+�,!��)�	������� ���)�	��#�%#�*��!4��	�)�	)������
���2������#"
8.4$9���
�@8��	����
����
��F
��	%"��	���� 3 @����
��	�������� ���
8.4$9�� ���� ���&4��42�L��)�	�������	�#��
�
�-	 4��� A-site  �! B-site &�()�����	�
��� &��	���#"�#� &��8��-	 4����	�������� ���
���,!%"��	��	����#��.! broad ����
��	����
��2�
�)��
��#"�	���,#���8��
F��[15-18] 
(��&��	���,#���+ ���	���&�@8� 0.7BNT-0.3KN %"��	���#��.!�
���	���� broad �	�����8� 
&�@���
8.4$9��������	� �����4�	!��&��	�%#Q�	&4���7��#���2"��!,8���������!�#����7�

�)���!�
" 
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�9���� 4  ���)�	)������
���2�����  �! tan� �#����
8.4$9��4�
��
����	��� (1-x)BNLT-xBT �����
����	. x ��	�> �#�  
 

 
�9���� 5  ���)�	)������
���2�����  �! tan� �#����
8.4$9����	�> ����)�	�L�� 1 kHz �
� 
���	��� (1-x)BNLT-xBT ���������	. x ��	�> �#�  
 

 
 �#���!���*�N%�(�
���2������
�@�+��	����	������L9����,�
"�=%	!&�@8��	����
���� 
������	. KN 0 mol%  �! 10 mol% ���	�#+� ��F�
�,	�4	����� KN ����#+� �� 20 mol% L�� 100 
mol% ,!���
�&4������	��4�
�	��
���! ����A	��F�
�-	�	�(%����� ������7�
��	,	�@�+��	���
)�	�%�8�����9� 
���#+���)�	�	��9H������
���2���������9���F�
����	. KN �9���+� 
��	����2�	�)�	 
d33 ������,�
"���,!�%���,	� 95 pC/N &�@8��	����
��
� BNT ����7� 170 pC/N &�@8�
�	����
���� 0.9BNT-0.1KN ����
	,,!��7�
��	,	�����	.�9%�8������
�  �!����	�(�����
�
��������&4H� 
���#+��9���	��
������#���
���
��"#��%�(�
���2���������-	�	����,�
"��� 
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�


�(���	������� 
 ���	���&��!"" BNT-KN �#+����L9��-	�	�������������)��)�	������� ""�
�
�#+��
� (�����
��
� BNT  �! KN ���L9��-	�	������� �!�
	 )����� ��,	��#� ���

8.4$9��  )����� 800o

C ,	��#+��-	�	
���#��	�
#��	������	�> (����	.�
� x �!4��	� 
0.0 L�� 1.0) ,	��#+��-	�	���+��9�  �!�
	�����
���%F�
&4����@�+��	������)�	�4�	 ��� ������7�
�	��	����,!������@�+��	����	���������)��) ""�#+�����&�@8��	����
����������	. x 

�	����	 0.6 ,	��	����
�%"��	�	����� KN ���
�&��	��%�����"#��%�(�
���2�����  �!
��"#����
���2������
����	���&��!"" (1-x)BNT-xKN ��������	.����4�	!��&��	����� KN 


�9���� x=0.1 �������)�	�#���!���*�N%�(�
���2����� (d33) ��F�
�-	�	�(%�������� 3kV/mm  �!)�	)����
��
���2��������
8.4$9��4�
���� 1 kHz ��!�	. 170 pC/N  �! 1875 �	��-	�#" 
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���'�"�
��&�(����$)��
�� Pb0.88Sr0.12Zr0.54Ti0.44Sb0.02O3 (PZTSrSb)  ��$	�,/��7:�%��':� 

 �����������*D�����&!��+��%��&!��	$�'�	���%� *���� PZTSrSb  ����-$�%��2���%�

A�-
'��;�>��������
�� �	�������D/!����$��>����������
%���
 %�"�����
QQR���/$9� ���
������+��%�� 

�	������%�A�-
'��;�>�������"�D/!�&9����A9� +�/�%���
�-�!�
�#�������	
�	���� 

 

�����;<�=��
����7��$)��
�� Pb0.88Sr0.12Zr0.54Ti0.44Sb0.02O3 (PZTSrSb)   

  #�$	��"%&$)��
����#�$	�,/��$��)&$��&���!���(�� (X-ray Diffractometer) 

�������������
�"�D/!��!�+;��
;��Q�Q��>	� �AI����������*D/!"��"'%"'�:�*��-

����$!�$%�	��&!��	$�'��/�>���&	���!����� ^ ��
!��	
��	��������
������-�����-����&!�

�	�$��!�+; #���/
�����������"��-�;���
�"�D/!��!�+;��
;��Q�Q��>	� �-
���AI� diffraction 

pattern +�/��AI��	���-�j*�-&!�#�������->��� ��� diffraction pattern ��/
�����"�� d-

spacing 
A�A��
����
��	�%������&!� JCPDS ���������"��-�;�+��%����/�>���������	


*���������"�
��	� JCPDS file No. 33-0784  �	��$�����9A 1  "�� d-spacing  �$�������,����

$����/����
%
��%��"��$����$!�"��!��	� Pb(Zr0.52Ti0.48)O3 ��-*��Q$�A��A�!%��/%'% 2� 

A�-%�� 28.29
o
 ��D!��/ d-spacing �����	� 3.154 Å  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�9A��/ 1. �������
����&!��	�$��!�+;&!��+��%�� PZTSrSb ���
��	� JCPDS file No. 33-0784 

��
 �   �$���Q$�A��A�!%         

10 15 20 25 30 35 40 45 50 55 60

In
te

ns
ity

(A
rb

itr
ar

y 
U

ni
t)

2�

JCPDS No.33-0784

before calcine

001100

110

111
002 200

102 201 112
211

calcine 925oC/4h/R1.25

sinter 1100oC/2h/R15

sinter 1250oC/2h/R15
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�����%�	��	#�
%��!��� 

���������
%�	$�'#$%�	�� "��"��%�������&!�$������->���%�"��%$��"	W��!���

"�������A��%��&!�$����/�>� ��D/!����$������->���%�"��"��%���������/��������	�%�� 

�!�������"��"��%�������
	�%�#���!$%�	������^ &!��	$�'!�����
 

 

�������/  1  "��"��%�������&!�$����/����
% 

 

$���	�!
��� "��%������� (g/cm
3
) 

PZTSrSb �#�+����!�;��/ 1100 	C (disc) 5.882 

PZTSrSb �#�+����!�;��/ 1250 	C (disc) 6.869 

  

  

 

�
��������$�>����� 

 

 

 

 

 

 

 

 

 

 

 

�9A��/ 2.  "��%$	%*	�F;�-�����"��"���/
�!���,�������-"��$9W�AI�"��%��!�&!�
�!���,����� 

���
��	�!'��:9%�&!��+��%��  PZTSrSb �#�+����!�;��/ 1100 	C  

Temperature (oC)

0 20 40 60 80 100 120 140 160 180 200 220

D
ie

le
ct

ric
 c

on
st

an
t

0

1000

2000

3000

4000

5000

ta
n 
�

0.00

.02

.04

.06

.08

.10



181 

�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�9A��/ 3.  "��%$	%*	�F;�-�����"��"���/
�!���,�������-"��$9W�AI�"��%��!�&!�
�!���,����� 

���
��	�!'��:9%�&!��+��%�� PZTSrSb �#�+����!�;��/ 1250 	C  

 

�
������?)��$�>�����7��$)��
�� 

"�� d33 �AI�"����/�!�2��"��%�AI�*��+!���,�����&!��+��%��  ��������	
���
���>��+��%��

�#���/!'��:9%������	�"D! �#���/!'��:9%� 1100
 o

C ��- 1250 
o
C �%D/!����+��%��
A�*����


$��%
QQR� 4 kV/mm ��/!'��:9%���!� �AI����� 30 ���� ��
�+��%���#���/!'��:9%� 1100 
o
C %�

"�� d33 �����	� 269.06 pC/N $��� �+��%���#���/!'��:9%� 1250
 o
C %�"�� d33 �����	� 512 pC/N  

 

������$)��
��
�'�"�
��&�(���$	�,/��7:�%��':�  

 ������*������#�����	�"�����
QQR�&!��+��%��>�������^ *�����+��%�� PZN-

PZT ��- PSZT %�"�����
QQR���/�� ���!
���
��,��% *�����+��%�� PZN-PZT %���-������

#�����/
'��
�� ��-�����/#������	���- Mass product ���
��
�� ���
����D!��+��%�� PSZT %�

�>�A�-
'��;�&���	��"�D/!�&9����A9� ��
�-����+��%�����	���-������ �	��-
�������2��

��!
A��� 


��������&����9A�+��%����������� ��-�������#���%&	���!���/
�������
��

&������ +�/��-
���+��%���	��9A��/ 4. 

Temperature(oC)

0 50 100 150 200 250

D
ie

le
ct

ric
 C

on
st

an
t

0

5000

10000

15000

20000

25000

30000

ta
n 
�

0.00

.02

.04

.06

.08

.10



182 

�

 

 

 

 

 

 

 

 

 

 

 

�9A��/ 4. �$���	���-�%,��+��%����	����#������+����!�;�������
��	��%,���/
	�
%�
��#������

+����!�;��
�2����-�AI� PSZT ��-�2������AI� PSZT  

 

 

 
 

�9A��/ 5. �$���	��"�D/!�&9����A9� 

 

 

��-������/�>������&	��"�D/!�&9����A9��	�� 
��������A�-�!��������
�������
�	� 

���������/%�A�-$��F�:�*��-$�%��2������
�� �-�AI��	��9A 

�

Stainless�Steel�



183 

�

 
 

�9A��/ 6.  ���� 

 

 

 
 

�9A��/ 7.  ������/$����&��� 

 

�%D/!������A�-�!��"�D/!�&	��&���	��	����%�"�D/!�&9����A9����� �-
���	��9A��/ 8. 



184 

�

 

 
 

�9A��/ 8  �"�D/!�&	���/A�-�!��&���	��	����%�"�D/!�&9����A9����� 

 

 


�����%���$!��	�QU�A�!% ��/%�"������A9�A�!% �	��9A��/ 9. 

 

 

 

 

 

 

 

 

 

 

�9A 4.54   �$��QU����
%��/%����A9� 

 

�



185 

�

 
 

�9A��/ 9.  �$��QU����
%��	�������&9����A9� 

 

��
'���'�"�
��&�(�$)��
��$7�����$	�,/��7:�%��':� 

 
����D!�����+��%�� PZTSrSb %�A�-
'��;�>��	��"�D/!�&9����A9� �	������*��- PZTSrSb 

$�%��2����
%
�����
 ��
��/
%�%��Q$!D/���D!A� !���	��
	�����
%
��A��%��"�	���-%��^ $����	� 

�+��%�� PZN-PZT �%��-%�"�����
QQR���/�� ������#���
'��
�� ��-�$�/
���!���%��Q$��/
%�

A�-$�";��D!A� +�/��-������$%�	��&!��+��%����!
���%D/!���
��	� PZTSrSb ��
�%D/!������$����

���%&9����A9��������^ *���� �����/
���	��9A��/ 10.  �AI������/��%�-$%��!����>���� ��-

�%D/!A�-�!��&���	��"�D/!�&	� �������
A�>����!����� A�������$�%��2&	����A9�
����

*!$%"�� !
���
��,��% 
	�%�AUW����/����&����,"D! �%D/!�>�
A���^ A��������+��%��%�!����

���� ��D!��� +�/��-��!�������A�	�A�'���!
A 

 

 
 

�9A��/ 10.  �"�D/!�&9����A9���/%��������!�*��+!���,������+��%��%�A�-
'��;�>� 

 

 











Mechanical property evaluation of PZT/Al2O3 composites prepared
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Abstract

Ferroelectric lead zirconate titanate (PZT) based composites containing nanoparticles of Al2O3 were prepared by a simple solid-state
mixed oxide method. The sintering procedure was carried out at 1200 �C for 2 h with a heating/cooling rate of 5 �C/min. Phase formation
and microstructure were examined by XRD and SEM, respectively. The effects of the Al2O3 additive on hardness were investigated.
Hardness was determined using a Vickers indentation technique and evaluated as a function of Al2O3 volume fraction between 0%
and 2%. The hardness of the composites tended to improve with the addition of the nanoparticles. The maximum hardness was obtained
at PZT/1 vol.% Al2O3. The hardness results are related to the microstructure and compared with previous results reported by others.
� 2005 Elsevier B.V. All rights reserved.

PACS: 77.84.Dy; 62.25.+g

Keywords: Lead zirconate titanate; Nanocomposites; Mechanical property

1. Introduction

Lead zirconate titanate Pb(Zr1�xTix)O3 (PZT) ceramics
are well known materials for various sensors and actuators
because of their excellent dielectric and piezoelectric prop-
erties [1]. The high dielectric constant and piezoelectric
properties in PZT are obtained for compositions close to
the morphotropic phase boundary (MPB) which is located
around a PbZrO3:PbTiO3 ratio of 1:1 [2]. This material has
been extensively studied for many years [3]. Although the
PZT ceramics have excellent electrical properties, poor
mechanical properties such as fracture strength and tough-
ness have been reported [4]. In some applications at high
power and high stress, mechanical properties of this mate-
rial become critically important. Recently, it is reported
that the mechanical properties of structural ceramics can

be improved by an addition of second phase nanoparticles
such as SiC and Al2O3 [5]. These materials are named
‘‘nanocomposites’’. Many researchers have studied this
type of material. In the case of PZT nanocomposites, the
best mechanical properties were found for samples contain-
ing 1 vol.% of Al2O3 [4,6,7]. The properties of PZT
nanocomposites beyond 1 vol.% additions, such as
microstructure and mechanical properties have not been
reported. The aim of the present study is to further inves-
tigate the properties of PZT/Al2O3 composites, and to
extend the study to higher Al2O3 concentrations than have
previously been reported.

2. Experimental

Monolithic PZT and PZT/Al2O3 nanocomposites were
prepared by a simple solid-state mixed oxide method.
The starting powders of PbO (99.9+%, Aldrich), ZrO2

(99%, Aldrich) and TiO2 (99.9%, Aldrich) were mixed in
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isopropanol using zirconia balls as the grinding media.
After drying, the powders were calcined at 800 �C for 4 h
with a heating rate of 5 �C/min. The calcined PZT powders
were mixed with Al2O3 nanoparticles (40 nm average parti-
cle size, Aldrich) and 1% PVA binder, and ball milled in
isopropanol for 24 h. The slurry was then dried and sieved
to a fine powder. The mixed powders were uniaxially
pressed into pellets at a pressure of 100 MPa. The PVA
binder was burnt out at 550 �C with a heating rate of
1 �C/min. Finally, the pellets were sintered at 1200 �C for
2 h with a heating rate of 5 �C/min. In order to minimize
the loss of lead due to vaporization, a PbO atmosphere
was maintained during sintering using PZT as the spacer
powder. The sintered pellets were investigated for phase

formation by X-ray diffraction (XRD). The density of the
sintered samples was measured by the Archimedes method,
with distilled water as the fluid medium. The microstruc-
tures of the sintered samples were examined using scanning
electron microscopy (SEM). The mechanical property of
the monolithic PZT and PZT/Al2O3 nanocomposites were
studied using a Vickers microhardness tester. Indentations
were applied on the polished surfaces with loads in the
range of 0.2–1 kg, and an indentation period of 15 s.

3. Results and discussion

Fig. 1 shows XRD patterns of the monolithic PZT
and PZT/Al2O3 nanocomposite ceramics. The perovskite

Fig. 1. XRD patterns of monolithic PZT and PZT/Al2O3 nanocomposites sintered at 1200 �C.

Fig. 2. Linear shrinkage (d) and relative density (m) of the nanocomposites.
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PZT phase was found for all samples. The analysis was
carried out based on the basis of Joint Committee on
Powder Diffraction Standard (JCPDS) data [8]. No trace
of the Al2O3 phase was detected. The amount of Al2O3

in the composites may have been too small to be
detected by XRD, and peak broadening due to particle
size effects may have also been a factor. However, chem-
ical reaction between the alumina and PZT matrix may
have occurred during sintering which may also account
for the lack of Al2O3 XRD peaks. The XRD patterns
shows strong peak splitting which is an indication of
tetragonal PZT phase, however, the splitting was slightly
less well defined in the alumina-containing samples. Fur-
ther work is required to understand the reasons for this,
for example it may be due to changes in the tetragonal/
rhombohedral phase content [9] or shifts in d-spacing,
implying a chemical reaction between the alumina and
PZT.

Plots of linear shrinkage and density as a function of
Al2O3 volume fraction are shown in Fig. 2. The density
and linear shrinkage increased with increasing amounts
of Al2O3 up to 1 vol.% [6] and then decreased for 2 vol.%
additions. The decrease in density at higher Al2O3 addi-
tions indicates that the sintering mechanism of the sample
was not complete. To obtain higher densities for composi-
tions >1 vol.% Al2O3, higher sintering temperatures would
be required.

Fracture surfaces of the samples are shown in Fig. 3.
Intergranular fracture with partial intragranular fracture
was found for the monolithic PZT sample. The fracture
mode changed to mainly intragranular for the sample with
1 vol.% Al2O3 addition, indicating that the second phase
particles reinforced the PZT grain boundaries [6]. How-
ever, the fracture mode became intragranular with partial
intergranular cleavage for the sample with 2 vol.% Al2O3,
the reasons for this changeover may be linked to the
decrease in density on moving from 1 to 2 vol.% Al2O3.
The average grain sizes of the samples as determined by a
linear intercept method are shown in Fig. 4. The average
grain sizes of the samples were found to decrease with
the addition of Al2O3 nanoparticles, indicating that the
Al2O3 particles inhibited grain growth. Increasing the
Al2O3 content from 0.5 to 2 vol.% produced no further
change in grain size.

The results of hardness measurements are shown
in Fig. 4. The PZT/Al2O3 nanocomposites displayed
�30% higher hardness than the monolithic PZT. The
maximum value of hardness of 4.3 GPa was found for
the samples containing 1 vol.% Al2O3. This value is close
to the value reported by Tajima et al. [4,7]. The improved
mechanical properties are proposed to be due to Al2O3

nanoparticles reinforcing the grain boundaries (Fig. 3)
and acting as effective pins against microcrack propaga-
tion [4,7]. It can be pointed out that the hardness of
the PZT could be improved at only some concentrations
of nanoparticle additions, up to 1 vol.%. The slight
decrease in hardness on moving from 1 to 2 vol.% may

be due to the lower sinterability of the PZT for 2 vol.%
Al2O3 (Fig. 2).

4. Conclusions

Monolithic PZT and PZT/0.5–2 vol.% Al2O3 nanocom-
posites were prepared by a simple solid-state mixed oxide
method, and uniaxial pressing. The optimum properties
of the nanocomposites were found for the sample with
1 vol.% Al2O3 addition. The lower hardness at a higher
Al2O3 content, 2 vol.%, is likely to be due to the lower sin-
terability and lower density of the samples.

Fig. 3. SEM photographs of (a) monolithic PZT, (b) PZT/1 vol.% Al2O3

and (c) PZT/2 vol.% Al2O3 nanocomposites.
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Abstract
Lead zirconate titanate–lead zinc niobate (PZT–PZN) ceramics with a
composition close to the morphotropic phase boundary were investigated
as a function of Sr doping. The powders were prepared using the
columbite-(wolframite) precursor method. Dielectric and ferroelectric
properties of the as-sintered and annealed samples were measured. The
results showed that with increasing Sr concentration dielectric constant
versus temperature curves become gradually broader. Sr doping has been
shown to produce a linear reduction in the transition temperature (Tm)
(294.1–12.7x˚C) with concentration (x). The maximum value of the
dielectric constant decreased and the degree of diffuse phase transition was
enhanced with Sr doping. However, the results indicated that the degree of
disorder in Sr-modified PZT–PZN was further improved by thermal
annealing. After thermal annealing at 900˚C for 48 h a strong enhancement
of dielectric constant (εr) and remanent polarization (Pr) was observed.

1. Introduction

Piezoelectric ceramics of the perovskite lead zirconate titanate,
Pb(ZrxTi1−x)O3 (PZT), have been extensively investigated
in the literature since the early 1950s [1]. The boundary
between these two phases (Zr : Ti ∼53 : 47) is known as the
morphotropic phase boundary (MPB). The phase boundary
between the tetragonal and rhombohedral phase is nearly
temperature-independent up to the Curie temperature (Tc)
above which the cubic phase exists [1, 2]. Most commercial
PZT ceramics are thus designed in the vicinity of theMPBwith
various doping schemes in order to achieve superior properties.
Ions of alkaline-earth metals, e.g. Ca2+, Sr2+ and Ba2+ which
have ionic radii of 1.06Å, 1.27Å and 1.43Å, respectively, are
frequently used to substitute for Pb2+. Recently, Zheng et al [3]
have reported that Sr-modified PZT ceramics generally have
higher dielectric and piezoelectric properties than pure PZT.
Sr substitutions on the A-site in PZT tended to shift the MPB

composition towards the tetragonal phase. The piezoelectric
coefficient was then optimized in the tetragonal phase field
close to but not exactly at the MPB.

Lead zinc niobate, Pb(Zn1/3Nb2/3)O3 (PZN), is a well
known relaxor ferroelectric that has been noted for its high
permittivity and extremely high piezoelectric coefficients.
Relaxor single crystal actuators can produce strain levels in
excess of 1% and exhibit five times the strain energy density
of conventional piezo-ceramics. These materials are used
for compact chip capacitors, actuators, hydrophones, sonar
transducers, receivers and micro-positioning devices [2, 4, 5].
Although single crystals of PZN can routinely be grown
by the flux method [6], it is known that perovskite PZN
ceramics cannot be synthesized by the conventional mixed-
oxide method without doping [7]. It is well known that
replacement of the A-site ion (Pb) by an ion with a large radius
such as Ba or Sr is also considered to be a good approach to
stabilize the perovskite phase. Such an approach is also known

0022-3727/05/010001+05$30.00 © 2005 IOP Publishing Ltd Printed in the UK 1
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to improve the mechanical strength, increase the electrical
resistivity and of course reduce the total amount of Pb wt%
in the composition.

Recently large coupling coefficients and large piezo-
electric constants have been found for PZT modified with
small amounts of relaxor ferroelectric [8–10]. This study is
concerned with the effect of Sr substituted PZT modified with
the relaxor ferroelectric PZN. Special emphasis is placed on the
dielectric and ferroelectric properties before and after thermal
treatment. Based on our previous results [8] for the PZN–PZT
system, PZT containing 30mol% of PZN was selected as the
starting composition which is close to the rhombohedral MPB
in this system.

Dense ceramic specimens were fabricated by varying
the concentration of Sr under the same sintering conditions,
and various physical measurements were conducted. In this
paper, we first report the perovskite phase evolution and lattice
constants as a function of the concentration of Sr. Next,
the temperature and frequency dependence of the dielectric
constant are given as a function of the concentration of Sr
(as-sintered and annealed). The remanent polarization and
coercive field determined from P–E hysteresis loops are
presented. Finally, the diffuseness parameter (δ) of as-sintered
and annealed sample are also introduced.

2. Experimental

2.1. Sample preparation

The present material was prepared according to the formula
Pb(1−x)Srx[(Zr1/2Ti1/2)0.7O3–(Zn1/3Nb2/3)0.3O3], where x =
0–0.06. A columbite-(wolframite) precursor method reported
by Swartz and Shrout [11] was used to prepare Sr-modified
PZT–PZN powder. All starting powders had a purity of 99.9%
except for ZrO2, which was 99+%. First, the columbite
precursor (ZnNb2O6, ZN) and the wolframite precursor
(ZrTiO4, ZT) were synthesized at 975˚C for 4 h and 1400˚C
for 4 h, respectively. Then, Sr-modified PZT–PZN powder
was prepared by wet-milling stoichiometric amounts of ZN,
ZT, PbO and SrCO3 powders for 6 h, and then drying and
calcining the material at 900˚C for 4 h using a heating/cooling
rate of 20˚Cmin−1 [12]. An excess of 2mol% PbO was added
to all compositions. The calcined powders were wet-milled
again for 2 h, and then dried and sieved. After mixing with
5wt% poly(vinyl alcohol) (PVA) in an aqueous solution, cold
uniaxial pressing was conducted at ∼80MPa to make 15mm
diameter pellets. The pressed pellets were then sintered in a
closed alumina crucible at 1200˚C for 2 h in a PbO atmosphere
(formed by using calcined PbZrO3 powder inside the covered
alumina crucible) after first performing binder burnout at
550˚C for 3 h. To determine the effect of thermal annealing,
all of the sintered samples were thermally annealed at 900˚C
in the same PbO atmosphere for 24 h.

2.2. Sample characterization

X-ray diffraction (XRD) patterns of the sintered pellets were
measured using an x-ray diffractometer (PW1729, Philips,
Netherlands). CuKα radiation with step scanning was used
with a step size of 0.02˚ and a scan rate of 2 s per step. The
dielectric and ferroelectric properties of the as-sintered and

Figure 1. (a) XRD patterns of PZT–PZN (ZT : ZN = 70 : 30)
ceramics as a function of Sr-doping level. (b) Lattice parameter (Å)
as a function of Sr concentration.

annealed samples were characterized as follows. The polished
samples were electroded with silver paste and then fired at
550˚C for 30min. The dielectric constant (K) and dielectric
loss (tan δ) were measured on heating at 3˚Cmin−1 using
an LCR meter (HP4274A, Hewlett-Packard, Palo Alto, CA)
over the range of 100–500 kHz and temperatures 25–450˚C.
In addition, the polarization (P ) was measured as a function of
electric field (E), using a ferroelectric tester system (Radiant
Technologies, Inc., PT66A).

3. Results and discussion

Figure 1(a) shows the XRD patterns of Sr-doped PZT–PZN
ceramics, each exhibiting a phase-pure perovskite phasewithin
the detection limit of the equipment. In all specimens,
no secondary phases were present. The XRD data is
consistent with rhombohedral symmetry, which is indicative of
a ferroelectric phase. An increase in the mole fraction of Sr2+

did not show any evidence of a change in symmetry. However,
the lattice constant decreased as the amount of Sr2+ increased
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Figure 2. Dielectric properties as a function of temperature on
heating at frequencies between 100Hz and 500 kHz for various
Sr concentrations: (a) as-sintered and (b) annealed 24 h.

due to the smaller ionic radii of Sr2+. The lattice constant (Å)
as a function of Sr concentration is shown in figure 1(b).

The temperature dependence of the dielectric constant
of as-sintered and annealed samples is shown in figure 2.
All the samples displayed relaxor ferroelectric behaviour
characterized by a diffuse, frequency-dispersive permittivity.
As the Sr2+ content increased, a clear shift in the transition
temperature to lower temperatures was observed. In addition,
the dielectric maximum decreased as the x value increased.
Moreover the dielectric peak became broader as the Sr content
increased.

The nature of the homogeneously polarized states is
believed to be primarily controlled by the concentration of
Sr2+. The 0.7PZT–0.3PZN composition exhibited a maximum
permittivity of approximately 18 600 (at 1 kHz) with a Tmax ∼
290.5˚C. After annealing at 900˚C for 24 h in air, a dramatic
increase in Kmax at 1 kHz was noted at 21 700; a significant
increase from an initial value of 18 600. In addition, there was
an increase in Tm from 290.5˚C to 294.8˚C for the annealed
sample. This change in behaviour is believed to be due to a
reduction in the effective volume fraction of a low-K PbO-
rich grain-boundary phase and a decrease in the chemical
heterogeneity of the sample. This behaviour is consistent with
the conclusions of Randall et al [13] and Leite et al [14] in
the PMN–PT system.

Randall et al [13] and Xia and Yao [15] observed that
excess PbO has a great influence on the electrical properties.
In lead-based ferroelectric ceramics, liquid phase sintering is
present because of the low melting point of lead oxide. Thus,
a small amount of excess PbO can be added to assist in the
formation of the perovskite phase and for densification of the
ceramic. However, an overabundanceofPbOwill result inPbO
enrichment of the grain boundary and the formation of a grain-
boundary layer. Because this layer has a lowdielectric constant
(K ∼ 20), the overall dielectric constant will be decreased due
to the presence of the grain-boundary phase. To ameliorate this
effect, thermal annealing is effective in increasing the chemical
homogeneity.

Recently, work by Leite et al [14] on PMN–35PT ceramic
reported a non-uniform distribution of constituent elements in
PMN–PT powder (phase-pure according to XRD) which was
prepared by the columbite method. They reported that both the
chemical homogeneity anddielectric propertieswere improved
with increased annealing time.

Although this behaviour was observed in all of our
compositions, the shift in the dielectric maximum and
transition temperature was minimal at high concentrations
of Sr. This is due to the fact that Sr substitution reduces the
total amount of Pb wt% in the system; the effect of PbO at the
grain boundary is decreased. For the as-sintered sample, there
is a maximum of dielectric constant at Tmax between 290˚C
and 214.9˚C and a very strong frequency-dependent dielectric
dispersion at T > Tmax. After annealing at 900˚C in air for
24 h the frequency dispersion above Tmax largely disappears.

Complex impedance measurements have shown that the
mechanism responsible for this dielectric relaxation is related
to an electronic–anionic mixed conduction [16]. In general,
ceramic PZT is known to have a significant concentration of
oxygen vacancies due to super-oxidation, where an excess of
Pb-vacancies exist due to the lead oxide volatility over oxygen
vacancies [1]. This results in the generation of space-charge
fields which stabilize the domain structure.

A series of annealing stepswere performedunder reducing
and oxidizing conditions to observe changes in, or the
disappearance of the space-charge relaxation. Electronic
conductivity measurements showed evidence of extrinsic
semiconduction of an n-type character. Comparison of the
activation energies (EA ∼ 0.67 eV) demonstrated that the
carriers have a polaron character which is in agreement with
the low temperature survival of the relaxation.

A second order relaxor ferroelectric can be described by
a simple quadratic law. This arises from the fact that the total
number of relaxors contributing to the permittivity response in
the vicinity of the permittivity peak is temperature-dependent,
and the temperature distribution of this number is given by
a Gaussian function about a mean value T0 with a standard
deviation σ . The diffusiveness parameter (δ) of the transition
was calculated from the expression [17]

Km

K(f, T )
= exp

(
(T − Tm(f ))2

2δ2

)
, (1)

whereKm is maximum value of the dielectric constant at T =
Tm(f ) and K(f, T ) is the intrinsic dielectric constant of the
sample. If ln(Km/Kg) is plotted versus (T −Tm)2, the slope of
the fitted curve, 1/(2δ2), will give the value of the diffuseness
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Figure 3. Quadratic dependence of temperature on logarithmic
dielectric of (a) as-sintered sample and (b) annealed sample at
10 kHz as a function of the doping level.

parameter. As clarified by Pilgrim et al [17] the estimate of δ
is valid for the range ofKm/K(f,T ) < 1.5. Figures 3(a) and (b)
display the curves of ln(Km/K(f,T )) versus (T − Tm)2 under
the condition ofKm/K(f,T ) < 1.5. The diffuseness parameter
increased significantlywithSr doping. A similar trendwas also
observed for substitutionwith alkali-earthmetals in lead-based
perovskites [18–20]. The parameter δ can be used to measure
the degree of diffuseness of the phase transition in mixed
relaxor-normal ferroelectric materials. The lower δ value in
the annealed samples indicates that the homogeneity at the
atomic scale is much higher than in as-sintered samples. After
annealing the δ value decreases about 14% for 0.7PZT–0.3PZN
and 2% for 6mol% Sr-doped PZT–PZN. It is well known that
thermal annealing is a good way to improve the dielectric
and piezoelectric properties in lead-based relaxor ceramics.
However the results here show that for high concentrations of
Sr, thermal annealing does not have a significant impact on the
dielectric properties.

The dielectric maximum and the transition temperature
of as-sintered and annealed samples are listed in table 1.
The maximum dielectric constants varied within the range
of 10 800–21 700 for all Sr concentrations. The dielectric
maximum and transition temperature at 1 kHz versus the
Sr content are also plotted in figure 4. As expected, Sr doping
has been shown to produce a linear reduction in the transition

Table 1. Dielectric properties of Sr-doped PZT–PZN ceramics.

As-sintered Annealed
Sr content
(mol) Tm (˚C) Kmax at 1 kHz δ Tm (˚C) Kmax at 1 kHz δ

0.00 290.5 18 600 29.0 294.8 21 700 25.1
0.02 273.4 14 500 38.8 274.9 15 000 35.4
0.04 247.7 11 600 48.2 253.6 14 000 45.0
0.06 214.9 11 000 71.8 226.8 10 800 70.4

dopant

M
axim

um

Figure 4. Transition temperature (Tmax) and maximum dielectric
constant (Kmax) of Sr-doped ceramics as a function of Sr-doping.

temperature (Tm) = 294.1–12.7x˚C with concentration (x).
Sr shifts the transition temperature of this system at a rate of
12.7˚C/mol%, which agrees quantitatively with the previous
studies [21, 22].

Figures 5(a) and (b) display the hysteresis curves
of doped PZT–PZN samples in the as-sintered state
(figure 5(a)) and after annealing (figure 5(b)). As one can
expect the polarization decreased with increasing Sr dopant
concentration.

Haertling and Zimmer [23] derived an empirical
relationship between remanent polarization, saturation
polarization and polarization at fields above the coercive field.
This permits the quantification of changes in the hysteresis
behaviour for each sample by the following equation:

Rsq = Pr

Ps
+

P1.1Ec

Pr
, (2)

where, Rsq is the squareness of hysteresis loop, Pr is remanent
polarization, Ps is saturation polarization and P1.1Ec is the
polarization at an electric field equal to 1.1 times the coercive
field (Ec). For an ideal hysteresis loop, the squareness
parameter is equal to two. Normal square ferroelectric P–E
loops were observed in undoped as-sintered samples. After
annealing, the value of Rsq increased from 1.48 to 1.74
for the annealed sample. In the as-sintered samples, the
hysteresis curves also become more slanted with increasing
Sr content. The remanent polarization decreased from 31.9 to
20.2μC cm−2 for the sample dopedwith 0.04mol Sr. However
the coercive field increased from 10.6 to 12.7 kV cm−1 after
dopingwith 0.06mol%Sr. Furthermore, the annealed samples
exhibited larger remanent polarizations (Pr) and lower coercive
fields (Ec) compared with as-sintered samples, which mean
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0.7PZT–0.3PZN ceramics substituted with Sr

Figure 5. Dependence of the polarization versus electric field
(P–E) loop on the Sr dopant concentration (a) as-sintered and (b)
annealed sample.

Table 2. Ferroelectric properties of Sr-doped PZT–PZN ceramics.

As-sintered Annealed
Sr
content Pr Ec Pr Ec

(mol) (μCN−1) (kV cm−1) Rsq (μCN−1) (kV cm−1) Rsq

0.00 31.9 10.6 1.48 35.4 9.9 1.74
0.02 24.0 10.8 1.41 28.6 10.1 1.70
0.04 20.2 11.7 1.38 28.8 11.0 1.39
0.06 18.1 12.7 1.33 28.9 12.9 1.36

that the annealed ceramic samples are more easily poled and
should have better piezoelectric properties.

The ferroelectric properties for as-sintered and annealed
samples are summarized in table 2. It is interesting to note
that in the annealed samples, the value of Pr was largely
independent of the doping concentration and amounts to
approximately 29μC cm−2. However, the coercive fields were
found to increase with increasing Sr concentration.

The transition from a mixed domain to a uniform domain
structure after annealing is believed to account for the
observed increase in properties. Leite et al [14] observed
many types of ferroelectric domains in hot-pressed PMN–PT
ceramics, including nano-domains, tweedlike domains and
ferroelectric micro-domains. With the anticipated differences

in size and mobility between the three coexisting types of
domains, the interaction among these domains will be weak,
resulting in low permittivity and Pr. After annealing, only
tweedlike domains were observed. Interactions between these
domains and the motion of domain walls yield higher values
of Pr and lower coercive fields (Ec).

4. Conclusions

The dielectric and ferroelectric properties of Sr-modified
PZT–PZN ceramics formed via the columbite process were
investigated. With an increase in the Sr dopant concentration,
the transition temperature and themaximumdielectric constant
decreased. In addition, Sr doping caused the ferroelectric
phase transition to become more diffuse. The best dielectric
and ferroelectric properties were attained in the annealed
samples. In the annealed samples, the phase transition was
less diffuse indicating a greater degree of homogeneity on
the atomic scale, compared with the samples that were not
annealed.
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Abstract Ceramics in the xPb(Zn1/3Nb2/3)O3−(1−
x)Pb(Zr0.5Ti0.5)O3 [xPZN–(1− x)PZT] solid solution
system are expected to display excellent dielectric, piezo-
electric, and ferroelectric properties in compositions close to
the morphotropic phase boundary (MPB). The dielectric be-
havior of ceramics with x = 0.1−0.6 has been characterized
in order to identify the MPB compositions in this system.
Combined with X-ray diffraction results, ferroelectric
hysteresis measurements, and Raman reflectivity analysis,
it was consistently shown that an MPB exists between x
= 0.2 and x = 0.3 in this binary system. When x ≤ 0.2,
the tetragonal phase dominates at ambient temperatures. In
the range of x ≥ 0.3, the rhombohedral phase dominates.
For this rhombohedral phase, electrical measurements
reveal a profound frequency dispersion in the dielectric
response when x ≥ 0.6, suggesting a transition from
normal ferroelectric to relaxor ferroelectric between 0.5
≤ x ≤ 0.6. Excellent piezoelectric properties were found in
0.3PZN–0.7PZT, the composition closest to the MPB with
a rhombohedral structure. The results are summarized in a
PZN–PZT binary phase diagram.
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1. Introduction

Piezoelectric materials are widely used for various devices,
including multilayer capacitors, sensors, and actuators. By
the 1950’s, the ferroelectric solid solution Pb(Zr1−xTix )O3
(PZT) was found to host exceptionally high dielectric and
piezoelectric properties for compositions close to the mor-
photropic phase boundary (MPB). This MPB is located
around PbZrO3:PbTiO3 ∼ 0.52:0.48 and separates a Ti-rich
tetragonal phase from a Zr-rich rhombohedral phase [1].
Most commercial PZT ceramics are thus designed in the
vicinity of the MPB with various dopings in order to achieve
optimum properties. It is interesting to notice that recent
high resolution structure studies have revealed that the mor-
photropic phase boundary spans a narrow composition range
where the solid solution displays a monoclinic symmetry.
The intermediate monoclinic phase bridges the rhombohe-
dral to tetragonal phase transition [2–4].
Pb(Zn1/3Nb2/3)O3 (PZN) is an important relaxor ferro-

electric material with the rhombohedral structure at room
temperature. A diffuse phase transition from the paraelectric
state to a ferroelectric polar state occurs at 140◦C [5]. Exten-
sive research has been carried out on PZN single crystals be-
cause of their excellent dielectric, electrostrictive, and optical
properties [6]. Although single crystals of PZN can routinely
be grown by the flux method [7], it is known that perovskite
PZN ceramics cannot be synthesized by the conventional
mixed-oxide method without doping [8]. Attempts to syn-
thesize perovskite PZN ceramics invariably results in the
formation of a pyrochlore phase with accompanying degra-
dation of the dielectric and piezoelectric properties. Various
chemical additives, such as Ba(Zn1/3Nb2/3)O3, BaTiO3, and
SrTiO3 have thus been explored in an attempt to stabilize the
perovskite PZN ceramic [9, 10]. However, a trade-off ismade
with these additives leading to reduced dielectric constants
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and piezoelectric coefficients. Therefore, there is significant
interest in finding a method to stabilize the perovskite phase
in PZNwithout sacrificing the excellent dielectric and piezo-
electric properties.
Recent work has shown that ultrahigh piezoelectric

properties can be obtained in relaxor-normal ferroelec-
tric solid solutions with compositions close to the MPB,
such as the Pb(Mg1/3Nb2/3)O3–PbTiO3 system and the
Pb(Zn1/3Nb2/3)O3–PbTiO3 system [6, 11]. Since both PZT
and PZN have the perovskite structure and both are known
to have excellent dielectric and piezoelectric properties, one
approach to stabilize and optimize PZN ceramics is to al-
loy PZN with PZT. Fan et al. [12] have successfully pro-
duced phase-pure perovskite of xPb(Zn1/3Nb2/3)O3 − (1−
x)Pb(Zr0.47Ti0.53)O3 ceramics in the range of 0.4 ≤ x ≤ 0.7
via the conventional mixed-oxide method and observed ex-
cellent properties near theMPB composition. In our previous
work, we compared the conventional mixed-oxide method
with the columbitemethod in the preparation of a similar sys-
tem xPb(Zn1/3Nb2/3)O3−(1− x)Pb(Zr0.5Ti0.5)O3 [xPZN–
(1− x)PZT] and found that the columbite method leads to
better compositional homogeneity and ferroelectric proper-
ties [13]. The present work aims to provide further informa-
tion on the dielectric and piezoelectric properties and phase
transitions in this xPZN–(1− x)PZT binary system prepared
by both methods, with the purpose of confirming improved
properties in ceramics synthesized via the columbitemethod.

2. Experimental procedure

For the conventional method, regent grade oxides of PbO,
ZnO, ZrO2, TiO2 and Nb2O5 were mixed in the required
stoichiometric ratios for the general composition xPZN–
(1− x)PZT where x = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. An
additional 2 mol% excess PbO was added to account for
PbO volatility. After ball milling for 24 hours and drying
at 120◦C, the mixture was calcined at temperatures between
750 to 950◦C for 4 hours using a double crucible configura-
tion [14]. A heating rate of 20◦C/min was selected for all of
the compositions in this system. For the columbite method,
the columbite precursor ZnNb2O6 was prepared from the re-
action between ZnO (99.9%) and Nb2O5(99.9%) at 975◦C
for 4 hours. The wolframite precursor ZrTiO4 was formed
by reacting ZrO2(99.9%) with TiO2(99.9%) at 1400◦C for
4 hours. The precursors ZnNb2O6, ZrTiO4 were then mixed
with PbO (99.9%) according to the stoichiometric ratio for
the desired compositions with 2 mol% excess PbO added.
The mixtures were then followed the same processing condi-
tions as the conventional method. To minimize the influence
of grain size effects, the calcined powders from both pro-
cessing methods were ball-milled for 24 hours and dried at
120◦C. The calcined powders were cold isostatically pressed
into pellets at a pressure of 150MPa. A total of four sintering

conditions were utilized: 1150◦C, 1200◦C, 1225◦C, 1250◦C,
all with a dwell time of 2 hours. To inhibit PbO volatilization
from the pellets, a PbO atmosphere was maintained with a
bed of PbZrO3 powder placed in the vicinity of the pellets.
The calcined powder and sintered pellets were checked for
perovskite phase formation by X-ray diffraction (XRD).
Thin slices cut from sintered pellets were prepared with

sputtered gold electrodes for electrical characterization. The
relative permittivity (εr ) was measured with an LCR meter
(HP-4284A, Hewlett-Packard Inc.) at frequencies of 0.1, 1,
10, and 100 kHz in conjunctionwith an environmental cham-
ber with a temperature range of 25–450◦C. A heating rate of
3◦C/min was used during measurements. The piezoelectric
coefficient (d33) was measured with a d33 meter (Model 8000
d33 Tester) on poled slices. The electromechanical coupling
factor (kp) was calculated according to the resonance and
anti-resonance frequencies obtained with an impedance an-
alyzer (Model 4194A, HP).
Raman scattering was measured on polished specimens

using a Renishaw in Via Reflex Raman spectrometer with
a 488 nm radiation source. The grain size was evaluated by
scanning electron microscopy (SEM) (JSM5410, JEOL) and
the ferroelectric domainmorphologywas examined by trans-
mission electron microscopy (TEM) (CM30, Phillips).

3. Results and discussion

3.1. Perovskite phase formation

Powder XRD was extensively used to monitor the phase de-
velopment at each step during ceramic preparation to en-
sure the phase purity. Phase-pure precursors ZnNb2O6 and
ZrTiO4 were obtained using the calcination conditions de-
scribed previously. The calcined powders for the perovskite
solid solutions were also examined by XRD and the results
are exemplified by the powders of 0.5PZN–0.5PZT, as shown
in Fig. 1. Similar trends were apparent for both the conven-
tional method and the columbite method: higher calcination
temperatures led to higher perovskite phase purity. At 900◦C,
the pyrochlore phase disappeared below the resolution limits
of X-ray diffraction.
The perovskite phase development at different calcination

temperatures was estimated from the X-ray diffraction data
with the commonly used formula [15]:

Perovskite% =
(

Iperov
Iperov + Ipyro + IPbO

)
× 100 (1)

where Iperov, Ipyro, and IPbO refer to the intensity of the (110)
perovskite peak, (222) pyrochlore peak, and the intensity
of the highest PbO peak, respectively. The calculation for
the data shown in Fig. 1 for the 0.5PZN–0.5PZT powder is
plotted in Fig. 2, where the peak intensity ratio illustrates
the evolution of phase-pure perovskite. The increase in the
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Fig. 1 XRD spectra of 0.5PZN–0.5PZT powder calcined at various
temperatures for 4 hours. (a) The conventional mixed-oxide method;
and (b) the columbite method

Fig. 2 Perovskite phase content in 0.5PZN–0.5PZT powders calcined
at different temperatures

Fig. 3 SEM examination of the grain morphology in 0.5PZN–0.5PZT
ceramics sintered at 1225◦C for 2 hours: (a) conventional method; and
(b) columbite method

phase purity with increasing calcination temperature for both
methods is evident. It is noted in Fig. 2 that the conventional
method showed a higher amount of the perovskite phase than
the columbite method below 900◦C. Presumably the differ-
ence is due to the different reaction paths between the two
methods.
After sintering of the powders calcined at 900◦C, the per-

ovskite phase was preserved as evidenced by XRD with one
exception. At the highest PZN concentration of x = 0.6, a
small amount of pyrochlore phase was detected though the
sample remained approximately 98.5% perovskite.
The sintered pellets appeared to be dense and the grain size

was in the range of 1–5μm, as shown in Fig. 3. The compari-
son between Figs. 3(a) and (b) indicates that the conventional
method produces ceramics with slightly coarser grains.

3.2. Dielectric behavior

The relative permittivity of xPZN–(1− x)PZT ceramics
was measured as a function of temperature up to 450◦C at
different frequencies. The results are presented in Fig. 4 for
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Table 1 Comparison of the dielectric properties of xPZN–(1− x)PZT ceramics prepared by the conventional mixed-oxide and columbite
methods

x
Tmax(oC) εr at 25◦C εr at Tmax
Conventional Columbite Conventional Columbite Conventional Columbite

x = 0.1 359 351 810 1,590 13,300 21,200
x = 0.2 329 324 1,230 1,550 25,000 25,800
x = 0.3 309 299 980 1,580 14,300 15,700
x = 0.4 281 273 1,230 1,440 17,000 20,800
x = 0.5 250 242 1,220 1,430 20,800 21,200
x = 0.6 240 231 1,230 1,440 11,400 13,200

Fig. 4 Relative permittivity versus temperature curves for the
xPZN−(1− x)PZT ceramics sintered at 1250◦C for x = 0.1 and 0.2 and
sintered at 1225◦C for x = 0.3-0.6 for 2 hours. The frequency used for
the measurement is 1 kHz: (a) conventional method; and (b) columbite
method

ceramics prepared by the twomethods. It is interesting to note
that all compositions show a dispersive dielectric behavior
with respect to frequency. However, the frequency dispersion
in the PZN–PZT binary system is not as strong as that in the
pure relaxor PZN. For all compositions, Table 1 lists the tem-
perature atwhich the permittivity ismaximum (Tmax), and the
relative permittivity both at room temperature and at Tmax.
These results show that the permittivity of ceramics prepared

via the columbite method was significantly higher than that
of ceramics synthesized by the conventional method. It is
also evident from Fig. 4 and Table 1 that 0.2PZN–0.8PZT
and 0.5PZN–0.5PZT show the highest peak values of the
relative permittivity. For the 0.2PZN–0.8PZT composition,
the peak value reads 25,800 for the columbite method and
25,000 for the conventionalmethod. For the 0.5PZN–0.5PZT
composition, the peak relative permittivity is 21,200 for the
columbite method and 20,800 for the conventional method.
The εr versus T curves shown in Fig. 4 are also indica-

tive of thermally induced phase transitions. These transitions
are prominent in the compositions x = 0.3, 0.5 and 0.6 as
depicted separately in Figs. 5(a), (b), and (c). At the composi-
tion x =0.3 twopeakswere revealed at temperatures 283.6◦C
and298.8◦Cin the ceramicpreparedby the columbitemethod
(Fig. 5(a)). However, this was not observed in ceramics of
the same composition prepared via the conventional method.
In this case, there was only one peak present at 309◦C. These
two peaks are believed to be due to the phase transitions, as
will be further explained later. We argue that the columbite
method produces ceramics with better compositional homo-
geneity than the conventional mixed oxide method. In the
ceramics prepared by the conventional method, due to com-
positional fluctuations the two transitions were obscured.
For the composition x = 0.5, the εr versus T curves

revealed the occurrence of transitions between normal
ferroelectric and relaxor ferroelectric behaviors, as indicated
in Fig. 5(b). These transitions were observed in ceramics
prepared by both methods. In Fig. 5(b) which shows the di-
electric behavior of the ceramic prepared via the columbite
method, a strong frequency dispersion in the permittivity
was evident at temperatures T > 242◦C and T < 235◦C. In
the narrow temperature range of 235◦C < T < 242◦C, the per-
mittivity increased precipitously. This temperature range is
bounded by TstartNR and TfinishNR, as denoted in Fig. 5(b). The
subscriptNRstands for the normal ferroelectric↔relaxor fer-
roelectric transition. Similar transitions have been observed
by other researchers in other solid solution systems [16] The
x = 0.6 composition showed a broadening of the permittivity
maxima and Tm increased with increasing measurement fre-
quency (Fig. 5(c)). This indicates that this composition shows
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Fig. 5 Phase transitions detected from the εr versus T curves in ce-
ramics prepared via the columbite method and sintered at 1225◦C for 2
hours. (a) 0.3PZN–0.7PZT ceramic at 1 kHz; and (b) 0.5PZN–0.5PZT
ceramic at 0.1, 1, 10 and 100 kHz. (c) 0.6PZN–0.4PZT ceramic at 0.1,
1, 10 and 100 kHz

a diffuse phase transition with a strong frequency dispersion
which is characteristic of relaxor ferroelectricity.
Figure 5 also shows that an increase in PZNmole fraction

leads to a decrease in Tmax. The variation in transition tem-
perature with composition is detailed in Fig. 6. The ceramics
producedby the columbitemethod showa slightly lower tran-
sition temperature compared to ceramics produced by the
conventional method. A quasi-linear relationship between
Tmax and x is evident. This linear relation follows closely to
the rule of mixtures, as expressed by:

Tmax = x(140◦C)+ (1− x)(390◦C) (2)

Fig. 6 Variation of Tmax with increasing PZN content x in the xPZN–
(1− x)PZT system. Tmax is measured from Fig. 4

where 140◦C and 390◦C are the Tmax values for the two con-
stituent compounds PZN and PZT, respectively. From Fig. 6,
the calculated Tmax from Eq. (2) is slightly higher than the
actual transition temperature.
Above Tmax, the εr versus T curve for a normal ferroelec-

tric can be described by the Curie-Weiss law:

1

εr
= T − θ

C
(3)

where θ is the Curie-Weiss temperature and C is the Curie
constant. When a normal ferroelectric forms a solid solution
with a relaxor, the εr versus T relationship follows a similar
function with additional variables γ and δγ : [17].

ε′
m

ε′( f, T )
= 1+ (T − Tm( f ))γ

2δ2γ
(4)

where 1 ≤ γ ≤ 2. When γ = 1, Eq. (4) becomes the Curie-
Weiss law; when γ = 2 this equation describes the ideal re-
laxor behavior with a quadratic dependence. The parameter
ε′

m is the peak permittivity atT = Tm( f )and δγ is a parameter
which describes the degree of diffuseness of the phase tran-
sition. The parameters γ and δγ are both material constants
which depend on the composition and structure.
Plots of log[(εm /ε)−1] vs. log(T−Tm) for x = 0.1 and 0.5

are shown in Fig. 7 where linear relationships can be clearly
seen. The parameter γ is determined to be 1.34 and 1.71 and
the diffusiveness parameter δγ is measured to be 10.7 and
16.7 in ceramics preparedwith the columbitemethod for x =
0.1 and 0.5, respectively. As the PZNmole fraction increases,
the solid solution displays more relaxor-like characteristics.
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Fig. 7 The log[( εr max
ε
)− 1] vs. log(T − Tmax) plots for (a) 0.1PZN–

0.9PZT and (b) 0.5PZN–0.5PZT ceramics from data shown in Fig. 4

3.3. The morphotropic phase boundary

On the basis of XRD and ferroelectric hysteresis
measurements, we have identified the MPB in the
xPb(Zn1/3Nb2/3)O3 − (1− x)Pb(Zr0.5Ti0.5)O3 system in
our previous work [13]. The MPB sits between x = 0.2 and
x = 0.3, separating the tetragonal phase for x ≤ 0.2 from the
rhombohedral phase for x ≥ 0.3. ThisMPB is also confirmed
by the dielectric data shown in Fig. 4, where the maximum
permittivity εrmax shows a peak at x =0.2. Figure 8 replots the
εrmax vs. x in our xPZN–(1− x)PZT system, together with
the results from our previous coercive field measurements.
In addition to the MPB that separates the tetragonal from

the rhombohedral phase, there is another transition from nor-
mal ferroelectric to relaxor ferroelectric for the rhombohedral
phase. Compared to the tetragonal-to-rhombohedral struc-
tural transition, this ferroelectric transition is more gradual.
However, for the composition of x = 0.6 characteristic re-
laxor ferroelectric behavior is evident, as indicated by the
profound dispersion in the dielectric response (Fig. 5(c)).
Although this ferroelectric transition is not reflected in the
EC measurements, the relative permittivity clearly shows a

Fig. 8 Coercive field (Ec) and peak relative permittivity versus x in
xPZN-(1− x)PZT ceramics showing the presence ofMPBat x between
0.2 and 0.3. The εr (Max) is measured from Fig. 4 and the Ec is measured
from the same set of ceramics at about 1 kHz

maximum value in this composition range. In Fig. 8, the tran-
sition is indicated by a broad shaded line.
The phase transition sequence was also characterized by

Raman spectroscopy. Figure 9 shows the Raman spectra
for all compositions in this study. There were minor dif-
ferences between the Raman spectra obtained from samples
prepared via the conventional method (Fig. 9(a)) and the
columbite method (Fig. 9(b)). Major Raman shift peaks ap-
pear at roughly 200, 262, 422, 540, 584, 698, 745, and 795
cm−1, respectively. The evolution of these peaks with com-
position in Fig. 9 indicates the phase transition occurs at x
= 0.2–0.3. Overall, the Raman data from the columbite pre-
pared samples show a more distinct change between x = 0.2
and 0.3. The strong peaks at about 200, 540, and 745 cm−1 in
the composition of x = 0.1 becomes weaker when the com-
position changes to x = 0.2. When x is further increased to
0.3 and above, these three strong peaks are smeared out. At
the same time, the peak at about 795 cm−1 starts to emerge
at x = 0.3 and becomes relatively strong at x = 0.5. The evo-
lution of these peaks makes the whole spectrum of x = 0.1
and 0.2 alike and the whole spectrum of x = 0.3, 0.4, and 0.5
alike, respectively.
TEM examination provided supportive evidence for this

phase transition sequence in the xPZN–(1− x)PZT sys-
tem. As shown in Fig. 10, regular lamellar 90◦ do-
main configurations dominate in the tetragonal 0.1PZN–
0.9PZT ceramic, while disrupted domains dominate in
the rhombohedral 0.5PZN–0.5PZT ceramic with profound
relaxor characteristics.

3.4. Piezoelectric properties

The effect of sintering temperature on the piezoelectric co-
efficient d33 of PZN-PZT ceramics prepared via columbite
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