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��� 4.13 ����
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��� 4.14 ����
�� SEM ����������������������!"� 65LiNbO3 - 35SiO2 	
��
�����������

	����������	
��#$%�!��"
��& �'*����� 1 +,��.�� 

 

 /������
�� SEM /��%4�89��
��#$%�!��������"���:��
��"
����9��:��'*���
��

��� �:����;���#$%�!���!��:<����9/�=%>
�:<� ����'*����%"#	?�=%������
����.'�
����������

/����	,��	:����=�	
��#9 ��
��8��4"��/��������������%@9��������
<���������,��
��4��@ 9,�

��9�=��!' 4.15 �:� 4.18 ���
�����	
����9���"���:�����D� LiNbO3 �9
�+,9 ����,�������

.'�
�=�8��89��;� �����!"�	
��
'����$ SiO2 ��!
 25 ������.9�.�� ����
�����������	��

��������	
��#$%�!�� 600 ���������
�� �'*����� 1 +,��.��  
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 �  LiNbO3 (20-0631) 
 �  SiO2 (82-0512) 
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��� 4.15 �!'��������
<���������,��
��4��@����������������������!"� 80LiNbO3 - 

20SiO2 	
��
�����������	����������	
��#$%�!��"
��& �'*����� 1 +,��.�� 

 �  LiNbO3  (20-0631) 
 �  SiO2 (82-0512) 

 

� 

� � � 
� � � � � � � � � � � � � � 

 

��� 4.16 �!'��������
<���������,��
��4��@����������������������!"� 75LiNbO3-

25SiO2 	
��
�����������	����������	
��#$%�!��"
��& �'*����� 1 +,��.�� 
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 �  LiNbO3 (20-0631) 
 �  SiO2 (82-0512) 
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��� 4.17 �!'��������
<���������,��
��4��@����������������������!"� 70LiNbO3-30SiO2 

	
��
�����������	����������	
��#$%�!��"
��& �'*����� 1 +,��.�� 

 �  LiNbO3  (20-0631) 
 �  SiO2 (82-0512) 
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��� 4.18 �!'��������
<���������,��
��4��@����������������������!"� 65LiNbO3-35SiO2 

	
��
�����������	����������	
��#$%�!��"
��& �'*����� 1 +,��.�� 

 

 /��������������%@������������������=����� LiNbO3-SiO2 	,<�=���;�������,�F$�

������ .��������/#���� ����D�	
����9�:<� ��������#'��"
��& ��=�"���� 4.3  
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4.1.3 ������	
��
�����	���
����	���
����	�� 
�����������
����!����	
��
�����	���
����	���
����	�� 
- �������	
�	��	
 

 /�����	9���%�������	,<�%�9 8 �!"�=��,"���
������
��'������;� (0.25(100-x))  

Na2O (0.25(100-x))K2O (0.5(100-x))Nb2O5 xSiO2 (mol%) (x=10-70)  ���
�����	
��
����

.'�
�����
��!
/?���� 5 �!"� �;� A1-A5 �;��
��������!
 10, 20, 25 ,30 ��� 40 mol% �������

	
��
����	:���� (opacity) ��!
 3  �!"� �;� A6-A8 �
��������!
  50, 60 ��� 70 mol% 9,��!' 

4.19 ����	
��
����.'�
����/�'���Q��;���
'����$��������!
����& ��;�������������
� 40 

mol% /�"���:��'*�����	:����	
��
�
���  

/�����	9��������!"� A1 �
����8�
���
�� �;��
���"���:�=�����
�������;<����� 

��������!"� A6-A8 �,<��
����8�
�'*���;<��9
���,� �;��
������+,<������:��
����,���;<�����

=� �:�����9/��������+,<�����������,����",<�"���;��& =��$�%��� 

A1
90mol%�NKN
10mol%�SiO2

A2
80mol%�NKN
20mol%�SiO2

A3
75mol%�NKN
25mol%�SiO2

A4
70mol%�NKN
30mol%�SiO2

A5
60mol%�NKN
40mol%�SiO2

A6
50mol%�NKN
50mol%�SiO2

A7
40mol%�NKN
60mol%�SiO2

A8
30mol%�NKN
70mol%�SiO2

 

��� 4.19 ����%���=�����.��9
��.��	���
��8�.���
��������" �!"� A1-A8 
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- ��	���	���� 

 /������,9����%����
��������%���=�����.��9
��.��	���
��8�.���
��������" 

���
�����%����
��9�� ��;��/?����.�����������=����",<�"��������:<� 9,��!' 4.20 ��;���/��

�������
�<?�%�,�.����#�	
����� (MW=60.0835 g/mol) ��;���	
���,����",<�"���;��& ����,� (MW 

K2O=94.195 g/mol, MW Na2O=61.977 g/mol, MW Nb2O5=265.807 g/mol) '����$������	
�

������:<�/:�	?�=%�����%����
��������.9�����9��  
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��� 4.20 �����,��,�T@��%�
������%����
����+�<��������%����,�'����$��� SiO2 
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- �	������	����	������������
��
������!� 

 /�����D����������%@�����
<���������,��
��4��@�������=�����.��9
��

.��	���
�� 8�.���
��������" 9,��!' 4.21 ���
�����=��!"� A1-A5 	
��
����.'�
���� 

(transparent) 8�
'���Q�
������:�=9& �;��
�����'*���,$��� (amorphous) �
������	
��


����	:����=��!"� A6-A8 �
�
������:����9�:<���4�����'��,��D�	
��'*���,$��� �
�	
�

���9�:<���;��"��/����,�8D�@ JCPDF ���
��������:��,��D���� K3Nb8O21 PDF file 701148 

����D���� K6Nb10.88O30 PDF file 871856 '��,���!
 ��9�=%��%4��
����	:�����������=�

�!"� A6-A8 ���9/�����"���:�=����������%��� ��:�	
�."/��%�
����?�=%����9 crystal 

growth 	
�8�
����������#�89� 	?�=%�8�
�������?�8' heat treatment 89� 
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��� 4.21 ���D��9�����������%@�����
<���������,��
��4��@�������%����!"� A1-A8 
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- �	��"�������#��	
��	��$��"$����%� Differential thermal analysis 

 /���������
<���������,��
��4��@ ����	
��!���;��=����	?� heat treatment �
��
�� 5 

�!"� �;� A1-A5 =����%��#$%�!�����"���:�������� (crystallization temperature; Tc) =�

���	9����
< ���,����	9������,"�	����������9�����T
 Differential thermal analysis .9�

�
��;���8�",<��"
�#$%�!��%���'����$ 25 ���������
�� /��:��#$%�!�� 1300 ���������
�� 

9����,"������:<�������#$%�!���;� 10 ���������
��"
���	
 ���=+����������89���8�9@�'*�

",��	
����"���� 89���9,��!' 4.22 ���
� ���9�
���������,���� (exothermic) �:����9��:�

+
���#$%�!��������"���:�=����� 3 �
�%�,� �;� Tc1, Tc2 ���Tc3  ��9�9,�"���� 4.3 ���

���9�
����9!9��,���� (endothermic) �:����9��:��#$%�!�����%����%��������� �;� Tm 

	,<��
<���
�	
���9�����'���D����������/������'�
����D� �-quartz 8'�'*� �-quartz  	
� 

573 ���������
�� �:���
��
��� shift 8'��4�����"��'����$����
��'�����	
��'�
����'��

8'  

0 200 400 600 800 1000 1200
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��� 4.22  �����	9��� Differential thermal analysis ��������!"� A1-A5 =�����.��9
��- 

             .��	���
��8�.���
��������" 
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����� 4.3 �#$%�!�����"���:���������!"� A1-A5 

�#$%�!�����"���:�=����� (Tc) �!"����� 

Tc1 Tc1 Tc3 

A1 656.0976 812.6566 866.0514 

A2 658.4837 821.9491 882.9525 

A3 661.7007 805.86555 888.1345 

A4 672.2479 789.84169 880.1345 

A5 664.6671 923.4015 988.3322 

 

/������'�
���	
���#$%�!��=����"���:�������� (Crystallization temperature; Tc) 

	,<� 3 �#$%�!�� ���
��
���.���������:<�"�����������:<����������.9�.����������� 9,��!' 

4.23 	,<��
<��/�'*���/��'����$������	
�������:<� �
���	?�=%��#$%�!��.9����������������

�!��:<� 
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��� 4.23  ���D��9������,��,�T@��%�
��������.9�.�����������	
�������:<��,��#$%�!�� 

  ���"���:�������� 
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- �	������	���&��
��$	
'(��	�"$�����)*�
'(����+��������#���������
��	"��


��$�,�����&!�"���&
����!���-�&������!�����# 

 /������������%@.��������/#�������;���/#�	����@����4�"�������
�����9 9,��!' 

4.24 ���
�����=�	
��
����.'�
����=��!"� A1-A5 8�
'���Q��:�=9 & ����;<����� �
������=�

�!"� A6 	
��
����	:�����
��� �
�,�F$������:��'*�����	,��	,<�+�<���� �
������=��!"� A7-

A8 8�
'���Q��:��+
��,� 	,<��
<����=��!"� A6-A8 ���9���"���:����9�:<�	?�=%���;<������'*��


��� �"
���	
�8�
'���Q��:�=�����
��	��.��������/#������������!"� A7-A8 �,<���9�
�

��//����9/���������D������;<�������
���%4�89�+,9	?�=%����9�
��	
��'*���;<�������������� 

����
��	
��'*���:�������",<�"���;�� & 	,<��
</������������%@.��������/#����	
��?��,����� 

30,000 ��� 10,000 8�
��������9�����
��+,������:�=9 & =���9,�8�.����"�%�;���.�

��"�=�����%��� 

 
(�) �����!"� A1                                                     (�) �����!"� A2      

 
(�) �����!"� A3                                                     (�) �����!"� A4         
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(/) �����!"� A5                                                     (]) �����!"� A6         

 
(+) �����!"� A7                                                     (�) �����!"� A8 

 

��� 4.24  ����
��.��������/#����.9������/#�	����@����4�"�������
�����9������� 

             %����!"� A1-A8 

 

���������	���
����	
��
�����	���
����	���
����	�� 
- �������	
�	��	
 

 /������?�����%���	
��
����.'�
����=��!"� A1-A5 ���
�����������	������

���� (heat treatment) .9��#$%�!��	
��!���;���
����=�����
���,��#$%�!�����"���:�/����

����������%@	���������� �;� 575, 600, 650, 700, 800 ��� 1000 ���������
�� ���
�

�����������	
�89��
����	:����������:<� ��;���#$%�!�����"���:�������:<�9,��!' 4.25 ����"
��

�#$%�!�����"���:�����=��!"� A1 /��
����	:���������
� A2 A3 A4 ��� A5 "���?�9,� 
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	,<��
<�'*����������=��!"� A1-A5 �
'����$������",<�"��	
�8�
=+
��������!
�:� 90, 80, 75, 70 

��� 60 "���?�9,� '����$���",<�"��	
�8�
=+
������	
���� 	?�=%����"���:����"��8'9��� ���

	
��#$%�!������:<�	?�=%����9���"���:�����:<�/��������
	
����9/���������� 

 

 

 

 

 

��� 4.25  �����������	
��
�����������	����������=��!"� A1-A5 

 

 

 

 

A1             A2              A3             A4              A5 
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- ��	���	���� 

 ����%����
��������������� A1-A5 ������:<���;���#$%�!��������:<� 	,<��
<�'*���/��

������
�����"�� K, Na, Nb ��� O ���=������",��,�����:<�	?�=%����9�'*���:� ������


�'*�D̂��@+,��,��#$%�!�� ������� =��$�	
������+
�	
��,� �#$%�!�� heat treatment 	
��!��:<�/:�

	?�=%�������",��,������:����������:<� �'*���=%�����%����
�������:<�"��8'9��� 9,��!' 

4.26  
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��� 4.26 ����%����
����������������!"� A1-A5 	
��#$%�!��"
�� & 
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- �	������	����	������������
��
������!� 

 /��������������%@�����
<���������,��
��4��@��������������=��!"� A1- A5 	
�

�#$%�!�� 575, 600, 650, 700, 800 ��� 1,000 ���������
�� ���
�����������
�	
����9�:<�

�
�,�F$��������:��,�	,<��
<�'*�������
�����������",<�"��	
��%�;���,� ��
���"
�
�,9�
��

�	
���,�������	
��
�����"�"
���,� �;�	
��#$%�!�� 575 �:� 650 ���������
�� ���
��
�	
�

���9�:<��
�,�F$��������:��,��
�����D� K3Nb8O21 PDF file 701148 �:��	
��#$%�!�� 575, 600 

���������
�� �
�,�F$�����
�	
�8�
+,9�/� ����
�/������+,9	
��#$%�!�� 650 ���������
�� 

�
��	
��#$%�!�� 700, 800 ��� 1,000 ���������
�� /�'���_�
�����D� K6Nb10.88O30 PDF 

file 871856 �
��
 intensity �!�  	
��#$%�!�� 1,000 ���������
�� =�	#��!"����� ��#'89��
� 

�D�	
�89�	,<�%�9�
����=�����
���,��D���� K3Nb8O21 ��� K6Nb10.88O30 8�
'���Q

�D��@.�����4�	����D���� Na0.5K0.5NbO3 9,��!' 4.27-4.31 ��;��	?����	�	�����������
�/#9

%����%��������",<�"���;� K2CO3 ��� Na2CO3 ��!
	
� 891, 851 ���������
�� "���?�9,� 

"
��/�� Nb2O5 ��� SiO2 �
/#9%����%����!
	
� 1512, 1650 ���������
��"���?�9,� =�

���������%�������89�	?�������	
��#$%�!�� 1300 ���������
�� �+
�'*����� 1 +,��.�� 

��9�
���//����9����!>��
�����
��'����� K2CO3 ��� Na2CO3 	
��'*��
��'������?��,>

=����� %�;���/�'*������T���+�"���������#
������� 	?�=%��D�	
����9�:<�8�
�'*� 

Na0.5K0.5NbO3  
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�

1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0
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K 6N b 1 0 .8 8O 3 0

800 oC

1000 oC

 

��� 4.27 �������
<���������,��
��4��@�������=��!"� A1 	
��#$%�!��"
��& 

1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0

650 oC

600 oC

575 oC

700 oC

K 3N b 8O 21

K 6N b 10.88O 30

1000 oC

800 oC

 

��� 4.28 �������
<���������,��
��4��@�������=��!"� A2 	
��#$%�!��"
��& 
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1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0

6 5 0 o C

6 0 0 o C

5 7 5 o C

7 0 0 o C

K 3 N b 8 O 2 1

K 6 N b 1 0 .8 8 O 3 0

1 0 0 0 o C

8 0 0 o C

��� 4.29 �������
<���������,��
��4��@�������=��!"� A3 	
��#$%�!��"
��& 

�

1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0

6 5 0 o C

6 0 0 o C

5 7 5 o C

7 0 0 o C

K 3N b 8O 2 1

K 6N b 1 0 .8 8O 3 0

1 0 0 0 o C

8 0 0 o C

 

��� 4.30 �������
<���������,��
��4��@�������=��!"� A4 	
��#$%�!��"
��& 
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�
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��� 4.31 �������
<���������,��
��4��@�������=��!"� A5 	
��#$%�!��"
��& 

 

- �	������	���&��
��$	
'(��	�"$�� scanning electron microscope  

/������������%@.��������/#����9��� scanning electron microscope �������������� 

	
��
����� heat treatment 	
��#$%�!��"
��& ��;���/������������D�	
�'���Q=����

�������%@�����
<���������,��
��4��@�
�,�F$�	
��������:��,�	,<� 5 �!"����� /:�89���;��������

	?�����������%@.��������/#����	
����9�:<���
���!"��9
�� �;� A4 /��������
��.��������

/#���� ���
������!"� A4 	
��
����� heat treatment 	
��#$%�!�� 575 ���������
��  �
��:�

���9��4����/����!
	,��8' 9,��!' 4.32 (�) ��;���/����:��
���9��4���;���
��=�.%�9 back 

scattered electron 	?�=%�����4�"���	��#�
�����8'	?�=%�����%4�8�
+,9 4.32 (�) 
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(�)                                                                              (�) 

��� 4.32  ������������!"� A4 heat treatment 	
��#$%�!�� 575 ���������
��  

(�) SEI mode (�) BEI mode 

 

 /������
��.��������/#������������!"� A4 �
����� heat treatment 	
��#$%�!�� 

600 ���������
�� (�!' 4.33) ���
���:��
�,�F$�=%>
�:<���;���	
���,���� heat treatment 	
�

�#$%�!�� 575 ���������
�� ��:��
�,�F$��'*�������� ���8�
��"����� /������=���;<�

���� /������
��=�.%�9 BEI ���
���:�	
��'*���������
�D�	
�"
��/�� matrix ��
��+,9�/� 

�'*�",�+
���;��,��
��
�����"�"
������D� ��������!
�,�����D���:��
����8�
�'*�����
��

������ 

 

(�)                                                                                  (�) 

��� 4.33  ������������!"� A4 heat treatment 	
��#$%�!�� 600 ���������
�� 

(�) SEI mode (�) BEI mode 
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 /������������%@.��������/#�������������������!"� A4 heat treatment 	
��#$%�!�� 

650 ���������
�� ���
���:��
�,�F$��'*��������+,9�/���
�	
��#$%�!�� 600 ���������
�� 

��:����9�:<����=���;<����� �!' 4.34 (�) ����
��=�.%�9 BEI  4.34 (�) ��9�=%��%4�������

�D���
��+,9�/� �������
��=�.%�9 BEI �����:�	
����9"����� 4.34 (�) ��9���9������

��:�	
����9�:<�"����� 

 

    

(�)                                                          (�) 

 

(�) 

��� 4.34  ������������!"� A4 heat treatment 	
��#$%�!�� 650 ���������
��  

(�) SEI mode (�) BEI mode (�) ��:�9������� BEI mode 
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����
��.��������/#������������!"� A4 �
����� Heat treatment 	
��#$%�!�� 700 

���������
�� (�!' 4.35) ���
��D�	
����9�:<��'*��������	
��
���9=%>
�:<���;���	
���,���� 

Heat treatment 	
��#$%�!�� 650 ���������
�� 

 

    

(�)                                                        (�) 

��� 4.35  ������������!"� A4 heat treatment 	
��#$%�!�� 700 ���������
��  

(�) SEI mode (�) BEI mode 

����
��.��������/#������������!"� A4 �
����� Heat treatment 	
��#$%�!�� 800 

���������
�� (�!' 4.36) ���
��D�	
����9�:<��'*��������	
��
���9=%>
"��������+�<���� 

����
���9��4�����;������%
��/�����������:<� 

 

     

     (�)                                                          (�) 

��� 4.36  ������������!"� A4 heat treatment 	
��#$%�!�� 800 ���������
��  

(�) SEI mode (�) BEI mode 
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����
��.��������/#������������!"� A4 �
����� Heat treatment 	
��#$%�!�� 1000 

���������
�� (�!' 4.37) ���
��
������������������� 

 

  

 

��� 4.37  ������������!"� A4 heat treatment 	
��#$%�!�� 1,000 ���������
�� SEI mode  

 

- �	��"�����	�
��*-"���������� 

/�����	9����
���	
�89����4�	����������	,<� 5 �!"� (9,��!' 4.37-4.41) ���
��


�#$���,"�9,��
< �;�	
��#$%�!�� heat treatment "�?���
� 575, 600, 650 ���������
�� �
���	
�

89����4�	����
�
�"�?� /�������	9��������
<���������,��
��4��@ ���
� 	
��#$%�!�� heat 

treatment +
��9,���
�� ���9�D���� K3Nb8O21 ��;���/���D�9,���
��8�
�'*��D��@.�����4�	���

�D�/:��
�
���	
�89����4�	������� /�������	9������
������!"� A1, A2 �
�
���	
�89����4�-

	����!�	
��#$%�!�� 1,000 ���������
�� �;� �
�
� 478 ��� 203 "���?�9,� /�������	9���

�����
<���������,��
��4��@'���_�D���� K6Nb10.88O30  �:���'*��D�	
��
.���������'*���� 

tetragonal tungsten bronze /:��
�
���	
�89����4�	����!��:<� �
�������!"� A3 ���
��
���	
� 

89����4�	���	,<������
�
�"�?���;���	
���,������!"� A1, A2 �;� �
�
��!��#9 44 	,<��
</�������

	9��������
<���������,��
��4��@���
��
�	
����9�:<�����D�  K6Nb10.88O30  8�
+,9�/��
 

intensity "�?���� 	?�=%��
���	
�89����4�	���"�?�"��8'9��� �
�������!"� A4 �
�
���	
�89����4�-

	����!���!
=�+
�� 800 ���������
�� �
�
� 152 8�
=+
	
� 1,000 ���������
�� 	,<��
<��;���/�� 	
�
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�#$%�!�� 1000 ���������
�� �
�D��	��������� K3Nb8O21 '���!
 ��������!"� A5 �


�
���	
�89����4�	����!�	
� 1,000 ���������
�� �
�
� 274 �:��/�������	9��������
<�����

����,��
��4��@�
 intensity 	
�+,9�/�	
��#$%�!��9,���
�� 

500 600 700 800 900 1000
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D
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t

Heat treatment temperature
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��� 4.38 ��9��
���	
�89����4�	������������������!"� A1 	
� heat treatment 	
��#$%�!��"
��&  
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500 600 700 800 900 1000
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Heat treatment temperature
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��� 4.39 ��9��
���	
�89����4�	������������������!"� A2 	
� heat treatment 	
��#$%�!��"
��&  
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��� 4.40 ��9��
���	
�89����4�	������������������!"� A3 	
� heat treatment 	
��#$%�!��"
��&  
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��� 4.41 ��9��
���	
�89����4�	������������������!"� A4 	
� heat treatment 	
��#$%�!��"
��&  
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D
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��� 4.42 ��9��
���	
�89����4�	������������������!"� A5 	
� heat treatment 	
��#$%�!��"
��&  
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-   �	��"�����	�	��/0����-"����������  

 /�����	9����
�����!>��
�89����4�	��� ���
�������������!"� A1, A2, A3, A4 

��� A5 �
�
�����!>��
�89����4�	����!��#9��!
	
��#$%�!�� heat treatment 1000, 800, 1000, 

800 ��� 600  ���������
����;���	
���,��#$%�!���;��& 9,���� 4.43 – 4.47   ����'*��
�	
�

�����;���	
���,��,�9#	,��8' �;� A1 �
�����!>��
�89����4�	����!��#9�"
�������
���!
=�+
�� 0.2-

0.30, A2 ��!
=�+
�� 0.05-0.30, A3 ��!
=�+
�� 0.05-0.11,  A4 ��!
=�+
�� 0.05-0.5 ��� A5 ��!


=�+
�� 0.08-0.18 ����
�����!>��
�89����4�	���	
�"�?�	
��#9��;���	
���,��#$%�!�� heat 

treatment �;��& ���������������!"� A1-A5 �;� 600, 600, 700, 700, 800 ���������
�� 9,�

��� �:���
�����!>��
�89����4�	����
�
�"�?���!
=�+
�� 0-0.05 
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��� 4.43  ��9��
�����!>��
�89����4�	������������������!"� A1 	
� heat treatment 	
�

�#$%�!��"
�� &  
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��� 4.44  ��9��
�����!>��
�89����4�	������������������!"� A2 	
� heat treatment 	
�

�#$%�!��"
��&  

500 600 700 800 900 1000
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

D
ie

le
ct

ric
 lo

ss

Heat Treatment Temperature

 10k
 20k
 100k
 500k
 1M
 2M

 

��� 4.45  ��9��
�����!>��
�89����4�	������������������!"� A3 	
� heat treatment 	
�

�#$%�!��"
��&  
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��� 4.46  ��9��
�����!>��
�89����4�	������������������!"� A4 	
� heat treatment 	
�

�#$%�!��"
��&  
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��� 4.47  ��9��
�����!>��
�89����4�	������������������!"� A5 	
� heat treatment 	
�

�#$%�!��"
��&  
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4.2 �����������	���
��"��#��$��������	
��
�%�	���
&��	&� 
4.2.1 �����'(�)�	�*+�����������	����
����"��#��,����� CaO-Na2O-P2O5 
 /���,<�"�����	
�89�	?�����:�F�����"�
������+
����=������
<.9�=+���T
���%���

���9,<��9��  �:���,"���
��	
�=+�=�����:�F�=��,<�����
</�=+��,"���
����� Ca/P "���,"���
��

����D� hydroxyapatite �;�=��,"���
�� Ca/P �'*� 10/6   	?����%���	
��#$%�!�� 1000 °C 

.9��
�,"������:<�/������#$%�!���'*� 10 °C  	?����%���	�<�8��  1 +,��.��  ��'���Q�
�8�


������%����'*�����89� +�<����	
�89��,��'*����%�;�����9,<�"�� (9,��!' 4.48 (�) )  �����;��	?�

���������#$%�!��/��  1000 °C  �'*�  1200 °C  �:��'���Q�
��,�8�
������%����'*�����89�

�%�;����$
	
� 1 (9,��!' 4.48 (�) )  /:��
����:�F�.9�����'�
����,"���
��=%�
.9��
��������

'����$��� NaCO3 ����8'��;���/���
�  NaCO3 �
%���	
��'*�",��9�#$%�!��%�;�D�,��@=����

%�������  .9�	?����%�������9����#$%�!��  1300 °C  .9��
�,"������:<�/������#$%�!��

�'*�  10°C  	?����%���	�<�8��  1  +,��.��  ���
��,�8�
������%�������=������
<89� (9,��!' 

4.48 (�) )  	,<��
<��;�����/��������=��,"���
��	
��
 Ca/P �	
��,� 10/6 �
/#9%����%��	
��!�

��� /:�"����
���'�,��,"���
��=%��
 Ca/P 	
�������"
�8' /:�89�	?�����:�F�����+
����=�

�����
</�������/,��;��	
�����
�,���/,�	?��� �?���'�,�'�#����,"��+����.9��
����/;�����@���

8�9@��8'=�'����$"
��&  �:��/���
���������
�9=�%,����"
�8' 
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      (�)                 (�) 

 

 
(%) 

��� 4.48 ��9��,�F$����+�<�������������
��.��9
��D���D"%�,�������	
�  

(�) 1000 °C  (�) 1200 °C  ��� (�) 1300 °C 
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4.2.2 �����'(�)����	����
����"��#��,����� CaO-Na2O-P2O5 ��;�<����	$*����%= 
�����
=����,����
�>�?��@ 

/�������/,��
<���
�������%�������=������
<=��,"���
�� 45P2O5 – (30-x)CaO – 

25Na2O – xZnO (��;�� x �
�
��	
��,� 1, 2, 3, 4, 5 ������.9�.�����	,<�%�9) .9�=+��#$%�!�� 

1000 °C 89��:������	
�89�/��
�,�F$�	
�=� ��4� ����
D���������!
=������'*�/?������� (9,�

�!' 4.49) ����	
�89�/��?���	?�����9����
�9.9����;����9�
��������9����!���� (ball-mill) 

�:��=��,<�"���
</�	?������
�����:�F��
����!
�
� 2 %,�����;�	?�����9����
�9.9����;����9

�
��������9����!���� (ball-mill) �'*����� 1 �,'9�%@ ������	?�����9����
�9.9����;���

�9�
��������9����!���� (ball-mill) �'*����� 1 �,� 

 

 

��� 4.49 ��9��,�F$�+�<�������������
��.��9
��D���D"	
�89�/��������=��"
�� 

       �,"���
��	
�	?�����/;�����@���8�9@��8' 

 

����� 4.4  ��9��,"���
������
������������+
����=����������
��.��9
��D���D"	
�

	?�����/;�����@���8�9@=�'����$"
��& 

 

 

0%� 1% 2% 3% 4%� 5%
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- 1�'	��	�#��'����2��
��3�������
��$���*-"$ 

/�����"��/����D����@'��������������9����	���� XRD ���
� ����	
��
�����

%����
�����'*���,>��� (amorphous) %�;����� .9��,���"89�/���,�F$�����!'������

��
<���������,��
����@ 9,��!' 4.50 ����,����
�8�
���9�
������:�=9& ���9�:<�=�����+#9�
< 

 

 

��� 4.50  ���D��9��D����@'������������=����������
��.��9
��D���D"	
�	?���� 

  �/;�9�������@���8�9@=�'����$"
��& 	
��
������9����
�9 
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4.2.3 �����'(�)����	����
����"��#��,����� CaO-Na2O-P2O5 ��;�<����	$*����%= 
�����
=����,����
�>�?��@ �
�,"�����
�?��	�A�	��� 1 �B�
��= 

-  1��	���
��#�������	
�	��	
��
4���
	� 

 /������,���"�,�F$�	�����������������	
�89����
� ������/��
�,�F$��'*��


�������
�9 �"
/��
���/,�",��,��'*���#
�������!
���� (9,��!' 4.51) 

 ��;���?�������	
�89���	?�����:<��!'�'*���49������� ���
�+�<���� green body 	
�89�/��


�,�F$�	
�+;<� .9��]���+�<����	
�89�	?�����/;�����@���8�9@��8'=�'����$������ 1, 2 ��� 3  

.�����	,<�%�9 �:��/����
���49+�<����/�"�9��!
�,���
����@ ����?������/����
����@��� 

(9,��!' 4.52) 

 

 

��� 4.51  ��9��,�F$���������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@=�  

  '����$"
��&  

 

 
 
 
��� 4.52  ��9��,�F$����+�<���� (green body) ������������
��.��9
��D���D"	
�	?���� 

  �/;�9�������@���8�9@=�'����$"
��&  

 

0%� 1% 2% 3% 4%� 5%

0%� 1%� 2% 3% 4%� 5%
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��/������?�+�<���� green body 	
�89��?��������:�=��#$%�!��"
��& ���
� 	
�

�#$%�!�� 200 °C .9�8�
=+������� +�<����	
��/;�����@���8�9@ 2 ��� 3 �'��@��4�"@ /��


�,�F$����=��
�����+�<������49�;��& ���
�+�<�����
�,�F$��%�;���9������
�
�<?�"���
��

9,��!' 4.53 

 

� 0%� 1%� 2%� 3%� 4%� 5%�

 

��� 4.53 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

 =�'����$"
��&  

 

 =���$
	
����9����#$%�!��  200 °C  ���	?�������9��� ZrO2  /����
�+�<����	
�89��


�,�F$��!'�
���������'*��
�<?�"�� (9,��!' 4.54) 

 

 

 

��� 4.54 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@  

   �:���
�������������������:�	
��#$%�!�� 200 °C ���	?�������9��� ZrO2 
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 =��
�����+�<����	
�	?�������	
��#$%�!�� 400 °C ���9��� Al2O3 ��� 400
 °
C ���

9��� ZrO2 ���
�+�<�������	,<������$
/��
�,�F$��'*��
�	����/��!�%���/,��,��'*���#
�

���� �:���,�F$�+�<��������=�/���������#��
�� (9,��!' 4.55 ��� 4.56) 

 

 

��� 4.55 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

 ��������:�	
��#$%�!�� 400 °C ���	?�������9��� ZrO2 

 

 

 

��� 4.56 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

           ��������:�	
��#$%�!�� 400°C ���	?�������9��� Al2O3 
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- 1��	�#��'���4��"��
�2��
��3�������*3�	�5 

 ��;���/���
����9'^>%��,�+�<����+#9	
��
��������	
��#$%�!�� 200 °C .9�8�
�
������

=�����"�
��+�<�����
������?�8'�������%@/:�8�
�������?�+�<����+#9�
<���������%@89� (9,��!' 

4.57) 

 

 

 

��� 4.57 ��9��,�F$�+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@=� 

 '����$"
��& �:���
��������	
��#$%�!�� 200 °C .9�8�
�
������  

  

/��������������%@%��D�������@'��������+�<����	
�	?�������9����#$%�!�� 200 

°C .9�=+� ZrO2 �'*������� 400 °C .9��
 ZrO2 �'*������� ��� 400 °C .9��
 Al2O3 �'*�

������ ���
��
��:����9�:<�=����������
< .9����
���;���
���������#$%�!��/��%4�89��
����D�


���9����
��!��:<����+,9�/��:<� �����;���?����D	
�89��?����	
���,��������!���"���� 

JCPDS ���
����D	
�89���9������,�����!��;<���� JCPDS %������ 01-072-0126 �:���'*�

�D����@'�������� NaPO3 .9��
.����������:����.�.������� (Monoclinic) ���/�����

"��/����D����@'�������,<��
<8�
���D����@'��������8~9����
����8	"@ (9,��!' 4.58) 
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��� 4.58 ���D��9��D����@'��������+�<�������������
��.��9
��D���D"	
�	?�����/;� 

           9�������@���8�9@ �:�����	
��#$%�!�� 200 °C (���9��� ZrO2) 400 °C (���9��� ZrO2)  

           ��� 400 °C(���9��� Al2O3) .9�=+�������	
��
������9�
���'*����� 1 �,'9�%@ 

 

4.2.4 �����'(�)����	����
����"��#��,����� CaO-Na2O-P2O5 ��;�<����	$*����%= 
         �����
=����,����
�>�?��@ �
�,"�����
�?��	�A�	��� 1 �B� 

- 1��	���
��#�������	
�	��	
��
4���
	� 

 ������:�F�����	
��
������9�
���'*����� 1 �,� ���
� ������	
�89�/��
�,�F$��'*��


�������#	T���%�;���,�=���$
�9 1 �,'9�%@ �"
�,�F$������	
�89�/��
�������",��,�������
�

��$
�9 1 �,'9�%@ (9,��!' 4.59) 
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��� 4.59 ��9��,�F$���������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@=� 

 '����$"
��&  

 

/��������?�������	
�89��?�8'�:<��!'�'*���49������� ���
� �,�F$� green body 	
�

89�/��
�,�F$�	
���
�����8�
�
'^>%�9�������+;<��%�;��=���$
�
������9�
�� 1 �,'9�%@ 

(9,��!' 4.60) 

 

 
 

��� 4.60 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

 =�'����$"
��& 	
��
������,9�:<��!'�'*���49��������
�����  
 

��/������?�+�<���� green body �"
��+#9�?�����������:�	
��#$%�!��"
��& .9�8�


=+������� ���
� 	
� 400 °C +�<����/��
�,�F$�����
��������
��������	
���$
�/;�����@���

8�9@ 4 ��� 5 �'��@��4�"@ .9��
��=%>
+�<����/��
�
�<?�"�� (9,��!' 4.61) 

0%� 1% 2% 3% 4%� 5%

0%� 1%� 2% 3% 4%� 5%
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��� 4.61 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

  =�'����$"
��& 	
��
������,9�:<��!'�'*���49������� ��������:�	
��#$%�!�� 400 °C 

 

 �?�%�,�������	
� 500 °C ���
�+�<����	#�+�<��
�,�F$��;<�����
��������
�����/��


�,�F$��
�'*��
�	� (9,��!' 4.62) 

 

��� 4.62 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

 =�'����$"
��& ��������:�	
��#$%�!�� 500 °C 

 

 �?�%�,�������	
� 600 °C ���
��,�F$����+�<�����
��������
���"
/�������
�=���$


���	
� 500 °C +�<����	
�89�/��
�
�'*��
�	����9?�������
�+�<����	
� 4 ��� 5 �'��@��4�"@ 

+�<����	
�89�/��
�,�F$��;<����	
��9;�99�����������	
��!�����8' (9,��!' 4.63) 

 

0%� 1%� 2% 3% 4%� 5%

0%� 1%� 2% 3% 4%� 5%
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��� 4.63 ��9��,�F$����+�<�������������
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 

 =�'����$"
��& ��������:�	
��#$%�!�� 600 °C 

 

- 1��	���"��	���	���� 

 ����,9����%����
����+�<�����
</�=+�%�,�����	�	
���� Archimedes .9��
���

�'�
���/�����=+��<?��'*���	���� �:���
�
�����%����
��'*� 0.792 g/ml 	,<��
<��;���/���
�

+�<�����
'^>%�=���;������	?�'Q��������,��<?�/:�8�
������=+��<?�89� 

 
����� 4.5 ��9�����%����
��]�
�����+�<�������������
��.��9
��D���D"	
�	?�����/;� 

    9�������@���8�9@�:��89�/�����=+�������	
��
������9����
�9.9����;����9�
�� 

    ������9����!���� (ball-mill) �'*����� 1 �,� 

 

�
�����%����
� (g/cm
3
) �#$%�!�� 

CNP8�
�
��

����/;� 

ZnO 

CNP �/;� 

ZnO 1% 

CNP �/;� 

ZnO 2% 

CNP �/;� 

ZnO 3% 

CNP �/;� 

ZnO 4% 

CNP �/;� 

ZnO 5% 

400°C   1.95 1.93 1.94 2.01 1.71 1.90 

500°C   1.81 1.86 1.82 1.94 1.64 1.87 

600°C   1.81 1.77 1.71 1.78 1.68 1.65 

 

***�
��	��D CNP �;� ����=����� Calcium Sodium Phosphate 

 

0%� 1%� 2% 3% 4%� 5%
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�:����;���?��
�����%����
�	
�89�/��"���� 4.5 ��	?��'*����D�'�
���	
���4/�89��'*�

���D9,��!' 4.64 

 

 

��� 4.64 ���D��9�����%����
����+�<�������������
��.��9
��D���D"	
�	?�����/;�9��� 

 ����@���8�9@=�'����$"
��&  

 

/�����D�����/��$�����'*��"
���#$%�!��/��%4�89��
�	
��#$%�!�� 400 °C  +�<�����


���.���	
�/��
�
�����%����
��!��:<���;��	?���������'����$��� ZnO 	,<��
<��;���/���
� Zn �


���9����,��
8����������
� Ca, Na ��� P �:����/�'*�������
� ZnO 	
��"����8'=�'����$

	
��%��������������/��",���!
=��D�%�,���
�����?����� ����'*�8'89��
�	
��#$%�!�� 400 

°C  	?�=%�8������� Zn (Zn
2+

) ����
��/��
�������8'�	��=������$������������������

�
<	?�=%�����	
�89��
���.�������%����
��!��:<��"
=���$
����@���8�9@ 4 �'��@��4�"@ ���
�
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����%����
��
�
��9"�?���� �:��/������!�����������%@	
�89��,�8�
���������#���%"#89���
��

+,9�/���//���;�����/��������9���9=�����"�
��+�<�����489� 

	
��#$%�!��  500 °C  ����%����
��
���.���������:<��%�;���,�=���$
	
��#$%�!�� 400 

°C  �"
/��
�
�	
�"�?���
� �����'^>%�����%����
�	
�"�?�=���$
����@���8�9@ 4 �'��@��4�"@

�%�;���,� 

	
��#$%�!�� 600 °C  ���
��
�����%����
��
���.����9�� 	,<��
<��;���/���
��#$%�!��

	
�=+��!�����8'�:��/�	?�=%�+�<�������",� �:�����%"#�
<��/�'*�"���%"#	
�	?�=%��
�����%����
�

�9����
���%4�89�+,9 

 

-  1��	�#��'���4��"��
�2��
��3�������*3�	�5 

	����(���;�D>�#�
� 400°C   
 

 

��� 4.65 ���D��9��D����@'��������+�<�������������
��.��9
��D���D"	
�	?�����/;� 

 9�������@���8�9@=�'����$"
��&  %�,������������:�	
� 400 °C 
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/�����D/��%4�89��
��
������9��:����9�:<�=����������
< �:����;���
����"������@���-

8�9@��8'=�'����$����:<�/��,���"#�%4�89��
��
�	
�89�/��
�,�F$��!��:<� �:����//���#'89��
�   

����@���8�9@�
���"
�������9��:�������������
< �����;���?����D	
�89��?����	
���,�

�������!���"���� JCPDS ���
����D	
�89���9������,�����!��;<���� JCPDS %������ 

00-041-0489 �:���4�;��D���� Ca2P2O7.9��
.����������:����.�.������� (Monoclinic) ���

/�����"��/����D����@'�������,<��
<8�
���D����@'��������8~9����
����8	"@ 

 

	����(���;�D>�#�
� 500°C   

 

��� 4.66 ���D��9��D����@'��������+�<�������������
��.��9
��D���D"	
�	?�����/;� 

            9�������@���8�9@.9�=+������� %�,������������:�	
� 500 °C 
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 /�����D/��%4�89��
��
�	
����9�:<���;���?�8'�	
���,��������!���"���� JCPDS 

���
����D	
�89���9������,�����!��;<���� JCPDS %������ 01-076-0788 �:���4�;��D���� 

NaPO3 .9��
.����������:����.�.������� (Monoclinic) ���/��,���"�%4��
���;�������'����$

����@���8�9@/�'���Q�D�	
�����%�;�/���D�	
����#����"�� �:��8�
���������#89��
��'*��D�

������@'�������8� /������:�F�	
��#$%�!�������������:� 500 °C 8�
���D�

���@'��������8~9����
����8	"@ 

 

	����(���;�D>�#�
� 600°C   

 

��� 4.67 ���D��9��D����@'��������+�<�������������
��.��9
��D���D"	
�	?�����/;� 

           9�������@���8�9@=�'����$"
��& %�,������������:�	
� 600 °C 
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 /�����D��;���?����D	
�89��?����	
���,��������!���"���� JCPDS ���
����D	
�89�

��9������,�����!��;<���� JCPDS %������ 01-081-2257 �:��89���
�D���� Ca2(P2O7) �:���


.����������:�����""��.���� (Tetragonal) �����;���
��������'����$����@���8�9@/���

�D��'��'������9�:<�.9��]���	
�����@���8�9@ 2 �'��@��4�"@ �:��8�
���������#89��
��;��D�

������@'�������8� ���/������:�F��#$%�!�������������:���,<��
<8�
���D����@'�����

���8~9����
����8	"@ 

 

- �	��	��	��	����
��
4���
	� 

 =�����,9�
�������4����+�<���� /��,9.9�=+��	��������9����������@ (Vickers 

indentations) .9�89��'�
����
���	
�/���!"�"��	�F_
/�� 854.1  �'*� 2718.268 ��;���/��

��������;����,98�
"���,���"���� �:��/�89������ (4.1) 9,��
< 

                                

                                                                    (4.1) 

 

 .9�����������%@%�������4�/���	��������9����������@�
<=����	9���/�

	9���.9�����9 200 N �'*����� 15 ����	
 �:������9	
�89�/��
�,�F$��'*������	8����,�

�'*��
��%�
���/,"#�,�9,��!' 4.68-4.70 
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��� 4.68 ��9��,�F$��������9	
�89�/�����	9���9���%,��9����������@���+�<�������� 

 �����
��.��9
��D���D"�
����������:�	
� 400 °C  

 

0% 1%

2% 3%

4% 5%
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��� 4.69 ��9��,�F$��������9	
�89�/�����	9���9���%,��9����������@���+�<�������� 

 �����
��.��9
��D���D" �
����������:�	
� 500 °C  

 

0% 1%

2% 3%

4% 5%
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(/)                  (]) 

��� 4.70  ��9��,�F$��������9	
�89�/�����	9���9���%,��9����������@���+�<��������

�����
��.��9
��D���D" �
����������:�	
� 600 °C  

 

0% 1%

2% 3%

4% 5%
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/���!'89���;���?���������������9	
�8����,����?���$%��
� Vickers hardness 

�����?��
�	
�89���	?��'*����D9,��!' 4.71-4.73 

 

 
��� 4.71 ���D��9������,��,�T@��%�
���
�������4��,��,"���
������"�� ZnO �������=� 

 ���������
��.��9
��D���D" �
�������������:�	
��#$%�!�� 400
 
°C 

 

/�����D/��%4�89��
��
�������4�	
�89��,<��
���.���	
�/��9��	,<��
<��//���;���/���
�

�#$%�!��	
�=+�=�������"�?�����8'	?�=%�����@���8�9@8�
����������",��'*�����@8�����������

8'�	�������$�������89� �:��/�����D/��%4�89��
���;��8�
�
����"������@���8�9@��8'/�	?�

=%��
�
�������4��!��#9�,���;�����/��8�
�
�����	�	,<�=���;����#$%�!�����'����$����@���

8�9@ 
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��� 4.72 ���D��9������,��,�T@��%�
���
�������4��,��,"���
������"�� ZnO �������=� 

 ���������
��.��9
��D���D" �:���
�������������:�	
��#$%�!�� 500
 
°C 

 

/�����D/��%4�89��
��
�������4����+�<�����
���.���	
�/�������:<��"
�
�
�	
�"�?���
�=�

��$
���	
� 400
 

°C ���	
� 2 ��� 4 �'��@��4�"@���
��
�������4��
�
��9��	,<��
<��//�

��;���/���
����9�!��#����=�+�<�������/:�	?�=%��
�������4����+�<�����9�� 
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��� 4.73 ���D��9������,��,�T@��%�
���
�������4��,��,"���
������"�� ZnO �������=� 

 ���������
��.��9
��D���D" �:���
�������������:�	
��#$%�!�� 600
 
°C 

 

/�����D/��%4�89��
��
�������4��
���.���	
�/�������:<�����
�
�=�����
���,�=���$
	
�

���9����#$%�!�� 500
 
°C �"
	
���$
�"������@���8�9@8' 5 �'��@��4�"@ ���
��
�������4�/������

�9��	,<��
<��/��;�����/��'����$�������@���8�9@	
��"���
'����$�������8' 

��;���������%@���D������4����+�<����	,<�������D/��%4�89�+,9�/��
�����@���8�9@

8�
89�+
��=%��
�������4�9
8'/���9���"
=�	����,��,�	?�=%��
�������4��9�� �����;���/���
�

�
�������4�	
��
�
����	
��#9�;�=���$
8�
�
����"������@���8�9@������	
��#$%�!�� 400
 
°C 
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-  ���"��/���9����	���� DTA 

�

�

�

�

Tg 

Tx1 

Tx2 

� Tg 

Tx1 

Tx2 

Tx2 

Tx1 
Tg 

Tx2 

Tx1 

Tg 

Tx2 

Tx1 

Tg 

Tx2 

Tx1 

Tg 

 

��� 4.74 ���D��9�������������%@����'�
����'��	�������������+�<�������������
�� 

 .��9
��D���D"	
�	?�����/;�����@���8�9@=�'����$"
��& 
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/���!'	
� 4.73 /��%4�89��
��#$%�!��=�����'�
��������������",<�"�������'*�����

%�;��
� Tg ��//���!
=�+
������#$%�!��150 – 200 °C �:���4�;�89��
��'*�+
��	
��#$%�!��"�?���
��

��� ���/�����D�,��%4�89��
���/�
����'�
����D�=������
�=�+
������#$%�!�� 200 – 250 

°C ��� 450 - 500°C �"
=����D	
������
����/;�����@���8�9@����8'=�'����$ 4 mol% /�

�%4�89��
����D�
���������,����	
��!����=��#$%�!��=�+
�� 200 -250°C 	,<��
<��/�'*�

������
������
������9���"���:����9�:<� 

��;���?��
� Tg , Tx1 ��� Tx2 ���	
��9!���.�������#$%�!��	
����9 /�89�9,����D �!' 

4.75 -4.77 

 

 

 

��� 4.75 ���D��9��
� Tg �	
���,�'����$����@���8�9@	
�	?�����/;���8'=��������� 

 �����
��.��9
��D���D" 
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��� 4.76 ���D��9��
� Tx1 �	
���,�'����$����@���8�9@	
�	?�����/;���8'=��������� 

 �����
��.��9
��D���D"

 

 

 

��� 4.77 ���D��9��
� Tx2 �	
���,�'����$����@���8�9@	
�	?�����/;���8'=��������� 

 �����
��.��9
��D���D" 

 

/�����D	,<����/��%4�89��
���;���
��������'����$�������@���8�9@��8'����:<� �
� 

Tg, Tx1 ��� Tx2 �
���.���	
�/�������:<� ������=���$
	
� 4 �'��@��4�"@����@���8�9@ 	,<��
<��//�

��;���/���
��
���"���:����9�:<� 



����; 5 
��D�������
��� 

 
5.1 ��D�������
��� 

=������/,��
< 89�	?�����:�F���T
����"�
�������������	��8DD��	
�'�����9�����:��D�@

.�����4�	���8�����"��,��=����� LiNbO3-SiO2 ��� K2O-Na2O-Nb2O5-SiO29�����T
����"�
�����

����������� ����:����'��9�F�@������������������+
����/������ Na2O-CaO-P2O5 �:��

��������#'�����	9���89�9,��
< 

 

5.1.1 �����������	���
������&&E� 
- ���� LiNbO3-SiO2  

1. ���%����������/������ (1-x)LiNbO3-xSiO2 .9�	
� x �
�
���!
��%�
�� 10 �:� 60 

������.9�.�� ���
��������"�
������	
��
����=�����
�%�;�89�=��!"�	
��
������

.9�.����� SiO2 =�+
�� 20 �:� 35  �
������	
��
'����$ SiO2 �	
��,������� 10 40 

50 ���60 /��
�
����#
� 

2. /�����"��/���.��������/#����9�����������T
	��/#�	�������"�@���
��
���

���9�����
��+,�����D� LiNbO3 	
��
���9��4����& .9��
���9��!
=�+
�� 80 �:� 150  

��.���"� ����,���������9������",�����D����� ��;���
'����$

�������89���8�9@=�'����$�!�",<��"
 40 ������.9�.���'*�"��8' 

3. ���������������%@	����������9����	��������������%@�+���������������#�,�T@ 

���
����������D	
�89���%��#$%�!��	
��%�����"
����"���:� �:���
�#$%�!�����"�

��:�	
��
���=/��!
���+
���;� 650 �:� 700 ��� 970 �:� 990 ����/:�������	?�

������	?�=%����9��:� 9������������	����������	
��#$%�!��"
��& "
�8' 
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4. %�,�/�����	?�=%�����"���:�	
��#$%�!��"
��& /������'*���������������� ���
�

��:�	
�89��'*��D� LiNbO3 9�������������%@��������
<���������,��
��4��@ 

���/���
<�,����������"�����������	
��
���"���:�����D� LiNbO3 	
��
���9��!


=�+
����.���"� ����,�������=���!
89� /������	
��
'����$�������89���8�9@ 25 

������.9�.�� 

 
- ���� K2O-Na2O-Nb2O5-SiO2 

1. ����%���=�����.��9
��.��	���
��������" 	
��
'����$���������� & (10, 20, 25 

,30 ��� 40 mol%) �
�����'*� amorphous �
������	
��
'����$��������� (50, 60 

��� 70 mol%) �
���"���:����9�:<� ��:�	
�89��'*��D���� K3Nb8O21 PDF file 

701148 ����D���� K6Nb10.88O30 PDF file 871856  '��,���!
 

2. ����%����
��������%���=������'����,��,�'����$��������� 

3. �#$%�!�����"���:�'���_��!
 3 +
��  ����
�
��'��,�"��'����$��������� 

4. .��������/#�����������%���8�
'���_�����
��+,�=���9,�8�.�� �:���.���"� 

5. ����.'�
�������������������'����,�"���#$%�!����� heat treatment 

6. ����%����
����������������'��,�"���#$%�!�� heat treatment 

7. �#$%�!�� heat treatment  575 �:� 650 ���������
�� '���_�D� K3Nb8O21 PDF 

file 701148 , �#$%�!�� heat treatment 700 �:�1,000 ���������
�� '���Q�D���� 

K6Nb10.88O30 PDF file 871856  

8. ���9����D���:��'��,�"���#$%�!�� heat treatment 

9. �
���	
�89����4�	�����������!"� A1-A5 �
�
��!��#9��!
	
� 1000 , 1000, 1000, 800  

��� 1,000 ���������
�� "���?�9,� 

10. �
���	
�89����4�	����:<��,��D�	
�'���Q 
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11. �
�����!>��
�89����4�	����!��#9���������������!"� A1-A5 ��!
	
� �#$%�!�� heat 

treatment 1000, 800, 1000, 800 ��� 600  ���������
�� ����
�����!>��
�89��

��4�	���"�?��#9��!
	
��#$%�!��  600, 600, 700 ,700 ,800 ���������
�� .9���#' �
�

����!>��
�89����4�	����
�
���!
=�+
�� 0-0.05 

 
5.1.2 �����������	���
��"��#�� 

-  ��$�4���	
,����� CaO-Na2O-P2O5  

1. =�����"�
������+
����=����� CaO-Na2O-P2O5 8�
�������"�
��89�=��,"���
��

�%�;���,��!"� hydroxyapatite 89� �;�=��,"���
�� Ca/P �'*� 10/6 .9�=+��#$%�!��=�

���%��� 1000
o
C ��� 1200

o
C 89� ��;���/���
��#$%�!��	
�=+�=����%����:��"��

�����'*�/�������"���=+��#$%�!��	
��!���� 

2. ��/������'�
����'���,"���
���������+
��������"��.9���������'����$��� 

Na2O .9�=+����%���	
�  1300
o
C 8�
������	?����%���89���;���/���#$%�!��	
�=+�

=�����'�
����������������
�#$%�!��	
��!� 

 

-  ��$�4���	
,����� CaO-Na2O-P2O5 ��*�9	�	��')�"$��!�
�����-!"�,�3���	�#�	
: 

1. =�����"�
������+
����=����� CaO-Na2O-P2O5 �������"�
��	
��,"���
����� 

Na/P �	
��,� 25:45 .9�=+��#$%�!��=����%��� 1000
o
C �'*����� 1 +,��.���:��%���

9�������%������!���
�89� 

2. ����+
����=����� CaO-Na2O-P2O5 	
�	?�����/;�9�������@���8�9@=�'����$"
��& 

/�8�
���9�'*���:��"
��;���
������������������"��@/�	?�=%��
��:����9�:<� .9�	
� 

400
 o

C /����9��:�����D� Ca2P2O7 	
� 500
 o

C /����9��:�����D� NaPO3 ���	
� 

600
 o
C /����9��:�����D� Ca2(P2O7) 

3. =�����:�F�����+
����=������
<8�
���D����@'��������8~9����
����8	"@ 
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4. ����+
����=����������
��.��9
��D���D"	
�=%��
�����%����
��!��#9�;�����

�����
��.��9
��D���D"	
�	?�����/;�9�������@���8�9@ 3 �'��@��4�"@ .9��
�����

�������"��@	
��#$%�!�� 400
 o
C �:���
�
��	
��,� 2.01 g/cm

3
 

5. ����+
����=����������
��.��9
��D���D"	
�8�
	?�����/;�9�������@���8�9@�:�����

����"��@9����#$%�!�� 400
 

°C /�=%��
�������4�����������@�!��#9 �:���
�
��	
��,� 

3.048 GPa 

6. /������������%@�+����������+
���#$%�!��=�������9������!
	
�+
���#$%�!�� 150-200
 o
C 

 

5.2 ���	������ 
5.2.1 �����������	���
������&&E� 

1. ����
����:�F�������"��=���;���������,"�	��8DD����������������=����� LiNbO3-SiO2 

���	������+��8DD���?�%�,������������	
��
����=���;��=%�89�����!�=�����?�8'�,���

���,"���������������"
�8'  

2. ����
����:�F�������"��=��
���������"��8����%�;����'��������",���8'=�

���@'�����%�,�������� �+
� ���=���#
� Li  K %�;� Nb ��;��%��,"���
��	
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����,"���
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+
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4. ����
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5.2.2 �����������	���
��"��#�� 
1. =������/,�+�<��
<=�����,9%��
�������4����+�<�������	
�/��,9=%�����
�9���=+����

�#
����%���&/#9 
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����� 4 +,��.��9��� 
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<����
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<����
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Fabrication of Ferroelectric Glass Ceramics1

from (K0.5Na0.5)NbO3-SiO2-Al2O3 Glass System2
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In this research, the fabrication of glass ceramics containing ferroelectric KNN crystals9
has been carried out in aluminosilicate glass system by using conventional mixed oxide10
technique in alumina crucible. Alumina was chosen to increase mechanical robust and11
the stability of KNN glass ceramic in ratio 0, 5, 10 and 15 mol%. The received glass12
ceramics were all transparent. The glasses were subjected to heat treatment processes13
at the temperature between 600 and 700◦C in order to form the glass ceramics with de-14
sired crystal phases. X-ray diffraction (XRD) and scanning electron microscopy (SEM)15
techniques were used for phase identification and microstructural studies, respectively.16
The bulk crystallization of KAlSiO2 phase was observed in the glass ceramics with heat17
treatment temperatures from 600 – 675 oC while KNN phase started to appear at higher18
temperature of 700◦C. The glass ceramic containing 23.75 mol% SiO2 possesses the19
optimum values of dielectric constant (εr): ∼260 and low dielectric loss (tanδ): ∼0.0220
at 10 kHz in room temperature.21

Introduction22

Ferroelectric glass ceramics have long been studied as alternative ferroelectric materials for23
decades, because the combination of electric property of ferroelectric crystals and trans-24
parency of glass matrices. This combined property makes them useful in many applications25
especially electronic parts, such as electro—optical, microwave and pyroelectric devices.26
The varieties of ferroelectric crystals: for examples, BaTiO3, PbTiO3, LaTiO3, Pb(Zr,Ti)O3,27
(Sr, Ba)Nb2O6, LiNbO3, KNbO3, NaNbO3 and BiGeO5 [1–11], were introduced to merge28
into many of glass systems. Among them, Nb2O5 based ferroelectric crystals are of partic-29
ular interest, because of their good nonlinear photonic properties [11].30

Potassium sodium niobate (K0.5Na0.5)NbO3 : KNN solid solution has been recently31
subjected to intensive investigation as a promising lead-free ferroelectric [12]. Because32
of the increased environmental awareness, lead-free materials have become the most at-33
tractive material for electrical utilities, which promises environmental friendly products.34
This brought out the original idea of combining the KNN crystals in some selected glass35
systems.36
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Figure 1. Ternary diagram showing 4 glasses from KNN–SiO2-Al2O3 system and the table of
chemical compositions.

In this research, the fabrication of glass ceramics containing ferroelectric KNN crystals37
has been carried out in aluminosilicate glass system by using glass ceramic method in alu-38
mina crucible. Alumina ratio of 0, 5, 10 and 15mol%were added in to the (K0.5Na0.5)NbO3-39
SiO2-Al2O3 system. Heat treatment process was used for controlled crystallization in tem-40
perature range of 600–700◦C for 4 h. The crystallization in the resulting glass ceramics41
was studied by XRD and SEM. Dielectric property of the glass ceramics was studied and42
reported.43

44

Experimental Procedure45

KNN based glass ceramics were prepared by conventional melt quenching technique. The46
oxide powders of K2CO3, Na2CO3, Nb2O5, SiO2 and Al2O3 were mixed according to47
the glass formula as shown in Fig. 1 in an alumina crucible. Then, the prepared mixtures48
were melted in an electric furnace at 1300◦C for 1 h with heating rate of 10◦C min−1.49
The melts were then quenched between the stainless steel plates at room temperature.50
The resulting glasses were subjected to the heat treatment schedule between 600–700◦C51
for crystallization. Density values of the prepared glass and glass ceramic samples were52
measured usingArchimedes’method. TheX-RayDiffraction (XRD) and ScanningElectron53
Microscopy (SEM) techniques were used to investigate the phase formation and to observe54
the microstructure of the glass ceramic samples, respectively. Two parallel surfaces of55
the glass ceramics were polished and coated with silver paste as electrodes for electrical56
contact. The room temperature dielectric constant (εr) and dielectric loss (tanδ) of glass57
ceramics were measured at various frequencies from 10 to 1 MHz using an LCZ meter58
(HP4276 A).59

gf g
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Glass Ceramics from (K0.5Na0.5)NbO3-SiO2-Al2O3 Glass System [3]/3

Figure 2. Variation in density of quenched glasses C1–C4.

Results and Discussion60

The resulting glasses prepared from (K0.5Na0.5)NbO3-SiO2-Al2O3 system with various61
contents of alumina ranging from 0, 5, 10 and 15 mol% were transparent and mechanically62
robust. All glasses were subjected to the heat treatment schedules at the temperature ranging63
between 600–700◦C for 4 h. The transparent property of the glass ceramics depended very64
much on the heat treatment temperature. It was found that the transmission of light tended65
to decrease with increasing temperature. The highest heat treatment temperature of 700◦C66
resulted in the opaque samples in all conditions.67

Figure 2 shows the variation in density with alumina content of the quenched glasses68
and Fig. 3 illustrates the density values versus heat treatment temperature of all conditions.69
It can be clearly seen that the density values of all heat treatment samples are higher70
than that of the quenched glasses and the amount of added alumina has insignificantly71
affected the density of the quenched samples. In Fig. 3, it is seen that the density tend72
to increase linearly with increasing heat treatment temperature in all conditions (C1–C4).73
The maximum values of density were found in the glass ceramic samples subjected to heat74
treatment at 700 oC.75

Figure 4 shows the example of XRD result of the glass ceramic samples with the76
amount of alumina equal to 10 mol% (C2), after subjected to the heat treatment at various77
temperatures. The XRD results of other conditions: C1, C3 and C4, were found to exhibit78
similar trends to that of the C2 condition. It can be found from the XRD result that79
the glass ceramic samples subjected to the heat treatment between 600–675◦C contained80
only one potassium alumino silicate phase (KAlSiO2). Moreover, the crystallinity of this81
KAlSiO2 phase increases with increasing heat treatment temperature as the intensity of82
the corresponding diffraction peak increases. The possible explanation is that at higher83
temperature the growth rate is high which enhanced the growth of KAlSiO2 crystals in the84
glass matrices. However, the proper thermal analysis such as differential thermal analysis85
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Figure 3. Density of glass ceramic samples subjected to heat treatment at various temperatures.

(DTA) is needed in order to clarify this point. Additionally, the glass ceramic samples of all86
conditions which subjected to the heat treatment at 700 oC contained the perovskite sodium87
potassium niobate ((K,Na)NbO3: KNN) phase. This explains the maximum density value88
of all samples heated at this temperature as the KNN crystal has higher theoretical density89
than that of KAlSiO2.90

Figure 4. XRD patterns of glass ceramic sample with 5 mol% alumina (C2) subjected to heat
treatment at various temperatures.
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Figure 5. SEM micrographs of the glass ceramic samples subjected to heat treatment at various
temperatures.

The effects of glass composition and heat treatment temperature on the characteristic91
of crystallization in the glass ceramics were investigated by SEM and the results are shown92
in Fig. 5. The bulk crystallization were started to appear in the glass ceramic samples heated93
at 600 oC and higher in all conditions, confirming the existence of the KAlSiO2 crystals94
embedded in these glass ceramics. The crystals become more rectangular in shape with95
higher heat treatment temperature of 650 oC. In all conditions, the glass ceramic samples96
heated at 700 oC contained the noticeable nano crystals of less than 100 nm dispersed97
homogeneously throughout the glassmatrix. Thismay be resulted from the phase separation98
of high-niobate phase regions at high temperature. This phase separation was more stable99
during 4 h period of heating time and become crystals during crystallization process when100
the samples were cooled to room temperature. This is consistent with the work done by101
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Figure 6. Dielectric constant (εr) and dielectric loss (tanδ) of C2 glass ceramic samples subjected to
heat treatment at various temperatures.

Petrovskii et al. [13] who studied the phase separation and crystallization in glasses of the102
Na2O-K2O-Nb2O5-SiO2 system. They reported the crystallization in high niobate phase103
regions resulted in the formation of the microinhomogeneous structure in their electron104
micrographs of the sample heated at 700 oC for 1 h. In our work, considering the XRD105
results and SEM micrographs of the samples heated at 700 oC, it may be assumed that the106
nano crystals observed in the glass ceramics could be identified as the KNN phase.107

Dielectric constant (εr) and dielectric loss (tanδ) at various frequencies of C2 glass108
ceramic samples subjected to heat treatment at various temperatures are shown in Fig.109
6 and the inset of Fig. 6, respectively. These C2 glass ceramics of all conditions were110
chosen to represent the optimum dielectric properties found in this work. It can be clearly111
revealed that the maximum dielectric constant was obtained from the glass ceramics heated112
at 700 oC. This result confirmed the existence of perovskite KNN phase in these glass113
ceramics. The overall dielectric loss values are pretty low and lied between 0.01–0.05114
depending on frequency. The maximum values of dielectric constant (εr): ∼260 and low115
dielectric loss (tanδ):∼0.02 at 10 kHz in room temperature, make this KNN glass ceramics116
a good candidate among other ferroelectric glass ceramics, such as LiNbO3 and BaTiO3.117

Conclusions118

Glass ceramics embedded with KNN nano crystals were successfully fabricated from the119
(K0.5Na0.5)NbO3-SiO2-Al2O3 glass systemwith a wide range of Al2O3 concentrations from120
0–15 mol%. However, the crystals of KAlSiO2 phase were found to co-precipitate along121
with the KNN phase in the sample heated at 700 oC. Further study should be done in order122
to fabricate the glass ceramic containing only perovskite KNN phase. This may be done123
either by careful control of heat treatment method or by changing based glass composition.124
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The optimum values of dielectric property in this work, promise the bright future of this125
KNN glass ceramic in electro-optical applications.126
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Glasses have been formed from PbO-Bi3O2-GeO2 system by conventional melt-10
quenching method. The glasses were melted in Pt crucible in an air atmosphere.11
The resulting glass pieces were subjected to the heat treatment schedule at various12
crystallization temperatures. The glass and glass-ceramics samples were then investi-13
gated by XRD and SEM spectroscopy. The dielectric and ferroelectric properties were14
also measured. Moreover, DTA analysis has been used to examine the crystallization15
temperatures of glasses. The controlled heat treatment process has been applied to16
the crystallization temperatures and glass-ceramic samples were obtained. The XRD17
showed that the crystals of ferroelectric phase, hexagonal Pb3Bi2(GeO4)3;PBG, were18
precipitated in the glass matrix and this is the dominant phase in the region of 34.5019
mol% PbO : 11.49 mol% Bi2O3 : 54.01 mol% GeO2 on the heat treatment temperature20
at 527◦C. The dielectric constant (εr) and P-E loop of Pb3Bi2(GeO4)3 glass-ceramic21
confirmed that this material may have high possibility to be ferroelectric at room temper-22
ature with coercive field (Ec) of 30.9 kV/cm. However, the remanent polarization (Pr)=23
1.36 μC/cm2 is rather small, therefore it is quite difficult to confirm that the P-E loop is24
the feature of truly ferroelectric, it may represent a lossy capacitor behavior.25

Keywords Pb3Bi2(GeO4)3; Dielectric properties; Ferroelectric hysteresis loop; Glass-26
ceramics27

Introduction28

Ferroelectric materials are used world-wide in many applications of electronic devices as a29
result of their specific properties, such as their large piezoelectric values, particularly near30
the transition temperature, which make them usable as transducers. The first Multilayer31
Ceramic Capacitors (MLC) were made from polycrystalline BaTiO3 (Barium Titanate),32
which has become the basic ceramic dielectric capacitor in various forms made by sintering33
routes [1, 2].34

However, some researchers have attempted to make transparent ceramics with ferro-35
electrical properties for which such a sintering method is not appropriate. Therefore, the36

Received June 20, 2010; in final form July 9, 2010.
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glass-ceramic method is of interest. Glass- ceramics have several advantages, particularly37
the fact that they are made from a pore free precursor glass and have good thermal,38
mechanical and electrical properties. It can be seen that glass-ceramics have a unique39
combination of properties. As a result of this, they are able to replace the traditional40
materials in applications where the requirements of better cost and improved performance41
are needed.42

Recently, many researchers have been interested in the glass-ceramic method and have43
attempted to open up entirely new fields. Unfortunately a number of applications still wait44
for industrial exploitation [3]. One of the interesting phase is Pb3Bi2(GeO4)3:PBG which45
was first reported by Otto and Lierheim [4]. They found that the crystal may be ferroelectric46
because the cations of Pb2+ and Bi3+ have asymmetric coordination which can possess the47
electric dipole moment in the molecule. Moreover, the composition of this phase already48
contains a good glass former of GeO2 which should ease the preparation of the PBG based49
glass from the stoichiometric composition 3PbO.Bi2O3.3GeO2.50

This project is aimed at investigating the electrical properties of glass-ceramics formed51
from the lead bismuth germanate system at various heat treatment temperatures. The glass-52
ceramic method has been used to prepare the sample and devitrification of the glass is being53
studied by x-ray powder diffraction analysis. The thermal behavior has been examined54
using differential thermal analysis (DTA). SEM analysis is used to confirm the crystallinity55
information from XRD of heat treated sample. Measurement of ferroelectric property of56
the glass and crystalline samples has commenced.57

58

Experimental59

Materials Preparation60

The PbO-Bi3O2-GeO2 glasses (34.50 mol% PbO : 11.49 mol% Bi2O3 : 54.01 mol% GeO2)61
were melted in a Pt crucible at 1000◦C placed in an electric furnace at air atmosphere62
for 15 mines using reagents of red lead (Pb3O4), bismuth oxynitrate (BiONO3.H2O), and63
99.999%germanium dioxide (GeO2). They were quenched between stainless steel plates64
at room temperature. The thermal properties of selected samples were investigated using65
differential thermal analysis (DTA) with a stanton redcroft DTA model 673-4, employing66
a heating rate of 10◦C min−1 and with quartz as the reference. The resulting glasses were67
subjected to heat treatment schedules for crystallization at temperature ranging between68
500–608◦C with heating and cooling rates of 5◦C min−1 and 10◦C min−1 respectively and69
with 4 h dwell at the crystallization temperature.70

Materials Characterization71

X-ray diffraction (XRD: Siemen D-500) experiment was used to investigate the phase com-72
position in glasses and glass ceramics. Scanning electron microscope (SEM: JSM-6335F)73
was used to observe the microstructures of glass-ceramic samples. The room temperature74
dielectric constant (εr) and loss (tanδ) of Pb3Bi2(GeO4)3 glass ceramics were measured75
using LCZ meter (Model 4276A, Hewlett Packard) at 10, 100 and 500 kHz, respectively.76
The room temperature ferroelectric properties were examined using a ferroelectric tester77
(RADIANT TECHNOLOGIES INC.) at 50–90 kV/cm.78
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Figure 1. DTA trace of PBG glass.

Results and Discussion79

The DTA trace of the resulting glass is shown in Fig. 1. Two exothermic peaks at 527◦C80
(TC1) and 608◦C (TC2) were observed. This may imply that there are two phases obtained81
at the two different temperatures. The glass transition temperature: Tg is found at 408◦C82
while the melting temperature (Tm) is found at 757◦C. (Glass transition temperature), TC83
(Crystallisation temperature) and Tm (Melting temperature). This glass has density value84
of about 6.84 g/cm3. In addition, the softening temperature (TS) observed in the DTA trace85
is equivalent to 488◦C while the crystallization temperature is as high as 650◦C. Therefore,86
it is difficult to form a desired shape of glass-ceramic without distortion.87

Glasses were subjected to the heat treatment schedules with the temperature ranging88
from 500–608◦C based on the observed TC1 and TC2 from the DTA trace (Fig. 1). Density89
values and XRD patterns of the resulting glass ceramics are then obtained and illustrated in90
Figs. 2 and 3, respectively. From the density data, it can be clearly seen that the precipitation91
of crystals in glass enhanced the overall density of the glass ceramics, especially for the92
glass-ceramic sample heat treated at 527◦C. It can be noted that the glass ceramic samples93
heated at 500◦C and 527◦C contained only single phase which was Pb3Bi2(GeO4)3:PBG of94
JCPDS file No. 00-0341021 with hexagonal structure and residual glass in the amorphous95
background. However, the crystallinity of the PBG crystals was found to enhance at higher96
heat treatment temperature of 527◦C. This temperature corresponds to the peak of TC1 from97
the DTA trace, implying that the exothermic peak at TC1 is attributed to the crystallization98
of PBG phase.99

The higher heat treatment temperature of 550◦C resulted in the precipitations of four100
secondary phases, including Bi4Ge3O12, Bi2GeO5, Pb3Bi2GeO8 and PbGeO3. This may101
be due to the compositional fluctuation from the thermal vibration of atoms near TC2,102
causing the transformation of PBG crystals to the more thermodynamic stable phase such103
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Figure 2. Density of PBG glass ceramics subjected to various heat treatment temperatures.

as Bi4Ge3O12 at high temperature. It can be clearly seen that the amount of Bi4Ge3O12104
increases in the glass ceramic sample heated at the peak temperature (608◦C), and become a105
major phase while that of the PBG phase decreases dramatically. This may be assumed that106
the transformation from Pb3Bi2GeO8 to Bi4Ge3O12 nearly completes at the peak of TC2.107
However, small amount of other phases, such as Pb3Bi2GeO8 and PbGeO3 still remains108
in the glass ceramic heated at 608◦C, while that of Bi2GeO5 disappears. This is probably109

Figure 3. XRD patterns of PBG glass ceramics subjected to various heat treatment temperatures.
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Figure 4. SEMmicrographs of PBG glass ceramics subjected to various heat treatment temperatures:
(a) 500◦C, (b) 527◦C, (c) 550◦C and (d) 608◦C.

explained that the Bi2GeO5 phase is a metastable form at 550◦C and could not be retained110
at higher temperature. This particular phase was reported elsewhere [5, 6] as a metastable111
phase among other bismuth germanate compounds in the Bi2O3-GeO2 binary system.112

The cross sections of the PBG glass ceramics at various heat treatment temperatures113
were clearly revealed in the corresponding SEM micrographs as shown in Fig. 4. The114
surface crystallization of the single PBG phase was observed in both glass ceramic samples115
heat treated at 500◦C and 527◦C, while the higher amount of residual glass was found116
in the lower temperature sample than that found in the higher temperature one. This is117
consistent with the density data and XRD result where the sample heated at 527◦C has118
higher density value and better crystallinity than that heated at 500◦C. The glass ceramic119
samples heated at higher temperature of 550◦C and 608◦C, contained high porosity and120
non-uniform crystals within the glass matrix. This explains the drop of density values of121
the related samples. The brightest phase may be attributed to the Bi4Ge3O12 phase as its122
amount was found to increase when the temperature increased from 550◦C to 608◦C. More123
careful study such as high resolution energy dispersive analysis (EDS) will be needed in124
order to confirm this hypothesis. However, no evidences of other secondary phases was125
observed in the corresponding SEM micrograph due to a small amount of those phases126
existed in the glass ceramics.127

The dielectric properties in terms of dielectric constant (εr) and dielectric loss (tanδ)128
of all glass ceramic samples are illustrated in Fig. 5. It is found that the maximum dielectric129
constant with low dielectric loss was achieved from the glass ceramic sample heated at the130
peak of TC1 (527◦C), implying that this PGB phase has high potential to be ferroelectric. In131

5.5.
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Figure 5. Dielectric constant (εr) and dielectric loss (tanδ) at various frequencies ranging from 1–100
kHz of the PBG glass ceramics.

order to prove that hypothesis, the polarization-electric field (P-E) hysteresis loop at 5 kV/cm132
of this sample wasmeasured and the result is shown in Fig. 6. The result shows a rather lossy133
capacitor behavior, which is difficult to confirm the ferroelectric property of this PGB phase.134
However, this may be due to the small amount of the PGB phase present in the bulk sample135
used for the ferroelectric measurement as this glass ceramic contains thePGB crystals136

Figure 6. P-E loop of the PBG glass cramic subjected to heat treatment at 527◦C.
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Table 1
Density and dielectric properties of PBG glass ceramics

Heat treatment temperature (◦C) Density (g/cm3) εr (Troom/1 kHz) tan δ

PBG glass 6.71 35.12 0.0537
500 7.05 42.21 0.0614
527 7.21 76.63 0.0389
550 6.82 30.57 0.0394
608 6.76 25.48 0.0384

mostly in the surface area. It may be possible that during electrode preparation, the PGB137
crystals on the surface might be polished away, leading to the decrease in ferroelectricity138
of the measured glass ceramic bulk. Thus, to prove the ferroelectric property of this PGB139
phase, single crystal sample may be needed. The further study in distribute the crystals140
homogenously throughout the bulk glass matrix may be of particular interest.

Q1

141

Conclusions142

Glass-ceramics embedded Pb3Bi2(GeO4)3:PBG crystals were successfully fabricated by the143
glass ceramic method. Heat treatment temperature played an important role in controlling144
both amount and type of the crystals precipitated in the bulk glass ceramics. Surface145
crystallization of the PBG crystals gave the difficulty in preparing the bulk pieces with146
homogenous distribution of the crystals throughout the bulk. This resulted in the lossy147
capacitor behavior of the P-E hysteresis loop of the glass ceramic sample having even the148
largest amount of PBG crystals. However, the maximum dielectric constant of this sample149
may imply that this PBG phase may have high potential to be ferroelectric, but further study150
is needed to confirm this hypothesis.151
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To study the effect of thermal annealing on the electrical properties of lead-free Bi2GeO511
ferroelectric glass ceramics, the glass ceramics with composition of Bi2GeO5 were pre-12
pared by the conventional melt-quenching and heat-treatment methods subsequently.13
Glass ceramics of Bi2GeO5 was produced by subjecting the glass from BiO1.5-GeO2-14
BO1.5 system to the heat treatment schedule at 475◦C for 18 h. After that, the resulting15
samples were separately annealed at 275 and 375◦C for 4, 8, 12 and 18 h, respectively.16
The important properties of annealed Bi2GeO5 glass ceramics such as physical prop-17
erties, phase formation and electrical properties were then investigated. It was found18
that the annealing treatment played an important role on electrical properties of these19
glass ceramics. The XRD patterns confirm the secondary phase of Bi4Ge3O12 co-existed20
with Bi2GeO5 which increased at higher annealing temperature and time. This caused21
a change in density and related electrical properties of Bi2GeO5 glass ceramics. Both22
annealing temperature of 275 and 375◦C with various times can improve dielectric23
properties and ferroelectric behavior of resulting Bi2GeO5 glass ceramics when com-24
paring with that of un-annealed sample. The optimum annealing temperature and time25
for the improvement of dielectric properties of Bi2GeO5 glass ceramics was found at26
375◦C/12 h, where the maximum values of the dielectric constant (εr) of 246 and low27
dielectric loss (tanδ) of 0.024 were obtained. Moreover, the ferroelectric property of all28
annealed glass ceramics exhibited the slim P-E loop and Pr values slightly increased29
with increasing annealing temperature and time. However, the P-E loop are not the30
feature of truly ferroelectric, it may be represent a lossy capacitor behavior.31

Keywords bismuth germanate; lead-free glass ceramics; ferroelectric property and32
thermal annealing33

Introduction34

Nowadays, ferroelectric glass ceramics, having properties between glass and crystal, have35
shown great potential in electroceramic design, preparation and application. Their lower36
temperature preparation andmore homogeneousmixing of the ferroelectric and glass phases37
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make them useful in low temperature co-fired ceramics (LTCC) and conventional dielectric38
ceramic devices [1]. Thus many new glass ceramic compositions are intensively studied39
and developed.40

Bismuth germanate glass ceramics, especially Bi2GeO5 phase, is of particular interest41
because of its good electrical properties and it is also environment friendly material [2–6].42
Moreover, Bi2GeO5 phase having a high probability of being ferroelectric due to it shows a43
slim hysteresis loop with low remnant polarization as reported by K.Pengpat and D.Halland44
[7, 8]. Recently, the Bi2GeO5 glass ceramics have larger dielectric constant and lower45
dielectric loss were observed when crystallinity of the glass ceramics enhanced as reported46
by previous work [9, 10]. However, comparing with many ferroelectric materials, the47
electrical properties of these materials were still low.48

In the order to improve the electrical properties of Bi2GeO5 glass ceramics, thermal49
annealingwas used due tomany reports confirming that the annealingmethod could enhance50
electrical properties in various perovskite type ceramics [11]. Therefore, the influence51
of thermal annealing parameters, including annealing temperature and time on physical52
and electrical properties of Bi2GeO5 glass ceramics have been investigated, reported and53
discussed in this work.5455

Experimental Procedure56

The ternary glass system with composition of 60 mol% BiO1.5: 20 mol% GeO2: 20 mol%57
BO1.5 was used to prepare Bi2GeO5 glass ceramics following our previous work [9]. The58
starting materials of bismuth oxynitrate (BiONO3.H2O), puratonic germanium dioxide59
(GeO2) and boric oxide (B2O3) were appropriate combined and conventional melted in a60
Pt crucible at 1075◦C in air atmosphere, using an electric furnace. The melts were held at61
the melting temperature for 15 min and then were quenched between stainless steel plates62

Figure 1. Density of the Bi2GeO5 glass ceramics annealed at 275 and 375◦C with various dwell-
times.
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Figure 2. XRD patterns of all Bi2GeO5 glass ceramics annealed at (a) 275◦C and (b) 375◦C with
various dwell-times.

at room temperature. After that, the resulting glasses were subjected to heat treatment63
schedule in order to form Bi2GeO5 phase at 475◦C for 18 h using heating and cooling rate64
of 5 and 10◦C/min, respectively. The Bi2GeO5 glass ceramics were subsequently thermal65
annealed at 275 and 375◦C in an electric furnace under controlled heating and cooling rate66
of 5◦C/min with dwell time for 4, 8, 12 and 18 h.67
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Figure 3. The average crystallites size of the Bi2GeO5 glass ceramics annealed at 275 and 375◦C at
various dwell-times.

The bulk density and phase formations of annealed glass ceramic samples were inves-68
tigated by Archimedes method and an X-ray diffractometer (XRD), respectively. From the69
broadening of X-ray diffraction peaks of Bi2GeO5 phase, the full width at half maximum70
(FWHM) values of each intense diffraction peaks of (311), (621) and (332) planes were71
measured by using computational analysis based on a Gaussian fit and the average crys-72
tallite sizes (diameter, d) were calculated by conventional procedure using the Scherrer’s73

Figure 4. The dielectric constant (εr) and dielectric loss (tanδ) at room temperature of Bi2GeO5 glass
ceramics at various annealing times.
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Figure 5. Temperature dependence of the dielectric constant (εr) of Bi2GeO5 glass ceramics annealed
at (a) 275 and (b) 375◦C.

formula d= 0.9λ/β cos θ where λ is the wavelength of X-ray radiation (CuKα= 1.5406Å),74
β is the FWHM values of the peak at 2θ [12]. For measurement of electrical properties, the75
two circular surfaces of the annealed glass ceramics were polished and coated with silver76
paste as electrodes for electrical contact. The room temperature dielectric constant (εr) and77
dielectric loss (tanδ) at 1 kHz of annealed Bi2GeO5 glass ceramics were measured using78
LCZ meter. Temperature dependence of dielectric constant of these samples was observed79
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Figure 6. Hysteresis loops at room temperature of un-annealed and annealedBi2GeO5 glass ceramics.
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Figure 7. Room temperature (a) remnent polarization (Pr) and (b) coercive filed (Ec) at various
annealing parameters.

by using LCR meter at 1 kHz. Finally, the ferroelectric hysteresis loops were measured by80
using a ferroelectric tester at room temperature.81

Results and Discussion82

In order to clarify the effect of thermal annealing parameter on the densification of Bi2GeO583
glass ceramics, the un-annealed and annealed Bi2GeO5 glass ceramic samples were84
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measured by the Archimedes technique, using distilled water as the liquid medium and85
their density data were illustrated in Fig. 1. It can be clearly seen that the higher annealing86
temperature is, the lower density values are observed. Moreover, the density values of87
these glass ceramics were found to increase from ∼7.72 to ∼8.16 and ∼7.92 g/cm3 for the88
glass ceramic sample annealed at 275 and 375◦C for 8 h, respectively when compared with89
the un-annealed sample. However, when the annealing time was higher than 8 hours, the90
densities of annealed glass ceramic samples were dropped with increasing annealing time.91
This may be probably due to the formation of extra network consisting of tetrahedra and92
octrahedra germanium coordinated by oxygens [13], leading to the increasing of oxygen93
vacancies in these glass ceramics.94

Phase formation study of the Bi2GeO5 glass ceramics annealed at various temperatures95
and dwell-times was carried out by XRD and their diffraction peaks are illustrated in96
Fig. 2. For un-annealed glass ceramic sample, the only orthorhombic Bi2GeO5 phase97
was observed (JCPDS file no. 036-0289) in the XRD pattern while the major phase of98
orthorhombic Bi2GeO5 and the secondary phase of cubic Bi4Ge3O12 (JCPDS file no. 034-99
0416) were found to exist in both XRD patterns of the annealed glass ceramics at 275100
and 375◦C. Moreover, the amount of Bi4Ge3O12 started to increase with longer dwell-101
time. Considering the theoretical density of the pure orthorhombic Bi2GeO5 phase and102
cubic Bi4Ge3O12 phase from the JCPDS data, it was found that the orthorhombic Bi2GeO5103
phase has higher values (∼8.14 g/cm3) than that of cubic Bi4Ge3O12 phase (∼7.11 g/cm3).104
Therefore, it clearly confirms the decrease in density values of the annealed Bi2GeO5105
glass ceramics at higher annealing temperature and dwell-time as mentioned above. The106
broadening of X-ray diffraction peaks can lead to the average crystallites size embedded in107
the glass ceramics. The crystallite size of the Bi2GeO5 phase of each annealing condition108
was estimated using the Scherrer’s equation [12]. The FWHM (full width at half maximum)109
values of the observed X-ray peaks of (311), (621) and (332) planes were measured by110
using computational analysis based on a Gaussian fit. After that, the Scherrer’s equation111
was used to calculate the average crystallite size of Bi2GeO5 crystals in all annealed glass112
ceramics and plotted versus annealing time as shown in Fig. 3. It can be clearly seen that113
the crystallite size increases gradually with increasing annealing time in both glass ceramic114
samples annealed at 275 and 375◦C. Furthermore, the overall crystallite size of the Bi2GeO5115
crystals in the glass ceramic samples annealed at 375◦C is higher than that of annealed at116
275◦C. This implies that the annealing conditions in both temperature and time affected the117
growth of Bi2GeO5 crystals in the glass ceramics. This difference in the average crystallite118
size after annealed may play a more important role in the variation of εr values and the119
appearance of ferroelectric behavior [14].120

The experimental on dielectric measurements at room temperature of Bi2GeO5 glass121
ceramics with various annealing temperatures and annealing dwell-times are graphically122
present in Fig. 4. It can be clearly seen that the dielectric constant (εr) at room temperature of123
Bi2GeO5 glass ceramics annealed at 375◦C are higher than that of Bi2GeO5 glass ceramics124
annealed at 275◦C and then the values of dielectric constant dramatically increases with125
increasing annealing dwell-time. This result has a good consistency with the result of the126
average crystallite size of the Bi2GeO5 phase as described before. The maximum dielectric127
constant values of annealed Bi2GeO5 glass ceramics was found of about 200 at 18 hours128
and 246 at 12 hours for the annealing temperature of 275 and 375◦C, respectively. The129
considerable increase in εr values of annealed samples may not be mainly due to the130
densification of the samples, but also the re-orientation of Bi2GeO5 crystals distributed131
homogeneously within the bulk glass matrix and the increase of the average crystallite132
size of the Bi2GeO5 crystals at higher annealing (375◦C). Moreover, the presence of cubic133
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