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��� 3.41 ������� SEM �	
��
���� (0.95-n)(Na0.5K0.5)NbO3 – 0.05 LiTaO3 – n LiSbO3   ����	 

�����	
����	������� 1075 �C 
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��� 3.42 ������� SEM �	
��
���� (0.95-n)(Na0.5K0.5)NbO3 – 0.05 LiTaO3 – n LiSbO3   ����	 

�����	
����	������� 1100 �C 
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��� 3.43 ������
���!����	
��
���� (0.95-n)(Na0.5K0.5)NbO3 – 0.05 LiTaO3 – n LiSbO3   ����	 

�����	
����	����������
" �#� 

 

 3.2.6.4 ������	
��

�������������������
�������� (0.95-n)(Na0.5K0.5)NbO3 –  

                      0.05 LiTaO3 –n LiSbO3 

  $%��
#&��
'*�+�$�&#����
,//2��	
4�8�
����
����  (0.95-n)(Na0.5K0.5)NbO3 – 0.05 

LiTaO3 –n LiSbO3 �:�!�	�4�8�
�����������;�����<���=�!>����
�#����	������������	
�=�4�;
 1050 – 

1100 �C �	
������ n ��$��
!: 2 4�8� ����	@�����
�%�	��!A�B�
�<!>; �%���'*�+�$�&#����
,//2� �#
��8 

  

 3.2.6.4.1 �������������!"����� 

 ����	����
������
���,�	��!A��
�� (dielectric constant, �r) <!:</���	
���
$�F�$��=�
�G

�	
�;��
>	� (dissipation factor, tan �) �	
$�
�#;	���
  �#
<$�
=�
�G 3.44 – 3.45 �&;�� �#8
 �r  

<!: tan � ������*8�	����#&$#�$�;���� n <!:	������������	
��GI�	���
��� B��$�
�#;	���
����	 n = 0.0 

(NKN-LT) =�>��� �r  	���=�4�;
 600 – 700 $%��
#&��
�����	
�=�4�;
 1050 – 1100 �C �*�
������,�>��8����	

�%�,G�G
��&����&�#&
��;��#�	���" [41] �&;�� �����$�
�;���!A��>	�<!:����	�G
��&����&�#&��
����  

(Na0.5K0.5)NbO3 =�
��;��#���8 �&;�� NKN-LT =�>�����%��;���!A��>	� 	���
,
�A��� ��� �r ���,�>���
:&&

��8�����$�
�;����
���� (Na0.5K0.5)NbO3 =�
��;��#��	
 Guo, <!:��: [10] ��� �*�
�����G
:��� 400 
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 $%��
#&$�
�#;	���
������� LiTaO3 (n = 0.02-0.10) �&;�� ��� �r  �����$�
�*8� B��$�
�#;	���


����	 n = 0.04 =�>��� �r  $�
$��G
:��� 1510 ����	�����	
����	������� 1050 �C <!:$�
�#;	���
����	 n = 

0.02 <!: 0.06 �A=�>���$�
�4���#� B��	���=�4�;
 1300 – 1350 <��$%��
#&$�
�#;	���
����	 n = 0.10 ������

,�>�!#&�����!�!
<!:=�!>����
�#&$�
�#;	���
����	 n = 0.0 (
�G 3.44) �#8
��8����	
�����
�� LiSbO3 ����#


�%�GR���
���,��$�&�
���!
��!�		��� (
�G 3.35)  

 ��
����� �r  $�
G
:��� 1510 =�$�
�#;	���
����	 n = 0.04 ����	�%�,G�G
��&����&
���	
 

Saito <!:��: �*�
��
���$�
 (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3 �>;�;�U� reactive grain growth 

(RTGG)  �*�
��!#�+�:��
�<&&�����	
� (textured) [14] <!:�GI�!#�+�:�����
��
��;���:=�>���$�&#��

��
,//2������ �&;�� �����	���=�4�;
����;�#� �*�
$���
�$
�G,�>;�� ��
����$�
���	�#8
 LiTaO3 <!: 

LiSbO3 
�;��#� <!:��
����>;�;�U������	
�<&&G��� $�
@!=�>$�
�#;	���
��$�&#��,�	��!A��
�������

����&�����#&��
��
����>;�;�U� RTGG  

 ����	��������
�����	
����	�������$�
�*8� (1075 �
�	 1100 �C) �&;�� ��� �r ���,�>�����!�!


<!:��%��;��$�
�#;	���
��������	
����	������� 1050 �C B�������	���=�4�;
 800 -1000 $%��
#&����#;	���
  

 $%��
#&��� tan � �	
$�
�#;	���
����	���� LiSbO3  �&;�������$�
G
:��� 0.1 – 0.7 B�����

$�
���$���&=�$�
�#;	���
���=�>��� �r $�
$�� <!:$%��
#&$�
�#;	���
���,������ LiSbO3 ��� tan � �����

������*8����	������������	
����������*8� (
�G 3.45) �*�
��� tan � ���$�
��8	������	
�������
��$����%�,//2�

���$�
�	
$�
�#;	���
�*�
�����������
$�F�$��		�,����;�	#!��,!��=�
:�;��
��
�����	
�   
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��� 3.44  ����
���,�	��!A��
���	
��
���� (0.95-n)(Na0.5K0.5)NbO3 – 0.05 LiTaO3 – n LiSbO3   ����	 

�����	
����	����������
" �#� 

 

 

 

 

 

 

 

 

 

 

 

 

 

��� 3.45 </���	
���
$�F�$��=�
�G�	
�;��
>	��	
��
���� (0.95-n)(Na0.5K0.5)NbO3 – 0.05 LiTaO3 

– n LiSbO3   ����	�����	
����	����������
" �#� 
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 3.2.6.4.2 ��� d33 

  $%��
#&$�
�#;	���
=�
:&&��8,�>�!�	�$�
�#;	���
��������,�	��!A��
��$�
$����;#���� d33 

�&;�� �����G
:��� 170 pC/N �*�
�GI�������$�
�	$��;
<!:$���
��%�,GG
:�����
����
�>��	#!�
�

B����$� 	���
,
�A��� ������,�>�#
������>	��;��=�
��;��#��	
 Saito <!:��: �*�
�����G
:��� 300 pC/N 

����	'*�+�
:&& (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3 �>;�;�U���
��
���<&&����;�#� <!:��� d33 ��

���G
:��� 416 pC/N ����	��
����>;�;�U� reactive grain growth (RTGG) [14] 

 

 

 



4. 
�#�$!�����	�%&!��'��
��&�� 

 

4.1 
�#�$!�����	�% 

 4.1.1 �������%
$� (Na1-xKx)NbO3) 

  ��
��
���@
$�
�#;	���
 (Na1-xKx)NbO3) ����	 x = 0.2, 0.4, 0.5, 0.6 <!: 0.8 �>;�;�U�@$�

		�,���<&&���=4>�#��#�;,G <!:=4> Na2CO3, K2CO3 <!: Nb2O5 �GI�$�
�#8
�>� �&;�� $�
�#;	���
����

��
/	
���#;�GI�@!*������$����
<&&		
�BU
	�&��,�>������	�@����	������� 900 �C �GI��;!���� 2 

4#�;B�
 $%��
#& x = 0.2, 0.4 <!: 0.8 <!: ���	������� 900 �C �GI��;!���� 6 4#�;B�
 $%��
#& x =  0.5 

<!:$%��
#& x = 0.6 �:�>	
=4>	����������$�
�;��  900 �C �GI��;!���� 2 4#�;B�
 �*
�:�%�=�>,�>$�


�#;	���
���&
�$��U�X ����	
����#
������	
 K2CO3 G
��R	��� �	������8 ,�>'*�+�@!�	
��
����$�
�#8
�>�

G
:�����
�&	���$�;����� (Na2CO3<!: K2CO3) =�$�
�#;	���
����	 x = 0.5 �&;������	����$�
�#8
�>�

=�G
�������������*8�G
:��� 0.05 B�! �:$���
�!�	�������=���
<�!,���=�>��%�!
,�> ��	 �:����

��
/	
���GI�@!*������$����
<&&		
�BU
	�&��,�>	���
$�&�
������	�@�<�!,������	�������  800 �C 

�GI��;!���� 2 4#�;B�
  

  $%��
#&!#�+�:
�G
��
<!:�����	
	������:�*8�	����#&$#�$�;��	
��� x G
����$�
 

�#8
�>�G
:�����
�&	���$�;����� 	�������<!:�;!����=4>=���
<�!,��� �#8
��8�����	
	������:�����

����*8�����		�������<!:�;!�<�!,�������*8��
�	G
����$�
�#8
�>�$�;�����������*8� B��	���������

B����$��G
:��� 1.0 – 2.5 �m <!:��
�G
��
�GI��

$����!�����&=�$�
�#;	���
 (Na0.5 K0.5)NbO3 �������

$�
�#8
�>�G
:�����
�&	���$�;�����G
���� 0.05 B�! <!:�@�<�!,������	������� 900 �C �GI�

�;!���� 2 4#�;B�
 

 

 4.1.2 �������%
����
�� (Na1-xKx)NbO3) 

   $%��
#&��
��
�����
���� ������ x ���
" <!: (Na0.5 K0.5)NbO3 ������	�>;�$�
���	4������
" 

��	 $�
�#8
�>�G
:�����
�&	���$�;�����, LiTaO3, BaTiO3 <!: LiTaO3 G
���� 0.05 B�! @$��#& 

LiSbO3 =�G
�������
" �#� B���@�<�!,������	������� 900 �C �GI��;!� 2 4#�;B�
 (���;>�  

(Na0.5K0.5)NbO3 ������� K2CO3 <!: Na2CO3 $�;����� G
���� 0.05 B�! <!:���� LiTaO3 G
���� 0.05 

B�! @$��#& LiSbO3 =�G
�������
" �@�<�!,������	������� 800 �C �GI��;!� 2 4#�;B�
) �@������	
����

	����������
" =�4�;
 1000 – 1200 �C �GI��;!� 2 4#�;B�
 �>;�	#�
���
�*8�/!
�	
	�������  5 �C ��	

���� �&;�� <�;B�>��	
	������������	
��:$�
�*8� ����		#�
�$�;��	
  x, G
���� BaTiO3<!:G
����

$�
�#8
�>�G
:�����
�&	���$�;����������������*8� <!:<�;B�>��	
	������������	
��:!�!
 ����	���� 
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LiTaO3 G
����������*8� <!:�����
��$	&$�&#����
�������	
$�
�#;���
 �&;�� �;�����<��� 

��
���#; <!:B�

$
>�
��!����:������*8�	����#&	������������	
�, ��� x, 4���<!:G
�����	
$�
���	 

<!:G
����$�
�#8
�>�G
:�����
�&	���$�;����� $%��
#&B�

$
>�
@!*��	
$�
�#;	���
�#8�,������

��
�G!����<G!
B����!#�+�:$����
<&&		
�BU
	�&�� ����	���	�>;�$�
�#8
�>�G
:�����
�&	���

$�;����� <!: LiTaO3 G
���� 0.00 – 0.06 B�! <���:�G!�����GI�<&&��;&������	���	 BaTiO3 <!:���#8


<&&		
�BU
	�&��
�;��#&���
:B��	!����	���	�>;� LiTaO3 <!: LiSbO3 ����	�����	
����	������� 1050 

�C 	���
,
�A��� �:���/$G��GZ\	������*8��>;� �#
��8 

- �/$ K3Li2Nb5O15=��
��������	�>;�  LiTaO3 G
���� 0.06 B�! �*8�,G 

- �/$ Ba1.31Ti8O16 �
�	�/$ Ba1.07Ti8O16 =��
��������	�>;�  BaTiO3 G
���� 0.06 B�! 

�*8�,G   

- �/$ K6Li4Nb10O30 =��
��������� LiTaO3 G
���� 0.05 B�! <!: LiSbO3 G
���� 0.0 – 

0.10 B�!  

- �/$ LiSbO3�!
��!�		��� ����	���� LiTaO3 G
���� 0.05 B�! <!: LiSbO3 G
���� 0.10 

B�! 

$%��
#&$�&#����
,//2��	
$�
�#;	���
 �&;��������*8�	����#&	������������	
� $#�$�;���� x

4���<!:G
����$�
���	 �#
��8 

- $�
�#;	���
����	 x = 0.5 =�>��� �r $�
$��G
:��� 896 ����	�����	
����	������� 1100 �C 

- $�
�#;	���
�������$�
�#8
�>�G
:�����
�&	���$�;�����G
���� 0.01 B�! =�>��� �r 

$�
$��G
:��� 1707 ����	�����	
����	������� 1100 �C 

-  $�
�#;	���
������� LiTaO3 G
���� 0.02 B�! =�>��� �r $�
$��G
:��� 1241 ����	 

                           �����	
����	������� 1100 �C 

- $�
�#;	���
������� BaTiO3 G
���� 0.06 B�! =�>��� �r $�
$�� G
:��� 1293 ����	 

                           �����	
����	������� 1175 �C 

- $�
�#;	���
������� LiTaO3 G
���� 0.05B�! <!: LiSbO3 G
���� 0.04 B�! =�>��� �r 

$�
$��G
:��� 1510 ����	�����	
����	������� 1050 �C 

	���
,
�A��� $�
�#;	���
�����
���,�>�#
����� tan � ��	��>�
$�
 ���;>�$�
�#;	���
������	�>;� 

BaTiO3 �:=�>�����8��	��>�
��%� B���:�����G
:��� 0.088 
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$%��
#&��� d33 �	
$�
�#;	���
�����
���,�>�����$�
$�� 170  pC/N �*�
�&=�$�
�#;	���
������� 

LiTaO3 G
���� 0.05B�! <!: LiSbO3 G
���� 0.04 B�! $%��
#&$�
�#;	���
�#;	���" �&;���#
�������%�

�;�� 100 pC/N 

 

4.2 �'��
��&�� 

 4.2.1 $�
=�
:&&��8�������!;��	��>�
��%� �*
�;
'*�+����#;��������	4�;�!�	������������	
�

=�>��%�!
 ����	4�;�G2	
�#���
$�F�$���	
		�,���G
:���	#!��,!�� 

 4.2.2   ��!	
=4>��
��	
&�@$�$�
�!#

��$�
 ����	�:4�;�=�>,�>����;�����<������$�
�*8� 

 4.2.3   ����	
���$�&#����
,//2�������*8�	����#&	������������	
� �#
�#8� �*
�;
;#�������	�������  
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Effect of Calcination Conditions and Excess Alkali Carbonate on the
Phase Formation and Particle Morphology of Na0.5K0.5NbO3 Powders
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Sodium-potassium niobate [Na0.5K0.5NbO3] powders were pre-
pared following the conventional mixed oxide method. An
orthorhombic XRD pattern, consistent with single-phase
Na0.5K0.5NbO3, was obtained after calcination at 9001C for 6
h. Introducing 5 mol% excess Na2CO3 and K2CO3 into the
starting mixture allowed milder calcination conditions to be
used, for example 8001C for 2 h. Primary particles in 5 mol%
excess samples were cuboid, with maximum sizes of B2.5 lm.
Equiaxed 0.3–0.4-lm particles were formed for non-excess pow-
ders, and also for powders prepared with 1 and 3 mol% excess
alkali carbonates. The results suggest liquid formation during
calcination of the excess 5-mol% starting powders.

I. Introduction

LEAD oxide-based ferroelectrics such as lead zirconate titanate
[Pb(Zr,Ti)O3 or PZT] are widely used for piezoelectric ac-

tuators, sensors, and transducers due to their excellent piezo-
electric properties.1–2 Because of the detrimental effects of Pb on
human health, it is important that Pb-free ferroelectric and
piezoelectric materials are developed. The new environmentally
acceptable and biocompatible materials should exhibit electrical
properties comparable to those of Pb-based ferroelectrics, which
have been developed over several decades.

Sodium–potassium niobate, [Na1�xKxNbO3 or NKN],
-based ceramics are one of the most promising alternative sys-
tems to PZT.1,3 The NKN solid solution system, between fer-
roelectric KNbO3 and antiferroelectric NaNbO3, forms several
morphotropic phase boundaries (MPB), one of which exists be-
tween two orthorhombic phases near the composition
x5 0.5.1,4–5 Although the piezoelectric properties of NKN solid
solutions improve close to this MPB, they are still substantially
inferior to PZT. However, it has been shown by Saito et al.6 that
Li and Ta ion substitution of the base Na0.5K0.5NbO3 compos-
ition, together with o0014grain orientation, results in piezo-
electric d33 charge coefficients of B400 pC/N. These values are
very competitive with PZT. For randomly oriented
(K0.5Na0.5)1�xLix(Nb1�yTay)O3 ceramics, d33 coefficients are
B200–300 pC/N.6–7 Guo et al.3 have studied the more simple

binary Na0.5K0.5NbO3–LiTaO3 system, and for compositions
at an MPB between tetragonal and orthorhombic phases, d33
values ofB200 pC/N have been reported for conventional, non-
oriented, ceramic samples.

Specialist fabrication routes, including hot pressing and
spark-plasma sintering, have been investigated in order to over-
come the difficulties that have been encountered in fabricating
high-density NKN-based ceramics.5,8–9 However, there are also
reports that high-density alkali niobate ceramics may be ob-
tained by normal sintering methods, particularly if high-energy
powder milling is used.9–12 Whichever densification method is
used, the most cost-effective means of producing a starting pow-
der is by a mixed-oxide solid-state reaction route. For
Na0.5K0.5NbO3-based compositions, this normally involves cal-
cination at � 8001C for prolonged periods.1,3,5 However, rela-
tively little is known about the sequence of phase development,
or particle formation, during powder calcination, even for the
basic Na0.5K0.5NbO3 composition. The Nb2O5 starting compo-
nent is relatively refractory, with a melting point of 15201C,
whereas Na2CO3 and K2CO3 have much lower melting points,
8511 and 8911C, respectively.13 The alkali components therefore
become volatile at moderate calcination temperatures, and this
combination of properties in the starting reagents makes it
potentially difficult to prepare chemically homogeneous,
single-phase alkali niobate powders by the mixed-oxide route.
Variability between starting powders may in part be responsible
for some of the reported discrepancies in the densification char-
acteristics of NKN-based ceramics.

The present communication investigates phase development
in Na0.5K0.5NbO3 powders as a function of calcination condi-
tions. The effects of introducing excess alkali carbonates into the
starting mixture, in order to compensate for probable alkali ox-
ide losses during calcination, are considered. Particle size and
morphology are also evaluated for different calcination tem-
peratures and dwell times.

II. Experimental Procedure

Samples were prepared by the conventional mixed-oxide process
using K2CO3 (Sigma-Aldrich, St. Louis, MO, � 99.0% purity),
Na2CO3, and Nb2O5 (Sigma-Aldrich, 99.91% purity), for
which SEM micrographs are shown in Fig. 1. The two carbon-
ate powders are moisture sensitive; thermogravimetric analysis
indicates that dehydration is completed at B2001C, and there-
fore to avoid compositional errors when weighing out the
Na0.5K0.5NbO3 precursor mixture, the starting reagents were
dried in an oven for 24 h before use. Dried powders were
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allowed to cool to room temperature under reduced pressure in
a dessicator, and all powders were stored in the dessicator until
immediately before weighing in the correct proportions. The
starting materials, 30 g, were transferred to a 100-mm diameter
cylindrical plastic jar and partially filled with 10-mm diameter
alumina grinding balls occupying B40% of the total volume of
the container. Sufficient ethanol was added to cover the powder/
media and bring the final volume to B50% of the jar. Ball
milling was carried out for 24 h, followed by drying at 1201C for
24 h, before grinding with an alumina mortar and pestle. The
mixtures were calcined in alumina crucibles, with loosely fitting
lids, at temperatures ranging from 6001 to 9501C, with dwell
times of 2, 6, and 10 h. Powders containing excess Na2CO3 and
K2CO3, at levels of 1, 3, and 5 mol% were prepared using sim-
ilar procedures. This type of approach is often used for PZT
powders by adding excess PbO to compensate for the volatility
of PbO. In the present work, powder samples were made with an
equimolar ratio of Na2CO3 and K2CO3.

Calcined powders were examined at room temperature using
X-ray powder diffraction (XRD; Philips X’ Pert MPD, Eindho-
ven, the Netherlands; Ni-filtered CuK radiation) to identify the
phase(s) formed. Powders were imaged directly, using scanning
electron microscopy (SEM; JEOL, Tokyo, Japan, JSM-
5800LV) in order to gain information on the particle size and
morphology for the various calcination conditions, and starting
alkali carbonate contents. For ceramic fabrication, powders cal-

cined at 9001C for 2 h, or in the case of the 5 mol% excess
powder 8001C for 2 h, were pressed at 100 MPa into 1.5-cm
diameter disks and sintered in air at 11401C for 2 h in closed
crucibles. Sintered pellet densities were obtained by measuring
their dimensions and mass.

III. Results and Discussion

The XRD patterns of batches of powder, prepared from stoi-
chiometric starting mixtures, calcined at different temperatures
in the range 6001–9501C for 2 h are shown in Fig. 2(a). Broad
peaks near the expected positions of the desired sodium potas-
sium niobate phase were present in the sample calcined at 6001C
for 2 h.3,14,15 However, closely spaced peaks characteristic of the
orthorhombic Na0.5K0.5NbO3 pattern

3,14,15 could not be distin-
guished until much higher calcination temperatures, 9001 and
9501C. In samples calcined at temperatures r9001C for 2 h, a
low-intensity extra peak (I/I0 B4%) was present at 28.412y,
Fig. 2(b), which is attributed to unreacted Nb2O5, the major
component of the starting mixture.16 There was no conclusive
evidence of any intermediate binary alkali niobates at these
temperatures.

Overall, these observations suggest that the majority of the
starting K2CO3, Na2CO3, and Nb2O5 had reacted to form so-
dium potassium niobate at relatively low calcination tempera-
tures. However, broadening of the XRD peaks, and the
progressive peak sharpening as the calcination temperature
was increased, suggest that the product at 6001–8501C was not
a chemically homogeneous solid solution phase. Any spatial
variations in the Na and K ratios due to imperfect mixing and
incomplete reaction would produce a series of NKN solid solu-
tion compositions with differing values of x, in different regions
of the sample. Because of the small shifts in d spacings with
changing composition reported for intermediate values of x,4,15

an overlap of XRD peaks from compositionally inhomogeneous
regions would occur, and result in single broad peaks, as shown
in Fig. 2 for temperaturesr8501C. As calcination temperatures
increase to 9001 and 9501C, the NKN solid solution becomes
more homogeneous, XRD peaks become narrower, and a pat-
tern similar to that expected for orthorhombic Na0.5K0.5NbO3 is
produced, in which closely spaced peaks such as the 101 and 001
peaks at B2212y can be resolved.

The effect of increasing the dwell time from 2 to 6 and 10 h
was investigated for powders calcined at 9001C. The peak indi-
cating unreacted Nb2O5 disappeared when the calcination per-
iod was increased to 6 h, but no other changes were observed in
either the 6- or 10-h samples.

An excess of 5 mol% Na2CO3 and K2CO3 was found to have
a significant effect on phase development. Peak splitting show-
ing well-crystallized NKN became apparent after calcination at
8001C, as opposed to 9001C for the other powders (Fig. 3). In
addition, evidence of unreacted starting material disappeared at
a calcination temperature of 7001C, which is 2001C lower than
for standard, non-excess powders. Reducing the level of additive
to 3 mol% produced XRD patterns similar to those of the non-
excess powders, but the calcination period at 9001C required to
eliminate second phase Nb2O5 was reduced from 6 to 2 h
(Fig. 4). Estimated lattice parameters were a5 5.59 Å,
b5 15.73 Å, and c5 5.67 Å for all sample types; these are sim-
ilar to the values reported in the literature.17

The dependence of particle size and morphology on calcina-
tion temperature, dwell time, and the level of excess alkali
carbonate is shown in Fig. 5; particle size ranges observed in
SEM images are summarized in Table I. For standard, non-
excess powders, calcination at 7001C for 2 h resulted in equiaxed
particles, with estimated maximum primary particle sizes of
B0.15 mm. The maximum size increased to B0.2 mm at 8001C
and to B0.3 mm at 9001C (Fig. 5). Increasing the dwell time at
9001C from 2 to 10 h resulted in maximum sizes of B0.4 mm.

Particle properties of 1 and 3 mol% powders were similar to
the non-excess powders. However, the samples made with

Fig. 1. Scanning electron microscopy micrographs of the starting pow-
ders: (a) Nb2O5, (b) Na2CO3, (c) K2CO3. The carbonates are hydrated
phases.

May 2007 Communications of the American Ceramic Society 1651



5-mol% excess alkali carbonate showed a major difference in
particle morphology and size (Figs. 5(d)–(f)). Between 7001 and
8001C, the shape changed from approximately equiaxed to cu-
boid, and the maximum particle size increased to B1 mm
(Fig. 5(d) and (e)). Increasing the calcination temperature to
9001C resulted in particles up to B2.5 mm in edge length
(Fig. 5(f)). Intergrowth of the cuboid particles was evident, par-

ticularly at the highest calcination temperature, resulting in ag-
glomerates with strong interparticle necking (Fig. 5(f)).

The characteristic cuboid particle morphology in the 5 mol%
excess alkali powders indicates that the additive leads to a very
different Na0.5K0.5NbO3 particle formation mechanism. The in-
creased size and the cuboid shape of the particles are indicative
of secondary crystallization (exaggerated particle growth). In
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this type of particle growth process, large particles grow by
consuming small particles; evidence of this was found in par-
tially formed cuboid particles in the 8001C sample. The regular
particle morphology results from the preferential growth of low
surface energy planes. A liquid phase is often associated with the
related mechanism of secondary crystallization during high-tem-
perature sintering of perovskite ceramics, leading to large an-
gular grains. The present results for particle growth during the
calcination of Na0.5K0.5NbO3 powders infer the presence of a
particle–liquid interface in the 5-mol% excess carbonate samples
at � 8001C, and this was responsible for the change in the par-
ticle growth mechanism.

A published detailed phase diagram of the ternary Na2CO3–
K2CO3–Nb2O5 system is not available to help interpret the re-
lationships between phase content, particle properties, and start-
ing alkali carbonate composition. Phase equilibria for the binary
join, NaNbO3–KNbO3 indicate Na0.5K0.5NbO3 to undergo par-
tial melting at B11001C.2 The present results could point to
much lower melting temperatures for Na2CO3–K2CO3–Nb2O5

ternary mixtures on the alkali-rich side of the NaNbO3–KNbO3

join, for compositions equivalent to B5-mol% excess of equi-
molar Na2CO3 and K2CO3. Alternatively, a liquid could form
under non-equilibrium conditions due to melting of the excess
alkali carbonates at an early stage of the calcination reaction.
Pure sodium and potassium carbonates melt at 8511 and 8911C,
respectively,13 but these temperatures are higher than the present
implied liquid formation temperature of between 7001 and
8001C. However, reference to a phase diagram of the

Na2CO3–K2CO3 system indicates that under equilibrium con-
ditions, melting temperatures of mixtures of the two carbonates
decline to a minimum of B7101C at a composition B55-mol%
Na2CO3.

18 This composition is close to that of the starting ex-
cess used here (50 mol%).

Hence, melting of the equimolar mixture of residual excess
alkali carbonates could provide a straightforward explanation
of liquid formation in the excess carbonate powders calcined at
� 8001C. It is assumed that eventually all of the excess alkali
oxides, over and above the level required to maintain the stoi-
chiometry of the NKN product, will evaporate during the latter
stages of calcination, and the composition equilibrates to
Na0.5K0.5NbO3. In the 5-mol% sample, volatilization of the ex-
cess portion is presumed to be incomplete, creating conditions
where liquid formation occurs. In the case of the 1- and 3-mol%
samples, there is insufficient excess carbonate remaining to cause
any major changes to reaction conditions.

The cuboid particle shape is similar to the form we have ob-
served for particles of the orthorhombic NaNbO3 end member
made via a hydrothermal synthesis method, involving secondary
crystallization.19 An increased rate of mass transport, due to the
presence of a transient liquid, would also allow a highly homo-
geneous solid solution to be produced under milder calcination
conditions, as found from the XRD results.

The 5-mol% powders calcined at 9001C showed the sharpest
XRD peaks of any of the samples investigated (Figs. 2–4). The
slightly more diffuse XRD peaks in the patterns of the other
powders for the maximum calcination temperatures probably

Fig. 4. X-ray diffraction patterns of Na1�xKxNbO3 powders with various amounts of K2CO3 and Na2CO3 excess calcined at 9001C for 2 h. (., Nb2O5

peak, which appears only in the non-excess sample under these conditions (see inset diagram).
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reflect some continuing distribution in Na/K ratios, but on a
much reduced scale compared with lower temperature samples
(r8501C). There may also be some contribution to peak-broad-
ening effects from the much smaller crystallite sizes (Table I).20

In terms of preparing suitable Na0.5K0.5NbO3 powders for
ceramic fabrication, the present study indicates that adding 5-
mol% excess Na2CO3 and K2CO3 enables lower calcination
temperatures and shorter times to be used. Normally, this would
be beneficial for ceramic fabrication, as smaller particle sizes and
weaker agglomerates would be expected. However, the change
in the particle formation mechanism leads to much larger par-
ticles, and strong inter-particle necking giving a less sinter-active
powder. Preliminary ceramic fabrication trials support this view.
Table II illustrates the densities of sintered pellets prepared from
the powders containing 0–5 mol% of starting excess carbonates;
each powder was calcined at the minimum temperature to pro-
duce an orthorhombic XRD pattern. The non-excess samples
reached a density of 3.91 g/cm3, increasing slightly for 1-mol%
additions, and reaching a maximum value of 4.14 g/cm3 for 3-
mol% excess, before declining to B3.83 g/cm3 for the 5-mol%
excess carbonate starting powder. These values represent an in-
crease fromB86% to a maximum of B91% theoretical density
for the 3-mol% excess sample (assuming a theoretical value10 of
4.51 g/cm3). The decrease in density on moving from 3 to 5 mol
% of the additive is attributed to the larger particles in the latter
powders. The lower density of the non-excess and 1% excess

pellets may be associated with uncompensated alkali oxide
losses from the NKN product phase. The limiting sintered geo-
metric density for the optimum level of excess carbonates is
around 3% lower than the Archimedes density values reported
for NKN ceramics made from (non-excess) powders prepared
using planetary milling.10 In part, this may be due to differences
in measurement techniques, as at these porosity levels, geo-
metric densities are often lower than the corresponding values

Fig. 5. Scanning electron microscopy micrographs of the calcined Na1�xKxNbO3 powders: non-excess powders (a) 7001C, (b) 8001C, (c) 9001C; and 5-
mol% excess Na2CO3 and K2CO3 powders, (d) 7001C, (e) 8001C, and (f) 9001C.

Table I. Particle Size Ranges of (Na0.5K0.5)NbO3 Powders
Calcined under Various Conditions

Calcination conditions

Excess of K2CO3 and Na2CO3

(mol %)

Particle size range

(mm)

Temperature

(1C)
Dwell time

(h)

700 2 0 0.1–0.15
800 2 0 0.10–0.2
900 2 0 0.15–0.30
900 10 0 0.30–0.40
900 2 3 0.25–0.50
700 2 5 0.18–0.22
800 2 5 0.30–1.0
900 2 5 1.0–2.5
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measured by water displacement. The literature suggests that
significantly higher densities than 91% could be achieved for the
NKN-3-mol% excess powders by replacing ball milling with
high-energy attrition milling.7,10,12

IV. Conclusions

Powders of Na0.5K0.5NbO3 were prepared by a mixed-oxide
route under various calcination conditions. Evidence gained
from XRD revealed that an orthorhombic single-phase prod-
uct with particle sizesr0.4 mm could be obtained by calcination
at 9001C for 6 h. Adding 5-mol% excess of Na2CO3 and K2CO3

allowed a well-crystallized Na0.5K0.5NbO3 phase to be produced
under milder calcination conditions, for example 8001C for 2 h.
A change in particle shape to a cuboid form, coupled with an
increase in particle size, may be due to the formation of a liquid
phase during calcination of 5-mol% excess alkali carbonate
powders. The maximum-sintered density was achieved for 3
mol% of the combined additive; particles in these calcined pow-
ders were similar to those of non-excess samples.
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Table II. Density of Sintered Pellets Made from Powders with
Different Levels of Excess Na2CO3 and K2CO3 in the Starting

Mixtures

Excess of K2CO3

and Na2CO3 (mol%)

Measured density

(g/cm3)

Relative density

(%)

0 3.91 86
1 3.99 88
3 4.14 91
5 3.83 84
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Abstract

Nowadays, lead-free materials have been urgently demanded from the viewpoint 

of environmental protection. One of the promising candidates to replace the lead 

containing materials is sodium potassium niobate. In present work, sodium-potassium 

niobate ((Na0.5K0.5)NbO3; NKN) ceramics with excess of alkali carbonate starting 

powders (0, 0.01, 0.03 and 0.05 mol) were prepared by solid – state reaction. The results 

showed that the amount of K2CO3 and Na2CO3 excess affected significantly to sintering 

temperature, bulk density, microstructure and dielectric property. Whereas, the XRD 

result showed the orthorhombic phase and there was no secondary phase formed in all 

samples. The highest dielectric constant value was found to be 1707 for sample with 

excess of 0.01 mol when sintered at 1100 �C. This is believed that the uniform 

microstructure and smaller in grain size were obtained.  

Keywords: Powders: solid state reaction, Dielectric properties, Niobates, 

Microstructure- final 
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1. Introduction

Lead oxide based ferroelectrics such as lead zirconate titanate [Pb(Zr,Ti)O3 or 

PZT] are widely used for piezoelectric actuators, sensors and transducers due to their 

excellent piezoelectric properties [1-2]. Because of the detrimental effects of lead on 

human health, and because of European Union legislation it is important that Pb-free 

ferroelectric and piezoelectric materials are developed. The new environmentally 

acceptable and biocompatible materials should exhibit electrical properties comparable 

to those of Pb-based ferroelectrics, which have been developed over several decades.  

Sodium-potassium niobate, [Na1-xKxNbO3 or NKN], based ceramics are one of 

the most promising alternative systems to PZT [1, 3]. The Na1-xKxNbO3 solid solution 

system, between ferroelectric KNbO3 and antiferroelectric NaNbO3, forms several 

morphotropic phase boundaries  (MPB), one of which exists between two orthorhombic 

phases near the composition x = 0.5 [1,4-5]. Although the piezoelectric properties of 

NKN solid solutions improve close to this MPB, they are still substantially inferior to 

PZT.  However it has been shown by Saito et al. that  Li and Ta ion substitution of the 

base Na0.5K0.5NbO3 composition, together with <001> grain-orientation, results in 

piezoelectric  d33 charge coefficients of ~ 400 pC/N. These values are very competitive 

with PZT [6]. For randomly oriented (K0.5Na0.5)1-xLix(Nb1-yTay)O3 ceramics,  d33

coefficients are ~ 200-250 pC/N [6-7].  Guo et al. have studied the more simple binary 

Na0.5K0.5NbO3 – LiTaO3 system, and for compositions at a MPB between tetragonal and 

orthorhombic phases, d33 values of ~ 200 pC/N are reported for conventional, non-

oriented, ceramic samples [3]. 
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 Specialist fabrication routes, including hot-pressing and spark-plasma sintering, 

have been investigated in–order to overcome difficulties which have been encountered 

in fabricating high density NKN-based ceramics [5, 8-9].  However there are also 

reports that high density alkali niobate ceramics may be obtained by normal sintering 

methods, particularly if efficient milling is used prior to compaction [9, 10-12].  

Whichever densification method is employed, the most cost-effective means of 

producing a starting powder is by a mixed-oxide solid state reaction route. The Nb2O5

starting component is relatively refractory, with a melting point of 1520 �C, whereas 

Na2CO3 and K2CO3  have much lower melting points, 851 �C and 891 �C, respectively 

[13]. The alkali components therefore become volatile at moderate calcination or 

sintering temperatures, and this combination of properties in the starting reagents makes 

it potentially difficult to prepare chemically homogeneous, single-phase alkali niobate 

powders by the mixed-oxide route. Variability in the starting powders may in-part be 

responsible for some of the reported discrepancies in the densification characteristics of 

NKN- based ceramics.   

The present work, the effects of introducing excess alkali carbonates to the 

starting mixture as a function of sintering conditions, in order to compensate for 

probable alkali oxide losses during calcination or sintering on phase development and 

the properties in Na0.5K0.5NbO3 ceramics were investigated.  

2. Experimental procedure

Samples containing excess of Na2CO3 and K2CO3, at levels of 0, 1, 3 and 5 

mol% were prepared by the conventional mixed-oxide process using K2CO3 (Aldrich 

Chemical Company, Inc., � 99.0% purity), Na2CO3 and Nb2O5 (Aldrich Chemical 
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Company, Inc., 99.9+% purity).  This type of approach is often used for PZT powders 

by adding excess PbO to compensate for the volatility of PbO (losses during subsequent 

sintering can be addressed by using an ‘atmosphere’ powder). In the present work, 

powder samples were made with an equimolar ratio of Na2CO3 and K2CO3. This two 

carbonate powders are moisture-sensitive; thermogravimetric analysis indicates that 

dehydration is completed at  ~ 200 °C,  therefore to avoid compositional errors when 

weighing out the Na0.5K0.5NbO3 precursor mixture, the starting reagents were 

dehydrated in an oven for 24 h prior to use. Dried powders were allowed to cool to 

room temperature under reduced pressure in a dessicator, and all powders were stored in 

the dessicator until immediately prior to weighing in the correct proportions.  The 

mixed starting materials were transferred to a plastic jar containing 10 mm-diameter 

alumina grinding balls. Ball-milling was carried out for 24 h using ethanol as the liquid 

medium; this was followed by drying at 120 �C for 24 h, prior to grinding with an 

alumina mortar and pestle. The mixtures were calcined in alumina crucibles at 900 �C, 

exempt sample with 5 mol% excess was calcined at 800 �C, for 2 h with loosely fitting 

lids. The calcined powder was ball-milled in ethanol again for 24 h. After drying, it was 

mixed thoroughly with a PVA binder solution and uniaxially pressed at 100 MPa into 

disk samples with a diameter of 15 mm. The disk samples were then sintered in air at 

temperature ranging from 1075 - 1160 �C for 2 h, using heating and cooling rates of  

5 °C/min.  

Phase formation in the polished surfaces of sintered samples was examined at 

room temperature using X-ray powder diffraction (XRD; Philips X’ Pert MPD, Ni-

filtered CuK� radiation). The geometric density of samples was calculated by mass and 

volume. The microstructures of the as-sintered surfaces of the samples were imaged 
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directly, using scanning electron microscopy (SEM; Jeol : JSM-5800LV). To 

investigate dielectric property, capacitance and loss tangents (tan �) of sample with 

silver paste electrode was measured at room temperature using a LCR meter (HP 

4263B) on the basis of frequency, and the relative permittivity (�r) was then calculated. 

3. Results and Discussion

The XRD patterns of samples with different alkali carbonate starting powders 

sintered at 1140 �C for 2 h are shown in Fig 1. The diffracted peaks are identified to 

perovskite phase with orthorhombic structure, formed without secondary phase in all 

samples. An excess of 5 mol% Na2CO3 and K2CO3 was found to have a significant 

effect on phase development, but 1-3 mol % produced similar results to the non-excess 

samples. This is confirmed that the increase of diffraction peak intensities was obtained. 

The addition of excess alkali carbonates had no measurable effect on d-spacings, with 

estimated lattice parameters: a = 5.59, b = 15.73 and c = 5.67 Å for all sample-types. 

These values are similar to those reported in the literature [14].  

The density of samples as a function of amount of alkali carbonate and sintering 

temperature is shown in Fig. 2. The density of non-excess sample decreased 

significantly with increasing of sintering temperature. This is due to the loss of alkali 

oxide during sintering. After introducing excess alkali carbonates, the maximum density 

was reach to 4.14 g/cm3 for the sample containing 0.03 mol% of alkali carbonate 

powders at sintering temperature of 1140 �C. The density values represent an increase 

from ~ 89 % to 92 % theoretical density (assuming a theoretical value of 4.51 g/cm3

[10]) through adding 3 mol % excess alkali carbonates to the initial powder mixture.  At 

sintering temperature of 1100 �C, the density decreased with increasing the excess alkali 
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carbonate content. This is due to an adding with high content of excess Na2CO3 and 

K2CO3 (5 mol %) showed significantly larger agglomerated cuboid particles, are 

potentially more difficult to mill into a sinter active powder resulting in increases its 

porosity. At higher sintering temperature, the presence of Na2CO3 and K2CO3 rich 

liquid phase usually helps higher densification in sintering. Further increasing of 

sintering temperature to 1160 �C makes too high for sintering NKN ceramics and causes 

the density decrease. The limiting sintered geometric density for the optimum level of 

excess carbonates is around 3 % lower than Archimedes density values reported for 

NKN ceramics made from (non-excess) powders prepared using conventional planetary 

milling [10].  In part this may be due to differences in measurement techniques as at 

these porosity levels geometric densities are often lower than corresponding values 

measured by water displacement.  

The dependence of microstructure on the level of excess alkali carbonate and 

sintering temperature is shown in Figs 3-4. By using the intercept method, the average 

grain sizes at 1100 �C were 4.41 � 2.51, 0.85 � 0.07 and 1.37 � 0.32 �m for samples 

with the excess alkali carbonates of 0, 1 and 3 mol%; whereas at 1140 �C they were 

4.25 � 0.87, 3.77 � 1.65, 4.07 � 2.25 and 5.56 � 1.09 �m for samples with the excess 

alkali carbonates of 0, 1, 3, and 5 mol%, respectively. This result showed that the grain 

size was strongly dependent on sintering temperature and addition of excess alkali 

carbonates, especially at lower sintering temperature of 1100 �C.  Inhomogeneous grain 

was observed in non-excess NKN samples, while homogeneous and smaller in grain 

size was obtained for excess-sample. This is directly attributed to the addition of excess 

alkali carbonate suppressed grain growth with sensitive to sintering temperature. After 

sintering at 1140 �C, grain structure of non-excess sample was more uniform than that 
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of the samples contained alkali carbonates -excess.  This is suggested that the higher 

liquid phase in excess-sample promoted an inhomogeneous grain growth at higher 

sintering temperature. 

The dependence of dielectric property (�r and tan�) on frequency for both of 

non-excess and excess-samples was investigated. It was found that the �r and tan�

decreased with increase of frequency. The �r and tan� at 1 kHz as a function of amounts 

of excess alkali carbonates and sintering temperature at room temperature is shown in 

Fig 5. The amounts of excess alkali carbonates and sintering temperature were found to 

have a significant effect on the relative permittivity. The results showed an increase in 

relative permittivity up to a maximum of 1707 in the 1 mol% excess alkali carbonates 

contained sample. This is contributed to the more uniform and much smaller in this 

sample. However, at the higher alkali carbonates contained the relative permittivity 

decreased at lower sintering temperature (1100 �C). This result attributed to the 

lowering of density at the higher alkali carbonates, which causes the high porosity. The 

�r decreased continuously and tan � increased with increase of excess alkali carbonates 

content at higher sintering temperature of 1140 �C. This is due to the inhomogeneous 

grain structure and low densities were observed.

4. Conclusions 

Na0.5K0.5NbO3 ceramics were prepared by a mixed-oxide route under various 

sintering conditions and amount of excess alkali carbonates starting powders. Evidence 

gained from XRD revealed that an orthorhombic single-phase product, with adding 

excess of Na2CO3 and K2CO3 up to 5 mol %. Maximum sintered density was achieved 

for 3 mol %, of the combined additive; this is attributed to an optimized liquid phase 



 8

amount to promote densification and compensation of probable alkali oxides losses. An 

excess-sample showed a much smaller and uniform grain size than that of non-excess 

sample when sintered at low temperature of 1100 �C. This is resulting in the highest 

relative permittivity of 1707 for 1 mol%-excess sample.  
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a) b) 

c) 

Figure 3 SEM micrographs of samples with different amount of alkali carbonates when 

sintered at 1100 �C; (a) Non-excess,  (b) 0.01 mol   and (c) 0.03 mol. 
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Figure 4 SEM micrographs of samples with different amount of alkali carbonates when 
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Figure 5 The dielectric property of samples with different amount of alkali carbonates 

and sintering temperatures; (a) relative permittivity and  (b) tan � at 1 kHz.
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 Phase Development, Densification and Dielectric Properties of
(0.95-x)Na0.5K0.5NbO3 - 0.05LiTaO3 - x LiSbO3  Lead-free Piezoelectric 
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Abstracts

Lead-free piezoelectric ceramics in the system (0.95-x)Na0.5K0.5NbO3 - 

0.05LiTaO3 - xLiSbO3,  x = 0-0.1, were synthesized by a reaction–sintering method. The 

effects of the content of LiSbO3, and the sintering temperature on phase-development, 

microstructure and dielectric properties of the samples were investigated. Additions of 

LiSbO3 produced a change in crystal system from orthorhombic to tetragonal. The 

additive reduced the temperature at which secondary recrystallisation occurred, and also 

affected average grain size, and dielectric constant.  A sintering temperature of 1050 �C 

(for 2h) was the optimum for this system in order to achieve a high density and  high 

dielectric constant. A maximum dielectric constant of 1510 was recorded for the x = 0.04 

composition. 
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1. Introduction

Environmental concerns are stimulating research into the development of lead-

free alternative piezoelectric ceramics [1-2].  Mixed alkali niobate-tantalates are leading 

candidates as replacements for lead zirconate titanate, PZT. 

Guo et al.[3] investigated the alkali niobate solid solution system 

[Na0.5K0.5NbO3]1-x – [LiTaO3]x ( abbreviated, NKN-LT) and reported a morphotropic 

phase boundary (MPB), at 0.05 < x < 0.06, between orthorhombic and tetragonal phase-

fields. Compositions close to this MPB gave the highest values of d33 piezoelectric charge 

coefficients in the system, reaching a value of ~ 200 pC/N at x = 0.05 with a 

corresponding Curie temperature (Tc) of ~ 420 oC.  

Saito et al. [4-5] studied a wider range of  related solid solutions, corresponding to 

the general formula (K0.5Na0.5)1-xLixNb1-yTayO3.  For a composition, x = 0.03 and y = 0.2, 

close to the MPB of this system, d33 was 230 pC/N, with a Tc of 323 oC.  Reactive 

template grain growth resulted in enhanced piezoelectric properties, giving values of 

d33 = 373 pC/N and Tc = 323 oC for <00l> grain-oriented ceramics.  Slightly improved 

values of d33 coefficients were obtained using Sb ion doping on the pentavalent sites of 

the perovskite lattice. These values approach those of some PZT ceramics and 

consequently have aroused keen interest in developing this compositional system further 

as a viable  Pb-free  piezoceramic [6-11]. 

Although the highest piezoelectric coefficients were demonstrated for textured 

ceramics fabricated using reactive template grain growth, these fabrication procedures are 

rather complicated and would be costly for commercial production. Hence it is important 

to optimize properties in conventional, randomly orientated ceramic samples.  For 

example, Marcos et al. [12] have used conventional ceramic processing techniques to 
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fabricate ceramics of   (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3,   a composition in the 

system reported by Saito et al. [4],  and also a ‘non-stoichiometric’ composition 

(K0.38Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O2.97. A higher piezoelectric coefficient was obtained 

for the latter, with d33  ~ 200 pC/N.   

The present paper addresses phase development, ceramic densification, 

microstructural evolution and dielectric properties in compositions expressed by the 

general formula (0.95-x)Na0.5K0.5NbO3-0.05LiTaO3-xLiSbO3, made by a mixed-oxide 

processing route, employing reaction-sintering. The end-member composition, 

0.95(Na0.5K0.5NbO3)-0.05LiTaO3 lies near the MPB in the base NKN-LT system.  

2. Experimental procedure 

Samples were prepared by the conventional mixed-oxide process using K2CO3, 

Ta2O5 (Aldrich Chemical Company, Inc., � 99.0% purity), Na2CO3, Nb2O5 (Aldrich 

Chemical Company, Inc., 99.9+% purity), Li2CO3 (Fluka, >99.0% purity) and Sb2O5 

(Aldrich Chemical Company, Inc., 99.995% purity), as starting powders. The 

stoichiometric Na0.5K0.5NbO3 powder was firstly prepared for this system. The two 

carbonate powders are moisture-sensitive; thermogravimetric analysis indicates that 

dehydration is completed at  ~ 200 °C,  therefore to avoid compositional errors when 

weighing out the Na0.5K0.5NbO3 precursor mixture, the starting reagents were dried in an 

oven for 24 h prior to use. Dried powders were allowed to cool to room temperature 

under reduced pressure in a dessicator, and all powders were stored in the dessicator until 

immediately prior to weighing in the correct proportions.  The starting materials were 

transferred to a 100 mm-diameter cylindrical plastic jar, partially filled with 10 mm-

diameter alumina grinding balls. Sufficient ethanol was added to cover the powder/media. 
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Ball-milling was carried out for 24 h, followed by drying at 120 �C, prior to grinding with 

an alumina mortar and pestle to break up large agglomerates formed during drying. The 

mixtures were calcined in alumina crucibles, with loosely fitting lids, at 800 �C for 2 h. 

The NKN powders  were then ground, weighed and ball-milled again for 24 h with 

Ta2O5, Li2CO3  (dried) and Sb2O5 to obtain the compositions (0.95-x)Na0.5K0.5NbO3- 0.05 

LiTaO3 – x LiSbO3 (abbreviated as NKN-LT-LS) for x = 0.0, 0.02, 0.04, 0.06 and 0.10. A 

reaction-sintering approach was used to produce the NKN-LT-LS ceramics, in that no 

second powder calcination stage was employed prior to sintering. The mixed powders 

were dried, ground and pressed at 100 MPa into 1.5 cm diameter discs and sintered in air 

at temperature ranging from 1025 - 1150�C for 2 h in closed crucibles. 

Ceramic samples were examined at room temperature using X-ray powder 

diffraction (XRD; Philips X’ Pert MPD, Ni-filtered CuK� radiation) to identify the 

phase(s) formed. Sintered pellet densities were obtained by the Archimedes method. The 

microstructures of the as-sintered surfaces of the samples were imaged directly, using 

scanning electron microscopy (SEM; Jeol : JSM-5800LV).  The average grain size was 

calculated by the mean linear intercept method. To investigate dielectric properties, 

pellets were electroded with silver paste (SPI Supplies) and capacitance and loss tangents 

(tan �) of the samples measured at room temperature using a LCR meter (HP 4263B) at 1 

kHz, from which the dielectric constant  was calculated.  

 

3. Results and discussion 
 

Figure 1 shows XRD patterns of the (0.95-x)Na0.5K0.5NbO3-0.05LiTaO3 - x 

LiSbO3 samples which had been sintered at 1050 �C for 2 h. It was found that the phase 

structure of the product depended significantly on the addition of LiSbO3.  Perovskite 
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phase was formed in high yield in all samples, but secondary phases appeared. An extra 

phase, giving faint peaks with a similar pattern to K6Li4Nb10O30 [13], was detected in all 

compositions, Fig 1.  Residual LiSbO3 [14] was detected in the x = 0.10 sample, Fig1.   

Further phase analysis was conducted with reference to XRD patterns of a single–phase 

orthorhombic material (NKN), and of a tetragonal pattern of a 0.94NKN-0.06LT 

composition, as shown in Figure 3 [15-16]. For the orthorhombic perovskite phase the 

lower angle peak in the 45-46.5 �2� pair (highlighted for the x = 0 and 0.04 compositions 

in Figure 2) is the most intense, whilst the reverse holds true for the tetragonal phase. 

These peaks correspond to (022) and (002) peaks for the orthorhombic phase, and (002) 

and (200) peaks for the tetragonal phase.   Figures 1 and 2 thus indicate the main product 

phase for the x = 0 composition, 0.95Na0.5K0.5NbO3-0.05LiTaO3,   to be   orthorhombic 

[3], while all samples with added LiSbO3, x = 0.02 – 0.10, showed a tetragonal perovskite 

solid solution [5]. There was a slight increase in d-spacing between x = 0 and x = 0.02 

samples, for example from 1.994 Å   to 2.010 Å, for the orthorhombic 022 and tetragonal 

002 peaks respectively, Table 1 and Fig 2. However no significant variation in d-spacings 

were detected for compositions, x = 0.02-0.1. 

 Calculation of the respective peak intensity ratio within the 45-46.5 �2�  pair of 

peaks (calculated from peak heights) for an orthorhombic NKN ‘standard’ pattern   gives 

a I022/I002 value of  ~ 1.3 [15] , whilst I002/I200  is ~ 0.5 for the ‘ standard’ tetragonal phase 

[16]. In the present  ceramics sintered at 1050 �C, the characteristic XRD pattern of the x 

= 0 composition, gives a peak ratio (I022/I002) of ~ 1.4, whereas the LiSbO3 modified 

samples have corresponding values ( I002 /I200) of ~ 0.6- 0.8, Table 1. Although structure 

factor differences between NKN-LT and NKN-LT-LS solid solutions and those of the 

selected reference materials will influence specific values, the reference materials 
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nevertheless provide a basis from which to evaluate the phase content of the experimental 

samples in detail. The comparative values illustrate that the main product phase for x = 0 

is solely the orthorhombic NKN-LT phase. However although the LiSbO3 modification 

induces a stabilization of the tetragonal polymorph, the actual values of   peak ratios (0.6- 

0.8) are somewhat higher, in relative terms, than for the reference tetragonal pattern (0.5). 

This suggests that after sintering at 1050 °C for 2 h there may be some coexisting 

orthorhombic material along with the predominant tetragonal phase. The net result is a 

slight increase in intensity ratio from the base tetragonal value of 0.5. 

Increasing the sintering temperature to 1075 �C   brought the experimental 

intensity ratios  closer to the values expected from single- phase  tetragonal systems  for x 

= 0.02-0.1. However there was still a very small amount of LiSbO3 second phase present 

in x = 0.1, and a small amount of the second phase K6Li4Nb10O30 – type structure in all 

compositions.

A major change in phase content occurred at the highest sintering temperature 

investigated, 1150 �C, Figs 2 and 4.  The tetragonal pattern was replaced by a pattern   

similar to that of cubic perovskite. This probably is indicative of partial melting occurring 

at 1150 �C.  

The variation in densities of the (0.95-x)Na0.5K0.5NbO3-0.05LiTaO3-xLiSbO3 

ceramics for different sintering temperatures, is shown in Fig 5. It was found that density 

was very sensitive to slight changes in sintering temperature. The highest density samples 

were produced at a sintering temperature of 1050 �C. This is around 50 �C lower than 

required  for ceramics of  related compositions prepared by full calcination prior to 

sintering [16], indicating the effectiveness of the reaction sintering approach.  Density 

values were 4.32 � 0.01 g/cm3 for a sample with x = 0.0, increasing gradually with 



 7

increasing amounts of LiSbO3 giving a value of 4.44 � 0.01 g/cm3 for a sample with x = 

0.10.  This trend may reflect the higher mass of Sb. Indeed recalling that some LiSbO3 

was detected in the x = 0.1 sample at 1050 °C, the higher density of LiSbO3 (~5.45 

g/cm3) will increase the measured density of this sample, Fig 5. At 1075 �C, the ceramic 

densities were ~ 2% lower than at 1050 �C; this trend generally continued with further 25 

�C increments in sintering temperature, Fig 5. However for the highest LiSbO3 samples, x 

= 0.1, and to a lesser extent, x = 0.06, the density fell more rapidly with rising sintering 

temperature.  This is attributed to structural changes, and possible melting (Figure 5).  For 

all sample compositions, an increase in volatilisation losses, particularly of Li and K [16] 

and possibly Sb at temperatures > 1050 °C  may  contribute to the  observed gradual  

decrease in measured densities with increasing temperature 

The microstructures of samples sintered at temperatures ranging from 1050 -1100 

�C showed that grain size and shape depended strongly on sintering temperature and on 

LiSbO3 content, Figs 6-8.  For a sintering temperature of 1050 °C, the  x = 0 and x = 0.02 

compositions each showed grain sizes < 1 �m, however at x = 0.04 a change to much 

larger maximum grain sizes, and a distribution typical of secondary recrystallisation was 

evident, Fig 6.   This mechanism produced cuboid grains with maximum grain sizes ~ 5 

�m in a fine grained matrix, Fig 6c,d.    

At 1075 °C all compositions, x = 0.02-0.1, showed secondary recrystallisation. 

Maximum grain sizes were ~ 8 �m for x = 0. A slight decrease in grain size was observed 

with increasing LiSbO3 content.  Sintering at 1100 °C produced a maximum grain size of 

~ 12 �m in the x = 0 sample. Again the trend of decreasing grain size with increasing 

LiSbO3 substitution was observed. 
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Variations in average grain size, as calculated by the linear intercept method, are 

shown in Fig 9. There was a marked discontinuity in the 1050 °C plot between x = 0.02 

and 0.04 due to the change in grain growth mechanism. A gradual decrease in average 

size with increasing x is evident for higher sintering temperatures, where all compositions 

exhibit secondary recrystallisation. 

 In other perovskites such as BaTiO3, secondary recrystallisation is often thought 

to be associated with liquid phase formation. A similar mechanism leading to bimodal 

grain size distributions may occur in the NKN-LT-LS system.  Changes in microstructure 

with increasing temperature, and increasing LiSbO3 content, may relate to changes in  the 

amount and composition of any liquid phase. 

Dielectric properties of dense samples, sintered at temperatures ranging from 1050 

– 1100 �C, are shown in Fig 10.  The dielectric constant of the x = 0, NKN sample was ~ 

600-700 for the full range of sintering temperatures studied, 1050-1100 �C. This value is 

higher than that reported in previous studies for 0.95Na0.5K0.5NbO3-0.05LiTaO3 [17] or 

for NKN ceramics sintered at 1110 �C [3].  

The incorporation of LiSbO3 brought about substantial increases in the dielectric 

constant. Values were a maximum of 1510 for the x = 0.04 starting composition, sintered 

at 1050 �C, Fig 10.  Values for x = 0.02 and 0.06 were also relatively high, 1300-1350, 

for this sintering temperature, but the x = 0.1 sample had a much lower value, similar to 

that of x = 0. The latter effect may be due to the presence of unreacted LiSbO3.  A 

dielectric constant of 1510 for x = 0.04 is  very close to that reported for textured 

ceramics of (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3  for which the value reached 1570 [4], 

and is much higher than values reported for  alkali niobate tantalate (NKN-LT) 

compositions produced by conventional calcination and sintering [3, 7].   
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Sintering at higher temperatures, 1075 �C or 1100 �C   produced lower dielectric 

constants than for the 1050 �C samples, which may relate to their lower densities. For all 

compositions, the value was between ~ 800-1000.  Dissipation factors for the LiSbO3 - 

modified samples were higher than expected, varying between ~ 0.1-0.7. The highest 

value occurred for the x = 0.04 sample sintered at 1050 �C. One possible reason for the 

high dissipation factors may be a high electrical conductivity, which could be related to 

alkali oxide (or antimony oxide) losses during sintering. However oxide volatilisation 

would increase with increasing sintering temperature, yet the dissipation factors were 

lower, ~ 0.5, for the x = 0.04 ceramics sintered at 1075 °C and 1100 °C.   

 

4. Conclusions

Small increments to sintering temperature, and changes to the amount of LiSbO3 

strongly affect  phase content, densification, microstructure and dielectric properties of 

(0.95-x)Na0.5K0.5NbO3-0.05LiTaO3-xLiSbO3 ceramics.  The additive promotes the 

formation of a tetragonal crystal structure, as opposed to the orthorhombic structure of the 

0.95Na0.5K0.5NbO3-0.05LiTaO3 end-member.  The reaction-sintering approach employed 

produces maximum densities of 4.3-4.4 g/cm3 for a sintering temperature of only 1050 

�C. This is a lower temperature than is usually reported for ceramics of related 

compositions fabricated using full powder calcination before sintering.  A composition 

0.91(Na0.5K0.5)NbO3 - 0.05LiTaO3 – 0.04LiSbO3  sintered at 1050 �C shows the highest 

dielectric constant in this system, with a room –temperature value of ~1510.   Raising the 

sintering temperature from 1050 �C to 1075 �C, produced ceramics with ~ 2 % lower 

density and dielectric constants were reduced in value to ~ 1000.    

 


