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Abstract 
Project Code: RMU4980002 

Project Title: Preparation and characterization of Pb(B1/3Nb2/3)O3 type relaxor 

ferroelectric materials by B-site precursor method 

Investigator: Assoc. Prof. Dr. Supon Ananta 

E-mail Address: suponananta@yahoo.com 

Project Period: 20 July 2006 to 19 July 2009 

 

Objectives: 

Two major aspects, i.e. powder preparation and ceramic fabrication, have been 

concentrated in order to investigate the effect of B-site precursor method on the phase 

formation, microstructure and dielectric property of the Pb(B1/3Nb2/3)O3 type relaxor 

ferroelectric materials (where B is Mg, Ni or Zn). 

 

Experimental procedures, Results and Discussion: 

(I) Lead-based perovksite ferroelectric powders in the Pb(B1/3Nb2/3)O3 system (where B 

is Mg, Ni or Zn) have been prepared via a solid-state reaction method that involves 

niobate compounds with the columbite- and the corundum-type structures as B-site 

precursors. Phase formation and morphology of the calcined powders have been 

investigated as a function of calcination conditions. It has been found that the starting B-

site precursor and firing condition have a pronounced effect on the phase formation and 

morphology of the calcined powders. The use of either columbite or corundum B-site 

precursor routes to prepare pure PMN and PNN powders with the pervoskite structure 

has been successful, but not for the PZN powders where a stable pyrochlore phase is 

formed preferentially. However, by employing higher perovskite phase stabilizers such as 

BaTiO3 and PZT additives, the perovksite stability of the PZN phase can be successfully 

improved. In addition, it is seen that lower optimized calcination temperatures for the 

production of pure perovskite PMN and PNN powders can be obtained by using the 

columbite-route, whereas the smallest particle size was found in the corundum route 

powders. 
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(II) The ceramics in the Pb(B1/3Nb2/3)O3 system (where B is Mg, Ni or Zn) have been 

fabricated by using a traditional sintering method. Selected compositions were also 

fabricated by employing a modified two-stage sintering method. Attention has been 

focused on relationships between chemical composition, sintering condition, phase 

formation, densification, microstructure and dielectric properties of the sintered products. 

It has been found that by using either the columbite or the corundum B-site precursor 

routes, conformable perovskite PMN and PNN ceramics with high density were 

successfully fabricated, except for PZN. Pure perovskite phase PMN ceramics with 

slightly higher dielectric constant can be produced at lower sintering temperature by 

using a corundum route. Whilst the fabrication of pure perovskite PNN ceramics with 

larger grain size, higher density and better dielectric properties can be obtained via a 

columbite route. Perhaps for PZN, in addition to the pyrochlore formation, the tolerance 

factor, bonding and structural parameters e.g. cation valence stability, ordering 

parameters, etc. should also be considered. The presence of pyrochlore-type phases 

downgrades the dielectric properties of the final products. 

 

Conclusions:  

Lead-based perovksite relaxor ferroelectric materials Pb(B1/3Nb2/3)O3 (where B is Mg, Ni 

or Zn) have been prepared via a solid-state reaction method that involves niobate 

compounds as B-site precursors. The B-site precursor method has been employed in 

two different routes, namely the columbite and the corundum methods. Optimisation of 

processing parameters especially the starting B-site precursor and the calcination 

condition can lead to single-phase PMN and PNN powders of the desired compositions. 

This study clearly shows the influences of the B-site precursor processing on the 

variation of the phase formation characteristic, the microstructural evolution and the 

dielectric properties of Pb(B1/3Nb2/3)O3 ceramics. Under suitable two-stage sintering 

schemes, dense and pure perovskite ceramics can be successfully achieved with better 

dielectric properties than those of ceramics from a conventional sintering technique. It 

has been found that this two-stage sintering technique can effectively suppress the grain 

growth in both perovskite PMN and PNN ceramics.  
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Suggestion for further work: 

(I) Further investigation on the effect of A-site precursor route on phase formation, 

microstructure and dielectric properties of the Pb(B1/3Nb2/3)O3 system would be useful for 

developing a potentially alternative processing route. 

  

(II) Some improvement may be achieved by increasing the perovskite stability of the 

samples in this study by using higher perovskite phase stabilizer e.g. BaTiO3, PbTiO3 or 

PZT additives. However, their size effects and appropriated adding amounts would need 

to be considered. 

 

(III) Further work on surface analysis, microstructural characterization especially at the 

grain boundaries and their ferroelectric properties measurements would facilitate a 

deeper understanding of these lead-based perovskite relaxor ferroelectrics in general. 

 

Keywords: Relaxor ferroelectrics, Perovskites, B-site precursor, Dielectric properties 
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���6	��
������� 

1. ����!+���;&�������*	
�<;�� 

����	!���	0�/������4��,�����/{��,/*�,$���/�<�����'���4�$�/�-�����-�����/89�

���,8�����"��� �6-� Pb(B1/3Nb2/3)O3 $�� B /89���-4����8���	 2+ /'0� Pb(Mg1/3Nb2/3)O3 

"�:� PMN, Pb(Ni1/3Nb2/3)O3 "�:� PNN, ��� Pb(Zn1/3Nb2/3)O3 "�:� PZN ��%� ����0
/89�����	���

4�#�����
���!�!��
�����
�#���#
��0
���#
���
��
/89�/��
�
���%�!�/'����'
�
����/'��

�

�'�, ��
"���-����0
�����
���
����	/"�0
��%�
!'#/89�'�%��0������	8��
,��/�<��������,

8��/&�-0
�7 4�#��0 capacitors, sensors, transducers, non-destructive testing detectors 

����	8��
,�
��
�����,'���-0
�7 /89�-#� [1-4] ����	�������
�/"�
�����
"����
���
�
!'#

!��
�/"�0
��%-#�����0
�����4���/�<������6���60!�'0���	
"&6�������
�1�����������	��
���
�
�

����	8��
, ���
��6;/��������
�!���"�0
��
�!'#�
����-��
 ���-#����
�
�/-����4�#�0
� ��

��
�/�1������/*����-#���
��6�����
�
�1"
��-1	���4�#�0
� /89�-#� [4-6] �
�5��-����	!�

��	0���%�������83;"
/�:����
�����	�8���

�
�������D,����
�/8�
"�
� $����83����"�
�

8���
����/�#
�
/������#�� ���-�%��-0�
����/�:��'�������	
&
�����
�-�%�-#����!'# ��D��
�

���/��
�",5����!'# 8�����D�&
�����-0����D�!��
���
!"#�
����,8������
�
�1/�#
���4�#����

�0�/���/89�/*�������6-�-��-
����������4�# ���/������
�/5
{��/���,/�:��8�����},�
�/"�0
��%

!"#��
�/89�/{�
��� �������%���
�"�
��0������
�����	�D�~���/*����-#���
��6�7  

��
"����
�����
����#
����$������
�!'#/����� solid-state reaction 5��-�
�!�

��	0�/������4��,�����/{��,/*�,$���/�<�����'��������-�����/89����,8�����"��� ���
���

��D��
���� B-site precursor [7-12] $��!���%��������
�
����,8�����'��� B ��� Nb2O5 �


��
8�������
����0�� ��#������
�
�5��-&�
�,�
��
8�������
��� PbO !���%������� /�:��!"#/���/89�

�
�/8�
"�
� ��0
�4��<-
� �
����������	0����/��
�",�
�-�%�-#���� B-site '��������$�����#
�

��� columbite $��-����%��������60�#�� �0���
����/��
�",�
�-�%�-#���� B-site '��������

$�����#
�����:��7�������#����48��� ����
���%�
������/�:���/������
�/5
������D������

83����!��
�/5
{��/���,�����-0��
�/���/*� $�����#
��	�&
��������-�4���/�<���������
�/"�0
��%

��������
�<����
��0
��!���0
����� �#��/"-	5������0
� �
�56#����������!��������
�
������

�������
�������
����/��
�",�
������/{��,/*�,$���/�<�����'��� Pb(B1/3Nb2/3)O3 ��� B /89�

4���� Mg
2+

, Ni
2+

 ��� Zn
2+

 4�#��0 Pb(Mg1/3Nb2/3)O3, Pb(Ni1/3Nb2/3)O3 ��� Pb(Zn1/3Nb2/3)O3 

�#����D��
���� B-site precursors $���
���/����� solid-state reaction /8����/������� 

���1���
�����
��
�������D,��"�0
�83����!��������
�/-���� �
�/���/*� $�����#
�

�	�&
��������-�4���/�<��������/{�
���/"�0
��%��0
�/89����� ����60���48����
�����
���

����
�������
����/��
�",�
�8�������	0�4�$�/�-'���-0
�7 �#��/����� solid-state 

reaction /�:����4�#��
�
!'#/89��
�-�%�-#���� B-site precursors -0�48  
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2. ��������!
�" 

2.1 /�:������
�������
�������
����/��
�",�
�!���	0������/{��,/*�,$���/�<����� 

Pb(B1/3Nb2/3)O3 '������ B /89�4���� Mg
2+

, Ni
2+

 ��� Zn
2+

 �#����D��
���� B-site precursors 

$���
���/����� solid-state reaction  

2.2 /�:������
�������
�������
����/��
�",�
�8�������	0�4�$�/�-'���-0
�7 �#��

/����� solid-state reaction /�:����
�
!'#/89��
�-�%�-#���� B-site precursors -0�48  

2.3 /�:������
���D������83����"���!��������
����/��
�",�
��#��/����� solid-state 

reaction �����-0���-������
��0�/���/*� ��
}
�����
������,8������
�/���������	�&
�

���5��
������/{��,/*�,$���/�<�����  

2.4 /�:������
���D������83����"���!��������
�/5
{��/���,�����-0���-������
��0�

/���/*� $�����#
��	�&
��������-�4���/�<��������/{�
��������/{��,/*�,$���/�<����� 

2.5 /�:������
��
�������D,��"�0
�83����!��������
�/-���� �
��0�/���/*� $�����#
�

�������-�4��� /�<��������/{�
���!���	0�/������4��,�����/{��, /*�,$��� /�<����� 

Pb(B1/3Nb2/3)O3 

 

3. ���.��.��#������ 

$����
��������%�	0�/�#�/�:��� �
�/-��������
�"
����
�/`�
����5����/{�
�������
�

!���	0�/������4��,�����/{��,/*�,$���/�<�����'��� Pb(B1/3Nb2/3)O3 �#����D��
�5�����4{�,

�����%�/��� /8����/���������D��
�!'#�
�8�������	0�4�$�/�-'��� columbite ���'����:��7 

/'0� corundum /89��
�-�%�-#� ��� B-site precursor $�����
���/���������%  

3.1 ���/��
�",�
� PMN, PNN ��� PZN �#����D��
�5�����4{�,�����%�/���$��!'#/����� 

solid-state reaction /�:��!'#/89��
�'	�����	�  

3.2 ���/��
�",�
�8�������	0�4�$�/�-'��������$�����#
���� columbite 4�#��0 MgNb2O6, 

NiNb2O6, ��� ZnNb2O6 ���'����:��7 4�#��0 Mg4Nb2O9, Ni4Nb2O9, ��� Zn3Nb2O8 �#���
�

!'#/����� solid-state reaction  

3.3 ���/��
�",�
� PMN, PNN ��� PZN �#���
�!'#�
����/-����4�#�
��#� 3.2 ��#�����

����
���D������83����!��������
����/��
�",�
�/"�0
��% �����-0��
�/���/*� ��
}
�����


������,8������
�/���������	�&
�����
��-0���6-�  
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3.4 ��
5� PMN, PNN ��� PZN ���4�#�
��%��68��#�8�����},/89�/{�
����#���
�/5
{��/���,

��#���������
���D������83����!��������
�/5
�����-0��
�/���/*� $�����#
��	�&
����

����-�4���/�<��������/{�
������4�# 

3.5 ����
��
�������D,��"�0
�83����!��������
�/-���� �
�/���/*� $�����#
��	�&
�

�������-�4���/�<��������/{�
���/"�0
��% 

 

4. ���
���"���=$���.���
��
����������6 

4.1 ���,��
��6#!"�0!��
����/��
�",�
�!���	0�/������4��,�����/{��,/*�,$���/�<����� 

Pb(B1/3Nb2/3)O3 '��� Pb(Mg1/3Nb2/3)O3, Pb(Ni1/3Nb2/3)O3 ���Pb(Zn1/3Nb2/3)O3 �#���
�!'#

/����� solid-state reaction ������
���
�
�8�����'���!"�07�
��
/89��
�-�%�-#���� B-site  

4.2 ���,��
��6#!"�0!��
����/��
�",�
�8�������	0�4�$�/�- '��� MgNb2O6, NiNb2O6, 

ZnNb2O6, Mg4Nb2O9, Ni4Nb2O9, ��� Zn3Nb2O8 �#��/����� solid-state reaction 

4.3 ���,��
��6#!"�0!��
�����
���D������/��������/��
!��
����0�� ���1��/�:���4�!�

�
����4{�,�����-0��
�/���/*������
}
�����
������/{��,/*�,$���/�<����� Pb(B1/3Nb2/3)O3 

����
�8�������	0�4�$�/�-'���-0
�7  

4.4 ���,��
��6#!"�0!��
�����
���D������/��������/�:���4�!��
�/5
{��/���,�����-0��
�

/���/*� $�����#
��	�&
��������-�4���/�<��������/{�
���/*�,$���/�<����� Pb(B1/3Nb2/3)O3  

4.5 ���,��
��6#!"�0!�/�:��������
�������D,��"�0
�83����!��������
�/-���� �
�/���/*� 

$�����#
��	�&
��������-�4���/�<��������/{�
���/*�,$���/�<����� Pb(B1/3Nb2/3)O3 

4.6 ���,��
��6#����
�
�1��
48!'#/89���
�����
����
�
�/�����
����!�"����6-�����	

�
�-�,������56#��������5��'����60 ���1���
���
48!'#������-0�����
���
�
������ 

4.7 5��
������!��68�������-�����, 4�#��0 ����-�����,!��
��
��
���'
�
�-0
�7����
�

��
/���5��
�!��
�8��'	���'
�
� 

4.8 �	��
�����������������
��6#�
��#
��
�/*�,$���/�<�������	0�/������4��,�������
�

!��
���
"��"���#�����
����D,��
"����
�����
�	��
����0
�-0�/�:���  

4.9 ����
��
�����
'	�$����
����������
���#
���
��0���:������	0���������&
�!�

�1
���-#������������"�0
���	0������-0
�7�����!�!�/�:������/������#����� 
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Abstract

Magnesium niobate, Mg4Nb2O9, powders has been synthesized by a solid-state reaction. Both conventional ball- and rapid vibro-milling have
been investigated as milling methods, with the formation of the Mg4Nb2O9 phase investigated as a function of calcination conditions by DTA and
XRD. The particle size distribution of the calcined powders was determined by laser diffraction technique, while morphology, crystal structure and
phase composition were determined via a combination of SEM, TEM and EDX techniques. The type of milling method together with the designed
calcination condition was found to show a considerable effect on the phase and morphology evolution of the calcined Mg4Nb2O9 powders. It is
seen that optimization of calcination conditions can lead to a single-phase Mg4Nb2O9 in both milling methods. However, the formation temperature
and dwell time for single-phase Mg4Nb2O9 powders were lower with the rapid vibro-milling technique.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Magnesium niobate; Milling; Calcination; Phase formation; X-ray diffraction

1. Introduction

To date, magnesium niobate, Mg4Nb2O9, is one of the four
possible magnesium–niobium oxides which have been recog-
nized [1]. It has an ordered corundum-type hexagonal struc-
ture and has been investigated as a potential candidate for the
synthesis of low loss microwave dielectric materials [2] and
as buffer layer materials for manufacturing ferroelectric mem-
ory devices [3]. It is also an important material which shows
self activated photoluminescence at room temperature [4]. You
et al. [5] reported that cerium-doped Mg4Nb2O9 exhibited
improved luminescence properties. Recent work on the prepa-
ration of relaxor ferroelectric Pb(Mg1/3Nb2/3)O3 [6,7], has also
shown that Mg4Nb2O9 is a better precursor than the columbite
MgNb2O6 [8,9] for the successful preparation of single-phase
perovskite PMN which is becoming increasingly important for
electroceramic components such as multilayer ceramic capaci-
tors and electrostrictive actuators [10–12].

The evolution of a method to produce particular powders
of precise stoichiometry and desired properties is complex,

∗ Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).

depending on a number of variables such as raw materials, their
purities, processing history, temperature, time, etc. For example,
the synthesis of stoichiometric lead magnesium niobate (PMN)
using Mg4Nb2O9 as a key precursor by a conventional solid-state
reaction [7] requires an additional amount of PbO to convert the
pyrochlore phase to PMN. However, the effect of excess PbO
on PMN preparation is still a matter of debate, and appears to
depend critically on the amount of PbO added [13–15]. Deter-
mination of the appropriate excess of PbO is currently a matter
of trial and error. Furthermore, it has been reported that residual
MgO present in the sample after the reaction has to be removed
by treating with dilute nitric acid. Interestingly, a two-stage
mixed oxide route has also been employed with minor modifi-
cations in the synthesis of Mg4Nb2O9 itself [16,17]. In general,
production of single-phase Mg4Nb2O9 is not straightforward,
as minor concentrations of the MgNb2O6 phases and/or MgO
inclusion are sometimes formed alongside the major phase of
Mg4Nb2O9 [15,17,18].

The development of Mg4Nb2O9 powders, to date, has not
been as extensive as that of MgNb2O6. Much of the work con-
cerning the compound Mg4Nb2O9 has been directed towards
determining luminescent [4,5] or microwave dielectric [2] prop-
erties, and fabrication of Mg4Nb2O9 single crystal [19] or PMN
powders [6,7]. Only limited attempts have been made to improve

0921-5107/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.03.027



R. Wongmaneerung et al. / Materials Science and Engineering B 130 (2006) 246–253 247

the yield of Mg4Nb2O9 powders derived from the solid-state
reaction by optimizing milling method or calcination condi-
tion [13,20,21]. Moreover, the optimization of a combination
between the milling method and the calcination condition in the
mixed oxide process has not been studied. The purpose of this
work was to explore a simple mixed oxide synthetic route for
the production of Mg4Nb2O9 powders and compare the charac-
teristics of the resulting powders. Two milling techniques were
employed as the mixing method. A conventional ball milling
was compared against a rapid vibro-milling in terms of their
phase formation, particle size, morphology and microchemical
compositions of the powders calcined at various conditions.

2. Experimental procedure

The starting materials used in the present study were com-
mercially available magnesium oxide, MgO and niobium oxide,
Nb2O5 (Fluka, 98% purity). These two oxide powders exhibited
an average particle size in the range of 5.0–10.0 �m. Mg4Nb2O9
powders were synthesized by the solid-state reaction of appro-
priate amounts of MgO and Nb2O5 powders that were mixed
using two wet-milling methods (Fig. 1). The ball-milling oper-
ation was carried out for 48 h [7,13,20,22] with zirconia balls
[22] in isopropanal. For comparison, a McCrone vibro-milling
technique [9] was carried out on another set of powders with
corundum cylindrical media in isopropanal for 1 h [21]. After
drying at 120 ◦C for 2 h, various calcination conditions, i.e. tem-
peratures ranging from 550 to 1100 ◦C and dwell times ranging
from 2 to 5 h with heating/cooling rates ranging from 10 to
30 ◦C/min. [22] were applied in order to investigate the forma-
tion of Mg4Nb2O9 phase in powders from both milling methods.
The reactions of the uncalcined powders taking place during heat
treatment were investigated by thermal gravimetric and differ-

Fig. 1. Flow chart for preparing Mg4Nb2O9 powders by ball- and vibro-milling
methods.

Fig. 2. TGA curves of the two MgO–Nb2O5 mixtures derived from (a) ball-
milling and (b) vibro-milling methods.

ential thermal analysis (TG-DTA, Shimadzu) using a heating
rate of 10 ◦C/min. in air from room temperature up to 1100 ◦C.
Calcined powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Philips PW 1729 diffractometer)
using Ni filtered Cu K� radiation, to identify the phases formed
and optimum calcination conditions for the manufacture of
Mg4Nb2O9 powder. The mean crystallite size was determined
using the diffraction peak (1 0 4) of the corundum pattern by
using Scherrer equation [23]. Particle size distributions of the
powders were determined by laser diffraction technique (DIAS
1640 laser diffraction spectrometer), with the grain size and
morphologies of the powders observed by scanning electron
microscopy (SEM; JEOL JSM-840A). The chemical composi-
tion and structure of the phases formed were elucidated by trans-
mission electron microscopy (CM 20 TEM/STEM) operated at
200 keV and fitted with an energy-dispersive X-ray (EDX) ana-
lyzer with an ultra-thin window. EDX spectra were quantified
with the virtual standard peaks supplied with the Oxford Instru-
ments eXL software. Powder samples were dispersed in solvent
and deposited by pipette on to 3 mm holey copper grids for TEM
observation. In addition, attempt was made to evaluate the crys-
tal structures of the observed compositions/phases by correcting
the XRD and TEM diffraction data.

3. Results and discussion

TGA and DTA results for the mixture of MgO and Nb2O5
milled by both methods are shown in Figs. 2 and 3, respec-
tively. In general, similar trend of thermal characteristics is
observed in both precursors. As shown in Fig. 2, the precur-
sors prepared with both milling methods exhibit two distinct
weight losses below 600 ◦C. The first weight loss occurs below
200 ◦C and the second one above 250 ◦C. In the temperature
range from room temperature to ∼150 ◦C, both samples show
small exothermic peaks in the DTA curves at ∼120 ◦C (Fig. 3),
which are related to the first weight loss. These DTA peaks can
be attributed to the decomposition of the organic species such as
rubber lining from the milling process similar to those reported
earlier [20]. In comparison between the two milling methods,
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Fig. 3. DTA curves of the two MgO–Nb2O5 mixtures derived from (a) ball-
milling and (b) vibro-milling methods.

after the first weight loss, the ball-milling precursor (solid line)
shows a slightly less weight loss over the temperature range of
∼150–250 ◦C, followed by a much more sharp fall in specimen
weight with increasing temperature from ∼250–500 ◦C. This
precursor also exhibits a significantly larger overall weight loss
(∼7.25%) than that of the vibro milling (∼1.50%). This may be
accounted for by the fact that the vibro-milling method provides
faster size reduction rate and is able to enhance mixing capabil-
ity with lower contamination possibility due to shorter milling
time applied as suggested by several authors [9,24,25].

Corresponding to the second fall in specimen weight, by
increasing the temperature up to ∼700 ◦C, the solid-state reac-
tion occurs between magnesium oxide and niobium oxide. The
broad exothermic characteristic in both DTA curves represents
that reaction, which has a maximum at ∼550 and 620 ◦C for ball-
and vibro-milling precursors, respectively. No significant weight
loss was observed for the temperatures above 800 ◦C in the TG
curves (Fig. 2), indicating that the minimum firing temperature
to obtain MgO–Nb2O5 compounds is in good agreement with
XRD results (Figs. 4 and 5) and other workers [6,9,16]. How-
ever, the DTA curves show that there are other small peaks with
maximum at ∼1080 ◦C (for ball-milling) and 1050 ◦C (for vibro-
milling). It is to be noted that there is no obvious interpretation
of these peaks, although it is likely to correspond to a phase tran-
sition reported by a number of workers [14,17,22]. The different
temperature, intensities, and shapes of the thermal peaks for the
two precursors are probably related to the different milling con-
ditions between the two methods, and consequently caused by
the removal of organic species (such as rubber lining) and reac-
tivity of species differently milled (difference in size and size
distribution) and mixed in the powders. These data were used
to define the range of temperatures for XRD investigation to
between 550 and 1100 ◦C.

To further study the phase development with increasing cal-
cination temperature in each of the two precursors, they were
calcined for 2 h in air with a constant heating/cooling rates of
10 ◦C/min at various temperatures, up to 1100 ◦C, followed by
phase analysis using XRD. As shown in Figs. 4 and 5, for the
powders calcined at 550 ◦C, only X-ray peaks of MgO and

Fig. 4. Powder XRD patterns of the ball-milling powders calcined at various
conditions for 2 h with constant heating/cooling rates of 10 ◦C/min (�, MgO;
©, Nb2O5;�, MgNb2O6;�, Mg4Nb2O9; ICDD file No. 38–1459: Mg4Nb2O9).

Nb2O5 are present, indicating that the elimination of organic
species occurs below 500 ◦C, which agrees with the TG-DTA
results determined previously. The strongest reflections of the
mixed phases of MgO (�) and Nb2O5 (©) can be correlated
with ICDD file Nos. 71–1176 [26] and 28–317 [27], respectively.

From Figs. 4 and 5, it is seen that little crystalline phase of
MgNb2O6 (�), earlier reported by many researchers [6,17,28]
was found at 600 ◦C as separated phases in both calcined pow-
ders. This MgNb2O6 phase (ICDD file No. 33–0875 [29])

Fig. 5. Powder XRD patterns of the vibro-milling powders calcined at various
conditions for 2 h with constant heating/cooling rates of 10 ◦C/min (�, MgO; ©,
Nb2O5; �, MgNb2O6; �, Mg4Nb2O9; ICDD file No. 38–1459: Mg4Nb2O9).
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Fig. 6. Powder XRD patterns of the ball-milling powders calcined at 1050 ◦C
with heating/cooling rates of 10 ◦C/min. for (a) 2 h, (b) 3 h, (c) 4 h and (d) 5 h, and
at 1050 ◦C for 5 h with heating/cooling rates of (e) 20 ◦C/min and (f) 30 ◦C/min
(�, MgNb2O6; �, Mg4Nb2O9; ICDD file No. 38–1459: Mg4Nb2O9).

has a columbite-type structure with an orthorhombic unit cell
(a = 5.70 Å, b = 14.19 Å and c = 5.032 Å) with space group
I41/amd (No. 141), in agreement with literature [14,17,28].
As the temperature increased to 700 ◦C, the intensity of the
MgNb2O6 peaks in both calcined powders was further enhanced
and became the predominant phase, in consistent with the TG-
DTA results. From Figs. 4 and 5, it is seen that the peaks
corresponding to MgO and Nb2O5 phases were completely
eliminated after calcination at 800 ◦C in both powders. These
observations are associated to the DTA peaks found at the same
temperature range within the broad exothermic effects (Fig. 3).
After calcination at 850 ◦C, some new peaks (�) of the desired
Mg4Nb2O9 started to appear, mixing with MgNb2O6 and MgO
phases in both powders, in consistent with Ananta [20]. To a first
approximation, this Mg4Nb2O9 phase (ICDD file No. 38–1459
[30]) has a corundum-type structure with a hexagonal unit cell
(a = 5.162 Å and c = 14.024 Å) with space group (no. 165), in
consistent with other researchers [5,19,20].

Upon calcination at 1100 ◦C, the major phase of Mg4Nb2O9
has been clearly identified in the ball-milling powders and most
of second phases were eliminated. In particular, the peaks cor-
responding to MgNb2O6 disappeared. However, in comparison,
a single phase of Mg4Nb2O9 is already formed when the vibro-
milling precursor was calcined at 1050 ◦C. Apart from calci-
nation temperature, the effect of dwell time was also found
to be significant (Figs. 6 and 7). It is seen that an essentially
monophasic Mg4Nb2O9 of corundum structure is obtainable in
the ball-milling powders when the dwell time was extended to
5 h at 1050 ◦C (Fig. 6), which is 3 h longer than that of the vibro-
milling precursor (Fig. 7). In this work, an attempt was also
made to calcine these powders under various heating/cooling
rates (Figs. 6(d–f) and 7(e–g)). In this connection, it is shown
that the yield of Mg4Nb2O9 phase did not vary significantly with
different heating/cooling rates ranging from 10 to 30 ◦C/min, in

Fig. 7. Powder XRD patterns of the vibro-milling powders calcined at 1050 ◦C
with heating/cooling rates of 10 ◦C/min. for (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h and
(e) 5 h, and at 1050 ◦C for 5 h with heating/cooling rates of (f) 20 ◦C/min and
(g) 30 ◦C/min (�, MgNb2O6; ICDD file No. 38–1459: Mg4Nb2O9).

good agreement with earlier results reported by Ananta et al.
[20,31] for the mixture of the two kinds of refractory oxides.

The amount of corundum phase present in each of the pow-
ders was estimated using the following equation:

corundum phase (wt.%) =
[

ICor

(ICor + ICol)

]
× 100 (1)

This equation is analogous to well-known equation [6,8] widely
employed in connection with the fabrication of complex per-
ovskite materials. It should be seen as a first approximation since
its applicability requires comparable maximum intensities of the
peaks of corundum and columbite phases. Here ICor refers to the
intensity of the corundum (1 0 4) peak and ICol the intensity of
the columbite (1 3 1) peak [32]. For the purpose of estimating
the concentration of the phase present, Eq. (1) has been applied
to the powder XRD patterns obtained as given in Table 1.

It is well established that the columbite-type MgNb2O6 tends
to form together with the corundum-type Mg4Nb2O9, depending
on calcination conditions [18,20,32]. In the work reported here,
evidence for the formation of MgNb2O6 phase, which coexists
with the Mg4Nb2O9 phase, is found after calcination at temper-
ature ∼850–950 ◦C, similar to those reported by Ananta [20]
and Yu et al. [22]. The formation temperature and dwell times
for high purity Mg4Nb2O9 observed in the powders derived
from a combination of a mixed oxide synthetic route and a care-
ful calcination condition (especially with a rapid vibro-milling
technique) are slightly lower than those reported for the pow-
ders prepared via many other conventional mixed oxide methods
[3–5,13].

Based on the DTA and XRD data, it may be concluded
that, over a wide range of calcination conditions, single-phase
Mg4Nb2O9 cannot be straightforwardly formed via a solid-
state mixed oxide synthetic route, as verified by a number of
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Table 1
Calculated amount of Mg4Nb2O9 phase as a function of calcination conditions and milling methods

Calcination conditions Qualitative concentrations of phasesa

Temperature (◦C) Dwell time (h) Ball-milling Ball-milling

Mg4Nb2O9 (wt.%) MgNb2O6 (wt.%) Mg4Nb2O9 (wt.%) MgNb2O6 (wt.%)

850 2 20.88 79.12 5.00 95.00
900 2 42.44 57.56 21.33 78.67
950 2 91.22 8.78 58.81 41.19

1000 2 93.69 6.31 93.44 6.56
1050 1 – – 98.29 1.71
1050 2 93.96 6.04 100.00 0.00
1050 3 99.02 0.98 100.00 0.00
1050 4 99.13 0.87 100.00 0.00
1050 5 100.00 0.00 100.00 0.00
1100 2 100.00 0.00 100.00 0.00

a The estimated precision of the concentrations for the two phases is ±1%.

researchers [16,17,20]. The experimental work carried out here
suggests that the optimal calcination conditions for single-phase
Mg4Nb2O9 are 1050 ◦C for 5 h or 1100 ◦C for 2 h (ball-milling)
and 1050 ◦C for 2 h (vibro-milling), with heating/cooling rates
as fast as 30 ◦C/min. The optimized formation temperature of
single-phase Mg4Nb2O9 was lower for the vibro-milling method
probably due to the higher degree of mixing with more effective
size reduction. Therefore, in general, the methodology pre-
sented in this work provides a simple method for preparing
corundum Mg4Nb2O9 powders via a solid-state mixed oxide
synthetic route. It is interesting to note that, by using either
ball-milling or vibro-milling methods with its respective opti-
mized calcination condition, the reproducible, lower cost and
flexible process involving simple synthetic route can produce
high purity corundum Mg4Nb2O9 (with impurities undetected
by XRD technique) from relatively impure and inexpensive com-
mercially available raw materials.

SEM micrographs of the calcined Mg4Nb2O9 powders
derived from ball- and vibro-milling methods are shown in
Fig. 8(a) and (b), respectively. In general, the particles are
agglomerated and basically irregular in shape, with a substantial
variation in particle size. Observed diameters range from 0.5
to 1.6 and 0.1 to 1.8 �m for ball- and vibro-milling methods,
respectively (Table 2). However, it is seen that higher degree
of agglomeration with more rounded particle morphology is
observed in the powders produced by vibro-milling. The strong
inter-particle bond within each aggregate is evidenced by the
formation of a well-established necking between neighbouring
particles. This observation could be attributed to the mechanism
of surface energy reduction of the ultrafine powders, i.e. the

Table 2
Particle size range of Mg4Nb2O9 particles measured by different techniques

Measurement techniques Particle size range

Ball-milling Vibro-milling

XRD (nm, ±2.0) 23.9 23.4
Laser diffraction (�m, ±0.2) 2.0–5.0 0.3–6.5
SEM (�m, ±0.1) 0.5–1.6 0.1–1.8
TEM (�m, ±0.01) 0.01–1.0 0.01–0.03

smaller the powder the higher the specific surface area [24,25].
In general, it is seen that higher and longer heat treatment of
ball-milling powders leads to larger particle sizes with hard
agglomeration. The averaged particle size of vibro-milling
Mg4Nb2O9 powders with finer particle size is regarded as

Fig. 8. SEM micrographs of the (a) ball-milling and (b) vibro-milling
Mg4Nb2O9 powders after calcined at their optimal conditions.
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Fig. 9. The particle size curves of the ball- and vibro-milling Mg4Nb2O9 pow-
ders after calcined at their optimal conditions.

Fig. 10. (a) TEM micrograph of ball-milling Mg4Nb2O9 particles and SAED
patterns of (b) the major phase of hexagonal Mg4Nb2O9 (zone axes [1 1 1]) and
(c) the minor phase of orthorhombic MgNb2O6 (zone axes [0 1 0]).

advantage for better reactivity. A combination of SEM and EDX
techniques has demonstrated that an MgO-rich phase (spherical
particle with diameter of ∼50–100 nm) exists neighbouring the
Mg4Nb2O9 parent phase, as circled in Figs. 8(a) and 9b). The
existence of discrete nano-sized MgO phase points to the poor

reactivity of MgO, although the concentration is too low for
detection by XRD in consistent with earlier work by Ananta
[20]. Fig. 9 shows the particle size distribution curves of cal-
cined Mg4Nb2O9 powders derived from both milling methods.
As listed in Table 2, the particle size falls within the range
of 2.0–5.0 and 0.3–6.5 �m for powders from ball- and vibro-
milling methods, respectively. Even taking into account that the
analysis does not reveal the real dimension of single particles
(due to agglomeration effects as expected from the SEM results
in Fig. 8), a uniform frequency distribution curve was observed
for the ball-milling powders whilst broad distribution curve with
tiny tail at front covering the range of 0.3–0.8 �m in sizes was
found for the vibro-milling powders (dashed line), reflecting
more of the size of agglomerates than the real size of particles,
in good agreement with the SEM results previously determined.

Bright field TEM images of discrete particles of the
calcined Mg4Nb2O9 powders are shown in Fig. (ball-
milling) and Fig. 11 (vibro-milling), indicating the particle sizes
and shapes at higher magnifications. The observed morphol-
ogy reveals the considerable difference in both size and shapes
between the two particles. Primary particle in vibro-milling
powders is clearly smaller in size than the ball-milling pow-
ders. As seen in Fig. 10(a), the ball-milling powders consist
mainly of irregular round shape primary particles with a diam-
eter of ∼1 �m or less. In addition to the primary particles, the
powders have another kind of very fine particle (brighter area)

Fig. 11. (a) TEM micrograph of vibro-milling Mg4Nb2O9 particles and SAED
patterns of (b) the major phase of hexagonal Mg4Nb2O9 (zone axes [8̄ 4̄ 1]) and
(c) the minor phase of orthorhombic MgNb2O6 (zone axes [0 0 1]).
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with diameter of about 93 nm (it is referred to as nanoparticle).
Only single nanoparticle can be observed in this TEM micro-
graph. In contrast, the vibro-milling powders consist mainly of
submicrometer-sized primary particles accompanying with sev-
eral dark and bright areas (Fig. 11(a)). The particle diameters
in these TEM micrographs are also given in Table 2. It is pos-
sible to observe in Table 2 that the particle sizes determined by
XRD technique have almost the same value in nanometer range
for different milling methods. It should be noted that the cal-
culated values from the XRD technique were determined from
the XRD peak-broadening and actually present the crystallite
sizes [33], whereas the values from other methods as listed in
Table 2 represent the particle sizes, which include polycrys-
talline, agglomerates, defects, etc. [23,33]. In addition, these
other methods also provide information on particle morphology
and powder quality, which is not available from the XRD tech-
nique alone. Thus the combination of the data listed in Table 2
provides better assessment of the powders produced from dif-
ferent milling techniques.

By employing a combination of both selected area electron
diffraction (SAED) and crystallographic analysis, the major
phase of hexagonal Mg4Nb2O9 (Figs. 10(b) and 11(b)) and
minor phase of MgNb2O6 nanoparticles in orthorhombic form
were identified (Figs. 10(c) and 11(c)), in good agreement with
the XRD results. In general, EDX analysis using a 20 nm probe
from a large number of particles of the two calcined powders

Fig. 12. EDX analysis of (a) the major phase Mg4Nb2O9 and (b) the minor
phase MgNb2O6 (some signals of C and Cu come from coated electrodes and
sample stubs, respectively).

Fig. 13. (a) SAED pattern of the unreacted MgO phase and (b) EDX analysis
of the MgO-rich phase.

confirmed the parent composition to be Mg4Nb2O9 (Fig. 12(a)).
Minor phase of MgNb2O6 was also confirmed by this tech-
nique, as illustrated in Fig. 12(b). It is interesting to noted
that limited evidence for the presence of the unreacted starting
precursor MgO (Fig. 13(a) the ring patterns indicating the poly-
crystalline nature and hence fine scale of this phase Fig. 13(b)) in
good agreement with the SEM results, and nano-scale particle
of MgNb2O6 was also found in the TEM–EDX investigation,
even though this could not be detected by XRD. It is, there-
fore, intriguing to note the advantage of a combination between
TEM and EDX techniques, which lies in its ability to reveal
microstructural features often missed by the XRD diffraction
method which requires at least 5 wt.% of the component [23].

4. Conclusions

It has been shown that pure corundum Mg4Nb2O9 powders
can be formed by the reaction of niobium oxide with magne-
sium oxide via either ball-milling or vibro-milling methods at
about 1050–1100 ◦C. Evidence for the formation of a columbite
MgNb2O6 minor phase, which coexists with the corundum
Mg4Nb2O9 parent phase, is found at calcination temperatures
ranging from 800 to 1050 ◦C. Between the two methods, it is seen
that lower optimized calcination temperature and dwell time for
the production of pure Mg4Nb2O9 powders can be obtained by
using vibro-milling method. This technique was superior to ball-
milling as measured by the required minimum firing temperature
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and dwell time for the yield of single-phase Mg4Nb2O9 in the
powders together with the smallest particle size achieved.
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Abstract

A perovskite phase of lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 or PMN, powders has been synthesized by a rapid vibro-milling technique.
Both columbite MgNb2O6 and corundum Mg4Nb2O9 have been employed as magnesium niobate precursors, with the formation of the PMN
phase investigated as a function of calcination conditions by thermal gravimetric and differential thermal analysis (TG–DTA) and X-ray diffraction
(XRD). The particle size distribution of the calcined powders was determined by laser diffraction technique. Morphology, crystal structure and
phase composition have been determined via a combination of scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
energy-dispersive X-ray (EDX) techniques. The magnesium niobate precursor and calcination condition have been found to have a pronounced
effect on the phase and morphology evolution of the calcined PMN powders. It is seen that optimisation of calcination conditions can lead to
a single-phase PMN in both methods. However, the formation temperature and dwell time for single-phase PMN powders were lower for the
synthetic method employing a columbite MgNb2O6 precursor.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Lead magnesium niobate; Magnesium niobate; Perovskite; Powder synthesis; Calcination

1. Introduction

Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 or PMN, is one
of the most widely investigated relaxor ferroelectric materials
with a perovskite structure. The excellent dielectric broadening
and electrostrictive properties make it a promising electroce-
ramic material for capacitor, electrostrictive actuator, electrome-
chanical transducer and electro-optic applications [1–3]. There
has been a great deal of interest in the preparation of single-phase
PMN powders as well as in the sintering and dielectric properties
of PMN-based ceramics [4–6]. However, it is well documented
that the formation of PMN perovskite via the solid-state reaction
is often accompanied by the occurrence of unwanted pyrochlore-
type phases because of the volatilisation of PbO, the low disper-
sion of MgO and the differences of the reactive temperature
between Pb–Nb and Pb–Mg [7–9]. Hence, several innovation
techniques [10–12] have been utilized to minimize the amount
of pyrochlore phase formed.

∗ Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: suponananta@yahoo.com (S. Ananta).

The initial work of Lejeune and Boilot [10] considered the
many parameters which influence the synthesis of PMN from
PbO, MgO and Nb2O5 precursors, concluding that the formation
of a pyrochlore phase could not be completely eliminated. More-
over, it was proposed that the reactivity of magnesium oxide
with lead and niobium oxides was the definitive factor govern-
ing products of the reaction. These authors later proposed the
use of MgCO3 in place of MgO to increase the yield of per-
ovskite PMN. Swartz and Shrout [7] developed an effective way
of producing PMN powder in high yield by the introduction
of a two-step process (the B-site precursor approach). In the
method, an intermediate step to give columbite-type MgNb2O6
precursor is used to bypass the formation of the pyrochlore
phases. Alternatively, Joy and Sreedhar [11] proposed the use of
Mg4Nb2O9 precursor in place of MgNb2O6 for the fabrication of
pyrochlore-free PMN. More recently, Lu and Yang [12] adopted
a two-stage synthesis method by precalcining the mixture of
MgO and Nb2O5 at 1000 ◦C to form Mg4Nb2O9. This compound
was then quenched at 850–900 ◦C with PbO to form PMN with-
out further soaking. This approach yielded perovskite PMN as
the dominant phase, with pyrochlore impurities of less than 5%
and some residual MgO. It was also claimed that the pyrochlore

0921-5107/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.mseb.2006.04.034
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phases and the residual MgO could be eliminated completely
with the introduction of excess PbO and nitric acid, respectively.
However, the preparation of PMN using Mg4Nb2O9 precursor,
to date, has not been extensive as that of PMN using MgNb2O6
precursor. Moreover, its effect on the formation of perovskite
PMN phase under various calcination conditions (especially the
effects of applied dwell time and heating/cooling rates) has not
been adequately characterized.

The purpose of this study was to compare the two B-site pre-
cursor synthetic routes of PMN formation and the characteristics
of the resulting powders. The phase formation and morphology
of the powders calcined at various conditions will be studied and
discussed.

2. Experimental procedure

Pb(Mg1/3Nb2/3)O3 was synthesised by a similar methodol-
ogy of B-site precursor mixed oxide synthetic route, as reported
earlier [4]. Starting precursors were as follows: PbO (JCPDS
file number 77-1971), MgO (periclase: JCPDS file number 71-
1176) and Nb2O5 (JCPDS file number 80-2493) (Aldrich, 99%
purity). These three oxide powders exhibited an average particle
size in the range of 3.0–5.0 �m. First, two intermediate phases
of magnesium niobate: MgNb2O6 and Mg4Nb2O9 were sep-
arately prepared by the solid-state reaction method previously
reported [13,14], employing an optimised calcination conditions
of 1000 ◦C for 4 h with heating/cooling rates of 30 ◦C/min and
950 ◦C for 2 h with heating/cooling rates of 25 ◦C/min, respec-
tively. The following reaction sequences were then proposed for
the formation of PMN:

1. The columbite route:

3PbO(s) + MgNb2O6(s) → 3Pb(Mg1/3Nb2/3)O3(s) (1)

2. The corundum route:

12PbO(s) + Mg4Nb2O9(s) + 3Nb2O5(s)

→ 12Pb(Mg1/3Nb2/3)O3(s) (2)

Instead of employing a ball-milling procedure (ZrO2 media
under acetone for 24 h [7]), a McCrone vibro-milling was used.
In order to improve the reactivity of the constituents, the milling
process was carried for 2 h (instead of 30 min [4]) with corundum
media in isoproponal. After drying at 120 ◦C for 2 h, various
calcination conditions were applied in order to investigate the
formation of PMN phase in each calcined powders.

The reactions of the uncalcined powders taking place dur-
ing heat treatment were investigated by thermal gravimetric and
differential thermal analysis (TG–DTA, Shimadzu) using a heat-
ing rate of 10 ◦C/min in air from room temperature up to 900 ◦C.
Calcined powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Philips PW 1729 diffractometer)
using Ni-filtered Cu K� radiation, to identify the phases formed
and optimum calcination conditions for the manufacture of PMN
powders. The mean crystallite size was determined using the

diffraction peak (1 1 0) of the perovskite pattern by using Scher-
rer equation [15]. Particle size distributions of powders were
determined by laser diffraction technique (DIAS 1640 laser
diffraction spectrometer), with the grain size and morphologies
of powders observed by scanning electron microscopy (SEM;
JEOL JSM-840A). The chemical composition and structure of
the phases formed were elucidated by transmission electron
microscopy (CM 20 TEM/STEM) operated at 200 keV and fit-
ted with an energy-dispersive X-ray (EDX) analyser with an
ultra-thin window. EDX spectra were quantified with the virtual
standard peaks supplied with the Oxford Instruments eXL soft-
ware. Powder samples were dispersed in solvent and deposited
by pipette on to 3 mm holey copper grids for observation by
TEM. In addition, attempt was made to evaluate the crystal
structures of the observed compositions/phases by correcting
the XRD and TEM diffraction data.

3. Results and discussion

TGA and DTA results for the mixtures synthesized by both B-
site precursor methods are shown in Figs. 1 and 2, respectively.
In general, similar trend of thermal characteristics is observed
in both precursors. As shown in Fig. 1, the powders prepared
via both B-site precursor mixed oxide methods demonstrate
three distinct weight losses. The first weight loss occurs below
200 ◦C, the second one between 200–300 ◦C and the final one
after 750 ◦C. In the temperature range from room temperature
to ∼150 ◦C, both samples show small thermal peaks in the DTA
curves, Fig. 2, which are related to the first weight loss. These
DTA peaks can be attributed to the decomposition of the organic
species such as rubber lining from the milling process similar to
our earlier reports [13,16]. In comparison between the two B-site
precursor routes, after the first weight loss, the columbite route
shows a slightly higher weight loss over the temperature range
of ∼50–220 ◦C, followed by a much sharper fall in specimen
weight with increasing temperature from ∼250 to 350 ◦C. This
columbite-precursor method also exhibits larger overall weight
loss (∼1.25%) than that of the corundum route (∼1.00%).

Fig. 1. TGA curves of the mixtures derived from columbite- and corundum-
route.
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Fig. 2. DTA curves of the mixtures derived from columbite- and corundum-
route.

Corresponding to the second fall in specimen weight, by
increasing the temperature up to ∼700 ◦C, the solid-state reac-
tion occurs between oxide precursors. The broad exothermic
characteristic in both DTA curves represents that reaction,
which has a maximum at ∼600 and 800 ◦C for columbite- and
corundum-routes, respectively. However, it is to be noted that
there is no obvious interpretation of these peaks, although it is
likely to correspond to a phase transition reported by a number of
workers [4–8]. The different temperature, intensities and shapes
of the thermal peaks for the two precursors here probably are
related to the different starting materials especially magnesium
niobate and consequently, caused by the removal of species dif-
ferently bonded in the network, reactivity of different species
(difference in type and dispersion of MgO) in the powders.
These data were used to define the range of temperatures for
XRD investigation between 550 and 1000 ◦C. It is to be noted
that a significant weight loss in TG curves associated with large
thermal change in DTA curves observed at temperatures above
750 ◦C (Figs. 1 and 2) may be attributed to the PbO volatilisa-
tion typically found in lead-based ferroelectrics, consistent with
other investigators [17–19].

To study the phase development with increasing calcination
temperature in each synthetic route, they were calcined at var-
ious temperatures for 1 h in air with constant heating/cooling
rates of 10 ◦C/min, followed by phase analysis using XRD tech-
nique. As shown in Fig. 3, for the uncalcined powder and the
powder calcined at 550 ◦C (columbite route), only X-ray peaks
of PbO and MgNb2O6 precursors are present. Similarly, it is seen
that unreacted precursors of PbO and Mg4Nb2O9 are detected
from the original mixture up to 650 ◦C for the corundum route
(Fig. 4). These observations indicate that no reaction was yet
triggered during the vibro-milling or low firing processes, in
agreement with literature [4,13,16]. It is seen that PMN crystal-
lites were developed in the powder at a calcination temperature
as low as 600 and 650 ◦C for columbite- and corundum-routes,
respectively. The results of X-ray diffraction measurement sup-

Fig. 3. XRD patterns of the columbite-route powders calcined at various con-
ditions for 1 h with constant heating/cooling rates of 10 ◦C/min.

ported the DTA observation (Fig. 2) that PMN phase is formed
at approximately 600–800 ◦C. In general, the strongest reflec-
tions apparent in the majority of these XRD patterns indicate
the formation of the lead magnesium niobate, PMN (�). These
can be matched with JCPDS file number 81-0861 for the cubic
phase, in space group Pm3̄m (no. 221) with cell parameters
a = 404 pm [20] consistent with other workers [4,5]. According
to Fig. 3, the formation of Pb3Nb4O13 (�) earlier reported by
many researchers [4,21–23] has been found at 600 ◦C, which

Fig. 4. XRD patterns of the corundum-route powders calcined at various con-
ditions for 1 h with constant heating/cooling rates of 10 ◦C/min.
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is associated to the second TG–DTA response in Figs. 1 and 2.
This pyrochlore phase has a cubic structure with cell param-
eter a = 1.056 nm in space group Fd3m (no. 227) (JCPDS file
number 25-0443) [24]. Upon calcination at 650 ◦C, the peak
corresponding to PbO disappeared (not detectable by XRD).
By increasing the calcination temperature from 650 to 850 ◦C,
the yield of the cubic PMN phase increases significantly until
at 900 ◦C, a single-phase of perovskite PMN is formed for the
columbite route.

From Fig. 4, it is seen that calcination at 600 ◦C resulted
in some new peak (�) of the Pb1.86(Mg0.24Nb1.76)O6.5 phase
(JCPDS file number 82-0338) [25] mixing with the unre-
acted PbO and Mg4Nb2O9 phases. To a first approximation,
this Pb1.86(Mg0.24Nb1.76)O6.5 phase earlier reported by many
researchers [23,26,27] has a pyrochlore-type structure with a
cubic unit cell a = 1.060 nm, space group Fd3m (no. 227). This
pyrochlore phase was found at 600 ◦C and totally disappeared
at 950 ◦C. As the temperature increased to 900 ◦C, the intensity
of the PMN peaks was further enhanced and PMN becomes the
predominant phase, in good agreement with the earlier TG–DTA
results. This study also shows that PMN is the only detectable
phase in the corundum-route powders after calcination in the
range 950–1000 ◦C.

In the present study, an attempt was also made to calcine both
precursors under various dwell times and heating/cooling rates
(Figs. 5 and 6). In this connection, it is seen that the single-
phase of PMN (yield of 100% within the limitation of the XRD
technique) was also found to be possible in columbite-precursor
powders calcined at 850 ◦C for 3 h with heating/cooling rates
as fast as 30 ◦C/min (Fig. 5). The appearance of Nb2O5 and
Pb3Nb4O13 phases indicated that chemical decomposition prob-
ably caused by PbO volatilisation has occurred at relatively high
firing temperatures (>850 ◦C) with long dwell times, consistent
with other workers [4–8]. It is also interesting to note that in this

Fig. 5. XRD patterns of the columbite-route powders calcined at 850 ◦C, for 3 h
with heating/cooling rates of (a) 30 ◦C/min, (b) 20 ◦C/min and (c) 10 ◦C/min, (d)
for 2 h with heating/cooling rates of 10 ◦C/min and for 1 h with heating/cooling
rates of (e) 30 ◦C/min and (f) 20 ◦C/min.

Fig. 6. XRD patterns of the corumdum-route powders calcined at 950 ◦C for 1 h
with heating/cooling rates of (a) 30 ◦C/min and (b) 20 ◦C/min, at 900 ◦C for (c)
2 h (d) 3 h and (e) 4 h, with heating/cooling rates of 10 ◦C/min, and (f) at 950 ◦C,
for 4 h with heating/cooling rates of 30 ◦C/min.

work the effects of both dwell time and heating/cooling rates
were also found to be significant for the formation of perovskite
PMN by using a corundum route (Fig. 6). It is seen that single-
phase of PMN powders was also successfully obtained for a
calcination temperature of 950 ◦C for 1 h with heating/cooling
rates of 20 or 30 ◦C/min applied. The observation that the
dwell time or heating/cooling rates may also play an important
role in obtaining a single-phase of lead-based perovskite fer-
roelectrics is also consistent with other investigators [4,19,28].
However, some additional peaks at 2θ ∼ 43◦ are found in the
Figs. 5(a) and 6(a). It is to be noted that there is no obvious
interpretation of these peaks, although it is likely to correspond
to a trace of MgO precursor. Nonetheless, with the limitation of
X-ray technique and the inherent only single peak with very low
intensity comparable to noise originated from the diffractometer,
an accurate evaluation of the phase is not possible [15].

It is well established that the perovskite-type PMN tend
to form together with the pyrochlore-type PbO–Nb2O5 com-
pounds, depending on calcination conditions [7,8,23]. In the
work reported here, evidence for the formation of PMN phase,
which coexists with the cubic pyrochlore phase, is found after
calcination at temperature ∼650–900 ◦C, in agreement with lit-
erature [4,7,12,22]. No evidence of Pb1.83Mg0.29Nb1.71O6.39
was found, nor was there any indication of the pyrochlore phase
of Pb3Nb2O8 and Pb5Nb4O15 [21–23] being present. In gen-
eral, the formation temperature and dwell times for high purity
PMN observed in the powders derived from a combination of a
mixed oxide synthetic route and a carefully determined calcina-
tion condition (especially with a rapid vibro-milling technique)
are slightly lower than those reported for the powders prepared
via many other conventional mixed oxide methods [7–11].

Based on the TG–DTA and XRD data, it may be con-
cluded that, over a wide range of calcination conditions, single-
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phase perovskite PMN cannot be straightforwardly formed via
a two-step B-site precursor method, as verified by a number
of researchers [4,7,8]. The experimental work carried out here
suggests that the optimal calcination conditions for single-phase
PMN are 900 ◦C for 1 h or 850 ◦C for 3 h (columbite route)
and 950 ◦C for 1 h (corundum route), with heating/cooling rates
as fast as 30 ◦C/min. The optimised formation temperature of
single-phase PMN was lower for the columbite route proba-
bly due to the higher degree of reactivity with less reacting
species involved [7,8]. As suggested by several workers [8,17],
the degree of cation mixing in precursors significantly affects
the phase formation behavior in the B-site synthesis of PMN.
This observation may be accounted for by the fact that the
columbite route possibly provides faster chemical reaction rate
(only the reaction between PbO and MgNb2O6) and is able to
enhance the formation of perovskite PMN phase by increasing
the reactivity of MgO [8]. However, the minimum firing temper-
ature required for the manufacturing of single-phase corundum
Mg4Nb2O9 (∼950 ◦C [14]) is lower than that of columbite
MgNb2O6 (∼1000 ◦C [13]).

Therefore, in general, the methodology presented in this work
provides a simple method for preparing perovskite PMN pow-
ders via a solid-state mixed oxide synthetic route. It is interesting
to note that, by using either columbite- or corundum-routes, with
an optimal calcination condition, the reproducible, low cost and
flexible process involving simple solid-state reaction synthetic
route can produce high purity perovskite PMN (with impuri-
ties undetected by XRD technique) from relatively impure and
inexpensive commercially available raw materials.

To further study the influence of precursor on the characteris-
tics of the resulting PMN powders, a combination of particle size
analysis, SEM, TEM and EDX is used to examine the powders
obtained, as shown in Figs. 7–10 and Table 1. Fig. 7 compares
the particle size distribution curves of calcined PMN powders
derived from both B-site precursor methods, which indicate an
appreciable size fractions at approximately 0.75–1.08 �m diam-

Fig. 7. The particle size curves of the columbite- and corundum-route PMN
powders after calcined at their optimised conditions.

Fig. 8. SEM micrographs of the: (a) columbite- and (b) corundum-route PMN
powders after calcined at their optimised conditions.

eters, as also listed in Table 1 (averaged sizes). Even taking
in account that the analysis does not reveal the real dimension
of single particles (due to agglomeration effects as expected
from the SEM results in Fig. 8), a uniform frequency distribu-
tion curve was observed for the columbite route whilst narrow
distribution curve with tiny kink at front covering the range
of 0.32–1.65 �m in sizes was found for the corundum route,

Table 1
Particle size data of both PMN powders measured by different techniques

Measurement techniques Particle size range (average)

Columbite route Corundum route

XRDa (nm, ±2.0) 26.60 22.50
Laser diffraction (�m, ±0.2) 0.15–7.50 (1.08) 0.32–1.65 (0.75)
SEM (�m, ±0.1) 0.25–3.00 (1.63) 0.20–1.25 (0.73)
TEM (�m, ±0.01) 0.25–0.65 (0.45) 0.10–0.55 (0.33)

a Crystallite size.
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Fig. 9. (a) TEM micrograph with arrow indicates (b) SAED pattern ([1̄ 1̄ 0] zone axes) and (c) reciprocal lattice pattern simulation of the columbite-route PMN
particles.

reflecting more the size of agglomerates than the real size of
particles.

SEM micrographs of the calcined PMN powders derived
from columbite- and corundum-precursor methods are shown
in Fig. 8(a and b), respectively. In general, the particles are
agglomerated and basically irregular in shape, with a substan-
tial variation in particle size. Observed diameters range from
0.25 to 3.00 and 0.20 to 1.25 �m for columbite- and corundum-
routes, respectively, in good agreement with the particle size
distribution previously determined (Table 1). The primary par-
ticles in the agglomerates are, however, submicron in size. This
is confirmed by TEM micrographs shown in Figs. 9 and 10.
Additionally, the observed morphology reveals considerable dif-
ference in homogeneity, uniformity, size and shape between the
two PMN powders. It is obviously evident that the columbite-
route powders exhibit more heterogeneous morphology than the
corundum-route powders. The columbite-route powders consist
mainly of irregular round shape primary particles with a diameter
of ∼1 �m or less (Fig. 8(a)). In addition to the primary particles,
the powders have another kind of very fine particle (darker par-

ticles) with diameter of about 200 nm. A combination of SEM
and EDX techniques has demonstrated that pyrochlore and unre-
acted precursor phases (marked as “y” and “z” in the micrograph
in Fig. 8(a)) exist neighbouring the parent PMN phase (marked
as “x”) (see also Table 2). In general, EDX analysis using a
20 nm probe from a large number of particles of the two calcined
powders confirmed the parent composition to be PMN. It is inter-
esting to note that nano-scale MgO and PbO inclusions were also
found in the SEM–EDX investigation for the columbite route,
in agreement with earlier works [9,29], even though this could
not be detected by XRD. It is, therefore, intriguing to note the
advantage of a combination between SEM and EDX techniques,
which lies in its ability to reveal microstructural features often
missed by the XRD method which requires at least 5 wt% of the
component [15].

However, it is seen that higher degree of agglomeration with
more rounded particle morphology is observed in the powders
produced by the corundum route (Fig. 8(b)). The strong inter-
particle bond within each aggregate is evident by the formation
of a well-established necking between neighbouring particles.
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Fig. 10. (a) TEM micrograph with arrow indicates (b) SAED pattern ([1̄ 1 1] zone axes) and (c) reciprocal lattice pattern simulation of the corundum-route PMN
particles.

This observation could be attributed to the mechanism of surface
energy reduction of the ultrafine powders, i.e. the smaller the
powder the higher the specific surface area [30]. In general, it is
seen that primary particle in corundum-route powders is clearly
smaller in size than the columbite-route powders. The averaged
particle size of corundum-precursor PMN powders with finer
particle size is regarded as advantage for better reactivity.

Bright field TEM images of discrete particles of the cal-
cined PMN powders are shown in Figs. 9(a) and 10(a) for the

columbite- and corundum-routes, respectively, indicating the
particle sizes and shapes at higher magnifications. The observed
morphology reveals the considerable difference in both size
and shapes between the two particles. Primary particle in the
columbite-route PMN powders is clearly larger in size and
also higher in angularity than the corundum-route powders. By
employing a combination of both selected area electron diffrac-
tion (SAED) and crystallographic analysis, the perovskite phase
of cubic PMN was identified for the columbite- and corundum-

Table 2
EDX analysis on PMN powders derived from columbite- and corundum-routes

EDX positions Composition (at.%) Possible phase(s)

Pb (M) Mg (K) Nb (L)

x 43.12 18.87 38.01 Pb(Mg1/3Nb2/3)O3

y 8.45 84.10 7.45 Pb1.86(Mg0.24Nb1.76)O6.5 (M), Pb1.83(Mg0.29Nb1.71)O6.39 (m), MgO (m)
z 5.75 89.85 4.40 Pb1.86(Mg0.24Nb1.76)O6.5 (M), Pb1.83(Mg0.29Nb1.71)O6.39 (m), MgO (m), PbO (m)
a 45.04 17.75 37.21 Pb(Mg1/3Nb2/3)O3

M, Majority; m, Minority.
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Fig. 11. XRD patterns of PMN ceramics derived from: (a) columbite- and (b)
corundum-routes after sintering at 1225 ◦C for 2 h.

routes as shown in Figs. 9(b and c) and 10(b and c), respectively,
in good agreement with the XRD results.

Preliminary study on the ceramic production from the pow-
ders prepared from both routes was also conducted. As shown
in Fig. 11, it can be seen that the single-phase perovskite PMN
ceramics can be prepared by sintering both PMN powders at
1225 ◦C for 2 h based upon the firing condition advocated by
Ananta and Thomas [5].

4. Conclusions

It has been shown that single-phase perovskite PMN pow-
ders can be successfully formed by employing either columbite
or corundum B-site precursor method via a rapid vibro-milling.
Evidence for the formation of a cubic pyrochlore phase, which
coexists with the perovskite PMN parent phase, is found at cal-
cination temperture ranging from 800 to 1050 ◦C. Amongst the
two B-site precursor methods, it is seen that lower optimised
calcination temperature for the production of pure PMN pow-
ders can be obtained by using the columbite route, whereas the
smallest obtainable particle size was found in the corundum-
route PMN powders.
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Abstract

A columbite-like phase of zinc niobate, ZnNb2O6, has been synthesized by a solid-state reaction via a rapid vibro-milling technique. The
formation of the ZnNb2O6 phase in the calcined powders has been investigated as a function of calcination conditions by TG–DTA and XRD
techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques. It has
been found that single-phase ZnNb2O6 powders were successfully obtained for calcination condition of 600°C for 2h or 550°C for 6h with
heating/cooling rates of 30°C/min. Clearly, this study has demonstrated the potentiality of a vibro-milling technique as a significant time-saving
method to obtain single-phase ZnNb2O6 nanopowders (∼50–300nm) at low calcination temperature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Zinc niobate (ZnNb2O6, ZN) is one of the binary niobate
compounds with excellent dielectric properties at microwave
frequencies [1–3]. It has very low loss and high dielectric
constant and is a promising candidate for applications in
microwave devices [4–6]. This compound with a columbite
crystal structure is also a suitable reference material for in-
vestigating the defect induced in LiNbO3 substrates for wave-
guide fabrication [6,7]. Moreover, recently, it is well established
as the key precursor for the successful preparation of single-
phase ferroelectric perovskite Pb(Zn1/3Nb2/3)O3 (PZN)-based
ceramics, which is becoming increasingly important for
actuator, transducer and ultrasonic motor applications [8,9].

There has been a great deal of interest in the preparation of
single-phase PZN powders as well as in the sintering and
piezoelectric properties of PZN-based ceramics [10–14]. In
general, the constituents ZnO and Nb2O5 are first mixed and
reacted together to form zinc niobate (ZnNb2O6), prior to mixing
and reacting with PbO in the second step of calcination at

elevated temperature. Interestingly, this mixed oxide route has
been employed with minor modifications in the synthesis of
ZnNb2O6 itself [10–12]. However, powders prepared by a
mixed oxide route have spatial fluctuations in their composi-
tions. The extent of the fluctuation depends on the characteristics
of the starting powders as well as on the processing schedule.
Generally, the mixed oxide method involves the heating of a
mixture of zinc oxide and niobium oxide above 900°C for long
times i.e. 2h [2,5,13], 4h [12,14], 6h [15] and 8h [16]. The
optimization of calcination conditions used in the mixed oxide
process, however, has not received detailed attention, and the
effects of applied dwell time and heating/cooling rates have not
yet been studied extensively.

Therefore, the main purpose of this work was to explore a
simple mixed oxide synthetic route for the production of
ZnNb2O6 (ZN) powders via a rapid vibro-milling technique and
to perform a systematic study of the reaction between the starting
zinc oxide and niobium oxide precursors. The phase formation
and morphology of the powder calcined at various conditions
will be studied and discussed. The rapid vibro-milling technique
was employed to explore the potentiality in obtaining nano-sized
powders, which would in turn lead to lower required firing
temperature.
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2. Experimental procedure

The starting materials were commercially available zinc
oxide, ZnO (Fluka Chemical, 99.9% purity) (JCPDS file number
89-1397) and niobium oxide, Nb2O5 (JCPDS file number
30-873) (Aldrich, 99.9% purity). The two oxide powders ex-
hibited an average particle size in the range of 3.0–5.0μm.
ZnNb2O6 powders were synthesized by the solid-state reaction
of thoroughly ground mixtures of ZnO and Nb2O5 powders that
were milled in the required stoichiometric ratio. Instead of
employing a ball-milling procedure [1,13–15], a McCrone
vibro-milling technique was used [17]. In order to combine
mixing capacity with a significant time saving, the milling
operation was carried out for 0.5h with corundum cylindrical
media in isopropyl alcohol (IPA). After drying at 120°C for 2h,
the reaction of the uncalcined powders taking place during heat
treatment was investigated by themogravimetric and differential
thermal analysis (TG–DTA, Shimadzu), using a heating rate of
10°C/min in air from room temperature up to 1000°C. Based on
the TG–DTA results, the mixture was calcined at various con-
ditions, i.e. temperatures ranging from 500 to 900°C, dwell
times ranging from 0.5 to 8h and heating/cooling rates ranging
from 5 to 30°C /min, in closed alumina crucible, in order to
investigate the formation of zinc niobate.

Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Siemens-D500 diffractom-
eter), using Ni-filtered CuKα radiation to identify the phases
formed and optimum calcination conditions for the formation of
ZN powders. Powder morphologies and particle sizes were di-
rectly imaged, using scanning electron microscopy (SEM; JEOL
JSM-840A). The chemical compositions of the phase formed
were elucidated by an energy-dispersive X-ray (EDX) analyzer
with an ultra-thin window. EDX spectra were quantified with the
virtual standard peaks supplied with the Oxford Instruments eXL
software.

3. Results and discussion

The TG–DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of ZnNb2O6 is displayed in Fig. 1. In the
temperature range from room temperature to ∼200°C, the sample
shows both exothermic and endothermic peaks in the DTA curve,
consistent with the first weight loss. These observations can be
attributed to the decomposition of the organic species from the milling
process [17,18]. Increasing the temperature up to ∼1000°C, the solid-
state reaction occurred between ZnO and Nb2O5 [2,5,13]. The broad
exotherm with several small peaks in the DTA curve represents that
reaction, which has a maximum at ∼550 and 800°C. These are
supported by a second fall in sample weight over the same temperature
range. However, it is to be noted that there is no obvious interpretation
of these peaks, although it is likely to correspond to a phase transition
reported by a number of workers [13–16]. These data were used to
define the range of calcination temperatures for XRD investigation
between 500 and 900°C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 2h in air at various
temperatures, up to 900°C, followed by phase analysis using XRD. As
shown in Fig. 2, for the uncalcined powder, only X-ray peaks of
precursors ZnO (○) and Nb2O5 (●), which could be matched with
JCPDS file numbers 89-1397 [19] and 3-873 [20], respectively, are
present, indicating that no reaction had yet been triggered during the
milling process. It is seen that fine ZnNb2O6 crystallites (▽) were
developed in the powder at a calcination temperature as low as 500°C,
accompanying with ZnO and Nb2O5 as separated phases. This
observation agrees well with those derived from the TG–DTA results
and other workers [13,16]. As the temperature increased to 550°C, the
intensity of the columbite-like ZnNb2O6 peaks was further enhanced
and became the predominant phase. Upon calcination at 600°C, an
essentially monophasic of ZnNb2O6 phase is obtained. This ZN phase
was indexable according to an orthorhombic columbite-type structure
with lattice parameters a=1426pm, b=572 pm and c=504pm, space
group Pbcn (no. 60), in consistent with JCPDS file numbers 76-1827
[21]. This study also shows that orthorhombic ZN crystallite is the only
detectable phase in the powders, after calcination in the range of

Fig. 1. TG–DTA curves for the mixture of ZnO–Nb2O5 powder.

2868 A. Ngamjarurojana et al. / Materials Letters 60 (2006) 2867–2872



600–900°C. In earlier works [12–16], long heat treatments at ∼900–
1000°C for 2–8h were proposed for the formation of ZnNb2O6 by a
conventional mixed oxide synthetic route, although no details on phase
formation were provided. However, in the present study, it was found
that there are no significant differences between the powders calcined at
600 to 900°C with dwell time of only 2h, as shown in Fig. 2. This
observation would clearly suggest the advantages of a rapid vibro-
milling technique used in the present study.

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single phase of ZnNb2O6 (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at

600°C with dwell time of 2h or more. For the present work, there are
no significant differences between the powders calcined at 600°C with
dwell times ranging from 2 to 8h. This was apparently a consequence
of the enhancement in crystallinity of the ZnNb2O6 phase with
increasing dwell time. The appearance of ZnO and Nb2O5 phases
indicated that full crystallization has not occurred at relatively short
calcination times. However, in the work reported here, it is to be noted
that single phase of ZnNb2O6 powder was also successfully obtained
for a calcination temperature of 550°C with dwell time of at least 6h
applied (Fig. 4). This is probably due to the effectiveness of vibro-
milling and a carefully optimized reaction. The observation that the
dwell time effect may also play an important role in obtaining a single-

Fig. 3. XRD patterns of ZN powders calcined at 600°C with heating/cooling rates of 10°C/min for various dwell times.

Fig. 2. XRD patterns of ZN powders calcined at various temperatures for 2h with heating/cooling rates of 10°C/min.
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phase columbite product is also consistent with other similar systems
[22,23]. It is also very interesting to see that the on-set temperature is
approximately 300–400C lower than those reported earlier with a
conventional ball-milling method [12–15]. The difference could be
attributed to nano-sized mixed powders obtained from a rapid vibro-
milling. Most importantly, this study suggests that a rapid vibro-milling
method can significantly lower the optimum calcination temperature
for formation of single-phase ZN powders.

In the present study, an attempt was also made to calcine ZN
powders under various heating/cooling rates (Fig. 5). In this
connection, it is shown that the yield of ZnNb2O6 phase did not vary
significantly with different heating/cooling rates, ranging from 5 to
30C/min, in good agreement with early results reported for the mixture
of the two kinds of refractory oxides [17,23].

Based on the TG–DTA and XRD data, it may be concluded that,
over a wide range of calcination conditions, single-phase ZnNb2O6

cannot be straightforwardly formed via a solid-state mixed oxide
synthetic route, unless a careful design of calcination is performed. It is
well documented that powders prepared by a conventional mixed oxide
method have spatial fluctuations in their compositions. The extent of
the fluctuation depends on the characteristics of the starting powders as
well as the processing schedules [13,16,22]. The experimental work
carried out here suggests that the optimal calcination conditions for
single-phase ZnNb2O6 (with impurities undetected by XRD technique)
is 600°C for 2h or 550°C for 6h, with heating/cooling rates as fast as
30°C/min. Moreover, the formation temperature and dwell time for the
production of ZnNb2O6 powders observed in this work are also much
lower than those reported earlier [14–16]. This clearly emphasizes the
advantages of a rapid vibro-milling technique.

Finally, the morphological changes in the ZnNb2O6 powders formed
by a mixed oxide are illustrated in Fig. 6(a–f) as a function of
calcination temperatures, dwell times and heating/cooling rates,

Fig. 5. XRD patterns of ZN powders calcined at 600°C for 2h with various heating/cooling rates.

Fig. 4. XRD patterns of ZN powders calcined at 550°C with heating/cooling rates of 10°C/min for various dwell times.
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respectively. The influence of calcination conditions on particle size is
given in Table 1. In general, the particles are agglomerated and irregular
in shape, with a substantial variation in particle size, particularly in
samples calcined at high temperature (Fig. 6(b)) or with fast heating/
cooling rates (Fig. 6(e,f)). This finding is also similar to that in ZrTiO4

powders synthesized by Ananta et al. [17]. The results indicate that

difference in particle size and degree of agglomeration tend to increase
with calcination temperatures (Table 1). After calcinations at 900°C
(Fig. 6(b)), the powders seem to display a significant level of necking
and bonding as if they were in the initial stages of sintering.

The effects of dwell time and heating/cooling rates on the morpho-
logy of the calcined powders were also found to be quite significant. As

Fig. 6. SEM micrographs of the ZN powders calcined for 2h with heating/cooling rates of 10°C/min at (a) 600, (b) 900, and at 600°C with heating/cooling rates of
10°C/min for (c) 4, (d) 8h, and at 600°C for 2h with heating/cooling rates of (e) 10 and (f) 30°C/min.
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expected, it is seen that longer heat treatment leads to larger particle
sizes and hard agglomeration (Fig. 6(c,d)). As shown in Fig. 6(e,f), by
increasing the heating/cooling rates, averaged particle size tends to
decrease whilst the degree of agglomeration tends to increase. This
observation could be attributed to the mechanism of surface energy
reduction of the ultrafine powders, i.e. the smaller the powder the higher
the specific surface area [24]. To the author's knowledge, the present
data are the first results for the morphology–calcination relationship of
ZnNb2O6 powders prepared by the solid-state reaction. It is also of
interest to point out that mass production of single-phase ZnNb2O6

nanopowders with the smallest particle size ∼50nm (estimated from
SEM micrographs) can be achieved by employing a simple solid-state
reaction combined with a rapid vibro-milling technique. In addition,
EDX analysis using a 20nm probe on a large number of particles of the
calcined powders confirms that the parent composition is ZnNb2O6

powders, in good agreement with XRD results.
The results obtained in this study clearly suggest that a systematic

study of the effect of milling parameters such as milling times and
milling speed on the phase and morphology evolutions of the ZnNb2O6

powders are required for better understanding and verifying the
attractiveness of the vibro-milling technique. Further investigation of
this relationship is underway and will be reported in the future.

4. Conclusions

The solid-state mixed oxide method via a rapid vibro-milling
technique is explored in the preparation of single phase ZN
nanopowders. The calcination temperature and dwell time have
been found to have a pronounced effect on phase formation and
particle size of the calcined ZnNb2O6 powders. This work
demonstrated that single-phase of zinc niobate powders with
particle size ranging from 50–300nm can be produced via this

technique by using a calcination temperature of 600°C for 2h or
550C for 6h, with heating/cooling rates of 30C/min. The re-
sulting ZN powders consist of variety of agglomerated particle
sizes, depending on calcination conditions.
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Table 1
Particle size range of ZnNb2O6 powders calcined at various conditions

Calcination conditions Particle
size
range
(±10nm)

Temperature (°C) Dwell time (h) Rates (°C/min)

550 6 30 92–320
600 2 10 75–220
600 4 10 80–340
600 6 10 120–400
600 8 10 180–620
600 2 20 70–220
600 2 30 50–300
700 2 10 120–250
800 2 10 150–420
900 2 10 300–800
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Polarization behavior in lead titanate, prepared by the two stage sintering approach, is deter-
mined by using the dilatometer thermal expansion data. We report the temperature-dependent

measurements of the strain, the magnitude of polarization,
√

P̄
2
S, deduced from the sets of data

gathered from the thermal expansion values. The calculated values of the electric polarization,
PS, on the two stage sintered lead titanate ceramics show the simple approach to determine
the temperature dependence of the polarization below and around the transition temperature.
Various aspects of our understanding of the polarization behavior and other effects in the fer-
roelectric are discussed.

Keywords: polarization behavior; thermal expansion; lead titanate

INTRODUCTION

The high Curie temperature of lead titanate, PbTiO3, ceramics has long
qualified these materials for potential high-temperature and high frequency
applications [1–3]. For PbTiO3, above the ferroelectric transition tempera-
ture, TC, the structure is cubic and below TC it becomes tetragonal with a
spontaneous polarization PS. In general, the value of PS is difficult to mea-
sure due to its high coercive field and TC ≈ 490◦C [1]. However, the change
in polarization with temperature can be observed through thermal expansion
(or strain) measurements and from the data, spontaneous polarization and
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its temperature dependence can be computed. Some authors [4, 5] suggest
the value of PS at room temperature to be greater than 50 μC/cm2. Shirane
[6] and Jona [7] give the value of PS = 80 μC/cm2.

It is always a challenge to measure the temperature-dependence of the
polarization of the high TC ferroelectric over the entire temperature range.
In general with the increase in temperature and due to the increase in losses
in the PbTiO3 samples it hinders the real spontaneous polarization and its
(PS) temperature dependence measurements at higher temperature by using
the hysteresis and pyroelectric techniques. Therefore, some alternate ap-
proaches have to be made in order to extract some useful data on PbTiO3 for
the polarization versus temperature behavior. From the phenomenological
approach we know that the PS values can be extracted by using the relation
[8];

xij = �l

l
= QijkkP2

k (1)

where xij is the strain, �l/l is thermal expansion, Qijkk is the electrostrictive
coefficient. Q coefficients are determined in paraelectric phase and consid-
ered constant. And P2

k is the polarization.
Also, by knowing the �l/l and its temperature dependence, Pk versus

temperature as well as the transition temperature of PbTiO3 and the nature
of the transition can be studied.

In this paper, we report the PS versus temperature behavior of PbTiO3

samples prepared and sintered under various conditions. Thermal expansion
versus temperature behavior has been measured and the values of polariza-
tion at various temperatures have been computed. Measurements have also
been extended on the unpoled, poled and depoled samples and compared.
As clear from the equation (1) that �l/l is directly related to the square of
polarization and thus the measurements do not specifically require the poled
samples.

EXPERIMENTAL PROCEDURE

Commercially available powders of PbO and TiO2 (anatase form), (Fluka,
>99% purity) were used as starting materials. PbTiO3 powders were syn-
thesized by a simple mixed oxide method. Ceramic fabrication was achieved
by adding 3 wt% polyvinyl alcohol binder, prior to pressing as pellets in a
pseudo-uniaxial die press at 100 MPa. Each pellet was placed in an alumina
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crucible together with an atmosphere powder of identical chemical compo-
sition. Sintering was carried out with a dwell time of 2 h at each step, with
constant heating/cooling rates of 1◦C/min [9]. Three sets of the first sintering
temperature were assigned for the two stage sintering [10] case: 700, 800
and 900◦C. The second sintering temperature was set at 1200◦C.

For thermal expansion measurement, the PbTiO3 samples were cut in bar
shapes (5 mm long and 1 mm thick). The sample was placed inside a fused
silica holder and the thermal expansion was measured as a function of tem-
perature using a linear voltage-differential transformer (LVDT) dilatometer.
The samples were heated at a rate of 2◦C/min from room temperature to
600◦C. The LVDT has an advantage over the other transformer; it gives a
linear output for every unit displacement.

RESULTS AND DISCUSSION

The thermal expansion behaviors of PbTiO3 ceramics synthesized under
various sintering condition and with unpoled, poled and depoled states were
measured by a high-sensitivity dilatometer, Table I summarizes the various
important features of these measurements. The results are shown in Figs. 1a,
1b and 1c, respectively. It should be noted that the thermal expansion mea-
surements were made during the first heating from room temperature after
poling. The results show the thermal expansion of PbTiO3 ceramics sin-
tered at 700/1200◦C, 800/1200◦C and 900/1200◦C, respectively in Figs. 1a,
b and c. The thermal expansion behaviors of these samples are linear at
temperatures above 500◦C, i.e., above Curie temperature.

The change of strain at the Curie point may be easily seen in the thermal
contraction curves. The phase transition temperatures are in good agreement
with the published values [11, 12]. The curves on the depoled samples are
parallel to the curve for the unpoled sample, essentially restoring the sample

TABLE I Summary of the various important features of the thermal expansion
measurements

Calculates PS at room
TC (◦C) temperature (μC/cm2)

Sample Unpoled Poled ll Poled ⊥ Unpoled Poled ll Poled ⊥

1 PbTiO3 700/1200◦C 489 482 489 74.99 75.76 69.47
2 PbTiO3 800/1200◦C 481 478 482 75.49 72.28 72.06
3 PbTiO3 900/1200◦C 478 477 476 76.85 74.62 75.81
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dimension to the prepoled value. Effect of poling on thermal expansion
properties was also determined. It can be noted that the strain values for
both perpendicular and parallel (w.r.t. length direction) poled sampled can
be reduced or changed by the surface charge. Moreover, it is indicated that
the transition temperature is comparatively decreased from the Curie point
of the unpoled ceramics.

The high temperature data in the cubic phase, above TC, can be approx-
imated by a straight line. The deviation from this linear high temperature
behavior occurs at approximately the same temperature (∼500◦C). On ana-
lyzing the deviation of the strain from the high temperature linear behavior
and by using Eq. (1) the PS values can be obtained at various temperatures.
Using the values of Q11 = 8.9 × 10−2 m4/C2 and Q12 = −2.6 × 10−2 m4/C2

[13], the PS can be calculated. The results for various samples are plotted in

Figure 1. Strain as a function of temperature for PbTiO3 ceramics and of different
poling states: (1) unpoled, (2) poled parallel to the length direction, (3) poled per-
pendicular to the length direction, (4) depoled parallel to the length direction and
(5) depoled perpendicular to the length direction (all measurements are in heating cy-
cles and along the length direction); Figures a, b, c are for (a) sintered at 700/1200◦C,
(b) sintered at 800/1200◦C and (c) sintered at 900/1200◦C. (Continued)
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Figure 1. (Continued)
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Figs. 2a, 2b and 2c, respectively. When calculating the spontaneous strains
of the tetragonal at a particular temperature, the cubic cell constant should
be extrapolated to that temperature accounting for the thermal expansion.
A linear extrapolation from above the transition can be made over a narrow
range with fairly good accuracy.

In Figures 2a, 2b and 2c are shown the Ps =
√

P̄2
S values calculated from

the thermal expansion data. The agreement in the PS values is excellent. The
values are also in good agreement not only in magnitude but also in the
TC values with the earlier reported results [6, 7]. Figure 2a, shows the PS

value versus temperature of PbTiO3 ceramic sintered at 700/1200◦C. The
PS value in the case of unpoled sample is slightly higher than those of
both parallel and perpendicular poled samples in temperature range below
Curie point, and is caused by the PS of the poled ceramics. Also the PS

is smaller than the value in thermally depoled sample. Similar trends have

Figure 2. PS as a function of temperature for PbTiO3 ceramics with and without
poling: (1) unpoled, (2) poled parallel to the length direction, (3) poled perpendicular
to the length direction, (4) depoled parallel to the length direction and (5) depoled
perpendicular to the length direction; figures a, b, c are for (a) sintered at 700/1200◦C,
(b) sintered at 800/1200◦C and (c) sintered at 900/1200◦C. (Continued)
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Figure 2. (Continued)
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been noticed in the samples sintered under different processing conditions.
There are a few factors which could be influencing the measurements. First,
there are some sources of contributions to the strain in ferroelectrics, i.e.,
in addition to the structural component which is present at all temperatures,
a component associated with the appearance of spontaneous polarization
in the case of ferroelectric state is also present. The contribution of the
spontaneous polarization to strain is due to electrostrictive coupling. Second,
after poling it is also possible to have some residual surface charge on the
surfaces which can affect the net strain. For perpendicular poling conditions,
the net thermal strain might be more along the length due to the positive
expansion of a-axis. Therefore, the strain along the length direction can
be affected differently in the parallel and perpendicular poled samples. At
temperature near TC, it is seen that the PS values of both poled samples are
sharper compare to those of unpoled and depoled samples. For the other two
samples sintered under different conditions, the polarization behaviors are
slightly different, however, the magnitude of PS and trend of polarization
behavior are similar to that of 700/1200◦C PbTiO3 ceramic. The sharpness
of the transition increases and the hyteresis space gradually decreases for the
samples sintered at higher temperature in first step of the two stage sintering
process.

CONCLUSIONS

We investigated the polarization behavior of PbTiO3 ceramics in unpoled,
poled and depoled states by using the thermal expansion data. The room tem-
perature PS = 75 μC/cm2 is in good agreement with the reported values and
also suggesting that thermal strain data can be used for estimating the reliable
polarization and its temperature dependence in the case of high TC ferro-
electrics or where the high conductivity of the samples interferes with the
electrical measurements. Some important conclusions are made as follow:

(i) The temperature dependence of thermal strain of unpoled and poled
ceramics showed nonlinearity and large anomalies resulting from
polarization.

(ii) The unpoled and depoled samples synthesized under the different two
stage sintering conditions exhibited similar behavior in strain versus
temperature and the poled samples tend to increase the sharpness of the
transition. The polarization behavior shows a sharp first-order phase
transition.
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(iii) Hysteresis of TC in heating and cooling cycles is larger in the samples
sintered at lower temperature (data not shown here).

(iv) On poling hysteresis of TC (cooling and heating cycles) in general
decreases.

(v) Transitions with parallel poled samples are sharper.
(vi) The polarization versus temperature and its decay, above TC, is

less dispersive for the high temperature sintered or the high density
ceramics.

(vii) In the case of higher density samples, all the TC (unpoled, poled and
depoled) are approximately the same.
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Abstract

The solid-state mixed oxide method via a rapid vibro-milling technique is explored in the preparation of single-phase nickel niobate (NiNb2O6)
powders. The formation of the NiNb2O6 phase in the calcined powders has been investigated as a function of calcination conditions by TG-DTA
and XRD techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques.
It has been found that the minor phases of unreacted NiO and Nb2O5 precursors and the Ni4Nb2O9 phase tend to form together with the columbite
NiNb2O6 phase, depending on calcination conditions. More importantly, it is seen that optimization of calcination conditions can lead to a single-
phase NiNb2O6 in an orthorhombic phase.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Nickel niobate; NiNb2O6; Columbite; Calcination; Phase formation; Powders solid-state reaction

1. Introduction

Lead nickel niobate, Pb(Ni1 / 3Nb2 / 3)O3, or PNN, is one of
the perovskite relaxor ferroelectric materials which have been
investigated extensively as potential candidates for electrocera-
mic components such as multilayer ceramic capacitor, electro-
strictor and actuator applications [1–3]. However, a practical
limitation to the utilization of this compound in device appli-
cations has been the lack of a simple, reproducible preparation
technique for a pure perovskite phase with consistent properties.
The formation of PNN is often accompanied by the occurrence
of one or more undesirable phases, which significantly degrade
the properties of PNN [4–6].

In order to eliminate the unwanted phases, the two-stage co-
lumbite method [5–7] has been widely used. In this process, the
constituents NiO and Nb2O5 are first mixed and reacted together
to form nickel niobate (NiNb2O6), prior to mixing and reacting
with PbO in the second step of calcination at elevated tempe-
rature. Interestingly, this mixed oxide route has been employed
withminormodifications in the synthesis ofNiNb2O6 itself [5–7].

However, powders prepared by a mixed oxide route have spatial
fluctuations in their compositions. The extent of the fluctuation
depends on the characteristics of the starting powders as well as
on the processing schedule. Generally, the mixed oxide method
involves heating of amixture of nickel oxide and niobium oxide at
1000 °C or above for long times, i.e. 6 h [8] and 12 h [9]. The
optimization of calcination conditions used in the mixed oxide
process, however, has not received detailed attention, and the
effects of applied dwell time and heating/cooling rates have not
yet been studied extensively.

Therefore, the main purpose of this work was to explore a
simplemixed oxide synthetic route for the production ofNiNb2O6

(NN) powders via a rapid vibro-milling technique and to perform
a systematic study of the reaction between the starting nickel
oxide and niobium oxide precursors. The phase formation and
morphology of the powders calcined at various conditions will be
studied and discussed.

2. Experimental procedure

The starting materials were commercially-available nickel
oxide, NiO (JCPDS file number 73-1519) and niobium oxide,
Nb2O5 (JCPDS file number 30-0873) (Aldrich, 99.9% purity).
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The two oxide powders exhibited an average particle size in the
range of 3.0–5.0 μm. NiNb2O6 powders were synthesized by the
solid-state reaction of thoroughly ground mixtures of NiO and
Nb2O5 powders that were milled in the required stoichiometric
ratio. Instead of employing a ball-milling procedure [6,8], a
McCrone vibro-milling technique was used [10]. In order to
combine mixing capacity with a significant time saving, the mil-

ling operationwas carried out for 1 h (instead of 6 h [7] or 12 h [3])
with corundum cylindrical media in isopropyl alcohol (IPA).
After drying at 120 °C for 2 h, the reaction of the uncalcined
powders taking place during heat treatment was investigated by
themogravimetric and differential thermal analysis (TG-DTA,
Shimadzu), using a heating rate of 10 °C/min in air from room
temperature up to 1000 °C. Based on the TG-DTA results, the
mixture was calcined at various conditions, in closed alumina
crucible, in order to investigate the formation of nickel niobate.

Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Siemen-D500 diffractom-
eter), using Ni-filtered CuKα radiation to identify the phases
formed and optimum calcination conditions for the formation of
NiNb2O6 powders. Powder morphologies and particle sizes were
directly imaged, using scanning electron microscopy (SEM;
JEOL JSM-840A). The chemical compositions of the phase
formed were elucidated by an energy-dispersive X-ray (EDX)
analyzer with an ultra-thin window. EDX spectra were quantified
with the virtual standard peaks supplied with the Oxford Instru-
ments eXL software.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the stoi-
chiometric proportions of NiNb2O6 is displayed in Fig. 1. In the

Fig. 2. XRD patterns of NN powders calcined at various temperatures for 4 h with heating/cooling rates of 10 °C/min.

Fig. 1. TG-DTA curves for the mixture of NiO–Nb2O5 powder.
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temperature range from room temperature to∼ 150 °C, the sample shows
both exothermic and endothermic peaks in the DTA curve, consistent
with the first weight loss. These observations can be attributed to the
decomposition of the organic species from the milling process [10]. In-
creasing the temperature up to ∼ 1000 °C, the solid-state reaction oc-
curred between NiO and Nb2O5 [3,6]. The broad exotherm with several
peaks in the DTA curve represents that reaction, which has a maximum
at ∼ 550 °C and 800 °C. These are supported by a second fall in sample
weight over the same temperature range. However, it is to be noted that
there is no obvious interpretation of these peaks, although it is likely to
correspond to a phase transition reported earlier [6,11]. These data were
used to define the range of calcination temperatures for XRD inves-
tigation between 550 and 1000 °C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 4 h in air at various
temperatures, up to 1000 °C, followed by phase analysis using XRD. As
shown in Fig. 2, for the uncalcined powders and the powders calcined at
550 °C, only X-ray peaks of precursors NiO (ο) and Nb2O5 (•), which
could be matched with JCPDS file numbers 73-1519 [12] and 30-0873
[13], respectively, are present, indicating that no reaction had yet been
triggered during the vibro-milling and low firing processes. However, it
is seen that little crystalline phase of the desired NiNb2O6 crystallites (▾)
was found as separated phases in the powders calcined at 600 °C, and
became the predominant phase in the powder calcined at 700 °C. As the
temperature increased to 800 °C, the intensity of the NiNb2O6 peaks was
further enhanced whereas some new peaks (+) of the Ni4Nb2O9 reported
by Ehrenberg et al. [14] started to appear, mixing with NiNb2O6 and NiO
phases. It is seen that the peaks corresponding to Nb2O5 phase were
completely eliminated after calcination above 750 °C. This observation

is associated to the DTA peaks found at the same temperature range
within the broad exothermic effects in Fig. 1. To a first approximation,
this Ni4Nb2O9 phase has a corundum-type structure with an orthorhom-
bic unit cell (a=505.4 pm, b=876.8 pm and c=1430.4 pm, space group
Pcan (no. 60), consistent with JCPDS file numbers 77-2409 [15]. This
observation could be attributed mainly to the poor reactivity of nickel
and niobium species [6]. Upon calcination at 900 °C, a single-phase of
NiNb2O6 is already formed. For the present work, there are no significant
differences between the powders calcined at temperatures ranging from
900 to 1000 °C. This NiNb2O6 phase (JCPDS file numbers 76-2354
[16]) has a columbite structure with an orthorhombic unit cell (a=1403
pm, b=568.7 pm and c=503.3 pm, space group Pbcn (no. 60), in
agreement with literature [11].

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single phase of NiNb2O6 (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at
900 °C with dwell time of at least 4 h (Fig. 3(c, d)) or 950 °C with dwell
time of at least 3 h (Fig. 3(g, h)) applied. This is probably due to the
effectiveness of vibro-milling and a carefully optimized reaction. The
observation that the dwell time may also play an important role in
obtaining a single-phase columbite product is also consistent with other
similar systems [10,17]. It is also very interesting to see that the on-set
temperature is approximately 100–200 °C lower than those reported
earlier with a conventional ball-milling method [6,8]. The difference
could be attributed to nano-sized mixed powders obtained from a rapid
vibro-milling. Most importantly, this study suggests that a rapid vibro-
milling method can significantly lower the optimum calcination
temperature for the formation of single-phase NiNb2O6 powders.

Fig. 3. XRD patterns of NN powders calcined with heating/cooling rates of 10 °C/min at 900 °C for (a) 2, (b) 3, (c) 4 and (d) 6 h, and at 950 °C for (e) 1, (f) 2, (g) 3 and
(h) 4 h.
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In the present study, an attempt was also made to calcine NiNb2O6

powders under various heating/cooling rates (Fig. 4). In this connection, it
is shown that faster heating/cooling rates can lead to better crystallization
of NiNb2O6 phase. Based on the TG-DTA and XRD data, it may be
concluded that, over a wide range of calcination conditions, single-phase
NiNb2O6 cannot be straightforwardly formed via a solid-state mixed
oxide synthetic route, unless a careful design of calcination is performed.
The experimental work carried out here suggests that the optimal
calcination conditions for single-phase NiNb2O6 (with impurities
undetected by XRD technique) is 900 °C for 4 h or 950 °C for 3 h,
with heating/cooling rates as fast as 30 °C/min. Moreover, the formation
temperature and dwell time for the production of NiNb2O6 powders
observed in this work are also much lower than those reported earlier
[6,8,9]. This clearly emphasizes the advantages of a rapid vibro-milling
technique.

Finally, the morphological changes in the NiNb2O6 powders formed
by a mixed oxide are illustrated in Fig. 5(a–f ) as a function of calcination
temperatures, dwell times and heating/cooling rates, respectively. The
influence of calcination conditions on particle size is given in Table 1. In
general, the particles are agglomerated and irregular in shape, with a
substantial variation in particle size, particularly in samples calcined at
high temperature (Fig. 5(b, c)) or with fast heating/cooling rates (Fig. 5(e,
f )). This finding is also similar to that in Mg4Nb2O9 powders [10]. The
results indicate that average particle size and degree of agglomeration
tend to increase with calcination temperatures, dwell times or heating/
cooling rates (Table 1). All powders seem to display a significant level of
necking and bonding as if they were in the initial stages of sintering. This
observation could be attributed to the mechanism of surface energy
reduction of the ultrafine powders, i.e. the smaller the powder the higher

the specific surface area [18]. To the authors' knowledge, the present data
are the first results for the morphology–calcination relationship of
NiNb2O6 powders prepared by the solid-state reaction. It is also of interest
to point out that mass production of single-phase NiNb2O6 nanopowders
with the smallest particle size ∼ 100 nm (estimated from SEM micro-
graphs) can be achieved by employing a simple solid-state reaction com-
bined with a rapid vibro-milling technique. In addition, EDX analysis
using a 20 nm probe on a large number of particles of the calcined powders
confirms that the parent composition is NiNb2O6, in good agreement with
XRD results.

4. Conclusions

This study has demonstrated the potential of a rapid vibro-
milling technique as a significant time saving method to obtain

Fig. 4. XRD patterns of NN powders calcined at 900 °C for 4 h with heating/cooling rates of (a) 5, (b) 10, (c) 15, (d) 20 and (e) 30 °C/min, and at 950 °C for 3 h with
heating/cooling rates of (f) 10, (g) 20 and (h) 30 °C/min.

Table 1
Particle size range of NiNb2O6 powders calcined at various conditions

Calcination conditions Particle
size range
(±10 nm)

Temperature (°C) Dwell time (h) Rates (°C/min)

900 4 10 100–750
900 4 20 100–850
900 4 30 100–900
950 3 10 200–1000
950 4 10 300–1150
1000 2 10 800–1200
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single-phase NiNb2O6 nanopowders at low calcination tem-
peratures. The calcination conditions have been found to have a
pronounced effect on phase formation and particle size of the
calcined NiNb2O6 powders. The resulting NiNb2O6 powders
consist of a variety of agglomerated particle sizes, depending on
calcination conditions.
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Abstract

The solid-state mixed oxide method via a rapid vibro-milling technique is explored in the preparation of single-phase nickel diniobate
(Ni4Nb2O9) powders. The formation of the Ni4Nb2O9 phase in the calcined powders has been investigated as a function of calcination conditions
by TG-DTA and XRD techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX
techniques. It has been found that minor phases of unreacted NiO and Nb2O5 precursors and NiNb2O6 phase tend to form together with the
Ni4Nb2O9 phase, depending on calcination conditions. It is seen that optimization of calcination conditions can lead to a single-phase Ni4Nb2O9 in
an orthorhombic phase.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Nickel diniobate; Calcination; Phase formation; Vibro-milling; Powders solid-state reaction

1. Introduction

It is known that various compositions are possible in the Ni–
Nb–O system e.g. NiNb2O6, Ni4Nb2O9, Ni3Nb2O8, NiNb14O36,
Ni0.66Nb11.33O29, etc. [1–3]. Amongst these compounds, nickel
niobate (NiNb2O6) is one of the most well-known materials,
which has recently gained considerable attention [4,5]. This
compound is very well-known as the key precursor for the
successful preparation of single-phase perovskite lead nickel
niobate, Pb(Ni1/3Nb2/3)O3, or PNN, which is becoming
increasingly important for multilayer ceramic capacitor, elec-
trostrictor and actuator applications [6,7]. In general, production
of single-phase NiNb2O6 is not straightforward, as minor
concentration of Ni4Nb2O9 is sometimes formed alongside the
major phase of NiNb2O6 [8,9].

In contrast, very little is known about Ni4Nb2O9, since no
work has been dedicated to the synthesis of this compound.
Much of the work concerning the Ni4Nb2O9 compound has
been directed towards determining crystal structure and
magnetic properties [10]. Wichmann et al. [11,12] reported

that Ni4Nb2O9 exhibits orthorhombic symmetry with 2 different
point groups (i.e. Fd2d and Pbcn). Its crystal structure can be
represented as a network of edge- and corner-sharing NiO6 and
NbO6 octahedra dimers. Moreover, to date, the potential of the
Ni4Nb2O9 as a possible alternative precursor for the preparation
of PNN has not yet been reported. Interestingly, the mixed oxide
route for the production of Ni4Nb2O9 powders has not received
detailed attention, and the effects of calcination conditions (i.e.
applied firing temperature, dwell time and heating/cooling
rates) have not yet been studied extensively. Therefore, the main
purpose of this work was to explore a simple mixed oxide
synthetic route for the production of Ni4Nb2O9 powders via a
rapid vibro-milling technique and to perform a systematic study
of the reaction between the starting nickel oxide and niobium
oxide precursors. The phase formation and morphology of the
powder calcined at various conditions will be studied and
discussed. The study also forms a possible basis for a further
survey of PNN preparation.

2. Experimental procedure

The starting materials were commercially available nickel
oxide, NiO (JCPDS file number 73-1519) and niobium oxide,

Materials Letters 61 (2007) 2565–2570
www.elsevier.com/locate/matlet

⁎ Corresponding author. Tel.: +66 53 943367; fax: +66 53 943445.
E-mail address: Suponananta@yahoo.com (S. Ananta).

0167-577X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2006.09.056



Nb2O5 (JCPDS file number 30-0873) (Aldrich, 99.9% purity).
The two oxide powders exhibited an average particle size in the
range of 3.0–5.0 μm. Ni4Nb2O9 powders were synthesized by
the solid-state reaction of thoroughly ground mixtures of NiO
and Nb2O5 powders that were milled in the required
stoichiometric ratio. In order to combine mixing capacity with
a significant time saving, a McCrone vibro-milling technique
[13,14] was carried out for 0.5 h with corundum cylindrical
media in isopropyl alcohol (IPA). After drying at 120 °C for 2 h,
the reaction of the uncalcined powders taking place during heat

treatment was investigated by themogravimetric and differential
thermal analysis (TG-DTA, Shimadzu), using a heating rate of
10 °C/min in air from room temperature up to 1300 °C. Based
on the TG-DTA results, the mixture was calcined at various
conditions, in closed alumina crucible, in order to investigate
the formation of nickel diniobate.

Calcined powders were subsequently examined by room
temperature X-ray diffraction (XRD; Siemen-D500 diffractom-
eter), using Ni-filtered CuKα radiation to identify the phases
formed and optimum calcination conditions for the formation of
Ni4Nb2O9 powders. Powder morphologies and particle sizes
were directly imaged, using scanning electron microscopy
(SEM; JEOL JSM-840A). The chemical compositions of the
phase formed were elucidated by an energy-dispersive X-ray
(EDX) analyzer with an ultra-thin window. EDX spectra were
quantified with the virtual standard peaks supplied with the
Oxford Instruments eXL software.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of Ni4Nb2O9 is displayed in Fig. 1. In the
temperature range from room temperature to ∼150 °C, the sample
shows both exothermic and endothermic peaks in the DTA curve,
consistent with the first weight loss. These observations can be
attributed to the decomposition of the organic species from the milling
process [13]. Increasing the temperature up to ∼1300 °C, the solid-
state reaction occurred between NiO and Nb2O5 [8,9]. The broad
exotherm with several peaks in the DTA curve represents that reaction,

Fig. 1. TG-DTA curves for the mixture of NiO–Nb2O5 powder.

Fig. 2. XRD patterns of Ni4Nb2O9 powders calcined at various temperatures for 2 h with heating/cooling rates of 10 °C/min.
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Fig. 3. XRD patterns of Ni4Nb2O9 powders calcined with heating/cooling rates of 10 °C/min at 1250 °C for (a) 1, (b) 2 and (c) 3 h, and at 1300 °C for (d) 0.5, (e) 1 and
(f ) 2 h.

Fig. 4. XRD patterns of Ni4Nb2O9 powders calcined at 1250 °C for 2 h with heating/cooling rates of (a) 10, (b) 20, (c) 25 and (d) 30 °C/min, and at 1300 °C for 0.5 h
with heating/cooling rates of (e) 5, (f ) 10, (g) 20 and (h) 30 °C/min.
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which has a maximum at ∼600 °C, 1050 °C and 1200 °C. These are
supported by a second fall in sample weight over the same temperature
range. However, it is to be noted that there is no obvious interpretation
of these peaks, although they are likely to correspond to phase
transitions reported earlier [3,9]. These data were used to define the
range of calcination temperatures for XRD investigation between 550
and 1300 °C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 2 h in air at various
temperatures, up to 1300 °C, followed by phase analysis using XRD.
As shown in Fig. 2, for the uncalcined powders and the powders

calcined at 550 °C, only X-ray peaks of precursors NiO (○) and Nb2O5

(●), which could be matched with JCPDS file numbers 73-1519 [15]
and 30-0873 [16], respectively, are present, indicating that no reaction
had yet been triggered during the vibro-milling and low firing
processes. However, it is seen that the columbite-type NiNb2O6

crystallites (+) reported by many workers [8,9] were found as separated
phases in the powders calcined at 600 °C. As the temperature increased
to 1200 °C, the intensity of the NiNb2O6 peaks was further enhanced,
and became the predominant phase in the powder calcined above
800 °C, mixing with NiO and Nb2O5 phases. It is seen that the peaks
corresponding to Nb2O5 phase were completely eliminated after

Fig. 5. SEM micrographs of Ni4Nb2O9 powders calcined for 2 h with heating/cooling rates of 10 °C/min at (a) 1250, (b) 1300 and (c) 1400 °C; (d) at 1300 °C for 0.5 h
with heating/cooling rates of 10 °C/min; and at 1250 °C for 2 h with heating/cooling rates of (e) 20 and (f) 30 °C/min.
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calcinations above 850 °C. This observation is associated to the DTA
peaks found at the same temperature range within the broad exothermic
effects in Fig. 1. To a first approximation, this NiNb2O6 phase (JCPDS
file numbers 76-2354 [17]) has a columbite structure with an
orthorhombic unit cell (a=1403 pm, b=568.7 pm and c=503.3 pm,
space group Pbcn (no. 60)). This study shows that minor amounts of
the NiO phase tend to co-exist along with the NiNb2O6 phase, after
calcinations in the range 600–1200 °C. This observation could be
attributed mainly to the poor reactivity of nickel and niobium species
[6]. It is of interest to point out that upon calcination at 1250 °C, a
single-phase of Ni4Nb2O9 (▾) is already formed. For the present work,
there are no significant differences between the powders calcined at
temperatures ranging from 1250 to 1300 °C. This Ni4Nb2O9 phase has
a corundum-type structure with an orthorhombic unit cell (a=871.9 pm,
b=507.2 pm and c=1428.9 pm, space group Pbcn (no. 60)), consistent
with JCPDS file numbers 46-0525 [18].

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single-phase of Ni4Nb2O9 (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at
1250 °C with dwell time of at least 2 h (Fig. 3(b, c)) or 1300 °C with
dwell time of at least 0.5 h (Fig. 3(d–f)) applied. This is probably due to
the effectiveness of vibro-milling and a carefully optimized reaction.
The observation that the dwell time may also play an important role in
obtaining a single-phase corundum product is also consistent with other
similar systems [13,19]. It is also very interesting to see that the on-set
temperature is approximately 100–200 °C lower than those reported
earlier [6,8]. The difference could be attributed to powders with better
degree of mixing obtained from a rapid vibro-milling [13,14]. Most
importantly, this study suggests that a rapid vibro-milling method can
significantly lower the optimum calcination temperature for the
formation of single-phase Ni4Nb2O9 powders.

In the present study, an attempt was also made to calcine Ni4Nb2O9

powders under various heating/cooling rates (Fig. 4). In this
connection, it is shown that slower heating/cooling rates can lead to
better crystallization of Ni4Nb2O9 phase, probably because there is
enough time for the diffusion of NiO and Nb2O5 species to complete
their solid-state reaction process. Based on the TG-DTA and XRD data,
it may be concluded that, over a wide range of calcination conditions,
single-phase Ni4Nb2O9 cannot be straightforwardly formed via a solid-
state mixed oxide synthetic route, unless a careful design of calcination
is performed. The experimental work carried out here suggests that the
optimal calcination conditions for single-phase Ni4Nb2O9 (with
impurities undetected by XRD technique) is 1250 °C for 2 h or
1300 °C for 0.5 h, with heating/cooling rates of 20 °C/min.

Finally, the morphological changes in the Ni4Nb2O9 powders
formed by a mixed oxide are illustrated in Fig. 5(a–f) as a function of
calcination temperatures, dwell times and heating/cooling rates,

respectively. The influence of calcination conditions on particle size
is given in Table 1. In general, the particles are agglomerated and
irregular in shape, with a substantial variation in particle size,
particularly in samples calcined at high temperature (Fig. 5(b, c)) or
with fast heating/cooling rates (Fig. 5(e, f)). The results indicate that
average particle size and degree of agglomeration tend to increase
with calcination temperatures, dwell times or heating/cooling rates
(Table 1). All powders seem to display a significant level of grain
angularity. This observation could be attributed to a relatively high
firing temperature required for achieving Ni4Nb2O9 powders
prepared by the solid-state reaction [20].

In addition, EDX analysis using a 20 nm probe on a large number
of particles of the calcined powders confirms that the parent com-
position is Ni4Nb2O9, in good agreement with XRD results. A com-
bination of SEM and EDX techniques has demonstrated that a NiO-
rich phase (spherical particle with diameter ∼50–100 nm) exists near
the Ni4Nb2O9 parent phase, as small circles in Fig. 5. Moreover, a
variation of the Ni/Nb ratio was also found, similar to that of
MgNb2O6 powders [13]. The existence of discrete nano-sized NiO
phase points to the poor reactivity of NiO, although the concentration
is too low for detection by XRD [21], similar with other niobate
compounds [13,19].

4. Conclusions

The solid-state mixed oxide synthetic route via a rapid vibro-
milling technique is explored in the preparation of single-phase
Ni4Nb2O9 powders. The calcination conditions have been found
to have a pronounced effect on phase formation and particle size
of the calcined Ni4Nb2O9 powders. Evidence gained from XRD
and SEM revealed that the single-phase of corundum Ni4Nb2O9

powders with particle size ranging from ∼1 to 2 μm has been
obtained in this study by using a calcination temperature of
1250 °C for 2 h or 1300 °C for 0.5 h, with heating/cooling rates
of 20 °C/min.
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The temperature scaling of the dynamic hysteresis was investigated in soft ferroelectric bulk
ceramic. The power-law temperature scaling relations were obtained for hystersis area �A� and
remnant polarization Pr, while the coercivity EC was found to scale linearly with temperature T. The
three temperature scaling relations were also field dependent. At fixed field amplitude E0, the scaling
relations take the forms of �A��T−1.1024, Pr�T−1.2322, and �EC0−EC��T. Furthermore, the product
of Pr and EC also provides the same scaling law on the T dependence in comparison with �A�.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2713336�

Soft lead zirconate titanate �Pb�Zr1−xTix�O3 or PZT� ce-
ramics have been employed extensively in sensors and ac-
tuators. In these applications, the dynamic hysteresis charac-
teristics have become an important consideration.1

Theoretical studies have been carried out to understand the
dynamic response of hysteresis curves in spin and polariza-
tion systems.2–5 In particular, attention is focused on scaling
law �A�� fmE0

n �where �A� is hysteresis area, E0 is field am-
plitude, f is frequency, and m and n are exponents that de-
pend on the dimensionality and symmetry of the system�.
Experimental investigations on a few thin-film systems have
also been reported.6–12 Recently, the scaling relation for soft
PZT bulk ceramic was reported in the form of �A�
� f−0.25E0.

13 We also reported the stress-dependent scaling
relation in the form of �A−A�=0�� f−0.25E0�

0.44, which indi-
cates the difference of the energy dissipation between the
under stress and stress-free conditions.14 More importantly, it
is well known that the size and shape of the hysteresis loop
in the ferroelectric state depend strongly on temperature
T.1,15 The temperature dependence of ferroelectric properties
is of interest in view not only of technological applications,
but also in a fundamental sense.16–22 The theoretical investi-
gation by Rao et al.2 has already proposed a temperature
scaling for ferromagnetic materials, which indicates that the
hysteresis area decreases with increasing temperature. Ex-
perimental results on ferromagnetic thin films have revealed
various temperature scaling relations.2,3,6,8 Interestingly,
there has been no report on the temperature scaling of dy-
namic hysteresis in ferroelectrics, both theoretically and ex-
perimentally. It is therefore the aim of this study to experi-
mentally establish the temperature scaling of the ferroelectric
hysteresis for soft PZT bulk ceramic.

The polarization–electric field �P-E� hysteresis loops of
commercial soft PZT ceramic disks �APC-855, APC Interna-
tional, Ltd., USA� with diameter of 8 mm and thickness of
1 mm were obtained by a standardized ferroelectric testing
unit, RT66A �Radiant Technologies Inc., NM�, over the tem-
perature range 298–453 K with E0 up to 40 kV/cm �f was
fixed at 4 Hz�. The measurements were performed on three
ceramic disks. The Curie temperature �TC� of the soft PZT

used was experimentally determined from dielectric mea-
surement to be 523 K. Other basic properties provided by the
supplier are dielectric constant �1 kHz� �r=3400, piezoelec-
tric strain constants d33=600 pm/V and d31=−276 pm/V,
planar coupling factor kp=0.68, and mechanical quality fac-
tor Qm=65. It should also be noted that after being subjected
to the hysteresis measurements, the samples showed a reduc-
tion of 10% in �r value and of 30% in d33 value.

Figure 1 displays the hysteresis loop profile for various
electric field amplitudes E0 at a fixed T=373 K �Fig. 1�a��
and for various temperatures at a fixed E0=40 kV/cm �Fig.
1�b��. From the P-E loops, it is obvious that both E0 and T
play a crucial role on the hysteresis area �A�. Similar obser-
vations have been reported in many other ferroelectric
systems.12,18,20,22 More interestingly, the observed tempera-
ture dependence of these hysteresis parameters prompts a
question of whether there exist temperature scaling relations
for these parameters.

Figure 2 shows the relation between �A� and T in a
double logarithmic form, where good linear fits are apparent
�R2 close to 1�. This implies a power-law relation between
the hysteresis area and temperature, i.e., �A��T�, and for
each E0, the exponent � can be extracted from the slope, i.e.,
�=d ln�A� /d ln T. However, both the slope � and the y in-
tercept seem to vary with E0. Thus, to prove this E0 depen-
dence, both the slope � and the y intercept are plotted as a
function of E0 �insets in Fig. 2�, and the linear dependences
on E0 are noticeable. The linear least square fits of both
slopes and y intercepts with E0 give y=−0.0332x−1.1024
with R2=0.9983 for the slope �lower inset� and y=0.0769x
+6.0137 with R2=0.9966 for the y intercept �upper inset�.
However, the y intercept refers to the value of ln�A� at the
limit ln T approaching zero, and from the fitting, ln�A� is not
ceased at this limit, which is not really sound because at low
temperatures the dynamics of the dipoles or domain walls is
frozen. This could be due to the fact that the domain wall
motion at high temperature is very different from those at
very low temperature.23,24 Consequently, this study does not
imply if there is a finite hysteresis area at T approaching zero
�i.e., in this case ln T=0 or T=1�, but the quantity ln�A� at
ln T=0 here comes from an empirical fit to fulfill the validity
of the linear fit. Therefore, based on the proposed assump-
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tions and fitting techniques, and by integrating all the rel-
evant fits, it is found that

�A� = exp�0.0769E0 + 6.0137�T−�0.0332E0+1.1024�. �1�

Through similar mathematical treatment performed on
�A�, temperature-dependent relations for remnant polariza-
tion �Pr� and coercivity �EC� are also obtained. Figure 3�a�
shows the relation between Pr and T in a double logarithmic
plot. As being evident, the power-law relation seems suitable
for the fit since good R2 are attained. It is found that

Pr = exp�− 0.0068E0 + 10.305�T�0.0022E0−1.2322�. �2�

The relation between EC and T is shown in Fig. 3�b�.
Surprisingly, linear relations are apparent so an approxima-
tion on y=ax+b could be used to fit the data. Nonlinear fits
between EC and T are also performed �not shown� and the
linear dependence of EC and T is confirmed. Therefore, it
could be estimated that

EC = �− 0.000 03E0 − 0.030 85�T + �0.0459E0 + 18.319� .
�3�

The temperature dependences of �A�, Pr, and EC shown
in Eqs. �1�–�3� are also slightly E0 dependent. Obviously,
small coefficients to E0 �for the whole range of E0 used in
this study� suggests that at fixed E0

�A� � T−1.1024, �4�

Pr � T−1.2322, �5�

FIG. 1. Hysteresis loops for soft PZT ceramic �a� at T=373 K with varying
E0, and �b� at E0=40 kV/cm with varying T.

FIG. 2. Double logarithmic plot between ln�A� and ln�T� for various E0,
where the linear relations are found but the y intercepts and slopes seem to
be E0 dependent. The insets show those linear relations with E0.

FIG. 3. �a� Double logarithmic plot between ln�Pr� and ln�T�, and �b� linear
plot between EC and T.
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�EC0 − EC� � T . �6�

EC0 in Eq. �6� can be viewed as the coercivity at T�0 K.
However, as T→0, thermal energy is low, causing a non-
symmetric hysteresis loop; hence, EC0 cannot be meaning-
fully defined. Here EC0 is used for proposing the fit, which is
valid for the experimental range in this study.

More importantly, Eqs. �4�–�6� present simple relations
for the temperature scaling of ferroelectric hysteresis param-
eters. It should be noted that there have only been few the-
oretical treatments to include a temperature term in the dy-
namic hysteresis scaling of ferromagnetics.2,3,25 Considering
relatively successful applications of the treatments to E- and
f-dependent ferroelectric hysteresis,2–5 it would be worth-
while to compare our experimental results with the theoreti-
cally derived scaling. Theoretical scaling relations have been
proposed as �A��T−�, with � being 0.7, 1.18, and 1.98 for
continuum three-dimensional �3D� ���2�2, two-dimensional,
and 3D Ising models, respectively.2,3,25 An explanation for
the variation may come from the different polarization-
interaction terms as considered in these models. It could be
seen that our experimentally obtained temperature scaling of
�A� �with ��1.1� falls between the values obtained from the
models. The difference could be attributed to additional con-
tributions from depolarizing effects within the ceramics
�arisen from domain walls, grain boundaries, space charges,
immobile defects, etc.�,13,14 as compared to physically over-
simplified polarization interaction proposed in the theoretical
models.2,3,25

Furthermore, the relation EC� �T−TC�−0.35 drawn from
the 3D ���2�2 model2 is significantly different from the linear
relation obtained from our study, which further clarifies that
the theoretical models cannot be applied to ferroelectric bulk
ceramics. This study clearly serves as a survey to show that
more improvement of the theoretical approach is needed to
predict the scaling behavior in bulk ferroelectric ceramics.
Interestingly, different forms of temperature scaling of EC
extracted from the previous experimental data on PZT thin
films also indicate dimensional dependence of the coercivity,
as reported in previous investigations.8,26,27

In approaching the saturation, the hysteresis area can be
roughly estimated with �2Pr��2EC�.9,18 It is also interesting to
check if the product of Pr and EC would provide the same
scaling law on the T dependence in comparison with �A�. So,
by substituting the E0 dependence on both EC and Pr �Eqs.
�2� and �3��, it is found that

�2EC��2Pr� = 4��− 0.000 03E0 − 0.030 85�T + �0.0459E0

+ 18.319�� 	 �exp�− 0.0068E0

+ 10.305�T�0.0022E0−1.2322�� . �7�

Since all coefficients to E0 are small, by taking an ap-
proximation that E0 is fixed �or not very high�, the �2Pr�
	�2EC� reduces to

�2EC��2Pr� 	 4�9.2	 102T−0.2322 + 5.5	 105T−1.2322� .
�8�

As can be seen, the term T−1.2322 strongly decays in tem-
perature than the term T−0.2322, but T−1.2322 has a much larger
coefficient. However, by substituting all temperatures used in

this study, it is found that T−1.2322 should be a principal term.
Therefore, the scaling of “area” in this way on the tempera-
ture should have the exponent � closer to −1.2322. In com-
parison with those extracted from the ln�A� and ln T plot �in
which the exponent � has a value of −1.1024�, these two
scaling methods seem to agree. So once the scaling of area to
the temperature is found, it is possible to guess how the EC
would scale with T if the scaling relation between Pr and T is
known or vice versa. Similarly, a scaling of area to frequency
has also been reported in a previous investigation.28

In summary, the power-law temperature scaling relations
have been found for hystersis area �A� and remnant polariza-
tion Pr, while the coercivity EC scales linearly with tempera-
ture. The three temperature scaling relations are also field
dependent. At fixed E0, the scaling relations take the forms of
�A��T−1.1024, Pr�T−1.2322, and �EC0−EC��T. Furthermore,
the product of Pr and EC also provides the same scaling law
on the T dependence in comparison with �A�.
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The scaling relation of ferroelectric hysteresis area �A� against frequency f and field amplitude
E0 for the saturated loops of the hard lead zirconate titanate bulk ceramic takes the form of
�A�� f−0.28E0

0.89, while that for the minor loops takes the form of �A�� f−0.43E0
3.19. In both cases, the

scaling relations are similar to those of its soft counterpart. This indicates that the dynamic
behaviors and scaling relations in bulk ceramics are mainly governed by the domain states and
structures, while the distinct types of complex defects contribute mainly to the difference in the
coercive field observed in hard and soft ceramics. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2713769�

Lead zirconate titanate �Pb�Zr1−xTix�O3 or �PZT�� ce-
ramics are among the lead-based complex perovskites that
have been investigated extensively both from academic and
commercial viewpoints with various applications.1,2 How-
ever, PZT ceramics are usually modified with dopants.3,4

Generally, donor �higher-valency� additives induce “soft”
piezoelectric behaviors with higher dielectric and piezoelec-
tric activities, while acceptor �lower-valency� additives result
in “hard” piezoelectric behaviors.1–4

In many applications, the dynamic hysteresis, i.e., hys-
teresis area �A� as a function of the field amplitude E0 and
frequency f , has become an important consideration.1–5

Hence, there have been reports on the scaling behavior of the
dynamic hysteresis in ferromagnetic and ferroelectric thin
films.6–13 Many theoretical studies have been focused on the
scaling law,

�A� � f�E0

 �1�

�where � and 
 are exponents that depend on the dimension-
ality and symmetry of the system�, of hysteresis curves in
polarization systems.6–8 Earlier investigations6–8,13 have re-
ported the scaling relations for the high-f region with � and

 values, respectively, of −1 and 2 for ��2�2 and ��2�3 mod-
els and of −0.33 and 3 for a PZT thin film. We also reported
the scaling relation for soft PZT bulk ceramics with � and 

values, respectively, of −0.25 and 1 for saturated loops.14

Interestingly, the scaling form for the minor loops is identical
to that of the PZT thin film. The difference in the scaling
relations has been attributed to the different domain
dynamics.14 Generally, the domain dynamics differs depend-
ing on the composition and the doping type.15,16 In this point
of view, the domain dynamics in hard and soft PZT ceramics,
which contain distinct types of complex defects, should be
very different.16 Since our earlier work has already shown
unique scaling relations for the soft PZT bulk ceramics,14 it
will be of interest to investigate the scaling behavior of the
hard PZT bulk ceramic, as the direct comparison will help
extracting roles of complex defects to the dynamic hysteresis
behavior. Thus, we present in this letter the results on the

scaling behaviors of the dynamic hysteresis of a hard PZT
bulk ceramic. As will be seen, the dynamic hysteresis and
scaling behaviors of the hard ceramic are surprisingly very
similar to those of the soft one.

The dynamic hysteresis �P-E� loops of commercial hard
PZT ceramic disks �APC-840, APC International, Ltd., USA�
with a diameter of 8 mm and a thickness of 1 mm were
characterized at room temperature �298 K� by using a modi-
fied Sawyer-Tower circuit with f covering from 1 to 100 Hz
and E0 from 0 to 40 kV/cm. The electric field was applied
to a sample by a high voltage ac amplifier �Trek 610D�
with the input sinusoidal signal from a function generator
�HP 3310A�. The P-E loops were recorded by a digital os-
cilloscope �HP 54645A, 100 MHz�. Each loop was obtained
after 20 sampling cycles to average out the noise deforma-
tion. The hysteresis loop obtained was very consistent with
that obtained by a standardized ferroelectric testing unit,
RT66A �Radiant Technologies Inc., NM�, which ensures the
reliability of the measurements. It should be noted that the
exact compositional formulation for APC-840 is proprietary
to APC International, Ltd., but our elemental analysis
showed multiple lower valent substituents, such as Na, Ni,
Co, and Ga, which are known to produce hard properties
through the formation of complex defects.1,2,4,15,16

The hysteresis loops of unpoled samples at different f
but fixed E0 �40 kV/cm� and at different E0 but fixed f
�20 Hz� are shown in Fig. 1. The loop area �A�, remanent
polarization �Pr�, and coercive field �Ec� decrease with an
increase of frequency, as shown in Fig. 1�a�. The dependence
of the hysteresis loop on E0 is depicted in Fig. 1�b�. For
small fields �10 and 15 kV/cm�, the loops do not saturate.
With further increase in E0, �A�, Pr, and Ec increase until a
well saturated loop is achieved. Similar observations have
been reported in thin films and ceramics.8,10,13,14

To investigate the scaling behavior for unpoled hard PZT
bulk ceramics, we followed the scaling relation reported ear-
lier for soft PZT bulk ceramics in the form of �A�� f−0.25E0.

14

The data are shown in Fig. 2 and the solid line represents the
fitting. Surprisingly, it is revealed that the high E-field �satu-
rated loops� data can be fitted reasonably well �R2�0.97�
with the scaling relation obtained experimentally for the soft
PZT bulk ceramics. However, some deviation is still ob-
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served, particularly for low E-field �minor loops� data. This
was also the case for the soft PZT bulk ceramics, as reported
earlier,14 in which the different scaling relations were ob-
tained for the saturated and minor loops. Apparently, a simi-
lar situation is also observed in the hard PZT bulk ceramics.

Attempt to obtain better scaling can be done by fitting
the data with �A�� fmE0

n, where m and n are exponents to be
determined directly from the experimental data. By plotting
�A� against f at fixed E0, one obtains the exponent m. On the

other hand, the exponent n can be obtained from plotting �A�
against E0 at fixed f . By least-squares-fitting method, for
the high E-field data �saturated loops� the exponents
m=−0.28±0.01 and n=0.89±0.05 were obtained. As plotted
in Fig. 3�a�, it is revealed that the high E-field data can be
fitted only slightly better �R2�0.98�, within the measured
uncertainty, by

�A� � f−0.28E0
0.89. �2�

Furthermore, the exponents m=−0.43±0.08 and
n=3.19±0.56 were obtained and fitted reasonably well
�R2�0.92� for the minor loop data, as plotted in Fig. 3�b�.
Therefore, the scaling relation for minor loops of hard PZT
bulk ceramic takes the form of

�A� � f−0.43E0
3.19. �3�

The scaling relation obtained in Eq. �2� for the saturated
loops of the hard PZT bulk ceramic indicates that �A� decays
more slowly with f and grows more slowly with E0 than that
theoretically predicted and that observed in the PZT thin
film, as listed in Table I and discussed in an earlier
publication.14

As listed in Table I, it is even more interesting to observe
that the scaling behaviors for the hard PZT bulk ceramic are
to some extent similar to those of the soft counterpart. By a
direct comparison, the exponents m and n for the two ceram-

FIG. 1. �Color online� Hysteresis loops for hard PZT bulk ceramic �a� at
various f and E0=40 kV/cm and �b� at various E0 and f=20 Hz.

FIG. 2. �Color online� Scaling of hysteresis area �A� against f−0.25E0 for hard
PZT bulk ceramic.

FIG. 3. �Color online� Scaling of hysteresis for hard PZT bulk ceramic. �a�
Area �A� against f−0.28E0

0.89 for the saturated loops; �b� area �A� against
f−0.43E0

3.19 for the minor loops.
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ics are not significantly different. As well known, the major
difference between the two types of ceramic is the complex
defects.1,3,4,15,16 In the hard PZT, the oxygen vacancies are
introduced, are trapped at the domain walls, and then form
electric dipoles with the acceptor atoms. These dipoles called
complex defects act as pinning points for the domain wall,
and the domain wall motion is reduced. The complex defects
are absent in the soft PZT ceramics; hence the domain walls
can move more easily. Therefore, hard PZT ceramics typi-
cally show higher EC than soft ones. Other dielectric and
piezoelectric properties of the two types of ceramics are also
significantly different.1–4,15,16 However, the similar scaling
behaviors for the two types of ceramics suggest that though
the complex defects contribute greatly to the difference on
the electrical properties, they contribute only slightly to the
dynamic behaviors. At high fields �saturated loops�, one can
picture that beyond the critical field, i.e., EC which is differ-
ent between the hard and soft ceramics, the dynamic hyster-
esis behavior of the PZT bulk ceramics is mainly governed
by the available domain states for polarization switching,
while the contribution the complex defects is very minimal;
hence the scaling behavior is nearly similar between the hard
and soft PZT ceramics. However, at lower fields �minor
loops�, the complex defects still play limited roles in control-
ling the dynamic behavior, as can be observed from the rela-
tively larger differences in the values of m and n between the
soft and hard PZT ceramics.

More importantly, all these observations suggest that
bulk PZT ceramics with similar domain structures should
have very comparable dynamic hysteresis and scaling behav-
ior. As also listed in Table I, it is interesting to observe that
models and thin films of different materials, which contain
similar domain structures, show comparable scaling behav-
iors �with only a slight difference in exponents m and n�. It
could be stated that the dynamic hysteresis �hence the scaling
behavior� is mainly controlled by available domain states
and polarization switching mechanism. Therefore, the scal-
ing relations obtained theoretically and experimentally from
models, thin films, and bulks with distinct types of domain
structures and mechanisms should be noticeably different
�hence different universality classes among them�, as shown

in Table I. Our opinion on the contribution of the domain
states in controlling the dynamic hysteresis behavior may be
strengthened by a further study of the domain states in dif-
ferent materials, particularly in soft and hard PZT ceramics.
Previous transmission electron microscopy studies have al-
ready shown fine “wavy” domains in hard PZT, while irregu-
lar domain morphologies have been reported in soft
PZT.20–22 Thus, giving the complexity of the dopant types
and concentrations in the commercial hard and soft PZT ce-
ramics, it may be too complicated to evaluate the domain
state contribution to the dynamic behavior in these ceramics.
It is more suitable to compare the domain states in undoped
PZT and single-element soft- and hard-doped PZT
ceramics.15,23

In summary, the scaling relation for the saturated hyster-
esis loops of the hard PZT ceramic takes the form of
�A�� f−0.28E0

0.89, while that for the minor loops takes the form
of �A�� f−0.43E0

3.19. The two scaling relations are very similar
to those of soft PZT bulk ceramics, suggesting that the scal-
ing behaviors of the two types of bulk ceramics are in the
same universality class.

This work was supported by the Thailand Research Fund
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TABLE I. Dynamic scaling exponents for different systems �refer to Eq.
�1��.

System � 
 References

��2�2 and ��2�3 model −1 2 6 and 7
1–3 composite −1 2 17
Nd-doped Bi4Ti3O12 thin film −0.66 2 18
SBT thin film −0.33 2 19
PZT thin film −0.33 3 13
Soft PZT bulk ceramic
-Saturated loops −0.25 1 14
-Minor loops −0.33 3 14

Hard PZT bulk ceramic
-Saturated loops −0.28±0.01 0.89±0.05 This work
-Minor loops −0.43±0.08 3.19±0.56 This work
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Abstract

The solid-state mixed oxide method via a rapid vibro-milling technique is explored in the preparation of single-phase Zn3Nb2O8 powders. The
formation of the Zn3Nb2O8 phase in the calcined powders has been investigated as a function of calcination conditions by TG–DTA and XRD
techniques. Morphology, particle size and chemical composition have been determined via a combination of SEM and EDX techniques. It has
been found that the minor phases of unreacted ZnO and Nb2O5 precursors and the columbite ZnNb2O6 phase tend to form together with the
Zn3Nb2O8 phase, depending on calcination conditions. It is seen that optimization of calcination conditions can lead to a single-phase Zn3Nb2O8

in a monoclinic phase.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Zn3Nb2O8; Calcination; Phase formation; Particle size; Nanopowders

1. Introduction

The quest for optimal powder characteristics (controlled
chemical composition, homogeneity, reactivity, particle size and
shape) in the fabrication of materials has directed attention
particularly towards powder production techniques. It is known
that various compositions are possible in the Zn–Nb–O system
[1,2]. To date, three possible zinc niobium oxides have been
identified: ZnNb2O6, Zn2Nb34O87 and Zn3Nb2O8 [1,2].
Amongst these compounds, zinc niobate (ZnNb2O6) is one of
the most well-known materials, which has recently gained
considerable attention [3,4]. This compound is very well known
as the key precursor for the successful preparation of single-
phase perovskite lead zinc niobate, Pb(Zn1/3Nb2/3)O3, or PZN-
based materials, which are becoming increasingly important for
multilayer ceramic capacitor, electrostrictor and actuator
applications [5,6]. In general, production of single-phase
ZnNb2O6 is not straightforward, as a minor concentration of

the ZnO is sometimes formed alongside the major phase of
ZnNb2O6 [7,8].

In contrast, very little is known about Zn3Nb2O8, since no
work has been dedicated to the synthesis of this compound.
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Much of the work concerning the Zn3Nb2O8 compound has
been directed towards determining crystal structure and
microwave dielectric properties [9–11]. Kasper [10] and Isobe
et al. [11] reported that the structure of Zn3Nb2O8 is closely
related to the columbite structure of ZnNb2O6. Its crystal
structure can be represented as an order super-structure of α-
PbO2 [12]. Moreover, to date, the potential of Zn3Nb2O8 as a

possible alternative precursor for the preparation of PZN has not
yet been reported. Interestingly, the mixed oxide route for the
production of Zn3Nb2O8 powders has not received detailed
attention, and the effects of calcination conditions (i.e. applied
firing temperature, dwell time and heating/cooling rates) have
not yet been studied extensively. Therefore, the main purpose of
this work was to explore a simple mixed oxide synthetic route

Fig. 2. XRD patterns of ZN powders calcined at various temperatures for 5 h with heating/cooling rates of 10 °C/min.

Fig. 3. XRD patterns of ZN powders calcined at 900 °C for (a) 0.5, (b) 1, (c) 2 and (d) 3 h, with heating/cooling rates of 10 °C/min and for 1 h with heating/cooling rates
of (e) 20 and (f) 30 °C/min.
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for the production of Zn3Nb2O8 powders via a rapid vibro-
milling technique and to perform a systematic study of the
reaction between the starting zinc oxide and niobium oxide
precursors. The phase formation and morphology of the powder
calcined at various conditions will be studied and discussed.
The study also forms a possible basis for a further survey on
PZN preparation.

2. Experimental procedure

The starting materials were commercially available zinc
oxide, ZnO (JCPDS file number 89-1397) and niobium oxide,
Nb2O5 (JCPDS file number 30-0873) (Aldrich, 99.9% purity).

The two oxide powders exhibited an average particle size in the
range 3.0–5.0 μm. Zn3Nb2O8 powders were synthesized by the
solid-state reaction of thoroughly ground mixtures of ZnO and
Nb2O5 powders that were milled in the required stoichiometric
ratio. In order to combine mixing capacity with a significant
time saving, a McCrone vibro-milling technique [8,13] was
carried out for 0.5 h with corundum cylindrical media in
isopropyl alcohol (IPA). After drying at 120 °C for 2 h, the
reaction of the uncalcined powders taking place during heat
treatment was investigated by thermogravimetric and differen-
tial thermal analyses (TG–DTA, Shimadzu), using a heating
rate of 10 °C/min in air from room temperature up to 1100 °C.
Based on the TG–DTA results, the mixture was calcined at

Fig. 4. SEM micrographs of ZN powders calcined for 1 h with heating/cooling rates of 10 °C/min at (a) 900 and (b) 1050 °C, and at 900 °C for (c) 3 and (d) 5 h; and at
900 °C for 1 h with heating/cooling rates of (e) 20 and (f) 30 °C/min.
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various conditions, in closed alumina crucible, in order to
investigate the formation of Zn3Nb2O8.

All powders were subsequently examined by room temper-
ature X-ray diffraction (XRD; Siemens-D500 diffractometer),
using Ni-filtered CuKα radiation to identify the phases formed
and optimum calcination conditions for the formation of
Zn3Nb2O8 powders. Powder morphologies and particle sizes
were directly imaged, using scanning electron microscopy
(SEM; JEOL JSM-840A). The chemical compositions of the
phase formed were elucidated by an energy-dispersive X-ray
(EDX) analyzer with an ultra-thin window. EDX spectra were
quantified with the virtual standard peaks supplied with the
Oxford Instruments eXL software.

3. Results and discussion

The TG–DTA simultaneous analysis of a powder mixed in the
stoichiometric proportions of Zn3Nb2O8 is displayed in Fig. 1. In the
temperature range from room temperature to ∼150 °C, the sample
shows both exothermic and endothermic peaks in the DTA curve,
consistent with the first weight loss. These observations can be
attributed to the decomposition of the organic species such as rubber
lining from the milling process similar to our earlier reports [8,13].
Corresponding to the second fall in sample weight, by increasing the
temperature further to∼400 °C, a slight thermal fluctuation in the DTA
curve is observed. This may be attributed to the crystallization of
ZnNb2O6 as reported earlier [8]. Increasing the temperature up to
∼1100 °C, the solid-state reaction occurred between ZnO and Nb2O5

[8,14]. The broad exotherm with several peaks in the DTA curve
represents that reaction, which has maxima at ∼830 °C and 900 °C.
These are supported by the third falls in sample weight over the same
temperature ranges. However, it is to be noted that there is no obvious
interpretation of these peaks, although it is likely to correspond to a
phase transition reported earlier [1,8,14]. These data were used to
define the range of calcination temperatures for XRD investigation
between 350 and 1100 °C.

To further study the phase development with increasing calcination
temperature in the powders, they were calcined for 5 h in air at various
temperatures, up to 1100 °C, followed by phase analysis using XRD.
As shown in Fig. 2, for the uncalcined powders and the powders
calcined at 350 °C, only X-ray peaks of precursors ZnO (○) and Nb2O5

(●), which could be matched with JCPDS file numbers 89-1397 [15]
and 30-0873 [16], respectively, are present, indicating that no reaction
had yet been triggered during the vibro-milling and low firing
processes. However, it is seen that a small portion of the crystalline
phase of the ZnNb2O6 crystallites (+) as reported by Ngamjarurojana et

al. [8] was found as separated phases in the powders calcined at 400 °C,
and became the predominant phase in the powder calcined above
450 °C. As the temperature increased to 800 °C, the intensity of the
ZnNb2O6 peaks was further enhanced whereas some new peaks (▾) of
the desired Zn3Nb2O8 phase, started to appear, mixing with the
ZnNb2O6 and ZnO phases after calcinations above 600 °C. These
observations are associated with the DTA peaks found at the same
temperature range within the broad exothermic effects in Fig. 1. In a
first approximation, this ZnNb2O6 phase has a columbite-type structure
with an orthorhombic unit cell (a=1420.8 pm, b=572.6 pm and
c=504.0 pm, space group Pbcn (no. 60)), consistent with JCPDS file
number 76-1827 [17]. This observation could be attributed mainly to
the poor reactivity of zinc and niobium species [8]. Upon calcination at
900 °C, a single phase of Zn3Nb2O8 is already formed. For the present
work, there are no significant differences between the powders calcined
at temperatures ranging from 900 to 1100 °C. This Zn3Nb2O8 phase
(JCPDS file number 79-1164 [18]) has a corundum structure with a
monoclinic unit cell (a=1909.3 pm, b=592.7 pm and c=522.0 pm,
space group C2/c (no. 15)), in agreement with the literature [11].

Apart from the calcination temperature, the effect of dwell time was
also found to be quite significant. From Fig. 3, it can be seen that the
single phase of Zn3Nb2O8 (yield of 100% within the limitations of the
XRD technique) was found to be possible in powders calcined at
900 °C with dwell time of at least 1 h (Fig. 3(a–d)) applied. This is
probably due to the effectiveness of vibro-milling and a carefully
optimized reaction. The observation that the dwell time may also play
an important role in obtaining a single-phase corundum product is also
consistent with other similar systems [8,19]. It is also very interesting to
see that the on-set temperature is approximately 200–250 °C lower
than that reported earlier with a conventional ball-milling method
[9,14]. The difference could be attributed to nano-sized mixed powders
obtained from a rapid vibro-milling. Most importantly, this study
suggests that a rapid vibro-milling method can significantly lower the
optimum calcination temperature for formation of single-phase
Zn3Nb2O8 powders.

In the present study, an attempt was also made to calcine Zn3Nb2O8

powders under various heating/cooling rates (Fig. 3(b, e and f)). In this
connection, it is shown that faster heating/cooling rates can also lead to
crystallization of the Zn3Nb2O8 phase. Based on the TG–DTA and
XRD data, it may be concluded that, over a wide range of calcination
conditions, a single phase of Zn3Nb2O8 cannot be straightforwardly
formed via a solid-state mixed oxide synthetic route, unless a careful
design of calcination is performed. The experimental work carried out
here suggests that the optimal calcination conditions for single-phase
Zn3Nb2O8 (with impurities undetected by XRD technique) are 900 °C
for 1 h with heating/cooling rates as fast as 30 °C/min. Moreover, the
formation temperature and dwell time for the production of Zn3Nb2O8

powders observed in this work are also much lower than those reported

Table 1
Particle size range of Zn3Nb2O8 powders calcined at various conditions

Calcination conditions Particle size range

Temperature
(°C)

Dwell
times (h)

Heating/cooling rates
(°C/min)

SEM
(±5 nm)

XRD
(±0.05 nm)

900 1 10 60–1950 30.18
900 1 20 80–2130 31.11
900 1 30 110–2740 37.00
900 3 10 283–1988 35.31
900 5 10 313–2400 35.87
1050 1 10 80–2110 40.73

Fig. 5. EDX analysis of the Zn3Nb2O8 powders.
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earlier [9,14]. This clearly emphasizes the advantages of a rapid vibro-
milling technique.

Finally, the morphological changes in the Zn3Nb2O8 powders
formed by a mixed oxide are illustrated in Fig. 4(a–f) as a function of
calcination temperatures, dwell times and heating/cooling rates,
respectively. The influence of calcination conditions on particle size
is given in Table 1. In general, the particles are agglomerated and
irregular in shape, with a substantial variation in particle size,
particularly in samples calcined at high temperature (Fig. 4(b)) or
with fast heating/cooling rates (Fig. 4(e, f)). This finding is also similar
to that in ZnNb2O6 and ZrTiO4 powders [8,20]. The results indicate
that calculated crystalline size and degree of agglomeration tend to
increase with calcination temperatures or heating/cooling rates
(Table 1). All powders seem to display a significant level of necking
and bonding as if they were in the initial stages of sintering. This
observation could be attributed to the mechanism of surface energy
reduction of the ultrafine powders, i.e. the smaller the powder the
higher the specific surface area [21]. To the authors' knowledge, the
present data are the first results for the morphology–calcination
relationship of Zn3Nb2O8 powders prepared by the solid-state reaction.
It is also of interest to point out that mass production of single-phase
Zn3Nb2O8 nanopowders with the smallest particle size of ∼60 nm
(estimated from SEM micrographs) can be achieved by employing a
simple solid-state reaction combined with a rapid vibro-milling
technique. In addition, EDX analysis using a 20 nm probe on a large
number of particles of the calcined powders confirms that the parent
composition is Zn3Nb2O8 (Fig. 5), in good agreement with XRD
results.

4. Conclusions

The potential of a rapid vibro-milling technique as a
significant time saving method to obtain single-phase
Zn3Nb2O8 nanopowders at low calcination temperatures has
been demonstrated. The calcination conditions have been found
to have a pronounced effect on both phase formation and
particle size of the calcined Zn3Nb2O8 powders. The resulting
Zn3Nb2O8 powders consist of a variety of agglomerated particle
sizes, depending on the calcination conditions.
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