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We prepared powders with di�erent particle sizes using various secondary milling times to fabricate 0.95(Na0.5K0.5)NbO3-
0.05BaTiO3 (0.95NKN-0.05BT) by the conventional solid-state reaction. As secondary milling time of the powders was changed 
from 0 to 72 hours, the particle sizes of the powder with composition of 0.95NKN-0.05BT were signi῿�cantly decreased 
from 14μm to submicron. As a results, the tetragonality (c/a) and the Curie temperatures (TC) was slightly increased. The 
di�usivities(γ) of 0.95NKN-0.05BT ceramics were sharply decreased when the particle sizes of powders with composition of 
0.95NKN-0.05BT were decreased from 14μm to submicron. The phase transition characteristic of 0.95NKN-0.05BT ceramics 
shifted from relaxor-like ferroelectric to a normal ferroelectric as particle size of powder decreased from several micrometer 
to submicron in 0.95NKN-0.05BT ceramics.
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Introduction

Pb(ZrxTi1-x)O3 (PZT) piezoelectric ceramics, the most 
representative ferroelectric ceramics [1], have been 
widely used as actuators, sensor and other ferroelectric 
devices in various applications due to their superior 
piezoelectric properties for decade century. However Pb 
evaporation, which is occurred during sintering process 
of PZT green pellets, may cause various environmental 
problems and be harmful to human body. To solve 
these problems, many research groups have focused on 
development of Pb-free piezoelectric ceramics such as 
(BaCa)TiO3-Ba(ZrTi)O3 ceramics (BCT-BZT), (BiNa)
TiO3 ceramics (BNT), and so on [2-5]. Among them, 
Saito’s group had developed and reported remarkable 
piezoelectric properties in (NaK)NbO3 (NKN) Pb-free 
ceramics [6], comparable to those of PZT piezoelectric 
ceramics. However, the NKN ceramic has difficulties 
for sintering in air. To solve the difficulties, many 
researchers have conducted studies on dielectric and 
piezoelectric properties of NKN Pb-free piezoelectric 
ceramics by adding additives [7-10], changing process 
parameters as sintering method [11-13] and sintering 
temperature [14, 15]. BaTiO3 (BT) ceramic had been 
studied and customized for electronic components due 
to high dielectric and piezoelectric properties for a 
long time. Among the studied NKN based ceramics, in 

particular, 0.95(Na0.5K0.5)NbO3-0.05BaTiO3 (0.95NKN-
0.05BT) Pb-free piezoelectric ceramics has much 
attentions for academic and industrial fields, owing to 
good piezoelectric constant (d33) of above 200pC/N and 
electromechanical coupling factor (kp) of higher than 
40%. Recently, our group studied and published papers 
on dielectric and piezoelectric properties of 0.95NKN-
0.05BT Pb-free piezoelectric ceramics [15-17]. According 
to our research, the distribution of particle sizes of 
powder by variation of milling times was proved to have 
many effects on dielectric and piezoelectric properties in 
0.95NKN-0.05BT Pb-free piezoelectric ceramics. Many 
researchers reported that NKN based ceramics have an 
orthorhombic phase at room temperature and shows a 
phase transition characteristic [18-21]. They reported that 
it comes from not only temperature dependent behaviors 
but also compositional dependent behaviors. In normal 
ferroelectric ABO3 piezoelectric ceramics, the change of 
dielectric constant with temperatures obeys the Curie-
Weiss law, known as 1/e = (T-TC)/C, and shows the 
sharp peak of dielectric constant at Curie temperature 
(TC) from tetragonal phase to cubic phase. However, 
dielectric constant in the complex ferroelectric (AA’)(BB’)
O3 ceramics experiences a broadening property at a peak 
of dielectric constant. This ceramic is called as relaxor 
ferroelectrics which shows a diffused phase transition 
(DPT) [22]. It is well known that the DPT behavior in 
perovskite ABO3-type ferroelectrics is originated from 
multiple-ion occupation of A and/or B sites in the lattices 
and causes the deviation from Curie-Weiss Law [23]. 
These papers were mainly focused on characteristics 
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by variation of compositions. However, there are few 
reports about the effects of particle sizes of powders on 
crystal structure and DPT behavior in NKN-BT Pb-free 
ceramics. In this paper, we investigated effects of particle 
sizes of powders on the crystal structure and diffused 
phase behavior in 0.95NKN-0.05BT ceramics. 

Experiments

0.95NKN-0.05BT ceramics were synthesized by using 
the raw materials such as K2CO3 (Junsei Chemical, 
Japan, 99%), Na2CO3 (Kanto Chemical, Japan, 99.5%), 
Nb2O5 (Junsei Chemical, Japan, 99.9%), BaCO3 (Kanto 
Chemical, Japan, 99%) and TiO2 (Hanawa Chemical, 
Japan, 99%) by the conventional mixed oxide method. 
The powders were mixed by ball milling in anhydrous 
ethanol with ZrO2 balls for 24 hr, followed by drying 
in oven at 100 oC for 24 hr. And then, the dried 
powders were calcined in furnace at 900 oC for 2 hr 
in air atmosphere. The calcined powders were remilled 
from 0 to 72 hrs to investigate effect of particle sizes on 
structure evolution of 0.95NKN-0.05BT ceramics. The 
powders with four kinds of secondary milled-powders, 
having different particle sizes, were mixed with 3 wt% 
polyvinyl alcohol (PVA) solution and then pressed into 
pellet with a size of 15.8 mm in diameter and 2 mm 
in thickness by applying 1.5ton pressure. After burning 
out PVA, the pellets covered with zirconia crucible were 
sintered at 1200 oC for 2 hr with a rising rate of 3 oC/
min at atmospheric condition in electric furnace. The 
sintered pellets were polished up to 1 mm thickness. 
To investigate dielectric properties of 0.95NKN-0.05BT 
ceramics, the silver pastes were coated on both sides of 
the polished pallets and fired at 600 oC for 30min. And 
electric poling was performed at 100 oC in a silicone 
oil bath by applying a DC voltage of 3 kV/mm for 30 
min. The particle size of the secondary milled powders 
with 4 different particles sizes was analyzed by using 
a particle size analyzer (Cilas 1190, France). X-ray 
diffraction (XRD, Rigaku, Japan) with Cu Kα radiation 
(step: 0.01º) was used to determine the crystal structure 
of four specimens. Also the dielectric constants of 
0.95NKN-0.05BT ceramics were examined using a LCR 
meter (Ando AG-4303, Japan) in an electric furnace by 
measuring the capacitances in the range from room 
temperature to 480 ℃ at 1 kHz. The crystal structure 
evolution and the diffusivity in 0.95NKN-0.05BT 
ceramics were analyzed by using the results of XRD 
data and dielectric constant measurement.

Results and Discussion

Table 1 shows the summary of particle sizes distributions 
of 0.95NKN-0.05BT composition powder as a function 
of secondary milling times. The four kinds of powders in 
0.95NKN-0.05BT calcined powders exhibited different 
particle size distributions by varying secondary milling 

times from 0 to 72 hrs. As the milling time increases, the 
process energy and intensity of interaction between the 
particles, balls, and the surface of the particles increases 
during the milling process, thereby the probability of 
collision between the particles is increased and also 
surface area of particles is increased. Accordingly, 
the particles become smaller and the driving force of 
sintering increases as the surface energy increases due 
to the particle densification effect [24].

We can see that the particle sizes of the 0.95NKN-
0.05BT powders were dramatically decreased from 14.31 
μm to 0.91 μm by increasing secondary milling times 
from 0 to 72 hrs. In particular, the average particle sizes, 
Dmean, of the 0.95NKN-0.05BT powders with secondary 
milling above 48 hr had submicron size. The decrease 
of particle size in 0.95NKN-0.05BT ceramics brought 
about an increase of specific surface area, and lead a 
different distribution of grain structure in 0.95NKN-
0.05BT ceramics. By earlier our paper [16], we reported 
the results about different distributions of grain structure, 
XRD result, dielectric and piezoelectric properties as 
a function of variation of particle size of powders in 
0.95NKN-0.05BT ceramics. The distribution of particle 
size in 0.95NKN-0.05BT ceramics might affect the 
dielectric properties, especially the evolution of crystal 
structure and phase transition. Fig. 1 [16] shows XRD 
patterns of the 0.95NKN-0.05BT ceramics as particle 
sizes of powder decreased. All the 0.95NKN-0.05BT 
ceramics with different particle size of powder had a 
single phase with homogeneous phase without any 
secondary phases. From the right side of Fig. 1, we can 
see that the distance between (002) and (200) peaks was 
slightly increased as particle sizes of powder decreased. 
This phenomenon indicated that the crystal structure 
was changed by particle size of powders in 0.95NKN-
0.05BT ceramics. Fig. 2 shows the lattice constant and 
the tetragonality of the 0.95NKN-0.05BT ceramics as 
particle sizes of powder decreased. It was found that the 
tetragonality(c/a) of 0.95NKN-0.05BT ceramics slightly 
increased as the particle size of powder decreased. It 
means that crystal structure of the 0.95NKN-0.05BT 
ceramics can be changed by not only the variation of 
composition but also that of particle size of powder. 
This should be attributed to the enlarged grain size with 
tetragonal phase owing to comparatively high solubility. 

Table 1. Particle size distributions of 0.95NKN-0.05BT calcined 
powders with secondary milling times.
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Fig. 3 shows the plot of reciprocal relative dielectric 
constant verse temperature of the 0.95NKN-0.05BT 
ceramics sintered with four different particle sizes of 
powder, which easily shows the diffused phase transition 
behavior of the peak of maximum dielectric constant. 
The Tm represent the temperature at which relative 
permitivity reaches the maximum and the TCW denotes 
the temperature from which relative permitivity starts to 
deviate from the Curie-Weiss law. The ΔTm, described 
by ΔTm = TCW - Tm), is used to define the degree of 

deviation from Curie-Weiss law. As you can see in the 
Fig. 3, Tm and TCW becomes increasingly closer as the 
particle size of the powder decreases, especially as it 
approaches submicron. We can see in this paper that ΔTm 
decreased when particle sizes of powder in 0.95NKN-
0.05BT ceramics were decreased, which suggests the 
decreased dielectric diffuseness. This phenomenon 
indicated that 0.95NKN-0.05BT ceramics showed a 
transition from relaxor-like ferroelectric, ascribed by 
typical feature in NKN and BT ceramics, to a normal 
ferroelectric as the particle size of the powder approaches 
submicron. This phenomenon may be caused by various 

Fig. 1. X-ray diffraction patterns [16] of the 0.95NKN-0.05BT 
ceramics as particle size of powders, Dmean, changed from a) 
14.31 μm, b) 1.27 μm, c) 0.96 μm, and to d) 0.91 μm.

Fig. 2. The dependence of particle sizes of powder on lattice 
constant and tetragonality in 0.95NKN-0.05BT.

Fig. 3. (1/ε – 1/εmax) and linear fitting of paraelectric region for 0.95NKN-0.05BT ceramics as a function of particle sizes of powder, 
(a) 14.31 μm, (b) 1.27 μm, (c) 0.96 μm, and (d) 0.91 μm.
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reasons. Guo et al reported that the relaxor property 
in NKN-based ceramics should attribute to cationic 
disorder induced by both A-site and B-site substitutions 
[25]. In the solid solution of 0.95NKN-0.05BT, Na, K 
and Ba ions occupy A-site and Nb and Ti ions occupy 
B-site of ABO3 perovskite structure. The ion disorder in 
NKN-BT perovskite might be one of the reason for the 
characteristics of relaxor-like ferroelectric as previously 
reported [26]. However, characteristics of relaxor-
like ferroelectric in 0.95NKN-0.05BT ceramics were 
changed a normal ferroelectric when the particle size of 
the powder had submicron size. This can be explained 
by comparatively high solubility, as we mentioned 
previously, as particle size of powder approaches to 
submicron. This result shows that, in addition to the 
various reasons previously reported [25, 26], the crystal 
structure and phase transition property can be changed 
by changes in the particle size of powder. 

In order to study the characteristics of 0.95NKN-
0.05BT ceramics as the particle size of the powder 
decreases, we investigated the diffusivity(γ) of 0.95NKN-
0.05BT ceramics. In this paper, the diffuseness of the 
0.95NKN-0.05BT ceramics by decreasing particle sizes 
can be determined from the modified Curie-Weiss law. 
The modified Curie-Weiss law is expressed as follow 
[27]:

Where εm is the maximum value of εr at the phase 
transition temperature Tm, γ is the degree of diffuseness, 
and C is Curie-Weiss constant. The parameter γ varies 
in the range from 1 for a normal ferroelectric, followed 
by Curie-Weiss behavior, to 2 for an ideal relaxor 
ferroelectrics. Zuo et al reported that the pure NKN 
ceramic has 1.03 of γ value [28]. Also BT ceramic is 
reported to have 1.25 of γ value [29]. As seen in Fig. 
4, the 0.95NKN-0.05BT ceramics, sintered by using the 
particle sizes above 1 μm, showed high value γ of about 
1.7, indicating that they have diffused phase transition 
property. However, the 0.95NKN-0.05BT ceramic 
sintered by using the particle sizes with submicron 
showed very low value γ of about 1.215. It can be 
interpreted that the solubility of 0.95NKN-0.05BT 
ceramics increase and crystal anisotropy increase as the 
particle size of the powder decreases to submicron. This 
result is consistent with XRD result, showing slightly 
increasing c/a tetragonality with decreasing particle sizes 
of powder.

Table 2 shows the variation of diffusivity of 0.95NKN-
0.05BT ceramics as particle sizes of powder decreased. 
From the results on the basis of Curie-Weiss law and the 
parameters like TCW, Tm, ΔTm and γ, it can be interpreted 
that the degree of the diffuseness as the particle sizes of 
powder decreased, and a typical relaxor-like behavior 
significantly was suppressed when sintered with the 
submicron particle sizes of powder in 0.95NKN-0.05BT 

Fig. 4. Plots of ln(1/ε – 1/εmax) vs ln(T – Tm) for 0.95NKN-0.05BT ceramics as a function of particle sizes of powder, (a) 14.31 μm, 
(b) 1.27 μm, (c) 0.96 μm, and (d) 0.91 μm.
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ceramics. Tang et al reported that another reason for 
high diffuseness might be the fine grain and large grain 
boundary volume [30]. Therefore, it can be concluded 
that the increase in grain size is responsibility for a 
transition from relaxor-like ferroelectric to a normal 
ferroelectric when sintered with submicron particle size 
of powder in 0.95NKN-0.05BT ceramics. Although the 
specific surface area was not measured in this paper, 
it was predicted that the specific surface area would 
increase as the powder size decreased [31]. Therefore, 
as the specific surface area increased, the driving force 
of sintering increased and the sintering characteristics 
improved, the temperature characteristics of ceramic 
became sharp, and the crystal structure also increased 
anisotropy. Based on these results, the diffusivity 
characteristics, which is the purpose of this paper, can 
be reduced.

Conclusion

We prepared the powders with four kinds of different 
particle sizes in order to investigate the variation 
of crystal structure and diffusivity in 0.95(Na0.5K0.5)
NbO3-0.05BaTiO3 ceramics by conventional solid-state 
reaction. The crystal anisotropy (c/a) slightly increased 
from 1.00989 to 1.00993 and diffusivity (γ) significantly 
decreased from 1.785 to 1.215, when the particle sizes 
of powder were decreased from 14.31 μm to submicron 
in 0.95(Na0.5K0.5)NbO3-0.05BaTiO3 ceramics. Depending 
on the particle sizes of powder, crystal structure and 
diffusivity were changed from relaxor-like ferroelectric 
to a normal ferroelectric. This results revealed that 
crystal structure of the 0.95NKN-0.05BT ceramics can 
be changed by not only the variation of composition 
but also that of particle size of powder. Also it showed 
that the diffusivity can be decreased by particle size of 
powder in 0.95(Na0.5K0.5)NbO3-0.05BaTiO3 ceramics.
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