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INTRODUCTION

Piezoelectric devices such as the ultrasonic motors, 
transformers, and actuators have received considerable 
attention due to their wide range of applications (Saito et 
al., 2004). Lead-zirconate-titanate (Pb(Zr,Ti)O3 or PZT)-
based ceramics have been used for these devices because of 
their outstanding piezoelectric properties (Jaffe et al, 1971). 
However, PZT-based ceramics contain more than 60 wt% of 
PbO, which causes serious environmental problems. There 
has been an increasing number of investigations on lead-
free piezoelectric ceramics such as BaTiO3, (Bi1/2Na1/2)TiO3, 
and (Na0.5K0.5)NbO3 (NKN) (Rodel et al., 2009). Among 
these materials, NKN-based ceramics have attracted much 
attentions because of their high piezoelectric properties 
and high Curie temperature (Tc) (Jarupoom et al., 2008). 
However, NKN ceramics decompose easily in water, and Na2O 
(or K2O) evaporates during sintering at high temperatures 

(>1,000oC). Therefore, it is very difficult to obtain dense 
NKN ceramics with homogeneous composition and reliable 
piezoelectric properties. To overcome this problem and to 
improve the piezoelectric properties, many investigations 
have been conducted on NKN-based solid solutions (Park 
et al., 2010). In particular, (1-x)NKN-xLi(Nb, Ta, Sb) solid 
solutions have been studied extensively because of their 
promising piezoelectric properties (Guo et al., 2004). The low-
temperature sintering of NKN-based ceramics has been also 
studied to prevent the evaporation of Na2O (or K2O) during 
sintering.
The KNbO3 (KN) ceramic could also be a candidate for lead-
free piezoelectric ceramics since KN single crystal exhibited 
good piezoelectric properties and high Tc (Nakamura et al., 
2002). However, densification of the KN ceramics using the 
conventional solid-state method was very difficult because 
of the evaporation of K2O and formation of unwanted 
secondary phases (Birol et al., 2005). Therefore, special 
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synthesis methods such as hot pressing (Jaeger and Egerton, 
1962), sintering under an O2 atmosphere (Birol et al., 2005), 
and the addition of sintering aids (Kakimoto et al., 2004) were 
used to obtain dense and homogeneous KN ceramics. Two 
time calcination method with a cold isostatic press was also 
used to obtain dense KN ceramics via the conventional solid-
state process (Hajime et al., 2007). However, the sintering 
temperature used in this method was 1,050oC, which is very 
close to the melting temperature of KN ceramics (1,058oC) 
(Irle et al., 1991). 
Recently it was reported that the homogeneous KN phase was 
developed in the specimens sintered at 1,020oC and 1,040oC 
without the formation of the K2O-deficient secondary phase 
and a small amount of the KN phase melted during sintering 
and assisted the densification and the abnormal grain growth 
(Kim et al., 2014). In present investigations, the detailed 
observations on the sintering mechanism of KN ceramics 
were carried out using high resolution transmission electron 
microscopy (HRTEM). 

MATERIALS AND METHODS 

Using conventional solid-state synthesis, KN ceramics were 
prepared. The oxide compounds of K2CO3, and Nb2O5 (>99%, 
all from High Purity Chemicals, Japan) were mixed with 
zirconia balls in a plastic jar for 24 hours and then dried. The 
dried powders were calcined at 600oC for 4 hours and then 
heated at 1,000oC for 4 hours. The calcined KN powders were 
re-milled, dried, and pressed into discs under a pressure of 
100 kgf/cm2 and sintered at 1,020oC and 1,040oC for various 
periods of time. The thickness and diameter of each specimen 
were 1.0 and 14.0 mm, respectively. The detailed sample 

preparations and their electrical properties are described 
elsewhere (Kim et al., 2014). The transmission electron 
microscopy (TEM) specimens were obtained by ultrasonic 
cutting into 3 mm diameter disks and then mechanically 
polishing to a thickness of 100 μm. Then the central parts of 
disk were further reduced to 10 μm by mechanical dimpling. 
The perforation of the sample was carried out by precision 
Ar-ion milling (Gatan, 691) at an accelerating voltage of 3 kV. 
The specimens were investigated by FEI Technai (F30) field 
emission gun TEM operating at 300 kV equipped with a post-
column Gatan imaging filter (GIF Tridem) and scanning 
transmission electron microscopy unit. 

RESULTS AND DISCUSSION

Fig. 1 shows a bright-field (BF) TEM image of KN ceramics 
sintered at 1,040oC for 1 hour. The grains have a flat square 
or rectangular boundaries rather than rounded shapes. These 
grains are cube or orthorhombic shapes in three dimensions 
when they are observed by scanning electron microscopy. 
There are several liquid triple junctions at the places where 
these grains are met. A stripe like ferroelectric domains is also 
seen inside the grains. Particularly in these ceramics, a certain 
grain has a separated group of small particles as indicated by 
an arrow. We refer to these particles as liquid pocket of KN 
and will describe them in detail. 
Fig. 2 shows the HRTEM image of the grain boundaries of 
KN ceramics. This image is a reproduced enlarged image of 
Fig. 7(a) reported by Kim et al. (2014) for further detailed 
explanations. The lower grain has aligned with (001) plane 
parallel to the beam direction, which can be identified 
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Fig. 1. Bright-field transmission electron microscopy micrograph of 
KNbO3 ceramics sintered at 1,040oC for 1 hour. 
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Fig. 2. High resolution transmission electron microscopy image of 
KNbO3 ceramics sintered at 1,040oC for 1 hour showing the ledged grain 
boundary structure.
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from the diffraction pattern with [001] zone axis. The grain 
boundary has the amorphous layers with the thickness of 
two atomic spacing. This layer was originally liquid phase 
at the sintering temperature and then transformed into 
amorphous solid phase when the specimens is cooled to 
room temperature after sintering. There are more than three 
ledged structures of about one atomic height present in 
this grain boundary as indicated by numbers. The intervals 
are approximately 3.0, 3.5 and 7.4 nm respectively. During 
the sintering, the grain growth might occur by the lateral 
migration of these ledges through the liquid phase which are 
present between them. 
Fig. 3 shows a BF TEM images of KN demonstrating the 
KN liquid pockets formed inside the grain. These pockets 
are formed by the process of melting of KN at the sintering 
temperature. The melting starts at the surface of the crystal 
and then proceeds into the grain. 
The liquid pockets have appeared to have somewhat a 
variety of shapes. The pockets as indicated by an arrow in 
Fig. 3A shows the rectangular shape with the anisotropic 

shape with the aspect ratio of 1.75, while the one which are 
located at the right side has the square shape with the ratio 
of 1.0. The pocket as indicated by an arrow in Fig. 3B has the 
shape of rounded ones. Since the crystal structure of KN at 
sintering temperature is simple cubic, it is expected that the 
liquid pocket wound have the square shape parallel to [001] 
direction. This implies that another kinetic factor might be 
involved in the formation of the liquid pockets. The high 
density of these liquid pockets is found in a certain KN grain 
as shown in Fig. 3C. The important fact is that when these 
liquid pockets are observed at room temperature by TEM, at 
least two processes are involved. One is the formation of liquid 
pocket by melting at sintering temperature and another is the 
recrystallization of the liquid phase by solidification process at 
the lower temperature during cooling to room temperature. 
When the liquid phase fails to recrystallize, it remains as the 
solid amorphous phase.
Kim et al. (2014) reported in their Fig. 6, the liquid pocket 
remained as amorphous. The composition of the liquid phase 
from EDX spectra, indicated that the ratio of K+ and Nb5+ 
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Fig. 3. Bright-field transmission electron microscopy micrographs of KNbO3 showing the various shapes of liquid pockets: (A) rectangular shape, (B) 
rounded one, and (C) high density of liquid pockets in a grain. 
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Fig. 4. High resolition transmission elec
tron microscopy image of liquid pockets 
in a grain: (A) completely crystallized and 
partially crystallized (B) liquid pocket 
connected to grain boundary (GB).
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ions existing in the liquid phase was 1.0:1.3. A similar result 
was also observed in the matrix phase. 
Fig. 4A shows HRTEM images of other KN liquid pockets. 
The pocket numbered as I has transformed to crystal KN 
during the cooling to room temperature and the pocket II has 
partially transformed into the crystalline phase from the left 
side. The liquid pockets left the finger prints of their original 
boundary when they were melted during the sintering and 
were recrystallized during cooling to room temperature. 
The reason why the finger prints are remained is not clear; 
however, there might be slight misorientations between the 
parent phase and a newly forming phase, thus resulting a 
low angle interphase boundary between them. In Fig. 4B, the 
liquid pocket has joined the KN grain boundary. Then the 
pocket could supply the liquid phase to the grain boundaries 
and enhance the abnormal grain growth during sintering 
process. The both sides of the pocket consist of ledges. 
Fig. 5 shows another HRTEM image of almost square liquid 
pocket. For convenience we designate the four interfaces as 
I, II, III, and IV respectively in counterclockwise direction 
from the bottom side of the right. The pocket has partially 
transformed mainly from both sides of II and III. It is difficult 
to identify the growth front mainly due to the weak contrast 
in the image. 
It was found that the abnormal grain growth during the liquid 
phase sintering of ceramic materials was explained by the fact 
that the grains having atomically smooth interfaces grow by 
a two-dimensional nucleation mechanisms (Jo et al., 2006). 
These nuclei play an important role as growth ledges through 
the lateral migration of grain boundaries which are in contact 
with liquid phase. The mechanism seems to operate in KN 
grain boundaries as shown in Fig. 2. 
The dissolution of KN crystal in the pocket during the 
sintering process and recrystallization during cooling to room 

temperature are governed by the lateral migration of these 
ledges. The density of these mobile ledges is the main factor in 
kinetics in dissolution and recrystallization. It was found that 
the lateral migration of growth ledges were common growth 
mechanism in the precipitation processes in metallic systems 
and especially the corners in the liquid pocket are possible 
sources for supplying the growth ledges (Aaronson et al., 
1978). Therefore, the overall shapes of the liquid pockets were 
determined by these activities of these growth ledges as shown 
in Fig. 3. 
The liquid pocket has started to be formed by the dissolution 
of KN through the screw dislocations at the surface of 
KN crystal. Probably a small amount of K2O could have 
evaporated during the sintering process, resulting in the 
formation of the K2O-deficient KN ceramics further lowers 
the melting point of KN from 1,058oC (Irle et al., 1991). 

CONCLUSIONS

A homogeneous KN phase was developed in the specimens 
sintered at 1,040oC without the formation of the K2O-
deficient secondary phase. It was found that a small amount 
of the KN phase has melted during the sintering process and 
assisted the densification and abnormal grain growth. The 
ledged structures were found at the KN grain boundary and 
the abnormal grain growth was performed by the lateral 
migration of these ledges in the presence of the liquid phase. 
The liquid pockets were found in the KN grains. They have 
various external shapes mainly due to the kinetic factors. 
They have atomically flat interfaces with some ledges with 
one atomic height. The slight deficient K2O might slightly 
reduce the melting point of KN from the reported at 1,058oC 
(Irle et al., 1991). The liquid pockets play an important role in 
supplying the liquid phase during the abnormal grain growth 
in the sintering process of KN ceramics.
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Fig. 5. High resolution tansmission electron microscopy image of highly 
magnified  partially transformed liquid pocket in a KNbO3 grain.
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