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Abstract

The effects of pre-annealing on the microstructure development and piezoelectric properties for 0.95(K( sNag s)NbO3—0.05LiSbO3
(0.95KNN-0.05LS) ceramics were investigated. The pre-annealing suppressed the abnormal grain growth in both the undoped and
Mn-doped 0.95KNN-0.05LS ceramics. The pre-annealed samples possessed smaller abnormal grains, larger matrix grains, and a
broader grain size distribution compared to the samples sintered without a pre-annealing step. The pre-annealed samples presented
better dielectric and piezoelectric properties, a larger dielectric constant (e,) and electromechanical coupling factor (k,), and a smaller

dielectric loss factor (tan ).
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1. Introduction

Recently, lead-free piezoelectric ceramics have been
researched in order to replace Pb(Zr,Ti)Os-based ceramics
due to legislation regarding environmental restrictions.
(K,Na)NbO3(KNN)-based ceramics have shown promising
piezoelectric properties over the other lead-free piezoelectric
compositions such as (Bi,Na)TiOj;, Bi-layered structure
ferroelectrics, etc. [1-3]. However, it has been reported that
the preparation of KNN ceramic possessing a high density
and an optimum microstructure through conventional cera-
mic processes is not easy, due to a severe volatilization of the
alkali elements at high temperatures and/or cubic-shaped
grain morphology [4,5]. There has been some advancement
in enhancing the densities and piezoelectric properties of
KNN ceramics by adding dopants such as Na,O, CuO
and LiO, which form liquid phases at low sintering
temperature [6—10]. The ferroelectric properties of poly-
crystalline ceramics are dependent on the microstructure as
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well as the density. There have been many reports regarding
the dependence of the electrical properties on the micro-
structure in many piezoelectric ceramics such as BaTiOs,
PbTiO;, Pb(Zr,Ti)O5 and so on [11-14]. Although grain size
control is very important in achieving high quality KINN-
based ceramics, to date only a few studies on the grain
growth behavior have been done regarding KNN-based
ceramics.

When KNN-based ceramics are sintered at a high
temperature in order to obtain a dense microstructure,
an abnormal grain growth (AGG) has been frequently
observed [4,6-12]. The AGG produces a bimodal grain size
distribution and makes it difficult to control the micro-
structure and piezoelectric properties of the KNN ceramics
[6-10]. Zhen et al. reported that the AGG was accelerated
by the formation of a liquid phase and the volatilization of
the alkali in Li/Ta-modified KNN ceramics [4,14]. AGGs
have been observed above a certain temperature (Tagg)
where an alkali volatilization is expected; the Thgg was
lowered when the liquid phase was formed by doping the
ceramic with low-temperature melting additives [6—10].

AGGs have been reported to occur in materials with
atomically faceted grain boundaries like KNN, and are
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thought to be caused by 2-dimensional (2D) nucleation
of steps on grains [6,7,15,16]. Fisher et al. reported that
the reducing atmosphere during sintering caused a delay
in the onset of the AGG and a reduction in the amount
of the AGG in KNN ceramics [15]. They explained
that the oxygen vacancies generated in the reducing
atmosphere decreased the step free energy and thereby
affected the grain growth behavior [15]. The decrease
in the edge free energy reduced the critical driving force
necessary for the 2D nucleation-controlled grain growth
and changed the grain growth behavior from abnormal
to pseudo-normal followed by abnormal growth [15].
Kim et al. also explained that the liquid phase
reduced the critical driving force needed for a rapid
growth of faceted grains and resulted in AGGs at low
sintering temperatures in Na,O or Li,O-doped KNN
ceramics [6,7].

Recently, dense ceramics with nano-sized grains have been
successfully prepared using a two-step sintering process, in
which the sample is first heated to a high temperature and
then rapidly cooled and held at a lower temperature to make
it fully dense [17,18]. Fang et al. demonstrated that by using
this two-step sintering process a sound sintered density could
be obtained in KNN-based ceramics over a wide sintering
temperature range [19]. These KNN-based ceramics still had
bimodal grain distributions. Their bimodal distribution
indicated that AGG occurred during the first step, in which
the sample was heated to a very high temperature for a very
short time. Therefore, this two-step sintering process does
not seem to be effective in the control of AGGs in KNN-
based ceramics.

In this work, we attempted to suppress AGGs in
KNN-based ceramics by adopting a different two-step
sintering process from that presented by Fang et al.
[17-19]. We pre-annealed 0.95(K, sNag 5)NbO3—0.05LiSbO;
(0.95KNN-0.05LS) ceramic samples at a lower temperature
than the final sintering temperature; the pre-annealing
temperature was selected to be a little less than the AGG
initiating temperature. 0.95SKNN—0.05LS ceramics were also
prepared by the normal sintering process without a pre-
annealing step for comparison. The effects of the pre-
annealing on the microstructure development and piezo-
electric properties were then investigated.
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2. Experimental

K,CO; (High Pure Chemicals, 99%), Na,CO; (High Pure
Chemicals, 99%), Li,CO; (High Pure Chemicals, 99%),
Nb,Os (High Pure Chemicals, 99.9%), and Sb,O5 (High Pure
Chemicals, 99.9%) powders were weighed into the desired
mole ratio, 0.95KNN-0.05LS and mixed by ball-milling for
16 h in plastic bottles with ethanol and yttria-stablized zirconia
(YSZ) balls. After drying, the mixed powder was calcined at
800 °C for 3h and then at 950 °C for 3 h. The calcined
powder was ball-milled again after adding 1 wt% polyvinyl
butyral. 1 wt% MnO, was added to the calcined powder in
the Mn-doped 0.95KNN-0.05LS sample before ball-milling.
The compacted 9 mm diameter disks were formed by uni-axial
pressing and heat-treated at 600 °C for 5 h in order to burn-
out the binder. The pressed samples were sintered using two
different heating schedules: with and without pre-annealing.
A group of samples were sintered at 1080—1100 °C for 3 h (the
single-step sintering); the others were sintered at 1080-1100 °C
for 3 h after pre-annealing them at 1060 °C for 3 h (the two-
step sintering). All of the samples were heated at the rate of
200 °C/h and furnace-cooled. The phases of the calcined and
sintered samples were identified using X-ray diffraction
analysis (XD-DI1; Shimadzu, Japan). The density of the
sintered sample was measured by the Archimedes method.
The surface morphologies were observed using a scanning
electron microscope (Quanta 200, FEI).

Silver paste was printed onto the sintered samples and fired
at 750 °C for 10min for the electrical measurements.
A 3KV/mm electric field was applied to the samples for
10 min at 100 °C for dipole alignment, a process called poling.
The dielectric properties of the samples were measured using
an impedance analyzer (HP 4192 A). The ferroelectric P-E
(polarization—electric field) hysteresis characteristics were ana-
lyzed using a ferroelectric tester (RT66A, Radiant Co.) and a
high voltage amplifier (609E-6, Trek Co.). The piezoelectric
constant ds3 was measured using a Berlincourt-type 33 meter
(YE2730A, APC International Ltd.).

3. Results

Fig. 1 shows the XRD patterns of (a) the undoped
0.95KNN-0.05LS and (b) the Mn-doped 0.95KNN-0.05LS
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Fig. 1. The X-ray diffraction patterns of the (a) undoped and (b) Mn-doped 0.95KNN-0.05LS ceramics.
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Fig. 2. The surface morphologies of the undoped 0.95KNN-0.05LS ceramics sintered (a) at 1060 °C for 3 h, (b) at 1100 °C for 3 h, and (c) at 1100 °C for
3 h after pre-annealing at 1060 °C for 3 h and the Mn-doped ceramics sintered (d) at 1060 °C for 3 h, (e) at 1080 °C for 3 h, and (f) at 1080 °C for 3 h after

pre-annealing at 1060 °C for 3 h.

samples. The XRD patterns of the conventionally sintered
samples and the two-step processed samples were compared.
The undoped samples seen in Fig. 1(a) were sintered using
either conventional sintering conditions (1060 °C and
1100 °C) or the two-step processing (pre-annealing at
1060 °C for 3h and sintering at 1100 °C for 3 h). The
Mn-doped samples in Fig. 1(b) were also sintered by using
either the conventional sintering method (at 1060 °C and at
1080 °C for 3h) or the two-step sintering process (pre-
annealed at 1060 °C and then sintered at 1080 °C for 3 h).
The morphotropic phase boundary (MPB) composition of
the KNN-LS ceramic was found to be about 0.948KNN-
0.052LS; the crystal structure was orthorhombic at an LS
content smaller than the MPB composition and tetragonal
for an LS content larger than the MPB [20,21]. As shown in
Fig. 1, a single perovskite phase was observed without any
impurity phase in both the undoped and Mn-doped
0.95KNN-0.05LS ceramics. The crystal structure of the
undoped 0.95KNN-0.05LS sample was orthorhombic when
sintered at 1060 °C for 3 h and changed to tetragonal when
sintered at 1100 °C for 3 h, both with and without the pre-
annealing step. In the Mn-doped samples the crystal struc-
ture also changed from orthorhombic to tetragonal at the
sintering temperature of 1080 °C, as shown in Fig. 1(b). This
crystal structure change from orthorhombic at the low
sintering temperature to tetragonal at the high sintering
temperature has been reported and claimed to result from
the compositional change due to the volatilization of alkali
metal oxides during high temperature sintering [19,22,23].
The composition of this work, 0.95SKNN-0.05LS is very
near to the reported MPB composition of 0.948KNN-
0.052LS. Therefore, the crystal structure change in Fig. 1
seems to be caused by the evaporation of the Na and/or K
which results in an increase in the Li/(K+ Na+ Li) ratio.

The surface morphologies of the undoped 0.95KNN-
0.05LS and Mn-doped 0.95KNN-0.05LS ceramics are
shown in Fig. 2. The insets present optical micrographs
at a low magnification. The undoped 0.95KNN-0.05LS
ceramic sintered at 1060 °C seen in Fig. 2(a) displays a
uniform microstructure with a small grain size of less than
I pm. Large grains at around 100 pym, however, are
observed in the small matrix grains when sintered at
1100 °C as shown in Fig. 2(b). This is a typical micro-
structure caused by abnormal grain growth (AGG) and
has been reported in many KNN-based ceramics [4,6—12].
The AGG is also observed in the sample sintered at
1100 °C for 3 h after pre-annealing at 1060 °C for 3 h,
however it is less severe compared to that sintered at
1100 °C for 3 h without a pre-annealing step, as shown in
Fig. 2(c). Fig. 2(b) and (c¢) demonstrate that the pre-
annealing reduced both the number and average size of
the abnormal grains. The undoped 0.95KNN-0.05LS
sample sintered with a pre-annealing step had larger matrix
grains and a broader grain size distribution compared to
the sample sintered without a pre-annealing step. A uni-
form microstructure possessing small grains of less than
1 pm is also observed in the Mn-doped 0.95KNN--0.05LS
ceramic sintered at 1060 °C, as shown in Fig. 2(d). Fig. 2(e)
and (f) shows that AGG occurred in the Mn-doped samples
sintered at 1080 °C both with and without the pre-annealing
step. Just as found in the undoped 0.95KNN-0.05LS
sample, the Mn-doped sample with the pre-annealing step
showed smaller abnormally grown grains, larger matrix
grains, and a broader grain size distribution compared to
the sample without a pre-annealing step.

The properties of the 0.95KNN-0.05LS ceramics are
listed in Table 1. The samples with the pre-annealing step
have larger densities, which indicate that the pre-annealing
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Table 1
Properties of the undoped and Mn-doped 0.95SKNN-0.05LS ceramics.
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Composition Sintering condition Density Dielectric constant Dielectric loss (tan 8) Electromechanical
(g/em?) at 1 MHz at 1 MHz coupling factor, kj
Undoped 0.95KNN-0.05LS 1100 °C/3 h 4.189 821 0.064 0.332
1060 °C/3 h 4314 1084 0.044 0.396
+1100 °C/3 h
Mn-doped 0.95KNN- 1080 °C/3 h 4.378 974 0.036 0.398
0.05LS 1060 °C/3 h 4416 1084 0.034 0.406
+1080 °C/3 h
a 2000 b 2000
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Fig. 3. The dielectric properties of the (a) undoped and (b) Mn-doped 0.95KNN-0.05LS ceramics.

improved the densification. As shown in Fig. 2 and
Table 1, the Mn-doped 0.95KNN-0.05LS, ceramic sin-
tered at 1080 °C had larger matrix grains and larger
densities than the undoped ceramics sintered at 1100 °C,
even though the sintering temperature of the Mn-doped
ceramic was lower by 20 °C. The temperature for the AGG
onset was lower by about 20°C in the Mn-doped
0.95KNN-0.05LS ceramic compared to the undoped
sample. The addition of MnO, or MnO has been reported
to facilitate grain growth and densification, and thereby
lower the temperature needed for densification and abnor-
mal grain growth in KNN-based ceramics [24,25].

The dielectric and ferroelectric properties of the
0.95KNN-0.05LS ceramics are illustrated in Figs. 3 and
4, respectively. Fig. 3(a) illustrates that the dielectric
constant and loss rise with the decrease in the measuring
frequency in the undoped 0.95KNN-0.05LS ceramic at
1100 °C (single-step sintering) whereas the sample employ-
ing the pre-annealing step (two-step sintering) has stable
frequency characteristics for the dielectric constant and
loss. However, stable frequency characteristics for the
dielectric constant and loss are shown in the Mn-doped
samples sintered both with and without a pre-annealing
step (Fig. 3(b)). The undoped 0.95KNN-0.05LS ceramic
sintered at 1,100 °C (single-step sintering) had a leaky
ferroelectric P—-E hysteresis loop. The sample employing
the pre-annealing step had a well-saturated P-E hysteresis
loop, as shown in Fig. 4(a). Fig. 4(b) demonstrates a well-
saturated P-E hysteresis loop in the Mn-doped samples
both with and without a pre-annealing step. The samples

with a pre-annealing step also had better dielectric and
piezoelectric properties as shown in Table 1, i.e. a larger
dielectric constant (&) and electromechanical coupling
factor (kp), and a smaller dielectric loss factor (tan §).
The enhancement of the electrical properties by pre-
annealing was slight in the Mn-doped sample compared
to the undoped sample.

4. Discussion

It has been reported that ceramics with faceted grain
boundaries like KNN-based ceramics develop abnormal
grain growth through two-dimensional (2D) nucleation
and growth during liquid phase sintering [6,7,15,16,26].
The AGG has been reported to be closely related to the
formation of the interfacial liquid phase [4,6-10,14-16,
26-28]. The formation of the interfacial liquid phase has
been reported in KNN-based ceramics by a partial melting
at the temperature above the solid—liquid phase line in
KNN-based ceramics [28]. And the melting temperature is
around 1100 °C in KNN with Na/K =50/50 and depends
on the exact composition of KNN-based ceramics [28].

The uniform grain distributions observed in the pre-
annealed samples, as shown in Fig. 2(a) and (d), indicate
that the normal grain growth occurred during the pre-
annealing. Many abnormally grown grains appeared
abruptly only by a temperature increase of 2040 °C above
the pre-annealing temperature as shown in Fig. 2. There-
fore, the AGGs observed in this work also seem to be
facilitated by the formation of the liquid phase during the
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Fig. 4. The ferroelectric P-E hysteresis loops of the (a) undoped and (b) Mn-doped 0.95KNN-0.05LS ceramics.

final sintering process. Fig. 2 demonstrates that the pre-
annealing at 1060 °C for 3 h inhibited the AGG. It
decreased the number and the size of the abnormal grains
while increasing the average size of the matrix grain in
both the undoped and Mn-doped 0.95KNN-0.05LS cera-
mics. The suppression of the AGG by the pre-annealing is
thought to be caused by the reduction in the driving force
given due to overall grain growth during the pre-annealing
process. It is worth emphasizing that the pre-annealing
temperature should be a little below the liquid phase
formation temperature for the suppression of the AGG.
The reduction of the AGG amount has been observed
when the KNN ceramics were sintered in a reducing
atmosphere [15]. However, sintering in a strongly reducing
atmosphere would produce KNN ceramics with a low
resistivity due to the great number of ionic defects. The
pre-annealing process in air could be an effective method
to suppress the AGG without losing insulating resistance
in KNN-based ceramics.

Mn-doping is known to facilitate the grain growth and
densification of KNN-based ceramics [24,25]. Manganese
has been reported to replace the B site ions and generate
oxygen vacancies for charge neutrality in ABOj; perovskite
compounds like BaTiO; and Pb(Zr,Ti)O3 [29]. A similar
effect is also observed in Fig. 2 and Table 1. It is
considered that the Mn-doping reduces the AGG onset
temperature and increases the density and matrix grain size
due to the decrease of the liquid formation temperature
and the generation of oxygen vacancies.

The undoped 0.95KNN-0.05LS ceramic sintered at
1100 °C without the pre-annealing step displays a high
dielectric loss at low frequencies and a leaky P—E hysteresis
loop, as shown in Figs. 3 and 4(a). A high dielectric loss at
1 kHz and a leaky P-E hysteresis loop have also been
observed in KNN-based ceramics sintered at a low
temperature, they also had a low density and a very small
grain size [30]. The porous matrix region with very small
grains in the undoped sample without the pre-annealing
step might lead to a high dielectric loss at low frequencies,
the leaky P—E hysteresis loop, and the poorer piezoelec-
tric properties seen in Table 1. The matrix region with
the larger grains and denser microstructure in the
undoped 0.95KNN-0.05LS ceramic sintered at 1100 °C

after pre-annealing might give the stable frequency char-
acteristics in the dielectric properties. The Mn-doped
0.95KNN-0.05LS ceramic sintered at 1080 °C demon-
strates a stable dielectric property and a well saturated
P-E hysteresis loop even when sintered without a pre-
annealing step, as shown in Figs. 3 and 4(b). This is
because the sample has larger matrix grains and a denser
microstructure which is indicated by the larger density
shown in Table 1. The Mn-doping has been reported to
reduce the dielectric loss in KNN-based ceramics [24] and
the Mn-doping in this work also seems to have a role to
improve the dielectric and ferroelectric properties. The
dielectric and piezoelectric properties are enhanced by pre-
annealing in both the undoped and Mn-doped 0.95KNN-
0.05LS ceramics probably due to the higher density and
larger matrix grain size, as shown in Table 1.

5. Conclusion

An abnormal grain growth was observed in both the
undoped and Mn-doped 0.95KNN-0.05LS ceramics sin-
tered at 1080 °C and 1100 °C, respectively. Pre-annealing
at 1060 °C for 3 h before the sintering suppressed the
abnormal grain growth in both undoped and Mn-doped
0.95KNN-0.05LS ceramics. The pre-anncaled samples
showed a lesser degree of abnormal growth behavior, i.e.
larger matrix grains and a broader grain size distribution
than that found for the samples sintered without the pre-
annealing step. The Mn-doped 0.95KNN-0.05LS ceramics
had larger matrix grains, higher densities and lower onset
temperature for the abnormal grain growth than the
undoped ceramics. The pre-annealed samples have better
dielectric and piezoelectric properties: a larger dielectric
constant (g;) and electromechanical coupling factor (kp),
and a smaller dielectric loss factor (tand). The pre-
annealing is an effective process that improves electrical
properties as well as suppresses abnormal grain growth in
0.95KNN-0.05LS ceramics.
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