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Abstract

In this article, various amounts of CaTiO; (CT) were added into (Nag 52K 4)NbO3; (NKN) ceramics using conventional oxide-mixing method
for improving NKN’s properties. The experimental results show that the (1 — x)(Nag 55K 45)NbO3—xCaTiO3 (x=0~0.07) solid solution system
can be successfully synthesized. Addition of CaTiOs not only effectively prevents materials from deliquescence, but also improves the density and
the electrical properties of the ceramics. The dielectric constant—temperature (¢,— 7) curves exhibit that the temperatures of the Curie point (7)
and the phase transition from tetragonal to orthorhombic (7o_7) are decreasing monotonously as the amount of CT addition is increased.
A morphotropic phase boundary (MPB) can be found in the (1 — x)NKN — xCT solid solution system as the doping amount of x=0.03, and the
0.97NKN-0.03CT ceramics, with a high bulk density, 98% theoretical density, and an appropriate grain size of about 1~2 pm, present a

superior domain switching ability and the optimum properties: d33=117 pC/N, k,=0.39, P,.=21 pC/em?, and 7,=1333 °C.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Piezoelectric ceramics based on lead zirconate titanate
(PZT) are widely used in actuators and sensors as well as
microelectronic devices due to their outstanding piezoelectric
and electrical properties [1,2]. However, the use of lead-based
ceramics has caused serious environmental problems because
of the high toxicity of lead oxide and its high vapor pressure
during sintering. Owing to the environmental protection and
human health, numerous investigators have been developing
alternative materials to replace PZT ceramics. Recently,
considerable attention has been paid to lead-free (K,Na;_,)
NbO3; (KNN) ceramics because of their relatively good
piezoelectric properties and high Curie temperature of
420 °C, especially near a polymorphic phase boundary at y=
0.5 where separating orthorhombic and tetragonal phases
[3,4]. However, it is well known that the KNN ceramics are
difficult to densify by common sintering method and they
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decompose when exposed to humidity [5]. To improve the
sinterability and deliquescence of KNN ceramics, different
additions have been added into KNN to form solid solution,
such as KNN-Li(Nb,Ta)O5 [3], KNN—Li,Sb)NbO; [4], and
KNN—(Bij sNag 5)TiO5 [6]. These KNN-based ceramics show
relatively superior piezoelectric properties because of the
formation of so-called morphotropic phase boundary (MPB)
[6]. Furthermore, it was reported that the doping of alkaline-
earth titanates can promote the densification of KNN
ceramics by creating A-site vacancies in case of KNN crystals
to enhance the sintering mechanism, and hence improve their
properties [7-12]. In the present work, CaTiO;3 (CT) has been
added into Nag5K4sNbO3; (NKN) ceramics in order to
investigate systematically the effects of CaTiO; addition on the
microstructures, phase transition behavior, and electrical
properties of Nag 5K 4sNbO3 ceramics.

2. Experimental procedures

Polycrystalline ceramic samples of (1—x) (Nags5:Kgag)
NbO;—xCaTiO3 (x=0—0.07) were prepared using solid-state
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reaction. Stoichiometric amount of Na,CO3, K>COs, Nb,Os,
CaCO;, and TiO, powders (> 99.5% purity) were mixed and
ball-milled in ethanol with zirconia mill media for 24 h and
then dried. The dried mixture was calcined at 950 °C for 5 h.
The calcined powders were uniaxially pressed into pellets
under 50 MPa and then sintered at 1100-1140 °C for 2 h in
air. In order to prevent the loss of K™ and Na™, the pellets
were buried in a plenty amount of protective powder with the
same composition during sintering. The density of the sintered
pellets is determined by Archimedes’ method. The structure of
the bulks was analyzed using a Rigaku D/max-B x-ray
diffractometer (XRD) with monochromatic Cu K, radiation.
The electrical properties of the ceramic samples were measured
using silver electrodes. The polarization versus electric field
(P-E) behavior was characterized at room temperature and
60 Hz using a modified Sawyer—Tower circuit. The tempera-
ture dependence of dielectric constant (¢,— 7) under weak
electric field was measured at 100 kHz with an impedance
analyzer (HP-4194, Hewlett-Packard) in conjugation with a
tube furnace during heating at a rate of 5°C/min. The
piezoelectric constant d;; was measured using a ZJ-2 type
quasi-static meter (Channeal CADT-3300) at 100 Hz. Micro-
structural observations were performed using a Hitachi S-4700
scanning electron microscope (SEM) and a Philips Tecnai-20
transmission electron microscope (TEM) operating at 15 kV
and 200 kV, respectively.

3. Results and discussion

The pure NKN ceramics can be densified, having a
relative density of ~94% T.D. (theoretical density of
NKN is 4.51 g/em?) after sintering. Adding CT to NKN
can effectively promote densification. The relative density
increases significantly with increasing CT content of up to
a 3 mol% CT addition, in which the density reaches up to
98%T.D, and then the density of the samples decreases
slightly with increasing CT content, around 96-97%T.D.,
for Smol% and 7mol% CT-doped ones. Besides, it is
noteworthy that the doped samples are able to avoid
effectively the deliquescence of NKN ceramics.

Fig. 1 shows the XRD patterns of the (1 — x)NKN-—xCT
ceramics with x=0-0.07 in the 20 range of 20°-60° at
room temperature. All the samples showed a pure per-
ovskite phase and no secondary phase was detected by
XRD. It can be seen that pure NKN ceramics (x=0) have
an orthorhombic structure. The crystal structure, however,
started to change from orthorhombic to tetragonal when
x >0.03 and the variation was completed at x=0.07. The
results imply that the MPB, in which both the orthorhom-
bic to tetragonal phases coexist, corresponds to the
composition of 0.03 < x <0.05.

Incorporation of the CT additives not only alters the
crystal structure of the NKN ceramics, but also modifies
significantly their microstructures. The typical SEM micro-
graphs and the corresponding grain size distributions shown
in Fig. 2 for the (1 — x)NKN—xCT ceramics indicate that the
grain size becomes smaller gradually with the increase of the
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Fig. 1. X-ray diffraction patterns of the (1 — x)NKN-xCT ceramics in the
range of 260 from 20° to 60°.
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Fig. 2. SEM micrographs and grain size distributions of the (1 —x)NKN—
xCT ceramics: (a) x=0, sintered at 1110 °C for 2 h; (b) x=0.03, sintered
at 1120 °C for 2h; (c) x=0.05, sintered at 1120 °C for 4 h; and (d)
x=0.07, sintered at 1140 °C for 2 h.

CT content, and the doped ceramics have more uniform size
distribution and are denser than that of the pure NKN.
The temperature dependence of the dielectric constant (g,)
of the (1 — x)NKN-xCT ceramics is shown in Fig. 3(a), which
shows that pure NKN ceramics (x=0) have two phase
transition peaks at 391 and 189 °C, corresponding to the
cubic-tetragonal (7)) and tetragonal-orthorhombic (7o_ 1)
transitions, respectively. For the samples with x=0.03, the
two phase transition peaks are observed, similar to those of
pure NKN. However, the addition of a small amount of CT
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Fig. 3. (a) Temperature dependence of the dielectric constant measured at

100 kHz; (b) variations of the phase transition temperature 7. and To_ 7

with x for the (1 —x)NKN-xCT ceramics.

additive causes the two transition peaks to shift to lower
temperatures and the maximum value of dielectric constant at
these temperatures also decrease. As the CT content is greater
than 0.03, only a cubic-tetragonal transition peak can be
observed. Besides, it should be noticed that the peak becomes
broader appreciably, which exhibits a relaxor-like ferroelectric
transition behavior, for the samples with x=0.05 and 0.07. It
is suggested that the dispersion in phase transition is due to
the microscopic composition fluctuation or the cation dis-
order in perovskite lattice since non-ferroelectric materials,
such as CaTiOj in this case, are added [7,11].

The variations of the phase transition temperature 7, and
To 7 with x for the (1 — x)NKN-xCT ceramics are shown in
Fig. 3(b), which indicates that the T, and T,_7 are decreasing
monotonously as the amount of CT addition is increased.
Furthermore, the Tp_ris reduced below room temperature for
x > 0.05, indicating that the CT addition stabilizes the tetra-
gonal phase. A MPB between ferroelectric orthorhombic and
tetragonal phases in the (1—x)NKN-xCT solid solution
should exist approximately at the doping amount of
x=0.03, which is coincident with the XRD results in Fig. 1.

Fig. 4 shows the piezoelectric constant ¢33 and the electro-
mechanical coupling factor k, of the (1 —x)NKN-xCT
ceramics as a function of x. The k, shows the same tendency
with ds3. The best properties of these samples exist at the MPB
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Fig. 4. Variations of ds3 and k,, with x for the (1 —x) NKN-—xCT ceramics.
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Fig. 5. P—E hysteresis loops of the (1 —x)NKN-xCT ceramics.

compositions with x=0.03. For the pure NKN (x=0), it has
dy3 of 81 pC/N and k, of 27.7%. The addition of a small
amount of CT increases the piezoelectric performances sig-
nificantly until they reach the highest values at x=0.03. The
MPB compositions show the properties of ds3, 117 pC/N, and
ky, 39%. Beyond this doping amount, the properties deterio-
rate very rapidly with increasing CT content. So it is clear that
the MPB plays an important role in improving the piezo-
electric properties of (1 —x)NKN-xCT ceramics, even though
only 3 mol% CT was added.

The P-E hysteresis loops shown in Fig. 5 for the
(1 —x)NKN-xCT ceramics reveal that all the P-E loops of
the ceramics are typical ferroelectric hysteresis. It can be seen
that the 0.97NKN-0.03CT ceramics possess a larger remanent
polarization P,, 21 uC/ecm? than pure NKN and other
ceramics with different CT content. With further increasing
the doping content of CT, however, the values of P, decrease,
while the coercive field E. does not change significantly with
CT content. The results can be not only ascribed to the
formation of MPB NKN, which stemmed from incorporation
of 3mol% CT additives, but also due to the increase of the
bulk density that diminishes the leakage current enhancing
the polarization in process [12]. It should be noted that both
the incorporation of CT species and the increase in bulk
density will result in the increase in the P, value. However, the
CT addition in NKN ceramics will pronouncedly modify the
crystal structure and enhance the density at the same time.
That is, a proper amount of CT doping is the dominant
influence on the ferroelectric activities for the (I —x)NKN-
xCT ceramics.
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Fig. 6. TEM images of (a) the pure NKN (x=0) ceramics; (b) the 0.97NKN-0.03CT (x=0.03) ceramics

It is known that the MPB, between orthorhombic and
tetragonal phases for the (1 —x)NKN-xCT ceramics, where
the polarization vector of domains can rotate almost con-
tinuously under the external electric field. However, the
ferroelectric domain structure and electrical properties of
ferroelectric ceramics are grain size dependent [13]. To clarify
the influence of microstructure on their properties for the
(1= x)NKN-xCT ceramics, the microstructural characteris-
tics of these materials are observed further using TEM.
A typical TEM image of the pure NKN ceramics is shown in
Fig. 6(a), that presents a more complicated domain config-
uration within a single grain, whereas the 0.97NKN-0.03CT
ceramics (shown in Fig. 6(b)) not only show fine-grained
microstructure with an appropriate grain size of about
1-2 pm, but also appear simpler domain arrangements, and
hence exhibit a superior domain switching ability and the
optimum electrical properties.

4. Conclusions

Experimental results show that the (1—x)(Nag5Kqag)
NbO;—xCaTiO3 (x<0.07) solid solution system can be
successfully synthesized. The addition of CaTiO3 not only
prevents effectively the deliquescence, but also improves the
density and the electrical properties of the ceramics. The T,
and To_ 7 are decreased as the amount of CT addition in
NKN is increased. A MPB can be found in the (1 —x)NKN-
xCT ceramics as the doping amount of x=0.03. The
0.97NKN-0.03CT ceramics, with a high bulk density and
an appropriate grain size of about 1~2pum, present a
superior domain switching ability and the optimum proper-
ties: dy3=117 pC/N, k,=0.39, and P,=21 pC/cm”.
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