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Abstract

The polymorphic phase transition (PPT) from tetragonal to orthorhombic symmetry was tailored in lead-free piezoelectric ceramics
Lig.0s(Nag.s2 + +Ko.48)0.92NbO3 (LN 55 . . KN) by controlling excess Na content, which is opposite to the usually reported orthorhombic—
tetragonal phase transition. The grain growth was accelerated by adding excess Na, resulting in an increased grain size from 2-3 pm to
7-8 pm and a bimodal grain size distribution for samples x=0.015-0.04. The optimized piezoelectric properties with, i.e. d33=226 pC/N
and k;,=36.8% were obtained in sample x=0.04 due to the PPT effect. The corresponding T¢, P,, and E, were 468 °C, 25.5 uC/em? and

1.20 kV/mm, respectively.

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

Recently, (Na, K)NbO; (NKN)-based ceramics have
received particular attention as a potential candidate for
lead-free piezoelectric ceramics since Saito et al. [1] have
made the breakthrough. It is well known that the morpho-
tropic phase boundary (MPB) plays an important role in
enhancing piezoelectric properties for Pb(Zr, Ti)O; (PZT)
piezoelectric family which has been extensively used in
electron devices [2,3]. Similarly, many studies have found
so far that the piezoelectric properties could also be
improved considerably by the phase transition existing in
the NKN-based ceramics. In contrast to the MPB effect
separating rhombohedral and tetragonal phases in many
PZT systems, two different kinds of phase transition
existed in NKN based ceramics which were defined as
the MPB or the polymorphic phase transition (PPT). The
MPB in NKN was reported to two separate orthorhombic
phases O; and Oy in the binary NaNbO3;-KNbO; system
[4,5] and in the Li-doped NKN [6], or two tetragonal
phases at high temperature in the Li and Ta co-doped
NKN system [3,7]. These phase transitions were almost
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insensitive to temperature similar to the classical MPB. On
the other hand, the PPT in NKN based ceramics was
confirmed to be attributed to the adjusting of phase transi-
tion separating orthorhombic and tetragonal symmetry to
the room temperature. Since pure NKN ceramics generally
have the polymorphisms including low temperature
(< —123 °C) rhombohedral, room temperature orthor-
hombic, high temperature (200410 °C) tetragonal as
well as cubic (>410°C) phases, a PPT could be
achieved by doping Li, Ta, Sb etc. or by turning
sintering temperature, which is also dependent strongly
on the temperature [1,8—11]. The commonly reported
PPT showed a phase transition from orthorhombic to
tetragonal (O-T) one, but the study on tailoring PPT
from tetragonal to orthorhombic (T-O) one has been
reported rarely. Nevertheless, either MPB or PPT was
strongly sensitive to the composition and contributes to
the excellent piezoelectric properties with d33=200—
400 pC/N [6-10]. Hence, the main approach to enhance
piezoelectric properties was reported to be usually
focused on modifying composition and optimizing sintering
temperature, in which the latter essentially varied in alkali
metals content because of their volatilization during sinter-
ing [12-14]. The evaporation of alkali metals became severe
at temperatures above 1000 °C, leading to the inferior
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repeatability of sintering process and the instability of piezo-
electric properties [14]. A viable option to avoid the evapora-
tion was to reduce the sintering temperature below 1000 °C, in
which sintering aids such as Na,O, Li,O, CuO, MgO and ZnO
were reported to be effective in decreasing the densification
sintering temperature for the NKN-based ceramics [15-19].
Among them Na,O was effective in facilitating the grain
growth, compensating the volatilization of alkali metal and
modifying the phase structure [6,16]. In the present study, an
attempt on tailoring the PPT from tetragonal to orthorhombic
symmetry was carried out in lead-free Ligog(Nag sz«
Ko.48)0.92NbO3

(LNp.52+ x\KN) piezoelectric ceramics prepared by normal
sintering below 1000 °C. The microstructure, phase structure
as well as electrical properties were investigated with an
emphasis on the influence of excess Na content.

2. Experimental procedures

Sodium carbonate (Na,COs3, 99.8%), potassium carbo-
nate (K,CO3, 99%), lithium carbonate (Li,CO3, 97%), and
niobium oxide (Nb,Os, 99.99%) were used as raw materials.
These materials were mixed with a nominal composition of
Lig.08(Nag 52 1 +K0.48)0.02NbO3(LNg 524 [KN) (x=0, 0.015,
0.025, 0.032, 0.04, 0.05, 0.06, and 0.08) by ball milling in
an ethanol solution in a planetary ball mill. After ball
milling for 4 h, the slurries were dried at 80 °C for 12 h and
calcinated at 850 °C for 4 h. The synthesized powders were
then compacted to disks of 10 mm in diameter and 1.2 mm
in thickness, followed by normal sintering in air at 990 °C
for 2 h. The sintered samples were poled under a dc field of
3~4 kV/mm at 120 °C for 15 min in a silicone oil bath.

The density of samples was determined by Archimedes’
method. The crystal structures were determined using
X-ray powder diffraction with a CuKo radiation (4=
1.5406 A) filtered through a Ni foil (Rigaku; RAD-B system,
Tokyo, Japan). The microstructure was observed by a scan-
ning electron microscope (SEM, S-450, Hitachi, Tokyo,
Japan). The temperature dependence of the dielectric proper-
ties was examined using a programmable furnace with an
LCR analyzer (TH2828S, Tonghui Electronics, Shenzhen,
China) at 1 kHz in the temperature range of 30-550 °C. The
piezoelectric constant d;; was measured using a quasistatic
piezoelectric coefficient testing meter (ZJ-3A, Institute of
Acoustics, Chinese Academy of Sciences, Beijing, China).
The electromechanical coupling coefficients k, was deter-
mined from the resonance—antiresonance method performed
on the basis of IEEE standards using an Agilent 4294A
precision impedance analyzer (Hewlett-Packard, Palo Alto,
CA). The ferroelectric hysteresis loops were measured at
room temperature using a ferroelectric tester (RT6000HVA,
Radiant Technologies, Inc., Albuquerque, NM).

3. Results and discussion

Fig. 1 shows the apparent density and relative density of
the LNy 5> KN ceramics sintered at 990 °C as a function
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Fig. 1. Apparent density (p) and relative density (p,) of LNy s, KN
ceramics.

of the excess Na content (x), in which the theoretical density
is 4.51 g/em®. Both the apparent density and relative density
increase with raising x from 0 to 0.032, and reach the
peak values of 4.15 g/em® and 92.1% in sample x=0.032,
respectively. Generally, the sintering temperature should be
higher than 1040 °C to synthesize a dense LNKN bulk with
a relative density more than 90% [8]. Although the
densification sintering temperature could be lowered below
1000 °C by adding sintering aids such as CuO, MgO and
ZnO, the piezoelectric properties dropped simultaneously
[14,15,18,19]. In this work, a relative density above 90% was
obtained for samples sintered even at 990 °C by adding
excess Na without any other sintering aid, suggesting the
good sintering activity of the component Na.

Fig. 2 shows the SEM images of the fractured surface
for the LNy 5, (KN ceramics sintered at 990 °C. All the
ceramics show square or rectangular grains, in which a
faceted interface is observed in some grains as shown in the
inset of Fig. 1(a). The grain of the sample x=0 shows a
relatively homogeneous size distribution of 2-3 um and
grows by adding excess Na. A bimodal grain size distribu-
tion is observed for samples x=0.015-0.04 in Fig. 2(b—d).
Further adding of excess Na to x=0.06 and 0.08 induced a
homogeneous structure with a constant grain size of about
7-8 um. The grown microstructure may be due to the
lowered critical driving force for rapid grain growth by
adding excess Na [16]. However, the grain growth rate
varied for the grains with different morphologies even for
the same sample [16]. The abnormal grain growth occurred
when the interfaces or boundaries were faceted, while
normal grain growth occurred only in systems with
rounded interfaces or boundaries [16,20]. As a result,
the bimodal grain size distribution is formed in Fig. 2(b-d).
Further increasing Na content reduces the critical driving force
of most grains and produces their growth as well as the
homogenization of the grains in Fig. 2(e—f). The small grains
occupy the pores between the large grains due to the bimodal
grain size distribution and brings about a high density for
samples x=0.015-0.04, which corresponds to the changes of
density shown in Fig. 1.
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Fig. 3. X-ray diffraction patterns of the LNy s, KN ceramics.

Fig. 3 shows the X-ray diffraction patterns for the by vertical lines for comparison, in which the ratios of two
LNy.s2 . KN ceramics sintered at 990 °C, in which the diffraction peaks around 45° are obviously different as shown
main phase has a perovskite structure. The diffraction in the enlarged XRD patterns of angles ranged from 44° to
peaks cited from the tetragonal (T) KNbO; (PDF#71-0945) 46° in Fig. 3(c). The former ratio of (002)t to (200)t is less
and the orthorhombic (O) one (PDF#71-0946) are indicated than 1, while the later ratio of (022)g and (200)¢ is greater
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than 1. Hence, the main phase for samples x=0-0.032
and x=0.04-0.08 possesses tetragonal and orthorhombic
symmetry, respectively. A PPT from tetragonal symmetry
to orthorhombic one appears in the composition x=0.04.
This tetragonal-orthorhombic (T-O) transition is opposite
to the orthorhombic—tetragonal (O-T) phase transition
which was generally reported in a lot of Li-doped NKN
based ceramics [3,8,12,14]. The present T-O transition is
due to the actually decreased Li content by raising x, which
suggests the controllable phase structure. A second phase
K;Li,NbsO5 (ICDD 52-0157) with a tetragonal tungsten
bronze structure appears in the sample x=0, which was
usually found in Li, Ta, Sb doped or co-doped NKN based
ceramics with a high Li content [7,9] and was adverse to the
piezoelectric properties. Our result suggests that adding
excess Na content is effective to suppress the formation of
K;Li,NbsO;5s and to form a single phase in the samples
0.025 < x < 0.06. However, further adding excess Na con-
tent to 0.08 leads to forming an unknown phase, which may
be a kind of Na-rich phase due to the solid solution
limitation of Na in the A site of ABOj; structure.

Fig. 4 shows the variation of the unit-cell parameters for
the main phase as a function of x, which were calculated
from the corresponding XRD patterns of the LN 55, KN
ceramics. The samples reveal a tetragonal symmetry with
the parameters a=b < ¢ for samples x=0-0.032 and an
orthorhombic one with parameters a < b < ¢ for samples
x=0.05-0.08. The volume of unit-cell in Fig. 4(b)
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Fig. 4. Lattice parameters of LN 5>, KN ceramics.

maintains at the range of 62.99 A to 63.14 A® by adding
Na from x=0 to x=0.032 and then shrinks from
127.81 A® to 126.48 A® as increasing x to 0.08 in the
orthorhombic region. The shrinkage of the unit-cell indi-
cates that the excess Na™' has diffused into the lattices
since the smaller ionic radius of Na™ (0.97 A) than that of
K* (1.33 A), which is also supported by the X-ray
diffraction patterns in Fig. 3(b, c¢), in which the 20
diffraction peaks of (002), (020), (111) (022), and (200)
shifts to a higher angle for samples x=0.05-0.08 and
reveals the decrement of the corresponding space distance.

Fig. 5 shows the piezoelectric properties of poled
LNj.5s» . KN ceramics as a function of x. The piezo-
electric coefficient (d33) and planar mode electromecha-
nical coupling coefficient (k,) for sample x=0 are
40 pC/N and 12.3% respectively. The poor piezoelectric
properties are attributed to the appearance of the
second phase K;Li,NbsO;5 as shown in Fig. 3. Both
ds3 and k, increase with addition of excess Na, showing
the peak values of 226 pC/N and 36.7% for sample
x=0.04, and then decrease to 115 pC/N and 24.1% by
further increasing x to 0.08. The optimized piezoelectric
properties for sample x=0.04 are due to the PPT
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Fig. 5. Piezoelectric coefficient and planar mode electromechanical
coupling coefficient for the LN 5, KN ceramics.
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X.-K. Zhao et al. | Ceramics International 39 (2013) 4475-4480 4479

40

N
o
T

Polarization (uClcm)
o

o)
o
T

AN

_40 1 " 1 " 1 " " 1 "
-3 -2 -1 0 1 2 3

Electric Field (kV/mm)

Fig. 7. Polarization hysteresis loops of the LN s>, KN ceramics with
x=0.025, 0.04, and 0.06.

phase along with the absence of any other second
phase.

Fig. 6 shows the temperature dependence of relative
permittivity e, and the Curie temperature 7c for the
LNy.s2 . KN ceramics, which were measured at 1 kHz.
The Tc of sample x=0.015 is 486 °C which is attributed to
the high Li content of 8 mol%. The T¢ was shifted slightly
to a lower temperature by raising Na content, which can be
interpreted as a result of actually reduced Li content [7].
On the other hand, the T¢ for the sample x=0.04 owning
the peak value of d33 226 pC/N maintains at 460 °C in spite
of the slightly decreased trend, which is much higher than
253 °C in the Li, Ta and Sb co-doped samples [1].

Fig. 7 shows the polarization hysteresis curves for the
LNy 5>+ KN ceramics. All the samples have a saturation
hysteresis loops, showing promising ferroelectric proper-
ties. For samples x=0.025, 0.04, and 0.06, the remanent
polarization (P,) values are 7.53, 25.5, and 20.2 uC/cm?,
while the corresponding coercive fields (E¢c) are 1.83, 1.20,
0.97 kV/mm, respectively. The peak P, value for sample
x=0.04 is due to the more spontaneous polarization
directions in the PPT composition coexisting tetragonal—
orthorhombic ferroelectric phases [3]. The decreased Ec is
due to the decreased grain boundary resulted from the
grain growth which prevents the polarization in the
ceramics [21].

4. Conclusions

In this work, Ligog(Nag 524 Ko.48)0.02NbO3 ceramics
were prepared by normal sintering at 990 °C. A PPT from
tetragonal to orthorhombic symmetry with increasing
excess Na content appeared in the sample x=0.04, which
was opposite to the generally reported the orthorhombic—
tetragonal phase transition. The grain growth was accel-
erated by adding excess Na, bringing about grown
grains and a bimodal grain size distribution for samples
x=0.015-0.04. The ds3 and k, reached the peak values

226 pC/N and 36.8% due to PPT effect, respectively. The
Tc maintained at 468 °C for sample x=0.04 and decreased
with increasing Na content. The corresponding P, and
E. were 25.5 uC/cm? and 1.2 kV/mm, respectively. The
controllable PPT behavior is convenient for enhancing
the piezoelectric properties in the lead-free NKN based
ceramics.
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