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Abstract

(1—x)(Big 5K 5)TiO3—xLiNbO3 ((1 —x)BKT-xLN) lead-free relaxor ferroelectric ceramics were prepared by a conventional solid-
state route and their phase transition behavior and the corresponding electrical properties were investigated. A morphotropic phase
boundary separating rhombohedral and tetragonal phases was identified in the composition range of 0.015 < x < 0.03, where the
improved electrical properties of piezoelectric constant d33=75 pC/N and electromechanical coupling factor k,=0.18 were obtained.
Moreover, all samples show typical relaxor behavior characterized by the presence of diffuse phase transition and frequency dispersion.
It was found that the dielectric relaxation behavior of BKT ceramics can be obviously enhanced with the addition of LN. In addition,
the effect of the LN addition on the ferroelectric properties was also investigated by measuring polarization versus electric field

hysteresis loops.

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

Lead-free piezoelectric ceramics have attracted considerable
attention in recent years because of the concerns of the
environment pollution and human health. (Na, K)NbO;
(NKN) is one of lead-free ferroelectric materials that have
been widely investigated during the last years owing to their
relative high Curie temperatures (7,) and moderate piezo-
electric response [1]. However, the electrical properties of
NKN based materials show distinct processing sensitivity
and temperature instability probably induced by the existence
of polymorphic phase transition [2]. As well known, one of the
most effective approaches to obtain high piezoelectric activity
is to form ferroelectric solid solutions with a morphotropic
phase boundary (MPB) that separates rhombohedral symme-
try from tetragonal symmetry. The increase of the dielectric,
piezoelectric and electromechanical properties near MPB was
attributed to the coexistence of tetragonal and rhombohedral
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symmetries. Therefore, there has been increasing interest in
MPB lead-free ferroelectric systems. Unfortunately, these
attempts have been limited by the lack of lead-free end
members with higher tetragonality and T..

(Bi0_5K0_5)TiO3 (BKT) and Bi(Zl’lo_sTio'S)Og, (BZT) have
been considered as two main lead-free tetragonal perovs-
kite ferroelectrics with relative high 7. values. However, it
is found that BZT exhibits very low structural stability
under atmospheric conditions [3]. By comparison, BKT is
a promising ferroelectric material with a stable perovskite
structure, exhibiting a relatively high 7, in the range 380—
420 °C. In addition, it also shows distinct relaxor behavior,
characterized by the broad dielectric constant maxima as
well as frequency dispersion [4]. In perovskite-structured
materials, the relaxor behavior was usually seen in lead-
based compositions, such as Pb(Mg;;3Nb,3)O3 [5], Pb(Scy,
oNb,5)O3 [6] and (Pb,La)(Zr,Ti)O; [7]. These relaxor
ferroelectric materials show excellent dielectric and elec-
tromechanical properties. It should be also of interest to
prepare BKT-based relaxor ferroelectrics and investigate
their phase structure and electrical properties. Only a few
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BKT-based solid solutions have been so far reported
[8-10], compared to the widely studied NKN based or
(Big 5sNag 5)TiO3-based materials.

LiNbO; (LN) has an ilmenite structure, which can be
described as a heavily distorted perovskite [11]. As a small
amount of LN was added into NKN, the phase structure
transformation from orthorhombic to tetragonal struc-
tures was induced [12]. It is thus expected that a phase
structure change in BKT can be triggered by adding a
small amount of LN. In addition, the addition of LN
might also enhance the relaxor behavior of BKT, which is
similar to some other perovskite ferroelectric materials
[13,14].

For the above purposes, (1—x)BKT-xLN lead-free
ceramics were prepared in this study via a conventional
solid-state method and the effect of the substitution of LN
for BKT on the diclectric relaxor behavior, phase transi-
tion behavior, and ferroelectric and piezoelectric properties
was investigated in detail.

2. Experimental

(1—x)BKT-xLN ceramics (x=0, 0.015, 0.03, 0.06 and
0.09) were prepared by a conventional solid-state reaction
method using Bi203, TiOz, Li2C03, K2CO3 and Nb205 as
starting powders. After weighing, the powders were mixed
for 4 h and then calcined at 950 °C for 3 h in air. After the
powders were ball-milled again, pellets of 10 mm in
diameter and 1 mm in thickness were uniaxially pressed.
Sintering was carried out in air at 1000-1100 °C for 3 h.

The room-temperature crystal structures of all speci-
mens were examined by an X-ray diffractometer (XRD, D/
MAX2500VL/PC, Rigaku, Japan). After silver paste was
fired on major surfaces at 550 °C for 30 min as the
electrodes, the dielectric properties of unpoled samples
sintered at optimal temperatures were measured as func-
tion of temperature and frequency by means of an LCR
meter (E4980A, Agilent, Santa Clara, CA). Polarization
versus electric field (P—FE) hysteresis loops were measured
using a ferroelectric measuring system (Precision LC,
Radiant Technologies Inc., Albuquerque, NM). The sam-
ples were poled in silicone oil at 120 °C under an electric
field of 3kV/mm for 15min. The piezoelectric strain
constant d33 of poled samples was measured by a Belin-
court-meter (YE2703A, sinocera, Yangzhou, China).

3. Results and discussion

Fig. 1 shows the XRD patterns at room temperature for
the (1—x)BKT-xLN ceramics with various x values. It
was found that most compositions exhibit a single per-
ovskite structure and only a trace of the secondary phase
can be detected as the LN content x is higher than 0.09.
The possible reason could be ascribed to different crystal
structures between BKT (perovskite structure) and LN
(ilmenite structure). As x=0.09, the solubility limit of LN
in the BKT lattice was reached. Moreover, it is worthy to
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Fig. 1. (a) XRD patterns of (1 —x)BKT-xLN solid solution ceramics, and
locally magnified patterns of (b) (111) and (c) (200) reflection lines.
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Fig. 2. Lattice parameters of (1 —x)BKT-xLN ceramics as a function of
the LN content.

note that the addition of LN tends to change the crystal
symmetry of BKT samples. It was known that pure BKT
has a tetragonal symmetry with a small tetragonality (c/
a=1.016) [15], as characterized by the splitting of (200)
and (002) diffraction peaks. Owing to the addition of LN,
the (200) and (002) diffraction peaks merge gradually into
a single one, meaning that the phase structure changes
from tetragonal to rhombohedral symmetries, which can
be clearly seen from the {200} reflection lines given in
Fig. 1(c). Therefore, an MPB that separates tetragonal
from rhombohedral phases can be identified in the com-
position range of 0.015 < x < 0.03. In addition, it could be
seen from Fig. 1(b) that the diffraction peaks shift to lower
diffraction angles with increasing the LN content. How-
ever, the peak shifts to the higher diffraction angles
abruptly when x reaches 0.03. This discontinuous change
of the diffraction peak positions can further confirm the
appearance of the phase transition. In order to investigate
the phase structure change in more details, the lattice
parameters of (1 —x)BKT-xLN ceramics were calculated
by fitting the diffraction peak profiles, as shown in Fig. 2.
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Fig. 3. Dielectric constant (a) and loss tangent (b) at 100 kHz versus
temperature curves for (1 —x)BKT-xLN ceramics as indicated.

It can be seen that the tetragonality of the compositions
decreases rapidly with the addition of LN. A complete
rhombohedral symmetry can be found as x is larger
than 0.03.

The dielectric constant ¢, and loss tangent at 100 kHz of
(1—x)BKT-xLN ceramics as a function of temperature
are shown in Fig. 3. The temperature T,, at the maximum
dielectric constant obviously decreases with the addition of
LN. The T,, value is approximately 306 °C for the
composition with x=0.015. It decreases rapidly to 246 °C
for the composition with x=0.09. Nevertheless, these 7,
values are still much higher than room temperature within
the studied composition range. This further indicates that
the samples with higher LN content are ferroelectric
rhombohedral phases rather than paraelectric cubic
phases. In particular, all samples show distinct character-
istics of the diffuse phase transition with broad dielectric
peaks. With increasing the LN content, the diclectric peak
near T, becomes broader and shifts to lower temperatures.

For normal ferroelectrics, the dielectric constant above
the Curie temperature follows the Curie—Weiss law
described by [16]

1/e=(T-T,)/C(T > Tc) (M

where T, is the Curie—Weiss temperature and C is the
Curie-Weiss constant. However, it is found that the
dielectric constant of (1—x)BKT—-xLN ceramics shows
obvious deviation from the Curie—Weiss law. Fig. 4 shows
the plots of the inverse dielectric constant versus tempera-
ture at 100 kHz for the x=0 and x=0.03 samples. The
parameter AT,,, which describes the deviation degree from
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Fig. 4. Plots of the inverse dielectric constant at 100 kHz as a function of
temperature for (1 —x)BKT-xLN ceramics as indicated.

the Curie—Weiss law, is defined as [16]
AT, =Tey—Tn (2

where T, denotes the temperature from which the dielec-
tric constant starts to deviate from the Curie—Weiss law.
For x=0, 0.015, 0.03, 0.06 and 0.09, the values of AT, are
197, 209, 213, 236 and 239 °C, respectively, as listed in
Table 1. It can be seen that the values of AT,, increase with
increasing the LN content, which further provides the
evidence of composition-induced diffuse phase transition
behavior in the (1—x)BKT-xLN ceramics with
0<x<0.09. As we know, the diffusion phase transition
in ABOs-type perovskite compounds is usually affected by
the compositional fluctuation. Because the radius of Li™
(0.076 nm, CN=12) is smaller than that of Bi’*"
(0.136 nm, CN=12) and K* (0.164 nm, CN=12), and
the radius of Ti** (0.061 nm, CN=6) is close to that of
Nb>* (0.064 nm, CN=6) [17], the complex substitution at
A-site and B-site tends to cause inhomogeneous composi-
tion distribution and disordered crystal structure. There-
fore, the enhanced diffuse phase transition in (1 —x)BKT-
xLN solid solutions could be attributed to the multi-ion
coexistence at the A-sites and at the B-sites.

For relaxor ferroelectrics with diffuse phase transition,
the diffuseness of the phase transition can be more
effectively described by a modified Curie—Weiss law [18§]

1/e—1/e =(T—-T,)/C 3)

where y and C are the diffuseness degree and the Curie
constant, respectively. The value of y varies between 1 (a
normal ferroelectric) and 2 (an ideal relaxor ferroelectric).
To further confirm the effect of the LN content on the
phase transition behavior of (1 —x)BKT—xLN ceramics,
the plots of log(1/¢—1/¢,,) as a function of log(T—T,,) at
100 kHz for (1 —x)BKT-xLN ceramics (x=0, 0.03) are
shown in Fig. 5. By fitting the experimental data in Fig. 5,
the y values are 1.83 and 1.89 for the x=0 and x=0.03
samples, respectively. This results indicate that



728 W. Zuo et al. | Ceramics International 39 (2013) 725-730

Table 1
Various parameters of (1 —x)BKT-xLN ceramics.
x T,, (°C, 100 kHz) T,, (°C, 100 kHz) AT,, (°C) AT,.s (°C) y
0 363 560 197 20 1.83
0.015 306 515 209 37 1.85
0.03 294 507 213 46 1.89
0.06 255 491 236 52 1.96
0.09 246 485 239 81 1.99
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Fig. 5. Plots of log(l/e—1/e,,) versus log(7-T,,) for (1—x)BKT-xLN
ceramics as indicated.

(1—x)BKT-xLN ceramics are typical relaxors. In addi-
tion, the relaxor characteristics become more distinct when
higher content of LN enters into BKT. Besides the diffuse
phase transition, relaxor ferroelectrics also exhibit distinct
frequency dispersion of the dielectric constant near and
below the phase transition temperature range [19]. The
dielectric constant and loss tangents as function of tem-
perature and frequency for the x=0.015 sample are shown
in Fig. 6. On the one hand, it can be seen that the
temperature 7,, at the dielectric constant maxima shifts
to higher temperatures with increasing frequency. On the
other hand, the temperature at the maximum loss tangent
also increases with increasing frequency. All these indicate
typical frequency dispersion. The parameter AT,,, was
often introduced to investigate the empirical relaxation
strength by describing the frequency dispersion of 7,
which is defined as [20]

AT s = Tt MHz)— T'im(10 KHz) 4)

where AT,., was derived from the dielectric measurements
of (1—x)BKT-xLN ceramics. The values of AT, for all
studied samples are also shown in Table 1. These data
further confirm that (1 —x)BKT—xLN ceramics belong to
relaxor ferroelectrics.

Fig. 7 shows the electric field-induced polarization
hysteresis loops of (1 —x)BKT-xLN samples. It can be
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Fig. 6. Dielectric constant (a) and loss tangent (b) of unpoled 0.985BKT—
0.015LN ceramics.

seen that typical ferroelectric polarization hysteresis loops
were obtained for all samples under an electric field of
60 kV/cm at 10 Hz. The composition dependence of the
remanent polarization P, value and the coercive field E. is
plotted in Fig. 7(b). It is found that the LN content has an
effect on the ferroelectric properties of the ceramics. It can
be seen that the P, and E. values generally decrease with
increasing the LN content. However, the P, value gets
slightly increased at x=0.015, which might be attributed to
the fact that the x=0.015 sample lies at the MPB and
exhibits the coexistence of two kinds of ferroelectric phases
as discussed above. It was generally believed that the
coexistence of two kinds of ferroelectric phases makes
the domain switching easier under an external electric field.
The general tendency of the P, values also indicates a
typical characteristic of the enhanced relaxor behavior
with increasing x. The P-E loops looks not very slim
probably because of slightly high leakage currents as can



W. Zuo et al. | Ceramics International 39 (2013) 725-730 729

a 20
15
10 4
< 54
5
S 01
2
o -5+ —a— x=0
10 —o— x=0.015
M —a— x=0.03
15 J —v— x=0.06
—— x=0.09
-20 T T T T T T T
-60 -40 -20 0 20 40 60
Electric field (kV/cm)
b 32
124 @ 428
10 4 \ —424
<« © 420 —~
g 8 \0 g
S ° T 116 S
2 4 / \. ) / 52
o Ps \ 412 W
4 ( ]
O 8
2 14
0 0

T T T T T T T T T T
0.00 001 002 003 004 005 006 007 008 0.09
X

Fig. 7. (a) P-E loops of (1 —x)BKT-xLN ceramics and (b) the plots of P,
and E, as a function of the LN content.
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Fig. 8. Piezoelectric and electromechanical

(1 —=x)BKT—xLN ceramics.

properties of poled

be seen from the round angle of the P-E loops at the
maximum electric field.

Fig. 8 shows the piezoelectric coefficient d3; and planar
coupling factor k, of (1—-x)BKT-xLN ceramics as a
function of LN content. It can be seen that the piezo-
electric properties exhibit obviously compositional depen-
dence because of the existence of the phase transition
between rhombohedral and tetragonal ferroelectric phases.

The best piezoelectric properties of dz3~75 pC/N and
k,~0.18 appear in the composition with x=0.015, which
is located near MPB. This phenomenon is similar to that
observed in conventional Pb-based piezoelectric ceramics.
The coexistence of two ferroelectric phases provides more
spontaneous polarization directions, leading to higher
piezoelectric activity. Nevertheless, the piezoelectric prop-
erties of this system are not high enough for industrial
application. In order to enhance the electrical properties,
some donor dopants such as Nb>" can be used in the
future work.

4. Conclusions

The (1 —x)BKT-xLN solid solution ceramics have been
prepared by a mixed oxide route and an ordinary sintering
technique. The XRD patterns indicate that single perovs-
kite structure has formed in specimens with x < 0.09 and
an MPB was identified to be in the range of
0.015 <x <0.03. With increasing the LN content, the
strongly frequency-dependent dielectric constant peak at
T,, shifts to lower temperatures and becomes broader,
indicating that the addition of LN tends to enhance the
relaxor behavior probably induced by an increase of the
disorder at A and B sites. The optimum electrical proper-
ties of d33=75pC/N, k,=0.18, P,=7.1 uC/em?, E,=19.8
kV/em and T,.=306 °C were achieved in (1 —x) BKT-xLN
ceramics with x=0.015, owing to the coexistence of two
kinds of ferroelectric phases near MPB.
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