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Lead-free piezoelectric ceramics (Bi;_xNaggKo2Lay)o5TiO3 were synthesized successfully by conventional
solid state reaction method. The piezoelectric, dielectric and ferroelectric characteristics of the ceramics
were investigated and discussed. The XRD results show that La3* has diffused into (BiNagsKp2)osTiO3
(BNKT) lattices to form a new solid solution (Bi;_xNagsKo2Lay)osTiO3 with a pure perovskite structure.
Partial substitution of La3* for Bi** in the BNKT ceramics can enhance their piezoelectric, without an
obvious decline of ferroelectric properties. The piezoelectric measurements and P-E hysteresis loops
reveal that the ceramic with x=0.005 has the highest piezoelectric performance and strong ferroelec-
tricity. At high La3* level (x>0.04), the low dielectric anomaly at T4 disappears. A maximum strain of
0.16% is obtained at x=0.02 for the (Bi;_xNapgKo2Lay)o5TiO3 ceramic. The depolarization temperature Ty
decreases with x increasing (x = 0-0.08), and the depolarization mechanism is analyzed.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Lead-based piezoelectric Pb(Zr, Ti)O3 (PZT) ceramics with high
piezoelectric constant response near morphotropic phase bound-
ary (MPB) are widely used in actuators, transducers and other
electromechanical devices [1]. However, the use of PZT piezoelec-
tric ceramics has caused serious lead pollution and environmental
problems because of the high toxicity of lead oxide and its high
volatility during sintering. Therefore, the development of lead-free
piezoelectric ceramics with satisfactory piezoelectric properties
attracts much attention [2]. Among lead-free piezoelectric ceramic
materials, Big5NagsTiO3 (BNT) is considered to be a promising
candidate for lead-free piezoelectric ceramics for its large rem-
nant polarization (P;=38 wC/cm?) and high Curie temperature
(T.=320°C). However, Compared with PZT ceramic, a pure BNT
ceramic has poor piezoelectric properties (d33 =58 pC/N) due to a
high coercive field (E. =7.3kV/mm) [3,4]. In order to improve the
piezoelectric properties, lots of other perovskite ferroelectrics are
added into BNT to form new BNT-based solid solutions, such as
BNT-BaTiO3 [BNT-BT] [5-7], BNT-Big5Ko5TiO3 [BNT-BKT] [8,9],
BNT—B&TiOg—Bi0'5Li0_5TiO3 [10], (Bio_sNao,s)Ti1,X(Zn1/3sz/3)xO3
[11], BNT-Ba(Ti, Zr)O3 [12], BNT-BT-Lag5Nag5TiO3 [13]. Among
these BNT-based ceramics, the BNT-BT and BNT-BKT ceramics
have been studied most intensively because of their relatively high
piezoelectric performances and simple compositions [2-6].
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In PZT ceramic, low symmetry phases such as monoclinic and
orthorhombic phases exist near MPB, which bridge rhombohedra-
tetragonal phase transition. It is known that BNT-based ceramics
have more complex phase structure near MPB. On one hand, from
the above mentioned BNT-based systems, the partial substitutions
of Bi** and Na* by other ions such as Ba%*, K* and Li* in the
BNT lattice have been extensively investigated. However, there
is little report on the partial substitution of Bi3* by other triva-
lent cations in the BNT ceramics. To obtain excellent electrical
and optical properties of the ceramics, La is often used in PZT as
an additive. On the other hand, 0.8Bip5Nag 5TiO3-0.2Big 5K 5TiO3
((BiNaggKp2)o5TiO3, BNKT) locates at MPB, and it has a relatively
high piezoelectric response. Therefore, (Bi;_xNag gKo2Lax ) 5TiO3 is
chosen as a basic chemical formula in this study.

In this paper, a new BNT-based solid solution,
(Bi1_xNaggKgsLax)o5TiO3, was developed by the partial sub-
stitution of La3* for Bi3* in the (Bi;_xNaggKoLax)o.5TiO3 ceramics.
The ceramics were prepared by a conventional ceramic method.
The ferroelectric properties, piezoelectric performances, depolar-
ization mechanism and field-induced strain of the ceramics were
investigated and discussed.

2. Experiments

(Bi_xNaggKo2Lay)osTiO3 (x=0, 0.005, 0.01, 0.02, 0.04, 0.08) lead-free ceramics
were prepared by a conventional solid state reaction technique. Analytical-grade
powders: Bi; 03 (99.9%), Na,COs (99.8%), K, CO3 (99%), TiO, (99%) and La, 03 (99.95%)
powders were used as starting materials. The powders in the stoichiometric ratio
were mixed in alcohol by agate balls for 10 h, and then dried and calcined at 850°C
for 2 h. The calcined powders were reground by ball milling for 10 h. After drying, the
powders were sieved and mixed thoroughly with a PVA binder solution, and then
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Fig. 1. XRD patterns of (Bi;_xNaggKo2Lay)o5TiO3 ceramics.

uniaxially pressed into disk samples with a pressure of ~100 MPa. The disk samples
were finally sintered at 1150°C for 2 h in air. Silver paste was pasted on both sides
of the disc samples and then fired at 600 °C in order to form electrodes. The samples
were poled under a DC field of 4-5kV/mm at 80°C in silicone oil bath for 20 min,
and then cooled to room temperature under the poling field.

The crystal structure of the ceramics was checked using X-ray diffraction (XRD)
analyzer (Bruker D8 Advance) with Cu Ka radiation. The piezoelectric coefficient ds3
of the samples was measured by a quasistatic piezoelectric meter (Z]-3AN, China).
Dielectric constant £33 and dielectric loss tan § of the sintered samples as a function
of temperature at 10kHz, 100 kHz and 1 MHz were measured using a computer-
controlled impedance analyzer (Agilent 4294A). The polarization vs. electric field
(P-E) hysteresis loops were obtained at 1 Hz by the RT Premier Il ferroelectric work-
station. The mechanical quality factor Qm and electromechanical coupling factors kj,
k: were calculated using the resonance-antiresonance method with the impedance
analyzer. The field-induced strain of the specimens was measured using a laser
interferometry with a frequency of 10Hz.

3. Results and discussions

The XRD patterns of the (Bij_xNaggKg;Lax)o5TiO3 ceramics
with 0 <x<0.08 are shown in Fig. 1(a). The diffraction patterns
from Cu Ko, were removed by XRD analysis software JADE. The
results suggest that all the ceramics possess a pure perovskite
phase and no secondary impurity phase can be observed, indicat-
ing that La3* has diffused into BNKT lattices to form a new solid
solution (Bi;_xNaggKpoLay)osTiO3. BNT is considered as a rhom-
bohedral phase following the investigation of Jones and Thomas
[14-16]. It is also reported that BNT is a monoclinic phase at
room temperature [17,18]. Usually, BKT is regarded as tetragonal
phase at ambient temperature. So when it comes to BNT’s solid
solution with BKT, the symmetry of the solid solution becomes
more complex. It is reported that a sufficient amount of electric
field can induce a tetragonal phase transition in the pseudocu-
bic BNT-ceramics [19,20]. At room temperature, BNKT resides at
the rhombohedral-tetragonal MPB [21-23], and the symmetry of
(Bi1_xNaggKgzLax)o5TiO3 can be seen as pseudocubic structure
within the resolution of XRD. The XRD patterns of samples in the
20 ranging from 43° to 52° are zoomed in Fig. 1(b). As shown in
Fig. 1(b), there is no splitting of the (200) peak, indicating that
addition of La does not lead to a phase transition from the pseu-
docubic to a tetragonal phase. Partial substitution of La3* into
(Bi1_xNag gKg2Lax)o5TiO3, leads to little change of the position of
the (200) peak when x remains less than 0.02. The (200) Bragg
peak shifts to a higher angle when x=0.02, indicating contraction
of the lattice. However, the same peak shifts to a lower angle when
x>0.02, suggesting an expansion of the lattice. Considering that the
radii of La3*, Bi3* and Na* are 1.06, 1.03, and 1.02 A, respectively,
this behavior indicates that initially La3* substitutes for Na* that
leads to creation of oxygen vacancies and lattice contraction, but
when x exceeds 0.02, La3* begins to substitute for Bi3*, thus leading
to lattice expansion.

30+
20+

& 10

0

(uC/em

& 101

-201

-301

50 -40 -30 20 10 0 10 20 30 40 50
E (kV/em)

Fig. 2. P-E hysteresis loops of (Bi;_xNaggKo2Lay)osTiO3 at room temperature.

Fig. 2 shows the P-E hysteresis loops of the
(Bi]_XNao.gKo.zLax)o.sTiO:; (X=0, 0.005, 0.01, 0.02, 0.04, 008)
ceramics at room temperature. As illustrated in Fig. 2, all the
(Bi1_xNag gKgzLay)o5TiO3 ceramics exhibit a character of typical
ferroelectric hysteresis loop except x=0.08. With x increasing to
0.04, the P-E loop varies little with x. When x=0.005, the ceramic
exhibits a strong ferroelectric property, giving an E. of 27.2 kV/cm
and P; of 20.2 wC/cm?. However, for x=0.08, the P-E loop becomes
flattened and slanted, indicating that the addition of the excess
of La3* weaken the ferroelectricity of the ceramics greatly. Fig. 3
presents the variations of the remnant polarization P; and coercive
field E- with x. We can find that the P; has no obvious change with
x increasing and then decreases sharply at a high La3* level. When
x=0.08, P; reaches a low value of only 3.6 }LC/CmZ. Effective E.
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Fig. 3. Variations of P; and E. with x for the (Bi;_xNaosKo2Lax)o5TiO3 ceramics.
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Fig. 4. (a) d33 and k; of the (Bi;_xNaggKo2Lax)osTiO3 ceramics, (b) Qm and k;, of the (Bi;_xNaggKo2Lax)o5TiO3 ceramics, and (c) £33 and tan§ of the (Bi;_xNagsKo2Lax)o5TiO3

ceramics.

decreases steeply from 27.2 kV/cm to 8.9 kV/cm as x increases from
0 to 0.08. Obviously, the introduction of a small amount of La3*
into (Biy_xNaggKoLax)o5TiO3 ceramics lowers E. and P; slightly.
However, after excessive content of La3*, the ceramics exhibit
very weak ferroelectricity. The weakness of the ferroelectricity of
the ceramics at a high La3* level (x>0.04) should be attributed
to the weakened ferroelectric phase induced by the substitution
of La3* in the (Bij_xNaggKgyLay)osTiO3 ceramics [24]. This is
caused by the substitution of La3* for Bi3*, which brings about
a decrease in deviated distance of B-site and O-site by moving
atoms to body-centered and face-centered locations, respectively,
thus making spontaneous polarization to decline. Such a weakness
of the ferroelectricity can be also caused by the enhanced cation
disorder by substitution of La3* for Bi3* at the A sites of the lattice.

Fig. 4(a) shows the variations of the piezoelectric coeffi-
cient ds3, electromechanically coupling factor k; with x for
(Bi1_xNag gKgsLax)o5TiO3 ceramics. It can be seen that after the
substitution of La3* for Bi3*, the behaviors of ds3, k; as a func-
tion of x are similar to each other. The d33 and k¢ increase
with x when x<0.005, then decrease with x increasing fur-
ther. At x=0.005, maximum values of d33 and k: are 155 pC/N
and 47.3%, respectively. The enhancement of piezoelectricity of
the (Bij_yxNaggKpsLlax)osTiO3 ceramics at x=0.005 should be
attributed to the easier domain movements and phase transi-
tion between rhombohedral and tetragonal phase [25]. However,
(Bil_xNao'gKo.z Lax)o.sTiO3 with x=0.08 exhibit a much lower d33 of
23 pC/N and k; of 13.7%. Fig. 4(b) presents the variations of Qy, and
kp of the (Bij_xNaggKp2Lax)os5TiO3 ceramics with x. As shown in
Fig. 4(b), the behavior of kp is similar to those of d33 and k¢ as a

function of x. At x=0.005 and 0.08, maximum and minimum val-
ues of kp =28% and 7% are obtained, respectively. The Q, for planar
vibration mode decreases from 112.4 to 65.3 as x increases from 0
to 0.08. The decrement of Qn, is caused by the easier movement of
domains, which will lead to a mechanical energy loss. The dielec-
tric constant e33 and dielectric loss tand, measured at 1kHz, of
(Bi1_xNag gKg2Lax)o5TiO3 ceramics are shown in Fig. 4(c). The max-
imum values of £33 =1439 and tan § =0.062 are obtained at x=0.08
and 0.04, respectively.

Fig. 5 shows the temperature dependences of dielectric con-
stant e33 and dielectric loss tan § for the (Bi;_yNaggKg2Lax ) 5TiO3
ceramics with x=0, 0.005, 0.01, 0.02, 0.04 and 0.08 at 10kHz,
100 kHz and 1 MHz. Fig. 5(a)-(e) shows that the ceramics with dif-
ferent La content exhibit three dielectric anomalies at Ty, Tp and
Tm, as marked in the figures. The first one occurs at the depolar-
ization temperature Ty. From Fig. 5(a)-(e), it can be seen that Ty
is independent on the measurement frequency. Ty is not observed
in Fig. 5(f), implying that T4 has moved to lower temperature than
the measurement temperature. The second one appears at tem-
perature Tp. Some researchers consider that phase transition from
rhombohedral phase to tetragonal phase occurs at temperature Tp
[26,27]. From Fig. 5(a)-(f), it can be known that T, is dependent on
the measurement frequency, suggesting that the dielectricanomaly
is not caused by a phase transition. This dielectric anomaly might
originate from the polarization of space charges and dipolar defects
[28]. The third dielectric anomaly appears at temperature Tp,, and
Tr is the maximum temperature at which €33 reaches a maximum
value and corresponds to a transition from a non-polar state to a
paraelectric state [29]. As shown in Fig. 5, the dielectric anomaly
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Fig. 5. Temperature dependences of £33 and tan§ for poled (Bi;_xNaggKo2Lay)osTiO3 ceramics at 10 kHz, 100 kHz and 1 MHz: (a) x=0, (b) x=0.005, (c) x=0.01, (d) x=0.02,

(e)x=0.04, and (f) x=0.08.

peaks at Ty, for all the ceramics are relatively broad, indicating
that the phase transition at Ty, is a diffuse phase transition. Diffuse
phase transition has always been observed in BNT-based ceramics
[30,31], of which either the A-sites or B-sites are occupied by at
least two cations. Na*, K*, Bi3* and La3* are randomly distributed
in A-sites for (Bi;_xNaggKgLay)osTiO3 ceramics, so the observed
diffuse phase transition behavior near Ty, is reasonably attributed
to the disordering of A-site cations.

Tq and Ty, as a function of x for the (Bij_xNaggKo2Lax)o5TiO3
ceramics are shown in Fig. 6. Ty is corresponding to the temper-
ature at the first tané peak [32]. With the La content increasing
from O to 0.04, it can be seen that T4 decreases from 92°C to
56°C. When x increases to 0.08, T4 is not observed in the curve
for £33 and tand vs. temperature. Because of the lower T4 than
ambient temperature, (Bi;_xNaggKg2Lax)o5TiO3 (x=0.08) exhibits
weak ferroelectric properties and low piezoelectric coefficients
at ambient temperature, as shown in Figs. 2 and 4, respectively.
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However, Ty of (Bij_xNaggKpzLlax)osTiO3 ceramics varies little
with x increasing.

Bipolar electric-field-induced strain of the ceramics is shown
in Fig. 7. All the ceramics show a butterfly-shaped curve. From
Fig. 7, we know that the ceramics with x <0.04 shows a typical
butterfly-shaped curve of ferroelectrics. The hysteresis, which is
caused by the domain switching and phase transition induced by
the electric field, is very large. The bipolar maximum strain of
(Bij_xNag gKp2Lax)o5TiO3 ceramic is 0.16%, which is obtained at
x=0.02. However, the largest ds3 is obtained at x = 0.005, as shown
in Fig. 4(a). Generally speaking, large electric-field-induced strain
means a large piezoelectric response. The results for electric-field-
induced strain are not consistent with the piezoelectric coefficient
d33 measured by quasistatic method. Lattice distortion and domain
switching, which can be induced by electric field, contribute to the
measured strain. Meanwhile, only lattice distortion contributes to
d33 when measured by quasistatic method. The E. and T4 of the
ceramics decrease with the increment of La content x, as a result,
the domain switches more easily. The joint action of lattice distor-
tion and domain switching results in a largest stain is obtained in
(Bij_xNag gKp2Lax)o5TiO3 ceramic when x=0.02.

To obtain more details on the ferroelectric properties and depo-
larization mechanism of the ceramics, P-E hysteresis loops of
(Bij_xNag gKgoLax)os5TiO3 (x=0, 0.005, 0.04) ceramics at differ-
ent temperature have been measured under an electric field of

4kV/mm, as shown in Fig. 8. All the ceramics exhibit a typical
ferroelectric P-E loop at room temperature. From Fig. 8(a), it can
be observed that the loop of (Bij_yxNaggKpzLax)osTiO3 ceramic
deforms and begins to form a constricted P-E hysteresis loop at
90°C. At 100 °C, obvious double-like P-E hysteresis loop has formed
and Pr is near zero, which is considered as a typical characteristic
of anti-ferroelectrics. As determined from Fig. 8(a), the depolar-
ization temperature Ty of the (Bij_xNaggKg2Lax)o5TiO3 ceramics
with x=0 is in the range of 90-100°C, which is close to the
value determined from tané peak (92 °C) (Fig. 5(a)). The ceramics
with x=0.005 and 0.04 exhibit similar temperature dependences
of the P-E loops to the ceramic with x=0, as shown in Fig. 8(b)
and (c), respectively. Similar behavior of P-E hysteresis loops at
different temperature is often observed in BNT-based ceramics
[5,33-35]. Constricted or double-like P-E loops have been observed
in BNT-based ceramics at high temperatures [36,37]. What causes a
constricted hysteresis loop near Ty in the BNT-based materials? The
researchers have different opinions on the depolarization mecha-
nism. Some researchers roughly propose that the anomalies in the
P-E loop resulted from the electromechanical interaction between
the polar and the non-polar regions, which coexist in the ceramics
atabove Ty [24,36,37]. Some researchers consider that macro-micro
domain transition occurs near Ty in BNT-based ceramics [30,31].
Most of the researchers consider that the appearance of the con-
stricted hysteresis loop near T4 stems from phase transition from
a ferroelectric phase to an anti-ferroelectric phase [33-35,38-41],
which results in a large electric-field-induced strain. Constricted
hysteresis loop and large electric-field-induced strain are consid-
ered as concrete proof of ferroelectric-antiferroelectric transition.
However, double hysteresis loop is common in relaxor ferro-
electrics even in normal ferroelectrics [42,43]. Obviously, the
double P-E loop should not be considered as decisive evidence
for the existence of antiferroelectrics. Recently, some researchers
have realized that the appearance of the constricted hysteresis
loop in BNT-based ceramics is due to an ergodic relaxor to a long-
range ferroelectric phase transition [44]. They hold an opinion that
the occurring of depolarization in BNT-based ceramics is due to
the phase transition from long-range ferroelectric order to the
relaxor state upon heating [44], not a structure phase transition
from a low symmetry to a higher symmetry [45]. In the present
study, the enhanced cation disorder in A-site and the decrease
in spontaneous polarization, caused by the decrement of the B-
site and O-site deviated distance from the locations of central
symmetry cubic phase, destroy the long-range ferroelectric phase,
thus Ty of the ceramics decreases with the increment of the La
content.
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Fig. 8. P-E hysteresis loops of the (Bi;_xNagsKo2Lay)o5TiO3 ceramics at different temperature: (a) x=0, (b) x=0.005, and (c) x=0.04.
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4. Conclusions

(Bi1_xNag gKgzLay)o5TiO3 lead-free piezoelectric ceramics have
been prepared by conventional solid state sintering method. The
XRD results reveal that La3* has diffused into BNKT lattices to
form a new solid solution of (Bij_xNaggKp2Lax)osTiO3. Mod-
erate substitution of La3* for Bi?* in the BNKT ceramics can
enhance the piezoelectric properties of (Bij_xNaggKgLax)o5TiO3
ceramics. (BigggsNaggKp2Laggos)o5TiO3 ceramic has the highest
piezoelectric performance and strong ferroelectricity: piezo-
electric coefficient d33=155pC/N; electromechanical coupling
factors kp=29.5% and k¢=47.3%; mechanical quality factor
Qm=110; remnant polarization P;=20.2 uC/cm?; coercive field
E.=27.2kV/cm. The piezoelectric and ferroelectric properties of
(Bij_xNag gKooLax)osTiO3 ceramics deteriorate at the high La3*
level (x>0.04) and the depolarization temperature moves to lower
temperature. The decrement of T4 of the ceramics with the incre-
ment of the La content is caused by the enhanced cation disorder
in A-site and the declined spontaneous polarization caused by the
decrement of the B-site and O-site deviated distance from the loca-
tions of central symmetry cubic phase. When x =0.02, a maximum
strain of 0.16% is achieved in the (Bi;_yxNag gKg2Lax)g 5TiO3 ceramic.
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