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Lead-free (1 — x)Big.47Nag47Bag 0 TiO3-XKNbO3 (BNBT-XKN, x = 0-0.08) ceramics were prepared by ordi-
nary ceramic sintering technique. The piezoelectric, dielectric and ferroelectric properties of the ceramics
are investigated and discussed. The results of X-ray diffraction (XRD) indicate that KNbO3; (KN) has
diffused into Bip47Nag47BaposTiOs (BNBT) lattices to form a solid solution with a pure perovskite
structure. Moderate additive of KN (x < 0.02) in BNBT-xKN ceramics enhance their piezoelectric and fer-
roelectric properties. Three dielectric anomaly peaks are observed in BNBT-0.00KN, BNBT-0.01KN and
BNBT-0.02KN ceramics. With the increment of KN in BNBT-xKN ceramics, the dielectric anomaly peaks
shift to lower temperature. BNBT-0.01KN ceramic exhibits excellent piezoelectric properties and strong
ferroelectricity: piezoelectric coefficient, d33 = 195 pC/N; electromechanical coupling factor, k; =58.9 and
kp =29.3%; mechanical quality factor, Qm =113; remnant polarization, P; =41.8 nC/cm?; coercive field,
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1. Introduction

Currently, lead zirconate titanate (PZT) and PZT-based multi-
component systems dominate piezoelectric ceramic applications
because of their excellent electrical properties near the mor-
photropic phase boundary (MPB). However, the use of lead-based
piezoelectric ceramics has caused serious lead pollution due to
the high toxicity of lead oxide and its high volatility during
sintering. Therefore, much attention has been paid to the devel-
opment of lead-free piezoelectric ceramics with good piezoelectric
properties.

Sodium bismuth titanate, Big5Nag5TiO3 (BNT), is considered
to be one of the promising candidates as lead-free piezoelectric
ceramics due to its large remnant polarization at room tempera-
ture. BNT exhibits a remnant polarization (P;) of 38 wC/cm? and a
coercive field (E.) of 73 kV/cm [1]. However, the poling of the BNT is
very difficult due to its high E., which lead to the low piezoelectric
property of BNT ceramic. To improve the piezoelectric perfor-
mance of BNT, lots of other lead-free piezoelectric components
have been added to BNT to form BNT-based solid solutions, such
as BNT-Big5Ko5TiO3 [2,3], BNT-BaTiO3 [4-7], BNT-KNbO3 [8,9],
BNT-NaNbO; [8,10], BNT-Big5Kq5TiO3-BigsLigsTiO5 [11,12],
BNT-Big5Ko5TiO3-BaTiO3 [13,14] and BNT-BaTiO3;-KNaNbOs3
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[15,16], have been studied extensively. KNbO3 (KN) is also a
good candidate of lead-free piezoelectric material due to its
high Curie temperature (T.=435°C) and large spontaneous
polarization (Ps=30wC/cm?) [9]. On the other hand, there
is MPB in the multi-component BNT-based solid solutions,
and the solid solutions exhibit large piezoelectric proper-
ties near MPB. Consequently, research activities have been
mainly focused on the MPB region of solid solution systems.
The MPB of (1 —x)BNT-xBaTiO3 locates at x=0.06-0.07 [17,18],
and the MPB of (1-x)BNT-xKNbO3; resides at x=0.04-0.06
[9]. Therefore, there should be MPB in the ternary system
BigsNag5TiO3-BaTiO3-KNbO3, For lead-based ceramics, it has
been known that multi-component ceramics usually possess bet-
ter piezoelectric performances than single or binary-component
ceramics because of the formation of the more complex MPB
[12]. Therefore, the research and development of new lead-free
ceramics should be put on designing new multi-component piezo-
electric ceramics near their MPB. According the rules mentioned
as above, a new ternary system BNT-based lead-free ceramic,
Big5Nag 5TiO3-BaTiO3-KNbOs, is developed in this work. In this
ternary system, the mole ratio of BigsNag5TiO3/BaTiO3 is con-
stant 0.94/0.06. The chemical formula of ternary system ceramic
is written as (1 —x)Big47Nag47BagesTiO3—xKNbO3; (BNBT-xKN,
x=0-0.08). In the present work, BNBT-xKN ceramics were pre-
pared by a conventional solid-state sintering processing, and their
microstructures, dielectric, ferroelectric and piezoelectric were
studied systematically.
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2. Experimental

BNBT-xKN lead-free ceramics were prepared by a conventional ceramic fabrica-
tion process. Big 47Nag.47Bag 06 TiO3 (BNBT) and KNbO3 (KN) powders were prepared
in advance. Analytical-grade powders: Bi; 03 (99.9%), Na,CO3 (99.8%), BaCO3 (99%),
TiO; (99%), K2 CO3 (99%) and Nb, 05 (99.5%) were used as starting powders to synthe-
size BNBT and KN powders, respectively. The powders in the stoichiometric ratio
were mixed and milled thoroughly in alcohol using agate balls for 10 h, and then
dried and calcined at 850°C for 2 h. The synthesized BNBT and KN powders were
weighted according to chemical formula BNBT-xKN (x=0-0.08). The BNBT and KN
powders were mixed and milled again for 10h. After drying, the powders were
sieved and mixed thoroughly with a PVA binder solution, and then pressed into
disk samples with a pressure of ~100 MPa. The disk samples were then sintered
at 1150°C for 2 h in air. Silver paste was pasted on the top and bottom surfaces of
the disc samples and then fired at 650°C. All the samples were poled under a dc
field of 5kV/mm at 85°C in a silicon oil bath for 20 min, and then cooled to room
temperature under the poling field. The crystal structure of the sintered samples
was measured using X-ray diffraction (XRD) analyzer (Bruker D8 Advance) with Cu
Ka radiation. The dielectric constant 33 and dielectric loss tan § of the ceramics as
a function of temperature at 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz were mea-
sured using an impedance analyzer (Agilent 4294A). The polarization vs. electric
field (P-E) hysteresis loop was carried out at 1Hz with the RT Premier II ferro-
electric workstation. The electromechanical coupling factor k;,, k; and mechanical
quality factor Qn were calculated using the resonance method according to the
IEEE Standard 176 with the impedance analyzer Agilent 4294A. The piezoelectric
strain coefficient d3; was measured by a quasistatic piezoelectric meter (ZJ-3AN,
China).

3. Results and discussions

The XRD patterns of the BNBT-xKN ceramics are shown in
Fig. 1(a), which indicates that all the samples have a single-
phase perovskite structure and KN has diffused into the lattices
to form a solid solution. The peaks of the BNBT-xKN ceramics
shift to lower 26 angel as the KN content increases in BNBT-xKN
ceramics, which indicate an increment in lattice constant as a
function of the KN content. Fig. 1(b) is the XRD patterns in
Fig. 1(a) with the 26 angel ranging from 45° to 48°. Only the (200)
peak is observed for all the BNBT-XxKN ceramics. As we know,
Big.47Nag47Bag s TiO3 locates at MPB of the rhombohedral and the
tetragonal phases [1,17,18]. On the other hand, potassium nio-
bate KN [19] is orthorhombic at —10 to 225°C. The peak (200)
in Fig. 1(b) does not separate with the increment of KN, which
indicates that no phase transition occurs from rhombohedral to
tetragonal or other phase with the increment of KN in BNBT-xKN
ceramics.

Fig. 2 exhibits the P-E hysteresis loops of BNBT-xKN samples.
The loop of BNBT-0.00KN ceramic is well saturated and square-like,
as shown in Fig. 2(a). The coercive field (E;) and remnant polar-
ization (P;) of BNBT-0.00KN reach 27.5kV/cm and 33.1 u.C/cm?,
respectively. From Fig. 2, it is shown that P; increases with the
increment of x and then decreases at x>0.02, exhibiting a max-
imum value at x=0.01. E. decreases with x (x<0.02), and than
increase with x (x=0.04). It is obvious that E. reduces and P;
increases greatly for the introduction of moderate KN into BNBT
ceramics. However, the excess additive of KN weakens the ferro-
electric properties of BNBT-xKN ceramics. For BNBT-0.01KN and
BNBT-0.02KN, the P-E loops become slimmer, compared with
that of BNBT-0.00KN ceramic. The E. and P; of BNBT-0.01KN
are 19.5kV/cm and 41.8 wC/cm?, respectively, and Py is much
larger than that of BNBT-0.00KN ceramic. The P-E hysteresis
loops of BNBT-0.01KN and BNBT-0.02KN are deformed, which
are similar with double hysteresis loop of antiferroelectrics to
some extent. The deformed hysteresis loop is attributed the phase
transition induced by electric field. The polarization is difficult
to saturate as x increases due to its leakage at high electric
field. The ferroelectric characteristics of the BNBT-xKN samples
become weak when x increases to x=0.04, 0.08, and the hys-
teresis loops become less saturated. E. of BNBT-0.08KN reaches
25.5 kV/cm; meanwhile, P; is only 18.5 w.C/cm?. The less saturated

hysteresis loops and the weaker ferroelectricity of the BNBT-xKN
ceramics with x>0.04 may be attributed to two reasons: (i)
possible occurrence of non-polar regions induced by the substi-
tution of K!* for A site and Nb>* for B site in ABO3 perovskite
ferroelectrics in BNBT-xKN ceramics at room temperature. A sim-
ilar result has been reported in (BipsNags)o.94Bag.0sZryTii_y03
and (Bigg4_xLaxNag g4 )05Bag0sTiO3 ceramics, in which the addi-
tive leads to the existence of non-polar regions [20,21]; (ii)
high lever of additive will generate many defects due to
charge compensation, and the defects will move at high elec-
tric field, which leads to the difficulty of saturated polarization
at high field due to the leakage. Moderate content of additive
KN enhances the phase transition between rhombohedra and
tetragonal phase in MPB, which induces a high piezoelectric
effect.

The dielectric constant e33 and dielectric loss tan § of the poled
samples as a function of temperature are measured with frequen-
cies 100Hz, 1 kHz, 10kHz, 100 kHz and 1 MHz, which are shown as
Fig. 3. From Fig. 3(a)—(c), the three samples with different KN con-
tent (x=0.00, 0.01, 0.02) exhibit three obvious dielectric anomaly
peaks. The first dielectric anomaly peak occurs at the depolariza-
tion temperature Ty. When BNBT-xKN ceramics are heated to the
temperature above Ty, the piezoelectric effect of the samples disap-
pears. Ty can be obtained from the temperature of tan §’s first peak.
It is a diffusion phase transition at T4 because of the variety of Ty4
with test frequency. The second dielectric anomaly peak appears
at temperature Ts. This dielectric anomaly might be responsible for
the defects generated during sintering due to the high evapora-
tion of Bi, Na and K during sintering. The second dielectric anomaly
disappears when the test frequency increases to 1 MHz. While
Tm responds to the temperature at which dielectric constant €33
obtains the maximum value. For the curve of BNBT-0.00KN ceramic
at 1kHz, the Tq and Ty, is 105 and 297 °C, respectively. T4 and Ty,
decrease as KN content increases in BNBT-xKN. When x increases
to 0.04, T, is not observed at above room temperature. It is likely
that Tq has moved to lower temperature than room temperature. Tp,
observed in Fig. 3 is nearly independent on the test frequency. How-
ever, Ty depends on the measurement frequency; which indicates
that it is a diffuse phase transition. The researchers have different
opinions on the depolarization temperature T4. Many researchers
consider that phase transition from a ferroelectric phase to the so-
called ‘anti-ferroelectric’ phase occurs at T4 in BNT-based lead-free
piezoelectric ceramics due to the appearance of ‘double’ hystere-
sis loop near T4 [8,10-16]. However, experiment such as X-ray
diffraction, Raman and neutron scattering does not support the
existence of anti-ferroelectric phase above T4 in BNT-based ceramic
[22-24]. If the ferroelectric to anti-ferroelectric phase transition
occurs at T4 in NBT-based ceramics, the anti-ferroelectric phase
should exist in the whole temperature range between Ty and Tp,.
However, the ‘double’ hysteresis loop appears not in the whole
temperature range between T4 and Ty,. For the BNT-based ceram-
ics, it appears even below T4 [9,12,21]. While, some researchers
consider that macro-micro domain switching occurs at T4 in BNT-
based ceramics [9,17]. Heat destroys the macro-domain state, the
ferroelectrics stay in macro-domain state at temperature below
T4, and macro-domain state transforms to micro-domain state at
temperature above Ty [25]. The macro-micro domain switching
leads to the changing of electrical properties of the ferroelectrics,
occurring of depolarization and so on. Furthermore, the strong
electric field can lead to the micro-domain state transform to
macro-domain state, which can result in the appearance of the
‘double’ hysteresis loop. Macro-micro domain switching could be
used to explain the dielectric anomaly peak at depolarization tem-
perature Tq in BNBT-xKN ceramics. There are micro-domains in
poled BNBT-0.01KN and BNBT-0.02KN ceramics below T4 due to
composition fluctuation and disorder of ‘A’ site in BNBT-xKN. The
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Fig. 1. XRD patterns of BNBT-xKN ceramics.

hysteresis loops deform due to the micro-macro domain switching
induced by electric field, which is similar with the loop of anti-
ferroelectrics to some extent. At room temperature, BNBT-0.04KN
and BNBT-0.08KN ceramics stay in micro-domain state due to their
lower Tq4, and the electric field is not enough to induce the trans-
formation from micro-domain state to macro-domain state. So

the ‘double’ hysteresis loop is not observed in BNBT-0.04KN and
BNBT-0.08KN ceramics.

Fig. 4(a) exhibits the piezoelectric coefficient d33 and the elec-
tromechanical coupling factor k; of BNBT-XxKN ceramics as a
function of KN mole content. d33 and k¢ achieve the maximum
value of d33 =195 pC/N and k; =58.9% at x=0.01. d33 and k; reduce
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Fig. 2. Polarization vs. electric field hysteresis loops of BNBT-xKN ceramics: (a) x=0.00, (b) x=0.01, (c¢) x=0.02, (d) x=0.04, (e) x=0.08.
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Fig. 3. Dielectric constant £33 and dielectric loss tan § of the BNBT-xKN ceramics as a function of temperature measured with frequencies 100 Hz, 1 kHz, 10 kHz, 100 kHz and

1MHz: (a) x=0.00, (b) x=0.01, (c) x=0.02, (d) x=0.04, (e) x=0.08.

greatly when KN content x > 0.02. BNBT-0.04KN and BNBT-0.08KN
ceramics exhibit a much lower ds3 value, their d33 values are 9
and 4 pC/N, separately, which is near zero. Their small piezoelectric
values are attributed to their micro-structure. Tq of BNBT-0.04KN
and BNBT-0.08KN ceramics is lower than room temperature, so
the domain structure of BNBT-0.04KN and BNBT-0.08KN ceram-
ics is micro-domain at room temperature. The micro-domain leads
to the low piezoelectric effect. Fig. 4(b) shows the dielectric con-
stant 33 and dielectric loss tand measured at 1 kHz for BNBT-xKN
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ceramics. The behaviors of £33 and tand as a function of KN
mole content are similar. £33 and tan§ increase sharply with KN
mole content, and than increase moderately. Fig. 5 shows the
planar electromechanical coupling factor k, and mechanical qual-
ity factor Qm of BNBT-XKN ceramics. The figure shows that k,
decreases with KN content. kp of BNBT-0.01KN ceramic is 29.3%.
Mechanical quality factor Qn of the ceramics first reduces with
KN content, and then increases with KN content when x over
0.02.
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Fig. 4. (a) Piezoelectric coefficient d3; and the electromechanical coupling factor k; of BNBT-xKN ceramics as a function of KN mole content, (b) dielectric constant 33 and

dielectric loss tan § of BNBT-xKN ceramics at 1 kHz.
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Fig. 5. Planar electromechanical coupling factor k, and mechanical quality factor
Qm of BNBT-xKN ceramics.

4. Conclusion

A novel ternary lead-free piezoelectric ceramic BNBT-xKN is
developed in this paper. BNBT-xKN ceramics have been pre-
pared by a conventional ceramic sintering technique and their
piezoelectric, ferroelectric and dielectric performances have been
investigated. The results of XRD indicate that KN has diffused into
the BNBT lattices to form a new solid solution with a pure per-
ovskite structure, no phase transition is observed by adding KN
into BNBT. Moderate introduction of KN into BNBT-xKN ceramic
(x<0.02) can enhance the piezoelectric, dielectric and ferro-
electric properties of BNBT-xKN. BNBT-0.01KN ceramic exhibits
best piezoelectric properties and strong ferroelectricity: piezo-
electric coefficient, d33=195pC/N, electromechanical coupling
factor, kt=58.9 and kp =29.3%, quality factor, Qm =113, remanent
polarization, P; =41.8 wC/cm?, coercive field, Ec =19.5kV/cm. The
piezoelectric properties of BNBT-xKN ceramics deteriorates at high
level of additive of KN (x> 0.04), which is attributed to the low
depolarization temperature T4. Macro-micro domain switching
occurs at Ty. Tq depends on the content of KN in BNBT-xKN ceramics
greatly.
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