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ABSTRACT

(Bi,,Na, )y ,Ba, ,s(Ti,_ Nb)O; (BNBTxNb) ceramics were investigated in terms of the crystal structure as well as the ferroelec-
tric, dielectric, and piezoelectric properties. While little change was observed in the microstructure except for a slight decrease in
the average grain size, a significant change was noticed in the temperature dependence of dielectric and piezoelectric properties.
It was shown that the property changes are closely related to the downward shift in the position of the ferroelectric—to—relaxor
transition temperature with increasing amount of Nb doping. A special emphasis is put on the fact that Nb doping is so effective
at decreasing the ferroelectric—to-relaxor transition temperature that even at no more than 2 at.% Nb addition, the transition
temperature was already brought down slightly below room temperature, resulting in the birth of a large strain at 0.46 %, equiv-

alent to S /E

max max

= 767 pm/V.
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1. Introduction

P iezoelectric ceramics that interchangeably convert
mechanical to electrical energy play key roles in micro—
controllable sensors and actuators; in these ceramics, lead
zirconate titanate (PZT) has been used as a primary mate-
rial for more than five decades. However, over the past 20
years, environmental concerns about harmful elements
have accelerated studies on lead—free piezoelectric ceramic
alternatives to PZT that contains more than 60 wt% Pb.*™
Especially, Bi-based lead—free perovskite materials are one
of the most promising candidates with respect to the
replacement of PZT. The usual compositions in this cate-
gory are bismuth sodium titanate (Bi,,Na,,TiO,, BNT), bis-
muth potassium titanate (Bi,,K;,TiO, BKT), and solid
solutions of these materials, such as BNT-BaTiO, (BNT-
BT)” and BNT-BKT (BNKT) with a morphotropic phase
boundary (MPB).?

Recently, incipient piezoelectricity as a new concept is
considered to be one of the promising strategies to be used
in large-stroke actuator applications because of the
unusual strain properties of Bi-based materials.” In BNT—
based or BNKT-based lead—free relaxor ceramics, the usual
strain level reaches ~ 0.4 % with a small amount of chemi-
cal modifications,? which is almost twice the usual strain
of PZT ceramics. This large electromechanical strain is
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known to result from a reduction in the remanent strain,
Sl,em,13> due to the presence of a nonpolar phase (more pre-
cisely an ergodic relaxor, ER)"*'® at ‘zero’ electric field. This
means that this phenomenon is associated with a reversible
electric—field—induced phase transformation from an ER
phase to a ferroelectric (FE) phase.'®'”

This study investigates the effect of Nb doping on the
microstructure, the crystal structure, and the electrical

properties of lead-free BNBT ceramics.

2. Experimental Procedure

Ceramic powders conforming to the chemical formula,
(Bi,,Na, ), 0B, 05(T1, Nb)O, (BNBTxNb, x = 0 ~ 6 mol%),
were synthesized using a conventional solid—state reaction
route. Reagent grade Bi,O,, Na,CO,, Nb,O,, and TiO,
(99.9%, High Purity Chemicals, Japan) powders were used
as raw materials. These raw materials were first put in a
drying oven at 100 °C for 24 h to remove moisture and then
weighed according to the stoichiometric formulas. The pow-
ders were ball-milled in ethanol with zirconia balls for 24 h,
dried at 80°C for 24 h, and calcined at 850°C for 2 h in a cov-
ered alumina crucible. After calcination, the composite pow-
der was mixed with polyvinyl alcohol (PVA) as a binder and
then pressed into green discs with a diameter of 12 mm
under a uniaxial pressure of 98 MPa. These green pellets
were sintered at 1175 °C in a covered alumina crucible for 2
h in air.

The crystal structure was analyzed using an X-ray dif-
fractometer (XRD, RAD III, Rigaku, Japan); the surface
morphology was observed with a field—emission scanning
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electron microscope (FE-SEM, JEOL, JSM—-650FF, Japan);
the average grain size was determined by linear interceptor
method.’” For electrical measurements, a silver paste was
screen printed on both sides of specimens and subsequently
burnt in at 700 °C for 30 min. The polarization (P) and
strain (S) hysteresis as a function of the external electric
field (E) were measured in silicon oil by using a modified
Sawyer-Tower circuit and a linear variable differential
transducer, respectively. The temperature-dependent
dielectric constant (¢) and dielectric loss (tan 6) of the
BNBTxNbD ceramics were recorded using an impedance ana-
lyzer (HP4192A) attached to a programmable furnace at the
measurement frequencies of 1-100 kHz in a temperature
range of 25 — 500 °C. The piezoelectric constant (d,,) was
determined using a Berlincourt d,,—meter after poling sam-
ples under a DC electric field of 5 kV/mm for 15 min in sili-
con oil.

3. Results and Discussion

Figures 1(a) and 1(b) provide SEM micrographs of a ther-
mally etched surface, respectively, of BNBTONb and
BNBT5ND ceramics sintered at 1175°C for 2 h; these images
reveal dense microstructures regardless of the level of Nb
doping. The relative density of all ceramics was measured
and found to be over 98% of the theoretical density of each
composition. It can be clearly seen that increasing the Nb con-
centration leads not only to a reduction in the average grain
size but also to a narrower size distribution. The average

Fig. 1. FE-SEM micrographs of (a) BNBTONb (x = 0) and
(b) BNBT6NDb (x = 6) (Red arrows correspond to a Bi-
rich foreign phase induced during thermal etching
process).
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grain size was found to decrease from about 2.3 + 0.5 pm for
BNBTOND to 1.8 + 0.3 pm for BNBT6Nb ceramics.

X-ray diffraction patterns of the BNBTxNb ceramics in
the 26 range of 20 ~ 80° are shown in Fig. 2. All samples
indicated a single perovskite structure without any second-
ary phase within the resolution limit of the adopted appara-
tus. BNBTOND (x = 0) was analyzed to have a rhombohedral
symmetry by the presence of a peak splitting around 40°.
However, this rhombohedral symmetry tends to disappear
with increasing Nb content, implied by the merge of split
(111)p (the subscript ‘pc’ denotes ‘pseudocubic’) peak.

Figure 3 shows the temperature dependence of the dielec-
tric permittivity (e,) and the corresponding dielectric loss
(tan 6) for poled (top) and unpoled (bottom) BNBTxNb
ceramics in the frequency range of 1 to 100 kHz. On the
unpoled samples, there are two distinctive dielectric anoma-
lies. One is a strong frequency—dispersive region at lower
temperature appearing as a shoulder (refer to the inset fig-
ure in (e)); the other is a relatively weak frequency—disper-
sive region in the higher temperature regime. These two
anomalies can be explained as the consequences of the two
successive dielectric relaxations of the low-temperature and
high-temperature polar nanoregions (PNRs), bridged by an
intermediate phase transformation between the two
PNRs.'* Although the origin of the high-temperature anom-
aly is still controversial, that of the low-temperature anom-
aly has been clearly shown to be due to the inherent relaxor
nature of the system.
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Fig. 2. X-ray diffraction patterns of BNBTxNb ceramics.
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Fig. 3. Temperature dependence of permittivity and tand of BNBTxNb ceramics for poled (top) and unpoled (bottom) samples. For (a) and (e), x = 0; for
(b) and (), x =2; for (c) and (g), x = 4; for (d) and (h), x = 6 at% of Nb-doped BNBT ceramics.
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Fig. 4. Polarization (top) and strain (bottom) hysteresis of Nb-doped BNBT ceramics. (a) and (g), x = 0; (b) and (h), x = 1; (c) and
1), x =2; (d) and J), x = 3; (e) and (k), x = 4; and (f) and (1), x = 6 at% Nb-doped BNBT ceramics.

In the case of relaxor ferroelectrics, an additional dielectric
anomaly is expected to appear when the materials are electri-
cally poled below their freezing temperature.’® This addi-
tional feature can be easily seen in BNBTOND as a frequency
independent discontinuity in tan 6 (the arrow in Fig. 3(a)).
This is commonly referred to as a ferroelectric—to-relaxor
phase transition, in which a field-induced FE state with a
long range order converts back to an ergodic relaxor (ER)
state; the temperature for this change is denoted as TFfR.m)

The value of T}, , and the dielectric maximum temperature
(T,) for the BNBTOND ceramics are around 180 °C and 300
°C, respectively. However, no discerned T}, ; can be observed
when the concentration level of Nb exceeds 1 at%, which
implies that the T} ; of these compositions lies below room
temperature. The downward shift of T}, ; suggests a compo-
sitionally—induced ferroelectric—to-relaxor phase transi-
tion'**” due to the presence of Nb. However, it is interesting
to note that electrical poling still has an influence on the
values of e, and tan 6 for BNBT2Nb, BNBT4Nb, and even
BNBT6NDb at around 100 °C, implying that the nonergodic-
ity of BNBTxNb may not be completely removed within the
currently applied doping level.?”

Figure 4 presents the polarization (P-E) and strain (S-E)
hysteresis curves of BNBTxNb ceramics. Typical ferroelec-
tric hysteresis curves, represented by square—type polariza-
tion and butterfly—shaped strain hysteresis, were observed
for BNBTONb and BNBT1Nb ceramics, which have large
remanent polarizations P, of 25 and 26 nC/em® and coercive
fields E, of 4.4 and 2.8 kV/mm. However, one of the most
interesting features is the comparable maximum polarization
(P, values regardless of the compositions, while a drastic
change in P, is evident, especially when x = 2.

On the other hand, the change in the strain behavior is
rather complicated. At x = 1, both the negative strain (S__)

neg

and the maximum strain (S_ ) are enhanced, indicating

max
that the material becomes softened due to easier domain
wall motions."” However, a further increase in Nb
concentration seems to result in an increase in S, though

Sneg is completely annihilated. Especially, when x = 2, this

unusual change leads to a unipolar strain S_; of 0.46 %,
which corresponds to the large—stroke actuator’s figure of
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Fig. 5. Variation of P, E,, d,,, d,,, k%, and @,, of BNBTxNb
ceramics.

erit S /E . of 767 pm/V.

Figure 5 provides a summary of the values of P, E, the
normalized d,, (i.e., S, /E, ), the Berlincourt piezoelectric
constant (d,,), planar piezoelectric coupling coefficient (%),
and the electromechanical quality factor (€,) as a function
of Nb content. The values of P, E, d,, , d, k°, and @, for
BNBTOND ceramics were 25 pClem? 4.4 kV/mm, 106 pm/V,
69 pC/N, 21%, and 250, respectively.

All the parameters similarly decrease with increasing Nb
content, except for dgs,*. This trend suggests that the
stability of long—range ferroelectric order in BNBT ceramics
introduced by the application of an electric field is

weakened by the presence of Nb as a donor dopant. At the
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moment, the exact mechanism for how the introduced donor
element destabilizes the ferroelectric long-range order is
unclear. However, given that the origin of relaxor behaviors
is closely related to the degree of random fields,*” the charge
balance mechanism when BNBT accommodates the donor
dopants is highly likely the formation of relatively immobile
defect dipoles with A-site cation vacancies rather than
electronic compensation.?* 29

4. Conclusions

Lead-free Nb-doped BNBT ceramics have been synthe-
sized using conventional solid state reaction method. Nb
doping was found to induce a downward shift of T} ;, sug-
gesting a compositionally—induced ferroelectric—to—relaxor
phase transition. Consequently, d%,* was drastically
enhanced, while P, E, d,,, k*, and @, were simultaneously
degraded with increasing Nb concentration. The highest
value of d,, was ~ 767 pm/V, which corresponds to S, of
0.46 % at x = 2.
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