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Abstract An enhancement in piezoelectric properties of
lead-free ceramic materials by compositional engineering
is often accompanied by a sacrifice in the temperature-
stability of properties. Here we demonstrate that high
piezoelectric properties and excellent high-temperature
stability are obtained simultaneously in 0.72BiFeO;—
0.28Ba;_,Na, TiO; (BF-BTNx, x = 0-0.035) ceramics.
Our results show that the high temperature-stable piezo-
electric properties from 26 to 470 °C, combined with room
temperature high piezoelectric constant d;; = 165pC/N
and electromechanical coupling factor k, = 0.35 are
achieved for x = 0.015 BF-BTNx ceramics. The results
suggest Na-doped BF-BT system ceramic is a potential
candidate for high temperature harsh environments
actuators and sensors applications.

1 Introduction

With increasing needs for high temperature piezoelectric
sensors and actuators for applications in automotive vehi-
cles, aerospace, geothermal and space exploration, con-
siderable attention has been paid to searching for high
Curie temperature materials with high piezoelectric per-
formance [1-5]. To date, the most widely used piezoelec-
tric ceramics are lead oxide based ferroelectrics, especially
lead zirconate titanate (PZT) due to their superior
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piezoelectric properties in the morphotropic phase bound-
ary (MPB) [6-8]. Nevertheless, the commercial PZT
ceramics generally have a Curie temperature (7,) much
<380 °C. The corresponding safe operating temperatures
are generally limited to a half of their 7. to ensure the
stability of piezoelectric properties [6—12]. Therefore,
PZT-based ceramics are hard to meet the practical re-
quirements for the high-temperature piezoelectric devices.
Furthermore, the use of lead-based ceramics will bring
serious harm for human and the environment due to the
strong toxicity of lead oxide. Therefore, seeking a lead-fee
piezoelectric ceramic with excellent piezoelectric proper-
ties and high Curie temperature is fairly significant.

In recent decades, BiMeO;—BaTiO; (Me = Sc, Fe,
Mg, ,Tiyp, Zny 5Ty, etc.) binary systems have been devel-
oped as candidates with superior properties to replace lead-
based ceramics [13—-17]. Among those available systems,
(1 — x) BiFeO3;—xBaTiO; (abbreviated as BF-BT) is regard-
ed as one of the most promising systems due to the high Curie
temperature and excellent piezoelectric properties [17-21].

From the viewpoint of the potential technical important
of BF-BT ceramics in high temperature applications, it is
very important to study the improvement of piezoelectric
properties without sacrificing 7. and depolarization tem-
perature Ty. However, there are few reports on BF-BT
ceramics with the simultaneous existence of large piezo-
electricity and good high-temperature stability. In other
word, the poled piezoelectric ceramics often begin to lose
their piezoelectric properties with temperature increasing
to a somewhat below the Curie temperature due to the
thermal instability of polarization [22-24]. And the
piezoelectric properties and Curie temperature (7.) are
generally in conflict with each other [22]. That means that
the piezoelectric coefficients d3; can be improved at the
expense of T, and vice versa [22-25].
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How to obtain alternative materials with favorable
piezoelectric properties with a high Curie temperature and
high thermal depolarization stability? Much attention has
been given to various doping modification. It has been noted
that addition of lithium element is an effective means en-
hancing the piezoelectric properties and lowing their sin-
tering temperatures of ceramics [26—28]. Therefore, it can be
reasonably expected that Na-doping may improve the
properties of the BFE-BT ceramics. To our knowledge, there
isnoreport on Na-modified BF-BT ceramic and its structure,
piezoelectric properties and high-temperature stability. In
the present work, the effect of Na-doping on microstructure,
electrical properties and their high-temperature stability of
the BF-BT ceramics was studied. We observed that the
piezoelectric properties have been enhanced by Na addition.
At the same time, temperature dependence of piezoelectric
properties suggests that the materials have good thermal
stability of electrical properties.

2 Experimental procedure

0.72BiFe05-0.28Ba; _,Na, TiO; (abbreviated as BF-
BTNx, x = 0-0.035 mol fraction) + 5 % Bi,O3 ceramics
were prepared by a conventional oxide-mixed method. The
excess Bi,O3; was added to compensate for the Bi loss
during calcination and sintering. The raw materials of
Bi,03, Fe,03, BaCOs3, TiO,, and Na,CO5; with purities
>99 % were weighed according to the stoichiometric
formula and ball-milled for 12 h in alcohol medium. After
being dried, the powders were calcined at 800 °C for 4 h.
Then, the resultant powders were mixed with 7 wt% of
polyvinyl alcohol and pressed into pellets of 12 mm in
diameter and 1 mm in thickness by uniaxial pressing under
a pressure of 100 MPa, following by sintering at 1010 °C
for 2 h in a covered alumina crucible. Finally, silver paste
was coated on samples and fired at 600 °C for 30 min to
form the electrodes.

The crystal structure for the sintered pellets was char-
acterized by X-ray diffraction (XRD, D8-2-Advanced,
Bruker AXS, Germany) with Cu Ko radiation and the
surface microstructure was examined by scanning electron
microscopy (SEM, JSM-5610LV, JEOL, Japan). The direct
piezoelectric coefficient d33 was recorded from 1-day aged
samples using a d;; meter (ZJ-3A, CAS Shanghai China)
after poling at 100 °C in a silicone oil bath under a dc field
of 6 kV/mm for 10 min. The piezoelectric and dielectric
properties were measured with Agilent 4294A impedance
analyzer. The temperature-dependent dielectric properties
of poled samples were measured in a controlled furnace
with a heating rate of 2 °C/min from 26 to 600 °C. The
room-temperature polarization versus electric field hys-
teresis loops (P—E) were recorded with a ferroelectric test

system (Precision Premier II, Radiant Technologies,

Albuquerque, NM, USA).

3 Results and discussion

Figure 1 shows the room temperature X-ray diffraction
patterns of BF-BTNx ceramics ranging from 20° to 80°.
The major diffraction peaks match well with the ABO;-
type perovskite phase. However, small additional peaks
indexed with a triangle in the XRD patterns are observed,
indicating the formation of secondary phase. From the
enlarged XRD patterns in Fig. 1b, it is evident for all
sintered samples, the peak at 20° ~39° splits into the (003)/
(021) peaks, while the peak at 20°~45° is a singlet,
meaning that addition of Na has no obvious influence on
the crystal structure. Hence, all the samples crystallize into
the rhombohedrally distorted perovskite structure.
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Fig. 1 X-ray diffraction patterns of the BF-BTNx specimens
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Fig. 2 SEM micrographs of the
bulk specimens for BF—-

BTNx ceramics withax = 0 %,
bx=05%,cx=15 %,
dx=25%,ex=35%

The surface micrographs of BF-BTNx ceramics are
displayed in Fig. 2. The average grain size is seen to ini-
tially increase before reaching maximum value of about
9.5 um (in the case of the x = 1.5 BF-BTNx ceramics).
However, when Na content is >0.025, the grain size of the
ceramics gradually becomes smaller, which may be at-
tributed to Na gathering in grain boundaries to pin grain
boundaries. In addition, some pores could be found for
x = 0.035 specimens, meaning that addition of Na has
moderate influences on the microstructure and sintering
behavior.

Figure 3 shows the room-temperature polarization hys-
teresis loops of BF-BTNx ceramics measured under an
electric field of 6 kV/mm. A well-saturated ferroelectric
P-F loop is observed for x = 0 BF-BTNx ceramic. It is
generally accepted that Na™ substitutes for higher valence
jons (Ba®"), which will result in the formation of oxygen
vacancies to retain the charge neutrality, thus causing
thermally activated hoping conduction and the absence of
proper ferroelectric hysteresis. However, as evidenced by
the formation of saturated P—FE loops in Fig. 3, Na-doped
BF-BT ceramics have not led to higher electrical con-
ductivity. Table 1 shows the coercive field E. and the
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Fig. 3 P-E hysteresis loops of the BF-BTNx ceramics at room
temperature

remnant polarization P,. From Table 1, at the composition
of x = 0.015, E, reaches the minimum and P, reaches the
maximum.

Figure 4 shows the piezoelectric constant (ds3) and
electromechanical coupling factor (k,) of BF-BTNx
ceramics as a function of Na content. It can be observed that
the piezoelectric properties exhibit strong compositional
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Table 1 Coercive field E., remnant polarization P, Curie tem-
perature T, critical temperature T, and depolarization temperature T4
for BF-BTNx Ceramics

X E. (kV/mm) P, (Wem® T.(°C) T,(°C) T4(°C)
0 237 13.54 497 455 460
0.005 2.46 13.83 494 458 460
0.015 2.19 15.13 494 466 470
0.025 220 14.86 488 455 460
0.035 229 13.15 491 449 450
L 10.36
103 /072\
H0.34
150 :/. \e 0.3
[ |
— 4032
Z 135}
% 4030 >
o 120 F —e—
" °—d, H0.28
—
L p
105 . 026
90 m 024

0.0 0.5 1.0 15 20 25 30 35
x (%)

Fig. 4 Piezoelectric properties of d3; and k, as a function of Na
content for BE-BTNx ceramics with 0 < x < 3.5

dependence. Both ds3 and k, increase gradually, reaching
maximum at the Na content of 0.015, which are 165 pC/N
and 0.35, respectively, then decrease sharply with the in-
crease of Na content. It is well known that the piezoelectric
properties are not only attributed to the lattice, crystal
structure and polarizability (intrinsic contribution) but also
grain size, densification, domain, and defects (extrinsic
contribution) [29]. For the present BF-BTNx ceramics, the
excellent piezoelectric properties forx = 0.015 composition
can be attributed to the multi-effect of intrinsic and extrinsic
contribution such as crystal structure, grain size and remnant
polarization P, as indicated in Figs. 1, 2 and 3.

The temperature dependence of the relative permittivity
(&) and dielectric loss tand of poled BF-BTNx ceramics at
frequencies of 1, 10 and 100 kHz is shown in Fig. 5. Itcan be
seen that all ceramics exhibit only a dielectric peak associ-
ated with a phase transition from rhombohedral ferroelectric
phase(R) to Cubic paraelectric phase(C). Moreover, the di-
electric peaks are very sharp and Curie temperature T, is
frequency-independent for all samples, suggesting that the
ceramics are ferroelectrics. In addition, the variation of T of
the BF-BTNx ceramics is shown in Table 1. Clearly, the Na-
doping has little impact on T, as shown in Table 1.

From Fig. 5, it can be seen a similar tendency of
¢-temperature curves for all compositions, the values of

the ¢, increase slightly before a critical temperature (7)
about 450 °C, and then drastically increase to maximum
when the temperature near 7. It means that relative per-
mittivity &, has a relatively good high-temperature stability
from room temperature to 450 °C. In addition, obvious
dielectric loss peaks are observed near the critical tem-
perature Ts.

The thermal depoling of ferroelectric ceramics deter-
mines the upper-temperature usage range for the practical
applications. Thus, study on the thermal depolarization
behavior of piezoelectric properties has great practical
significance. The effect of thermal depoling on d33 and k,
of poled BF-BTNx ceramics measured ex situ is shown in
Figs. 6 and 7, respectively. From Fig. 6, it can be observed
that the values of piezoelectric constants ds; slightly de-
crease and then drop dramatically above a critical tem-
perature due to thermal depoling. This critical temperature
can be defined as depolarization temperature (74). The
detail depolarization temperature (74) is also listed in
Table 1. Based on the thermal depoling results, all BF-
BTNx ceramics display slightly variation of the depolar-
ization temperature (74) with good high-temperature sta-
bility. However, compared with ds3, k, almost remains a
constant with increasing temperature, as shown in Fig. 7.
As the temperature continues to rise to near Ty, the k,
dramatically decreases, indicating the induced aligned do-
mains by poling electrical field break up into random state,
thus causing loss of piezoelectricity.

Based on the above results, we note that the depolar-
ization temperature (74) is very close to the critical tem-
perature (7;) in the g-temperature curves. Finally, it is
important to note that Na-doping can improve the piezo-
electric properties, simultaneously combine with good
thermal stability. This work therefore provides a simple
and cost effective doping method to improve the piezo-
electric properties and their high-temperature stability of
the BF-BT ceramics.

4 Conclusions

BF-BTNx lead-free piezoelectric ceramics were success-
fully synthesized using ordinary raw materials and a con-
ventional oxide-mixed method. It has been found that the
phase structure of BF-BTNx ceramics is major rhombo-
hedral perovskite phase at study composition range. The
piezoelectric properties and their high-temperature stability
of BF-BTNx ceramics are improved concurrently. The
x = 0.015 BF-BTNx ceramic exhibits a high piezoelectric
constant (d33) of 165 pC/N and an electromechanical
coupling factor (kp) of 0.35. At the same time, a high de-
polarization temperature of T4 = 470 °C and Curie tem-
perature of Tc = 494 °C are achieved in the x = 0.015
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BF-BTNx ceramic. These properties indicate that this

sy

stem represents a promising lead-free piezoelectric can-

didate material for harsh environments application.
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