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Abstract Effects of Fe and La addition on the dielectric,
ferroelectric, and piezoelectric properties of BigsNags
TiO3—Big sLig 5sTiO3-BaTiO3—Mn ceramics were investi-
gated. Similar to the doping effect in lead-based piezoelec-
tric materials, here the Fe-doped ceramic created a hard
effect with an improved mechanical quality factor
(Om) ~ 160, coercive field (E.) ~ 2.9 kV/mm, decreased
dielectric constant (9% / 80) ~ 803, and loss (tand) ~ 0.024
while the La-doped one indicated a soft feature with
improved piezoelectric constant (d;3;) ~ 184 pC/N,
&ly/e0 ~983, tand ~ 0.033, and decreased E. ~ 2.46 kV/
mm. In addition, the temperature dependence of the ferro-
electric hysteresis loops and strain response under unipolar
electric field was also studied. Around the depolarization
temperature Ty, large strain value was obtained with the
normalized d3; up to ~ 1,000 pC/N, which was suggested
originated from the development of the short-range order or
non-polar phases in the ferroelectric matrix. All these would
provide a new way to realize high piezoelectric response for
practical application in different temperature scale.
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Introduction

Lead-oxide-based piezoelectric materials, represented by
the Pb(Zr;_,Ti,)O3; (PZT), have been widely used in elec-
tromechanical devices such as sensors, actuators, and
ultrasonic transducers due to their excellent piezoelectric
and electromechanical properties [1, 2]. However, the tox-
icity of the lead and its high evaporation during sintering
easily cause serious ecological problem. Environmental
legislation in the European Union, parts of Asia, and the US
demands elimination of toxic lead for these materials sys-
tems [3], which spurred a large effort in the research for new
lead-free piezoelectric materials in the past few years [4-9].
As a promising candidate, sodium bismuth titanate (Big s
Na, 5TiO3, BNT), discovered by Smolenskii et al. in 1960s
[10], attracted much attention recently due to its strong
ferroelectric polarization and high Curie temperature [11-
13]. The crystal structure of BNT is rhombohedral at room
temperature. The thombohedral to tetragonal phase transi-
tion temperature, Tr_r, and the Curie temperature, 7, are
approximately 300 and 540 °C during the heating process,
respectively [11]. Besides, the BNT has a depolarization
temperature 74 and a maximum dielectric temperature 7;,, of
185 and 340 °C, respectively. Due to its high coercive field
and electrical conductivity, pure BNT ceramic is hard to be
completely poled to obtain desired piezoelectric and pyro-
electric response [10]. In order to solve this problem,
extensive BNT-based solid solutions were developed in
recent years such as Big sNag sTi03-Bij 5K sTiO3—BaTiO3
(BNT-BKT-BT) [14-16], Big sNag5TiO3—Big sLigsTiO3—
BaTiO; (BNT-BLT-BT) [17], which have attracted
considerable attention because of greatly improved piezo-
electric performances near the morphotropic phase bound-
ary (MPB) between the ferroelectric rhombohedral and
tetragonal phases. Nevertheless, the electrical properties of
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these BNT-based systems are still far from satisfaction in
terms of practical application. Further improvement of the
piezoelectric response remains an important issue to be
resolved.

In general, there are two approaches to improve sintering,
microstructure, and ultimately, to substantially improve the
electrical properties for various applications. One is through
microstructure modification such as designing textured
structure with certain orientation to obtain high piezoelectric
response. <001>-oriented textured BNT-BT ceramic with
high piezoelectric constant d;; of ~200 pC/N has been
achieved [18]. The other one is through compositional
modifications, which can be divided into two types in tra-
ditional PZT system: donor and acceptor doping. Both types
have been verified to be able to modify the dielectric, fer-
roelectric, piezoelectric, and electromechanical response
[19-21]. Typical donor doping is through substitution of
more positive ions (such as Bi* " or La*™) onto the Pb*", or
Nb>* and Sb>* onto Ti**, which could increase the dielec-
tric and piezoelectric constants, electromechanical coupling
coefficients, reduce the coercive field and ageing effects due
to the formation of the perovskite A-site vacancies facili-
tating the motion of domain and domain walls. On the other
hand, substitution of the host cations with lower valence
ions, denoted as the acceptor doping, could generate the
oxygen vacancies, leading to decreased dielectric constant,
loss, and enhanced mechanical quality factor and coercive
field. This is generally attributed to the formation of the
internal bias field from the defect dipoles [1, 2, 21].

The donor and acceptor doping have been found to create
significant effect on the domain motions and the electrical
properties in the traditional PZT system [19-21]. Neverthe-
less, a combination research of the acceptor and donor doping
effects on the new lead-free system is little reported [22]. In
our previous study, a Li and Mn co-modified BNT-BT solid
solution was developed and the phase diagram was estab-
lished with different Li content [23]. High d5; and planar
electromechanical coupling factors kp of 172 pC/N and 0.34
have been obtained. In order to further improve the proper-
ties, here a small amount of 0.2 mol% Fe and La, which could
generate the hard and soft effects [21, 22], respectively, were
added into the 0875B105N305T103—0O6B105L105T103—
0.065BaTiO3-0.005Mn (BNLBMTO0.06). The effects of Fe
and La doping on the dielectric, ferroelectric, and piezo-
electric properties were systematically studied and the
intrinsic mechanism responsible for them was discussed. In
addition, in present study a very large electric-field-induced
strain and normalized d3; of ~0.4% and ~ 1,000 pC/N was
obtained around the depolarization temperature under 4 kV/
mm, substantially larger than the previous solid solutions
BipsNap sTiO3—BaTiO; (BNT-BT) system of ~0.3% and
700 pC/N (under 4 kV/mm) [24].
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Fig. 1 X-ray diffraction patterns of the pure, Fe, and La-doped
BNLBMTO0.06 lead-free ceramics

Experimental

BNLBMTO0.06 ceramics doped with 0.2 mol% Fe and La
were prepared by a conventional solid state reaction
method using Bi,O3 (99.0%), Na,CO5; (99.8%), Li,CO;
(98.0%), BaCO3 (99.0%), TiO, (98.0%), MnO, (97.5%),
Fe,05 (99.0%), and LayO3 (99.95%) as the starting raw
materials, which were all commercially supplied (Sinop-
harm Chemical Reagent Co., Ltd. of China). For each
composition, the starting materials were weighed according
to the stoichiometric formula and ball milled (Nanjing
University Instrument Plant of China) for 6 h in ethanol.
The dried slurries were calcined at 850 °C for 2 h and then
ball milled again. The powders were subsequently pressed
into green disks with a diameter of 15 mm and sintering
was carried out at 1,170 °C for 2 h in covered alumina
crucibles. To minimize the evaporation of the volatile
elements Bi and Na, the disks were embedded in a powder
of the same composition. Silver paste was coated on both
sides of the sintered samples and fired at 650 °C for 0.5 h
to form electrodes. The specimens for measurement of
piezoelectric properties were poled in silicone oil bath with
a dc field of 3-4 kV/mm at 50 °C for 15 min. All the
electrical measurements were performed after ageing for at
least 24 h.

The crystal structures of the crushed sintered ceramics
were characterized by powder X-ray diffraction (D8 Focus,
Germany) using Cu Ko radiation. Dielectric constant and
loss of the ceramics were measured using an automatic
acquisition system with an impedance analyzer (Agilent
4294A, America) from 25 to 400 °C under a heating rate of
2 °C min~'. The piezoelectric constant ds3 of the poled
samples was measured using a Berlincourt d;3 meter
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Fig. 2 The polarization current curves for the pure, Fe, and La-doped
BNLBMTO0.06 lead-free ceramics

(ZJ-3A, Institute of Acoustics, Chinese Academy of Sci-
ence) at 55 Hz. The impedance spectrum for the radial and
thickness extensional vibration modes were measured with
Agilent 4294A analyzer to determine the resonance and
antiresonance frequencies. The J-E curves, P—E loops, and
S—FE curves, where J, P, E, and S denote the polarization
current density, polarization, the electric field and the
strain, respectively, were measured in silicon oil at 0.1 Hz
with the aid of a Sawyer—-Tower circuit (TF2000 analyzer,
Aixacct, Germany).

Results and discussion

The X-ray diffraction (XRD) patterns of the BNLBMTO0.06
ceramics doped with Fe and La elements were measured
under a scan step of 0.02° shown in Fig. 1. From Fig. 1 it
can be observed that similar to the pure BNLBMTO0.06
ceramic, the doped ceramics were both crystallized into a
single-phase perovskite structure and no trace of second
phase existed. Besides, in order to give an insight into the
room-temperature phase, the XRD patterns with the 20
range of 35°-48°, corresponding to the (111) and (200)
diffraction peaks, were measured under a slower scanning
step of 0.0025°. No characteristic peak splitting appeared,
suggesting the pseudocubic structure at room temperature.

Figure 2 shows the polarization current density J as a
function of the applied electric field for BNLBMTO0.06 and
doped ceramics. It can be observed that compared to the
BNLBMTO0.06 shown in the inset of Fig. 2, the peak values
of the current density J were both greatly decreased to about
one magnitude lower of about 0.8 x 107* A/em? after
doping. Figure 3 illustrates the room-temperature ferro-
electric P—FE loops and S—F curves of BNKBMT0.06 doped
with Fe and La under an electric field of about 4 kV/mm at
0.1 Hz, respectively. From Fig. 3, typical rectangular loops
can be observed for both ceramics. In comparison to the
BNKBMTO0.06 ceramics, the coercive field E. of La-doped
ceramic decreased from 2.63 to 2.46 kV/mm while that
of Fe-doped one increased to 2.89 kV/mm. From the
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Fig. 4 Temperature dependence of the dielectric constant and loss
for the a Fe-doped and b La-doped lead-free ceramics from 25 to
400 °C under the frequency of 1, 10, and 100 kHz
——110°C

S—E curves, typical butterfly curves can be observed for the
La-doped ceramic. In comparison, the strain curve for the
Fe-doped one exhibited weak asymmetric behavior and
the reason for this will be discussed later.

In addition, the temperature dependence of the dielec-
tric, ferroelectric, piezoelectric properties, and electric-
field-induced phase transition behavior was also studied as
shown in Figs. 4, 5, 6, 7, and 8. Figure 4a and b shows the
frequency and temperature dependence of the dielectric con-
stant (&};/¢0) and loss (tand) for the doped BNLBMTO.06
ceramics from 25 to 400 °C under the frequency of 1, 10, and
100 kHz. From the figures around the T, broad dielectric
peaks could be observed, exhibiting relaxor characteristics
with diffused phase transition behavior. This should be cor-
related with the multiple complexes in the A-site (such as
Bi**,Na't, Ba>™, Li™, etc.) of perovskite compounds, which
could lead to the compositional inhomogeneity in nanoscale
[25]. The depolarization temperature T4, determined from the
peaks of the dielectric loss, is another important factor for
BNT-based lead-free ceramics in view of their practical
application. A comparison of the characteristic temperatures
and the electrical properties between the pure and doped

E (kV/mm)

Fig. 5 Temperature dependence of the ferroelectric P—E loops for
a Fe and b La-doped lead-free ceramics

ceramics were summarized in Table 1. Compared to the pure
ceramics, here the Fe-doped ceramic exhibits an improved
mechanical quality factor (Q,,) ~ 160, E. ~ 2.9 kV/mm
and decreased loss tand ~ 0.024, indicating a hard charac-
teristic while the La-doped one indicates a soft feature with
increased d33 ~ 184 pC/N, 8§3/80 ~983,tand ~ 0.033, and
decreased E. ~ 2.46 kV/mm.

Figure 5a and b illustrates the temperature dependence of
the P—E loops for Fe and La-doped ceramics, respectively.
From both loops, at room temperature the P-E exhibits
typical rectangular loops, indicating strong ferroelectric
order. With temperature increasing the loops became narrow
and pinched hysteresis loops, which indicated the coexis-
tence of the ferroelectric (FE) and antiferroelectric (AFE)-
like behavior, appeared at certain critical temperature. The
starting pinched temperature for Fe and La-doped ones can
be determined to be about 80 and 70 °C, respectively, close
to (actually slightly lower than) Ty measured from the
dielectric data (Fig. 4a, b). With the temperature further

@ Springer
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Fig. 6 The strain behavior under unipolar electric field for the Fe-doped ceramic at a 80 °C, b 90 °C, ¢ 100 °C, and d 110 °C
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Fig. 7 The strain behavior under unipolar electric field for the La-doped ceramic at a 70 °C, b 80 °C, ¢ 90 °C, and d 100 °C

@ Springer



J Mater Sci (2011) 46:5702-5708

5707

1000 =  --O--La-doped O
@ Fe-doped i
.
800 - .
.
é - K
s O,
2 600 -
N’ .,
g L e
~ Q.
400 |- o
200~ o
) | ) | ) ] 1 | L | 1
20 40 60 80 100 120 140

T(C)

Fig. 8 Temperature dependence of the normalized piezoelectric
constant d3; for Fe and La-doped lead-free ceramics

increasing, the AFE-like behavior became more obvious and
the remnant polarization P, and E. decreased rapidly.

Figures 6 and 7 show the temperature dependence of the
strain behavior under unipolar electric field. Below the
depolarization temperature, little strain hysteresis can be
observed under 4 kV/mm at 0.1 Hz. With the temperature
increasing, nonlinear S—E response appeared, accompanied
with ultrahigh maximum strain value. For the Fe-doped
ceramics, the largest nonlinear response appeared at around
100 °C with the maximum strain of ~0.36%. For the
La-doped one, the maximum value reached even higher of
~0.40% at around 90 °C, accompanied with a very large
strain hysteresis. The temperature dependence of the nor-
malized piezoelectric constant (dj; = Smax/Emax) derived
from the strain curves under unipolar electric field were
summarized in Fig. 8. From Fig. 8, with the temperature
increasing, the d3; both first increased to the maximum
then decreased with temperature further increasing. The
maximum values for the Fe and La-doped lead-free
ceramics can reach as high as 915 and 1,000 pC/N,
respectively. These d3; values were much larger than pre-
viously reported ones of the BNT-BT (~700 pC/N, at
100 °C) reported by Zhang et al. and Guo et al.’s results
[24, 26].

For the increase in the 8§3 /o, tand, and ds3, decrease in
the E. and Q,, obtained in La-doped ceramic, it is due to
the similar radius between La** (1.36 A) and perovskite

A-site ions (Na™ of 1.39 A and Bi** of 1.34-1.36 A) from
Shannon’s ionic radii [27]. The La** is more positive and
the substitution will create A-site vacancies so as to facil-
itate the domain wall motions. On the other hand, the Fe>*
will substituted the Ti*" and occupied the B-site due to
similar ionic radius (Fe** of 0.65 A and Ti** of 0.605 A)
[27], leading to the oxygen vacancies and created the
internal bias field from the formation of the defect dipoles
(Fe; — V), which was always accompanied with asym-
metric electric-field-induced strain behavior (Fig. 3). As a
result, the material exhibited hard characteristics with
lower &1, /¢, loss tand, and higher E, [21]. Nevertheless, a
decrease in the depolarization temperature T4 (from 76 to
68 °C) was unexpected in the Fe-doped ceramic and the
reason responsible for this still need further study.
Regarding the high strain response, Zhang et al. studied the
large strain behavior in ternary solid solution BigsNag s
TiO3-BaTiO;-K( sNag sNbO; (BNT-BT-KNN) and pro-
posed that the mechanism was a field-induced AFE to FE
phase transition and domain contribution [5, 28]. However,
for an AFE-FE phase transition, a volume change should be
always accompanied and Jo et al. excluded this assumption
through simultaneously monitoring the longitudinal and
transverse strain and attributed large strain response to the
presence of the non-polar phase [8]. Hiruma et al. con-
sidered the high strain in Big sNag sTiO3—SrTiO; originated
from the phase transition from pseudocubic (tetragonal) to
rhombohedral accompanied with the rotation of the 180°
and non-180° domains [29]. Quite recently, Eerd et al.
reported a phase diagram of BNT-BT system in the range
of 10-470 K through Raman spectroscopy [30]. Results
indicated that with temperature increased to above Ty, the
(1 — x)BNT-xBT with x lower than the MPB composition
of 0.055 exhibited a short-range coherence (ferroelectric,
instead of non-polar or antiferroelectric) with identical
phase structure to that of BNT-BT with x > 0.055. In a
word, up to present the intrinsic nature responsible for Ty is
still quite controversial [8, 26, 30]. It is suggested that the
large strain response around 7y in present study should be
related to the development of the short-range order ferro-
electric or non-polar phases slightly below T4. When sub-
jected to external electric field, these phases could generate
a restoring force and bring the system back to its original
state after field removal so as to realize high strain

Table 1 Electrical properties of pure, Fe and La-doped BNLBMTO0.06 ceramics

T (°C) T4 (°C) &l /eo tand ds3 (pC/N) kp ke Om P, (uC/em?) E. (kV/mm)
BNLBMTO0.06 234 76 837 0.026 172 0.33 0.52 155 30.0 2.63
Fe doped 282 68 803 0.024 157 0.32 0.46 159 31.5 2.89
La doped 326 68 983 0.033 184 0.32 0.47 145 32 2.46
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response. Similar results have also been observed in
Zr-modified Bi0.5(Nao_7gK0.22) 0.5TiO3 system [31] The
high strain response obtained here provides a new way for
applications under different temperature ranges.

Conclusions

In summary, acceptor Fe and donor La-modified
BNLBMTO0.06 ceramics were fabricated and the dielectric,
ferroelectric, and piezoelectric properties were systemati-
cally characterized. The Fe-doped ceramic exhibited a hard
effect with an increased Q,, and E., decreased &, /¢y and
tand while the La-doped one indicated a soft feature with
increased ds3, 83T3 /&0, tand, and decreased E.. The intrinsic
mechanism was briefly discussed. In addition, an ultrahigh
electric-field-induced strain data with large normalized d3;
up to ~ 1,000 pC/N was obtained in the doped ceramics
which was suggested ascribed to the formation of the short-
range ferroelectric or non-polar phase at elevated temper-
ature. The present study could also provide an important
routine to obtain large strain response.
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