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Lead-free (1 — x)(BiosNag5)o.ssBao12TiO3-xAgo9Lip1NbOs3 [(1 — x)BNBT12-xALN10, x = 0-0.06] piezoelec-
tric ceramics were synthesized by conventional oxide-mixed method. The phase structure, ferroelectric,
piezoelectric, and dielectric properties of the ceramics were examined. The X-ray diffraction analysis
shows that Ag*, Li*, and Nb>* ions have diffused into the BNBT12 lattice forming a solid solution with a
pure perovskite structure. The morphotropic phase boundary (MPB) between tetragonal and pseudocu-
bic phases is formed at x=0.01-0.02. The addition of ALN10 can improve the electrical properties of
BNBT12 ceramics. The ceramics with x = 0.025 exhibit the optimum electrical properties: ds3 =155 pC/N,
kp=14.8%, k;=40.2%, P;=21.9 wC/ecm?, and E.=2.30kV/mm. The temperature dependence of dielectric
and piezoelectric properties shows that the depolarization temperature (Ty) is shifted towards lower
temperatures with increasing x. For the ceramics with x > 0.03, ferroelectric and nonpolar phases may
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coexist at room temperature, resulting in a sharp decline in the ferroelectricity and piezoelectricity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite Pb(Zr,Ti)O3 (PZT) based piezoelectric ceramics have
dominated the commercial market of piezoelectric devices over
the past 50 years, owing to their excellent electrical properties.
Recently, the demand of the sustainable development of the world
and the environmental regulations has induced a new surge in
developing various lead-free piezoelectric ceramics to replace the
PZT-based ones [1,2].

It has shown that a large distortion of Pb in the A site of ABO3
perovskite structure is crucial to high piezoelectric response of
Pb-based materials. Fu et al. [3,4] have recently reported that the
situation of Ag in AgNbOs is very similar to that of Pb in Pb-based
perovskite materials. The strong covalent nature of the Ag-O bond-
ing in AgNbO3 causes a large displacement (~0.3A) of Ag in the
perovskite structure [3]. Consequently, AgNbO3 shows a large local
polarization (~52 C/cm?) at high field (~220 kV/cm) owing to the
large distortion of Ag on the A site [5]. However, pure AgNbO3
exhibits very weak ferroelectricity with remnant polarization (P;)
of 0.041 p.C/cm? at zero field, which is believed to be derived from
the small displacement of Nb>* in the B site [5]. It has also been
reported that a partial substitution of Li for Ag can induce a ferro-
electric rhombohedral distortion [3,6], which can be attributed to
the Ag displacement by the large off-centering nature of Li in the
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perovskite structure [7]. In particular, a large P; of 23 wC/cm? was
observed for the Agg gLig.1NbO3 (ALN10) ceramics at room temper-
ature [6]. Therefore, it can be expected that by incorporating Ag and
Li into A site of perovskite structure, it would show high ferroelec-
tric and piezoelectric properties owing to the large distortion of the
structure.

On the other hand, morphotropic phase boundary (MPB) plays
a significant role in PZT-based ceramics because the piezoelectric
and dielectric properties show a maximum over a specific composi-
tional range around the MPB. Big5Nag 5TiO3 (BNT) has a perovskite
structure with a rhombohedral symmetry at room temperature,
which is considered to be an excellent candidate for lead-free
piezoelectric ceramics because of its large remnant polarization
(P;=38 uC/cm?) and high Curie temperature (T.=320°C) where
the permittivity has a maximum [8]. However, because of their high
coercive field (E. =73 kV/cm), pure BNT ceramics are very difficult
to polarize and their piezoelectric properties (d33 =72.9 pC/N) are
not desirable [9]. It has been shown that BNT can form a MPB with
other perovskites, such as BaTiO3 (BT) [10], Big 5Ko5TiO3 (BKT) [11],
and KNbO3 (KN) [12], and these MPB compositions exhibit much
better piezoelectric properties than pure BNT ceramics. However,
the depolarization temperature (Ty) usually shifts downward from
187 °C for pure BNT to approximately 100 °C for the MPB composi-
tion [9,10-13]. According to our previous work [14], the tetragonal
side of the MPB composition in the BNT-BT system possesses both
relatively high depolarization temperature (T4 ~190°C) and high
ds33 values. However, the piezoelectric properties of the ceramics
are still unfavorable for application (d33 ~ 130 pC/N).
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Based on the above consideration, we tried to design a new solid
solution between (BigsNags)ogsBap.12TiO3 (BNBT12) and ALN10,
possessing tetragonal and rhombohedral phases, respectively. It is
expected to form a MPB composition in the BNBT12-ALN10 system.
It is reasonable to anticipate that the BNBT12-ALN10 solid solution
would possess high piezoelectric properties due to the formation of
MPB and the large distortion of Ag and Li in the A site. In this work,
the phase structure, ferroelectric, and piezoelectric properties of
(1 —x)BNBT12-xALN10 lead-free piezoelectric ceramics are inves-
tigated, the relationship between the phase structure and electrical
properties is also discussed.

2. Experimental

The (1 — x)BNBT12-xALN10 (x =0-0.06) ceramics were prepared by the conven-
tional oxide-mixed method. The oxide or carbonate powders of Bi, 03 (99%), TiO;
(98%), BaCO3 (99%), Na, CO3 (99.8%), Li>CO3 (97%), Nb, 05 (99%), and Ag»0 (99%) were
selected as the starting raw materials. The powders in the stoichiometric ratio of the
compositions were mixed in alcohol by ball milling. Then the mixture was calcined
at 950°C for 2 h. The synthesized powders were again ball milled, granulated, and
pressed into discs by dry pressuring with diameters of 13 mm and thicknesses of
1.1 mm. The compacted disks were sintered in air between 1100 and 1200°C for
2 h. Silver slurry was coated on both sides of the discs and then treated at 700°C
for 10 min as electrodes. The specimens were polarized in silicone oil at 60 °C under
4kV/mm for 20 min.

The bulk densities of the sintered samples were measured by Archimedes’
method. The microstructures were observed using scanning electron microscopy
(SEM, JSM-5900LV). X-ray diffraction (XRD) characterization of the ceramics was
performed using Cu Ko radiation in the 6 — 26 scan mode (D/max-2500PC). The
piezoelectric constant (d33 ) was measured using a piezo-ds; meter (ZJ-3A). The elec-
tromechanical coupling factors (k, and k) and the mechanical quality factor (Qm)
were measured using an impedance analyzer (HP 4294A). The dielectric constant
(er) and dielectric loss (tan§) of the samples were measured using an impedance
analyzer (HP 4278A). The remnant polarization (P;) and coercive field (E.) were
determined from polarization versus electric field (P-E) hysteresis loops measured
by a Radiant Precision Workstation (USA).

3. Results and discussion

Fig. 1 presents the surface images of (1 —x)BNBT12-xALN10
ceramics with (a) x=0 and (b) x=0.02. It can be observed in Fig. 1
that the grain boundary is clear and almost no visible pores are
found in both samples. It is also found that all ceramic samples
have high densities about 5.71-5.80 g/cm?, which are more than
95% of the theoretical values. Furthermore, it can be noted that the
incorporation of ALN10 into BNBT12 has no obvious effect on the
grain size, which is about 2-5 pwm for all samples.

Fig. 2 shows the XRD patterns of (1 — x)BNBT12-xALN10 ceram-
ics. It can be determined from Fig. 2(a) that all of the samples
have a pure perovskite structure. ALN10 appears to have diffused
into the BNBT12 lattice forming a solid solution. According to the
principles of crystal chemistry, Ag* (1.15A) and Li* (0.76 A) ions
most likely occupy the Na* (1.02 A) sites of (1 — x)BNBT12-xALN10
ceramics, while Nb5* (0.64A) ions may enter the B sites for sub-
stituting Ti%* (0.605A) ions [15]. Similar to PZT-based ceramics,
the Nb®* can be considered as a donor-type additive in this sys-
tem. The XRD patterns of the samples in the 20 range of 44-48°
are shown in Fig. 2(b). For x<0.01, the crystal structures of the
samples are tetragonal symmetry, which is characterized by a
(002)/(200) peak splitting between 45° and 47°. The lattice
anisotropy c/a of the BNBT12 ceramics is about 1.0170. The tetrag-
onality of the (1—x)BNBT12-XxALN10 ceramics decreases with
increasing x. When x >0.02, the lattice anisotropy is very small
(~1.0006) and no peak splitting can be observed. It seems that
the crystal structures of the samples transform to pseudocubic
symmetry. A MPB between tetragonal and pseudocubic phases of
(1 —x)BNBT12-xALN10 ceramics may exist at x=0.01 — 0.02. This
is similar to the results reported for the BKT-KN ceramics [16].
Additional experimental data will be provided below for further
discussion.

Fig. 1. SEM micrographs of (1 —x)BNBT12-xALN10 ceramics with (a) x=0 and (b)
x=0.02.

Fig. 3(a) shows the P-E hysteresis loops of the
(1 —x)BNBT12-xALN10 ceramics with x=0, 0.02, 0.03, and
0.04. P; and E. of the samples as a function of x are shown in
Fig. 3(b). It was found that normal P-E hysteresis loops were
observed for the ceramics with x <0.025. However, the P-E loop
becomes slightly deformed at x=0.03. The loop appears to form
a double-like P-E hysteresis loop at x=0.04 (Fig. 3(a)). It can be
observed in Fig. 3(b) that the E. decreases almost linearly with
increasing x. The P; increases slightly from 19.2 to 23.0 w.C/cm? as
x increases from 0 to 0.03. With further raise of x, the P; decreases
significantly and the ferroelectricity becomes very weak as the P-E
hysteresis loop becomes “pinched”. For the ceramics with x=0.04,
the Py and E. of the sample are only 6.33 wC/cm? and 1.18 kV/mm,
respectively. Similar to KgsNagsNbO3; (KNN)-modified BNT-BT
system [17], ferroelectric phase and nonpolar phase may coexist
as a matastable phase in the samples with x=0.03 and 0.04. The
ferroelectric phase dominates in the sample with x=0.03 while
the nonpolar one becomes dominant at x = 0.04. On the other hand,
these results also confirm that the crystal structures of the samples
with x=0.02-0.04 are not true cubic symmetry but a pseudocubic
structure because the perovskite material with cubic symmetry
has no spontaneous polarization.

Table 1 presents the electrical properties of
(1 —x)BNBT12-XALN10 ceramics. It can be noted in Table 1
that ds3 increases with increasing x and reaches the maximum
value of 155 pC/N at x=0.025. At x=0.04, the ds3 drops to about
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Fig. 2. XRD patterns of (1 —x)BNBT12-xALN10 ceramics in the 26 range: (a) 20-70°
and (b) 44-48°.

9pC/N. In addition, kp and k¢ increase slightly with increasing x.
The maximum values of k, (14.8%) and k¢ (45.1%) are observed
at x=0.025 and 0.01, respectively. Dielectric constant &; of the
ceramics before (&1) and after (¢,) poling increase with increasing
X, as shown in Table 1. The increase in &, may be attributed to
the presence of donor cations (Nb°*) in the lattices. The Qn, of the
ceramics decreases with increasing x. These results indicate that
the ceramics with x=0.025 possess the optimum piezoelectric
properties: d33 =155 pC/N, kp =14.8%, ky =40.2%.

As mentioned above, the addition of ALN10 decreases the tetrag-
onality of BNBT12 ceramics. The E. of the (1 —x)BNBT12-xALN10
ceramics decreases with increasing x. The lower E; values can
make the ceramics polarize sufficiently in poling process, which
is very helpful to the increase in piezoelectric properties. Addi-
tionally, for the compositions near tetragonal-pseudocubic MPB in
this system, the improvement of symmetry can reduce the internal
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Fig. 3. (a) P-E hysteresis loops of the (1 —x)BNBT12-xALN10 ceramics with x=0,
0.02, 0.03, and 0.04; (b) P; and E. of the samples as a function of x.

stress of the domain reorientation and make the domains trans-
form more easily in the poling process, which can also increase the
piezoelectric properties [12,18]. On the other hand, according to
thermodynamic theory of ferroelectrics [19], piezoelectric proper-
ties are proportional to the polarization and the dielectric constant.
For the ceramics with x> 0.03, though the ¢; value is relatively high
(~1530), the P; is too small (~6.33 wC/cm?2) that the piezoelec-
tricity almost disappears. In this study, we expect that the strong
hybridization between Ag and O atoms and the large off-centering
nature of Li can improve the ferroelectric and piezoelectric prop-
erties of BNBT12 ceramics. However, the nonpolar phases become
dominant and the Ty is shifted towards below room temperature
when x>0.03, resulting in the sharp decline of the piezoelectric
properties. Therefore, the amount of Ag and Li additive has been
limited. The effect of the structural distortion caused by Ag and Li
on the ferroelectric and piezoelectric properties might not be so
significant, owing to their low concentration level in this system.
Fig. 4(a)-(e) shows the temperature dependence of ¢; and tan
6 of poled (1 —x)BNBT12-xALN10 ceramics with x=0, 0.01, 0.02,
0.03, and 0.04, respectively, at different frequencies ranging from

Table 1

Electrical properties of (1 —x)BNBT12-xALN10 ceramics. &; and ¢, are dielectric constant before and after poling, respectively.
Samples x=0 x=0.01 x=0.015 x=0.02 x=0.025 x=0.03 x=0.04
Density p (g/cm?) 5.75 5.71 5.72 5.73 5.72 5.73 5.74
ds3 (pC/N) 126 140 143 150 155 152 9
kp (%) 13.7 14.1 14.3 14.6 14.8 13.2 -
ke (%) 41.2 45.1 44.6 44.1 40.2 36.9 -
Qm 106 101 98 90 77 72 -
&1 (1kHz) 705 1100 1240 1370 1400 1430 1440
&, (1kHz) 775 872 888 1010 1150 1350 1530
tand (1kHz) 0.029 0.031 0.036 0.036 0.041 0.050 0.061
P; (uC/cm?) 19.2 20.2 20.4 21.2 219 23.0 6.33
Ec (kV/mm) 3.44 2.96 2.95 2.70 230 1.72 1.18
Tq (°C) 195 150 140 130 120 92 -
Tm (°C) 272 265 250 245 243 242 232
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Fig. 4. Temperature dependence of &; and tan § of poled (1 —x)BNBT12-xALN10 ceramics at different frequencies ranging from 100 Hz to 100 kHz: (a)

x=0.02; (d)x=0.03; and (e) x=0.04.

100 Hz to 100 kHz. For BNBT12 ceramics (i.e., x=0), a sharp increase
inthe ¢r and tan § near 195 °Cis observed, which corresponds to the
T4. At temperatures higher than Ty, the ¢, increases gradually with
increasing temperature and reaches the maximum value at a tem-
perature Ty (~272°C). In addition, after an abrupt jump in the &,
versus temperature curves, a relaxor-like behavior can be observed
near Ty (Fig. 4(a)). This indicates that a transformation between
a normal and a relaxor-ferroelectric state occurs near Ty, which
is very similar to the results obtained for (BigsNag 5)0.70Bag.30TiO3
ceramics [20]. It can also be noted in Fig. 4 that the maximum val-
ues of ¢ decline with increasing x and the &; versus temperature
curves become more and more flat. Furthermore, both Tq and Ty
are shifted towards low temperatures with increasing x. The ceram-
ics with x=0.01 show similar dielectric response as the BNBT12
ceramics. The Tq and Ty, of the sample (x=0.01) are 150 and 265 °C,
respectively.

A different dielectric behavior is observed for the samples with
x=0.02, 0.03, and 0.04 (Fig. 4(c)-(e)). Firstly, it shows a typical
relaxation behavior for these samples from room temperature
to about 200°C. Namely, with increasing frequency, the values
of & decrease while the values of tand increase in this tem-

x=0; (b)x=0.01; (c)

perature range. It suggests that the pseudocubic symmetry of
the samples with x> 0.02 is a relaxor-ferroelectric phase. Similar
pseudocubic relaxor-ferroelectric phase has also been observed in
(1 —x)BNT —xKN (x>0.08) [13] and (1 — x)BNT — xBa(Al;,Sb1,)03
system (x>0.045) [21]. Secondly, the anomaly of tand exhibits
obvious frequency dispersion and it does not show a sharp peak,
owing to the relaxation behavior of the samples with pseudocu-
bic structure. So it is very difficult to determine the T4 accurately
from the temperature dependence of dielectric properties. In this
study, the Ty of the samples with x> 0.01 was determined from the
temperature dependences of piezoelectric properties.

Fig. 5 shows the ds3 of the ceramics with x=0, 0.01, 0.02,
and 0.03 as a function of annealing temperature. It was found
that ds33 had a steep fall after the samples were treated at a cer-
tain temperature for 30 min, which is defined as the T4 in the
present work. The Ty is about 130 and 92 °C for the ceramics with
x=0.02 and 0.03, respectively. As the ferroelectric and piezoelec-
tric properties of the sample with x=0.04 are very weak at room
temperature, it is difficult to determine its T4, which might be
already below room temperature. Additionally, it should be noted
that the poled (1 — x)BNBT12-xALN10 samples also possess d33 val-
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function of annealing temperature.

ues of 5-15pC/N after they were annealed above Ty. This result
also indicates that the polar and nonpolar regions may coexist at
temperatures between Ty and Ty [17,21,22].

4. Conclusions

(1 —x)BNBT12-xALN10 (x=0-0.06) lead-free piezoelectric
ceramics were prepared by the conventional ceramic fabrication
technique. The effects of amount of ALN10 on the phase struc-
ture and electrical properties of the ceramics were studied. The
XRD analysis shows that all of the samples have a single-phase
perovskite structure and ALN10 appears to have diffused into the
BNBT12 lattice forming a solid solution. The MPB between tetrag-
onal ferroelectric and relaxor-ferroelectric pseudocubic phases
of (1 —-x)BNBT12-xALN10 ceramics is formed at approximately
x=0.01-0.02. The addition of ALN10 can improve the piezoelectric,
ferroelectric, and dielectric properties of BNBT12 ceramics. The
ceramics with x=0.025 exhibit the optimum electrical proper-
ties: ds33=155pC/N, kp=14.8%, k¢=40.2%, Pr=21.9 nC/cm?, and
E.=2.30kV/mm. The temperature dependence of dielectric and

piezoelectric properties shows that both Ty and Ty, are shifted
towards low temperatures with increasing x. Ferroelectric and
nonpolar phases may coexist in the samples with x > 0.03 at room
temperature. This system shows favorable properties such as large
ratio of k¢/kp and high d33, which are suitable for the applications
in piezoelectric ultrasonic devices.
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