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Effects of Ti nonstoichiometry on microstructure, dielectric, ferroelectric and
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The lead-free ceramics (Na0.54Bi0.5)0.94Ba0.06Ti1+xO3 with x = −0.02, 0, 0.02, and 0.04 were prepared by a solid-state reaction
method. Effects of Ti4+ nonstoichiometry on crystallite structure, microstructure, dielectric, ferroelectric and piezoelectric
properties were studied. The ceramics with x = −0.02 and 0 exhibit typical diffraction peaks of perovskite structure. A
secondary phase appears in the ceramics with x = 0.02 and 0.04. The rhombohedral-tetragonal morphotropic phase boundary
exists in all samples, and the relative amount of the tetragonal phase changes with the increase in the Ti4+ amount from
deficiency to excess. Grain sizes and shape of the ceramics are unaffected by changes in Ti4+ nonstoichiometry. But, dielectric,
ferroelectric and piezoelectric properties of the ceramics are close related to the Ti4+ amounts. Compared with the ceramic with
x = 0, the ceramics with the Ti4+ nonstoichiometry have higher depolarization temperature, lower maximum dielectric
constant, decreased piezoelectric constant and ferroelectric properties. 
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Introduction

Piezoelectric ceramics are widely used in ultrasonic
transducer, filter, piezoelectric transformer, piezoelectric
buzzer device, and so on. Synthesis, application and
waste reprocessing of lead -based ceramics are harmful to
environment. Therefore, lead-free ceramics have attracted
considerable attention. Among lead-free ceramics, bis-
muth sodium titanate (Na0.5Bi0.5TiO3, BNT) has been
considered to be a promising candidate material owing
to its high Curie temperature and strong ferroelectric
[1]. Great efforts have been devoted to studying BNT-
based solid solutions [2-14]. Among them, (Na0.54Bi0.5)1-

xBaxTiO3 near x = 0.06 shows excellent electrical
properties due to the existence of a rhombohedral-
tetragonal morphotropic phase boundary (MPB) [6-14].

Nonstoichiometry of elements can affect structure
and electrical properties of BNT -based ceramics
obviously [15-28]. Because of the volatility of Na+ and
Bi3+, most studies have focused on effect of deviation of
Na+ and Bi3+ from stoichiometry on electrical properties
of BNT -based ceramics [19-26]. Sung et al. reported
that the BNT ceramics with Bi excess have higher
piezoelectric coefficient and lower depolarization tem-
perature compared with those with Bi deficiency;
however, effect of Na nonstoichiometry is different
from that of Bi nonstoichiometry [19, 20]. Park et al.
revealed that volatilization of Bi3+ during the process of

crystal growth has an important effect on structure and
electrical properties of the BNT crystals [21, 22]. Zuo et
al. studied the influence of A-site nonstoichiometry on
microstructure and electrical properties of BNT -based
ceramics and found that the excess of A-site (Bi0.5Na0.5)

2+

can effectively enhance electrical properties [23]. Addition
or lack of (Na0.5Bi0.5)

2+ in A-site can also improve
piezoelectric properties of the (Na0.5Bi0.5)0.92Ba0.08TiO3

ceramics [24]. Xu et al. also reported that electrical
properties of the 0.93BNT-0.07BaTiO3 ceramics are
associated with the deficiency and excess of Bi3+ in the
ceramics [25, 26]. In our previous work, we have studied
effect of Na+ nonstoichiometry on microstructure,
dielectric and ferroelectric properties of the (NaxBi0.5)

0.94Ba0.06TiO3 ceramics and found that the ceramic with
excess Na+ (x = 0.54) shows excellent electrical
properties [27]. As far as we know, many studies have
explored influence of Bi3+ and Na+ nonstoichiometry
on structure and electrical properties of BNT -based
ceramics; however, few reports about effects of Ti4+

nonstoichiometry are available [28]. Naderer et al.
reported the influence of Ti-nonstoichiometry in Bi0.5

Na0.5TiO3 and found that the temperature -dependent
electrical properties are close related to the content of Ti4+

[28]. To our knowledge, effects of Ti4+ nonstoichiometry
on structure and electrical properties of BNT -based
ceramics with the MPB have not been clarified. In
the present work, (Na0.54Bi0.5)0.94Ba0.06Ti1+xO3 lead-free
ceramics with the MPB were prepared via a solid state
reaction method. Effects of Ti4+ nonstoichiometry on
crystallite structure, microstructure, dielectric, ferroelectric
and piezoelectric properties of the ceramics were studied
in detail. 
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Materials and Experimental Methods

The (Na0.54Bi0.5)0.94Ba0.06Ti1+xO3 (BNBT-xTi, x = −0.02,
0, 0.02, and 0.04) lead-free ceramics were prepared via
a conventional solid state reaction method. Starting
materials are BaCO3 (99%), TiO2 (99.99%), Na2CO3

(99.8%) and Bi2O3 (98.9%) powders. All raw powder
were baked at 100 oC for 24 h to remove water and
immediately weighed according to the chemical
formula. The powders were put in agate vials with agate
balls and milled for 24 h using alcohol as a medium.
After drying, the milled powders were calcined at
920 oC for 3 h. The calcined powders were milled again
for 12 h and then pulverized with approximately 5 wt%
polyvinyl alcohol. Pellets of 11.5 mm in diameter and
approximately 1.5 mm in thickness were pressed under
a uniaxial pressure of 300 MPa and burned out the
binder at 500 oC for 2 h. Samples were sintered at
1170 oC for 3 h. Heating and cooling rates were 3 oC/
min. In order to prevent the volatility of Bi3+ and Na+,
the pellets were embedded in the corresponding
powders and put in covered alumina crucibles.

Relative densities of the ceramics were calculated
according to ρr = ρb/ρt, where ρb and ρt are the bulk density
of the sintered ceramics obtained by Archimedes method,
and the theoretical one, respectively. The theoretical
density (5.98 g/cm3) of (Na0.5Bi0.5)0.94Ba0.06TiO3 was
roughly used for all compositions. X-ray diffraction (XRD,
Rigaku D/Max 2550) in a step mode using a Cu Kα

radiation was used for the identification of phase
compositions. The measurements were made at 40 kV
and 100 mA with a step size of 0.02 o in the 2θ range
of 20-70 o. Additionally, in order to examine the XRD
peaks around 46.5 o more precisely, data were collected
in the 2q ranges of 45.5-47.5 o with a scanning step of
0.006 o. Microstructure was observed by means of a
scanning electron microscope (SEM, Hitachi High-Tech,
Ibaraki-ken, TM-3000). Average grain size was
determined by means of the linear intercept method. To
characterize electrical properties of the samples,
external surfaces of the ceramics were mechanically
ground and polished using fine-grained emery paper
under cold-water circulation. Then, silver electrodes
were coated and fired at 650 oC for 40 min. Dielectric
measurement was performed with a precision LCR
meter (Agilent E4980A) from room temperature to
550 oC at 3 oC/min. The samples were poled in a silicon
oil bath at room temperature under an electric field of
3 kV/mm for 15 min. The piezoelectric constant d33 of
the ceramics was measured using a quasistatic d33 meter
(ZJ-4A Institute of Acoustics, Chinese Academy of
Sciences, Beijing, China) based on the Berlincourt
method at 110 Hz. The electromechanical coupling (Kp)
and mechanical quality factor (Qm) were calculated by
means of the resonance and anti-resonance method [29].
Ferroelectric hysteresis loops were measured at 50 Hz
and room temperature in silicon oil with a radiant

precision workstation ferroelectric testing system
(Radiant Technologies. Inc.). 

Results and Discussion

Figure 1 shows XRD patterns of the BNBT-xTi lead-
free ceramics with various Ti4+ amounts. XRD data
shows that the samples with x = −0.02 and 0 form pure
perovskite structure. But, a secondary phase appears in
the ceramics with x = 0.02 and 0.04, which should be
caused by the excess Ti4+. A rhombohedral - tetragonal
MPB exists in the composition of (Na0.5Bi0.5)1-xBaxTiO3

near x = 0.06 [30], so that the XRD peaks around
46.5 o are characterized with (002) and (200) peaks
corresponding to tetragonal phase and (200) peaks
corresponding to rhombohedral phase [31]. Further
XRD analysis for the BNBT-xTi ceramics performed in
the 2θ ranges of 45.5-47.5 o is shown in Fig. 2. The
peaks in the 2θ range of 45.5-47.5 o were fitted into
(002)T, (200)T and (200)R peaks for all ceramics, where
T and R denote tetragonal and rhombohedral phase,
respectively. The percentages of the tetragonal phase
T% were determined from the equation of T%

Fig. 1. XRD patterns of the ceramics with various x, in which the
symbols ♥  and ♣  demonstrate perovskite structure and secondary
phase, respectively.

Fig. 2. XRD fitting patterns of the ceramics in the 2θ range of
45.5-47.5 o: (a) x = −0.02, (b) x = 0, (c) x = 0.02, (d) x = 0.04.
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= (Area(200)T + Area(002)T)/(Area(200)T + Area(002)T + Area(200)R).
The values of T% were determined to be approximately
26%, 30%, 44%, 35% for the ceramics with x = −0.02,
0, 0.02, and 0.04, respectively. The ceramic with the
deficient Ti4+ shows a decrease in the T%, while the
excess Ti4+ causes an increase in the T%.

Figure 3 shows SEM images of the fractures of the
ceramics with various Ti4+ amounts. The ceramics have
fine microstructures with cube-shaped grains. Almost no
pores are observed in the ceramics. The sizes of grains in
all ceramics are about 1 μm (Table 1). The ceramics with
different Ti4+ amounts show rather similar grain size,
indicating that the Ti4+ nonstoichiometry produces an
ignorable effect on grain size.

Figure 4 shows variation in dielectric constant (εr) of
the poled ceramics with various Ti4+ amounts as a
function of temperature (T). All ceramics show two
dielectric anomalies in the εr-T curves. The dielectric
anomaly on the higher temperature side is denoted by Tm,

at which the dielectric constant reaches the maximum
(εm). At temperatures higher than Tm, εr decreases as the
temperature increases. The anomaly on the lower tem-
perature side is related to the depolarization temperature
Td [32]. For BNT -based ceramics, the determination of
Td and interpretation of the anomaly around Td are
different by different authors [32]. Here, we determine the
Td values as the temperatures at which εr increases sharply.
The Td values were obtained from the temperatures
corresponding to the maximum values of first derivative
of εr (as shown in the insets of Fig. 4). The anomaly
around Td is traditionally attributed to the phase transition
between a ferroelectric phase and an “anti-ferroelectric
phase”, due to the appearance of double hysteresis
loops above Td [33]. However, double hysteresis loops
may also be related to other factors, such as macro-micro
domain switching [34], interactions between polar and non-
polar regions [35], and subtle modulation of spontaneous
polarization [36]. Thus, a so-called “intermediate phase” is
suggested above Td and the dielectric anomaly near Td is
assumed to be caused by the phase transition from the
ferroelectric phase to the “intermediate phase” [37, 38].
The strong frequency dispersion above Td is also found,
which suggests a relaxor characteristic. Ma et al.
observed that nanodomains with short range order exist
in (1-x) BNT-xBT with 0.06 ≤ x ≤ 0.11 and proposed a
new term “relaxor anti-ferroelectric” to describe this
kind of ceramics [39]. The values of εm, Td, and Tm are
shown in Table 1. The ceramic with x = 0 shows the
highest εm value. Both the excess and deficient Ti4+

cause a decrease in the εm values. The Td values of the
ceramics with x = −0.02, 0, 0.02 and 0.04 are 89 oC,
82 oC, 87 oC and 84 oC respectively. The ceramics with
Ti4+ nonstoichiometry have increased Td values compared
with the ceramic with x = 0. Compared with the Tm value
of the ceramic with x = 0, that of the ceramic with
deficient Ti4+ decreases, while that of the ceramics with

Fig. 3. SEM images of the fractures of the ceramics: (a) x = −0.02,
(b) x = 0, (c) x = 0.02, (d) x = 0.04.

Table 1. Average grain size, relative density, relative percentage
of the tetragonal phase (T%), dielectric, ferroelectric and
piezoelectric properties of the ceramics. 

x = −0.02 x = 0 x = 0.02 x = 0.04

Average grain size (μm) 1.0 1.1 1.1 1.1

Relative density (%) 93.4 93.8 94.1 93

T% 26 30 44 35

Td (
οC, 10 kHz) 89 82 87 84

Tm (
οC, 100 kHz) 263 272 274 274

εm (100 kHz) 6510 7207 6122 6712

tanδ (100 kHz) 0.0690 0.0410 0.0548 0.0454

Pm (µC/cm2, 45 kV/cm) 25.4 27.4 26.1 /

Pr (µC/cm2, 45 kV/cm) 31.7 32.4 28.2 /

Ec (kV/cm, 45 kV/cm) 29.6 28.9 28.2 /

Kp 0.3288 0.3442 0.2637 0.2408

Qm 12.86 23.24 25.20 37.83

d33 (pC/N) 56 116 80 81

Fig. 4. Dielectric constant (εr) of the poled ceramics with various x
vs. temperature at frequencies of 10 kHz, 100 kHz and 1 MHz.
The insets show the first derivative curves of the εr at frequencies
of 10 kHz.
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excess Ti4+ increases slightly. Phase transition
temperature is related to many factors. Uchino et al.
found that Curie temperature of BaTiO3 is affected by
grain size as the size is less than 200 nm [40]. Here, the
ceramics with different Ti4+ amounts show rather
similar mean grain size (about 1 μm, far larger than
200 nm). It is unlikely that grain size is responsible for
the variation in Tm. Fisher et al. reported that a
secondary phase can cause a change in Tm [41]. Here,
the secondary phase exists in the samples with x = 0.02
and 0.04. So, the change in the Tm for the ceramics
with excess Ti4+ is associated with the existence of the
secondary phase. In our previous work, we found that
the relative amount of the tetragonal phase and defect
concentration can also affect Tm values and dielectric
constant of the BNT-based ceramics [27]. Here, the
relative amount of the tetragonal phase changes with
the change in Ti4+ contents. In addition, cation vacancy
concentration and oxygen vacancy concentration may
change in the ceramics with different Ti4+ amounts. All
these factors can affect the values of Tm and εm. 

The εr-T curves exhibit broad dielectric peaks and
frequency dependency around Tm. The dielectric
behaviors were further studied by fitting the results of
temperature dependency of dielectric constant to the
modified Curie-Weiss law, which is described as [42]:
1/εr-1/εm = (T-Tm)γ/C', where εm is the maximum value
of dielectric constant at phase transition temperature
Tm, C' is Curie-like constant, and γ is the degree of
diffuseness. γ is usually ranging from 1 for a normal
ferroelectric to 2 for an ideal relaxor ferroelectric. Plots
of Ln(1/εr-1/εm) as a function of Ln(T-Tm) for all
samples at 10 kHz are shown in Fig. 5. All samples
exhibit a linear characteristic. By least-square fitting
the experimental data to the modified Curie-Weiss law,
γ was obtained. The γ values of all samples are close to
2. All ceramics show the characteristic of diffuse phase

transition.
Figure 6 shows polarization (P) of the ceramics with

various Ti4+ amounts versus applied electric field (E) at
50 Hz and room temperature. In order to obtain the
saturated polarization characterization, all ceramics
were measured under different electric fields. For the
ceramics with x = −0.02, 0 and 0.02, electric fields
with E = 45 kV/cm can be applied. But, the same
electric field cannot be applied to the ceramic with x =
0.04 because of high leakage currents. The remnant
polarization (Pr), maximum polarization (Pm) and
coercive field (Ec) of the samples are determined from
the P-E loops and shown in Table 1. Compared with
the ceramic with x = 0, the ceramics with Ti4+

nonstoichiometry demonstrate decreased Pr and Pm

values. With increasing Ti4+ amount from deficiency to
excess, Ec decreases slightly. The ceramic with x = 0
exhibits highest Pr and Pm of 32.4 μC/cm2 and
27.4 μC/cm2, respectively. The Ti4+ nonstoichiometry
causes a decrease in the ferroelectric properties. In our
previous work, we found that ferroelectric properties of
the BNT -based ceramics are associated with grain
size, A-site vacancies, and oxygen vacancies [43-44].
As grain size is about or less than 1 μm, the coupling
between grain boundaries and domain walls becomes
very strong [45]. The stronger the coupling is, the
weaker the ferroelectric properties are because of the
decrease in domain wall mobility and achievable
domain alignment. Here, all ceramics show fine grains,
which can decrease the ferroelectric properties. But, the
ceramics with various Ti4+ amounts show rather similar
grain sizes. So, it is reasonable to expect that the
difference in ferroelectric properties among the ceramics
with different Ti4+ amounts should precede to be
associated with other factors. The structure of ABO3-
type perovskites can be viewed as a network of [BO6]
oxygen octahedra, where the B-site cations are at the
center of the sixfold coordinated octahedra and the A-
site cations are in between. It is well known that the

Fig. 5. Plots of Ln(1/εr-1/εm) vs. Ln(T-Tm) of the ceramics with
various x at 10 kHz. The symbols denote experimental data, while
the solid lines denote the least-square fitting curves to the modified
Curie-Weiss law.

Fig. 6. P-E loops of the ceramics with various x under different
driving electric fields.
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spontaneous polarization in ABO3-type perovskite
ferroelectric mainly originates from the displacement
of the B-site cations within the [BO6] octahedra. It can
be expected that B-site vacancies are created in the
ceramic with Ti4+ deficiency, which would reduce the
number of active diploes per unit volume and result in
a detrimental effect on the ferroelectric properties. For
the ceramics with Ti4+ excess, the changes in the
ferroelectric properties might be related to the existence
of the secondary phase. The main piezoelectric,
dielectric and ferroelectric properties of the ceramics
with various Ti4+ amount are summarized in Table 1.
The Kp and Qm values change with the change in Ti4+

amounts. The ceramic with x = 0 shows the highest d33

value of 116 pC/N. Both the excess and deficient Ti4+

amounts cause a decrease in the piezoelectric constant. 

Conclusions

Effects of Ti4+ nonstoichiometry on microstructure,
dielectric, ferroelectric and piezoelectric properties of
the (Na0.54Bi0.5)0.94Ba0.06Ti1+xO3 lead-free ceramics were
studied. The relative amounts of tetragonal phase for the
ceramics with x = −0.02, 0, 0.02 and 0.04 are 26%, 30%,
44%, 35%, respectively. All ceramics show similar mean
grain sizes. For the ceramics with Ti4+ nonstoichiometry,
the depolarization temperature increases slightly and
maximum dielectric constant decreases compared with
the ceramic with x = 0. The ceramic with x = 0 exhibits
highest Pr and Pm of 32.4 μC/cm2 and 27.4 μC/cm2,
respectively. The Ti4+ nonstoichiometry causes a decrease
in the polarization. With the increase in the Ti4+ amount
from deficiency to excess, Ec decreases slightly. The
sample with x = 0 shows the maximum value of
d33 = 116 pC/N. Both the excess and deficient Ti4+

amounts result in a decrease in d33. 
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