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0.94Bip5Nag5TiO3-0.06BaTiO; (NBTB) and 0.05BiFe03-0.95NBTB (BF-doped NBTB) lead-free ceramics
were prepared by solid state reaction method. The ceramics were sintered at 1180°C for 2 h in O, and
Ny. All ceramics exhibited a single phase of perovskite structure. Relative amount of tetragonal phase
was related to the sintering atmospheres. Both grain size and shape were influenced by the sintering
atmospheres. Sintering the ceramics in N, weakened their dielectric anomalies corresponding to the
transition from ferroelectric phase to the so-called “intermediate phase”. When the NBTB and BF-doped
NBTB ceramics were sintered in N, their maximum dielectric constant and the degree of diffuseness of
the transition from the “intermediate phase” to paraelectric phase increased, but their Curie tempera-
tures decreased. The difference in dielectric properties of the ceramics sintered in different atmospheres
was closely related to the difference in oxygen vacancy concentration. The correlation between ferroelec-
tric properties and sintering atmospheres is associated with a competing effect among oxygen vacancy

Key words:

Ceramics
Microstructure
Electronic properties
Sintering atmospheres

concentration, A-site vacancy concentration and percentage of tetragonal phase.
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1. Introduction

Among lead-free ferroelectric materials, (1—x)BigsNags
TiO3-xBaTiO3-based ceramics have been studied widely because
there exists a rhombohedral-tetragonal morphotropic phase
boundary (MPB) near x=0.06 [1-13]. The excellent electrical
properties of the (1—x)BigsNagsTiO3—xBaTiO3-based ceramics
are always attributed to (BigsNag5)2* ions, especially Bi3* ions, at
the A-site of ABO3 perovskite structure [14]. So, addition of other
Bi-based ferroelectrics could possibly improve the performances
of Bigs5NagsTiO3-based ceramics. Bismuth ferrite (BiFeOs) is
a ferroelectric with ABO3; perovskite structure and high Curie
temperature [15]. Doping of BiFeOs; into BigsNagsTiO3-based
ceramics can influence microstructures and electrical properties
of the ceramics [16-20]. We have studied the effects of BiFeO3
on microstructures, dielectric and ferroelectric properties of
0.94Big 5Nag 5TiO3-0.06BaTiO3 (NBTB) ceramics [20]. Doping of
BiFeOs into the NBTB ceramics created oxygen vacancies. However,
the effects of oxygen vacancies on microstructures and electrical
properties of the NBTB and BiFeO3-doped NBTB ceramics remain
unclear.
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Oxygen vacancy plays a very important role in determining
microstructures and electrical properties of oxide ceramics. It
has been found that the structural transition of grain bound-
ary and related grain growth behavior of BaTiO3 ceramics were
closely related to oxygen partial pressure during sintering [21].
Fisher et al. [22-24] found that the orthorhombic-tetragonal
and tetragonal-cubic phase transitions of (Kgs5Nag5)NbO3 ceram-
ics became more diffuse when they had a high oxygen
vacancy concentration. Zhang et al. [25] found that sintering
(Bag.95Cag 05 )(Tig.ggZro.12 )03 ceramics in a protective atmosphere
could increase dielectric constants. Oxygen vacancies could restrain
the phase transition between ferroelectric phase and the so-called
“intermediate phase” in Mn-doped (NaggKg)o.5Big5TiO3 ceram-
ics [26]. The moving of domain walls in BaTiO3 was also affected by
oxygen vacancy defects [27]. In summary, oxygen vacancy is a very
significant factor that can influence microstructures and electrical
properties of ferroelectric ceramics.

In this paper, ceramics with compositions of
0.94Na0.5Bi0.5TiO3—0.06BaTiO3 (NBTB) and 005B1F603—095NBTB
(BF-doped NBTB) were sintered in atmospheres of O, and Nj. It
can be expected that oxygen vacancy concentration would change
with changing in compositions and sintering atmospheres. The
effects of sintering atmospheres on microstructures, dielectric and
ferroelectric properties of the NBTB and BF-doped NBTB ceramics
were studied in detail.
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2. Experimental procedures

NBTB and BF-doped NBTB ceramics were prepared by solid state reaction
method. Analytical grade BaCOs, TiO,, Na,COs, Bi; O3, and Fe,03 in stoichiometric
ratio of the compositions were mixed in agate vials with agate balls and milled for
5hin Fritsch Vario-Planetary high energy ball milling system in air. Rotation speed
of the disk was 300 rpm and that of the vials was 450 rpm. The milled powders were
subsequently calcined at 800°C for 2 h. The calcined powders were pulverized with
approximately 5 wt% polyvinyl alcohol. Pellets of 11.5 mm in diameter and approx-
imately 1.5 mm in thickness were pressed at a uniaxial pressure of 200 MPa. The
pellets were burned out the binder at 500°C for 2 h, and sintered in atmospheres
of O, and N,. In order to obtain ceramics with coarse grains (>1 wm), samples were
sintered at 1180 °C for 2 h. Heating and cooling rates were 3 °C/min. In order to pre-
vent volatilization of Bi and Na, all pellets were embedded in powders with the same
composition and placed in covered alumina crucibles during the sintering process.

X-ray diffraction (XRD, Rigaku D/Max 2550) using a Cu Ka radiation (40 kV and
50mA) was used for identification of phase compositions. Microstructure of the
sintered samples was observed by using scanning electron microscope (Quanta 200
SEM, FEI Co., Eindhoven, Netherlands). Average grain size was determined by the
line intersect method. Density of all ceramics measured by Archimedes method was
>94.6% of their corresponding theoretical density.

Silver electrodes were coated and fired at 650 °C for 15 min for electrical char-
acterization. Dielectric measurement was performed by using an Agilent E4980A
precision LCR from room temperature to 500 °C. Ferroelectric hysteresis loops were
measured at 50 Hz in silicon oil with a radiant precision workstation ferroelectric
testing system. Maximum polarization (Pp, ), remnant polarization (P;) and coercive
filed (E.) were determined from the P-E hysteresis loops.

3. Results and discussion

Fig. 1(a) shows XRD patterns of the NBTB and BF-doped NBTB
ceramics sintered in different atmospheres. All ceramics exhibit
typical diffraction peaks of ABO3 perovskite phase. No second phase
is observed, suggesting that Bi3* and Fe3* ions have dissolved into
the lattice structure of NBTB to form solid solutions.

As is known, a rhombohedral-tetragonal MPB exists in NBTB
ceramics [28]. In order to characterize the phase compositions in a
more quantitative way, the XRD peaks between 45.0° and 47.5°
were fitted by Peakfit software using the least-square approach
[20]. The XRD fitting patterns are shown in Fig. 1(b)-(e). The peaks
between 45.0° and 47.5° were fitted into (2 2 0)r and (2 02)g peaks
for all ceramics, where T and R denote tetragonal and rhombohe-
dral phase, respectively. The results indicate that MPB appears in
all samples. From the equation of tetragonal% =area (22 0)y/(area
(220)r+area (202)R), relative amount of tetragonal phase was
determined. They are 49.8%, 42.5%, 42.9% and 36.1% for the NBTB
sintered in O, NBTB in N, BF-doped NBTB in O,, and BF-doped
NBTB in Ny, respectively. For the ceramics sintered in N5, their rel-
ative amount of tetragonal phase decreases as compared to that
of their counterparts sintered in O,. For the ceramics sintered in
same atmosphere, doping of BiFeO3 into NBTB causes a decrease in
percentage of tetragonal phase. XRD results show that MPB exists
in the NBTB and BF-doped NBTB ceramics sintered in both atmo-
spheres, but percentage of tetragonal phase is different for sample
with different compositions and sintering atmospheres.

Fig. 2 shows SEM images of the NBTB and BF-doped NBTB
ceramics sintered in different atmospheres. Average grain sizes of
the NBTB ceramics sintered in O, and N, were determined to be
2.41 pm and 3.76 pm, respectively. For the BF-doped NBTB ceram-
ics, mean grain sizes in O, and N, were 3.68 wum and 5.06 pm,
respectively. The ceramics sintered in N, have larger grain size
than those sintered in O,. Grain growth was the most remarkable
in the BF-doped NBTB ceramics sintered in N,. On the other hand,
the BF-doped NBTB ceramics sintered in N, consist of grains with
round edges and corners, while the ceramics sintered in O, consist
of cube-shaped grains with sharp edges and corners.

As reported in our previous work [20], Fe3* ions should
substitute Ti%* ions in the BiFeO3-doped NBTB ceramics. To main-
tain overall electrical neutrality, oxygen vacancies were created.
Sintering the BF-doped NBTB ceramics in O, would decrease con-

centration of oxygen vacancies. It can be expected that oxygen
vacancy concentration in the BF-doped NBTB ceramics sintered
in Ny is much higher than that in the ceramics sintered in O,.
As is generally recognized, the presence of oxygen vacancies in
oxide materials is beneficial to mass transport during sintering. This
should be responsible for the promoted grain growth in the ceram-
ics sintered in N». It has been found that grain boundary structure
and grain growth behavior of BaTiO3 ceramics were affected by
oxygen partial pressure [21]. Fisher and Kang [22] reported that
the edge free energy of (Ko 5sNag 5 )NbO3 ceramics was reduced with
increasing oxygen vacancy concentration, which caused a change
in grain shape. We think that the change in grain shape in the
BF-doped NBTB ceramics from cube to round with atmosphere
changing from O, to N, is also related to an increase in oxygen
vacancy concentration.

Fig. 3 shows variations in dielectric constant (&;) and dielectric
loss (tan§) of the NBTB and BF-doped NBTB ceramics sintered in
different atmospheres as a function of temperature (T). &; at higher
frequency is lower than that at lower frequency over the measured
temperature range. For the ceramics sintered in both N; and O,,
the dependence of tané on frequency is different over different
temperature ranges, which is similar to that for the BiFeO3-doped
NBTB ceramics sintered in air [20]. Dielectric anomalies, caused by
the phase transition between ferroelectric phase and the so-called
“intermediate phase”, were observed at about 150°C (denoted as
T4 peaks) in the NBTB and BF-doped NBTB ceramics sintered in O,.
But Ty peaks became vague when the two ceramics were sintered
in Ns. Jiang et al. [26] reported that oxygen vacancies could restrain
the transition of ferroelectric phase to the “intermediate phase” in
Mn-doped (Nag gKg2)o5Bip5TiO3 ceramics. As is known, sintering
in O, would decrease oxygen vacancy concentration, while sinter-
ing in oxygen deficient atmosphere would increase oxygen vacancy
concentration. Oxygen vacancies can cause domain wall clamping,
which will restrain the macro-micro domain switching and inhibit
the transition between ferroelectric phase and the “intermediate
phase” [29]. Thus, the indistinctness of the T4 peaks for the ceram-
ics sintered in N, can be attributed to their high concentrations of
oxygen vacancy.

Dielectric peaks corresponding to maximum values of &;
(denoted as &) at Curie temperature (T,) were observed in the
&r-T curves. These peaks were caused by the phase transition
between the “intermediate phase” and paraelectric phase. The val-
ues of e and Ty, for all ceramics measured at different frequencies
are shown in Fig. 4. Sintering atmospheres have an important effect
on both ey, and Tyy,. &y of the ceramics sintered in N, is larger than
that of the ceramics sintered in O, at a given frequency. That is
to say, the samples sintered in an oxygen deficient atmosphere
have higher & values, which is always connected to electron
relaxation polarization [25]. Similar phenomena were observed in
(BaCa)(TiZr)O3 [25] and Mn-doped SrTiO3 ceramics [30].

Tm values of the ceramics sintered in N, decreased as compared
to those of their counterparts sintered in O,. In same sintering
atmosphere, T, of the BF-doped NBTB ceramics is larger than that
of the NBTB ceramics. Many factors, such as grain size [31], sec-
ondary phase [32], crystal structure [33], and defect concentration
[23,24,34], would result in a change in phase transition temper-
ature. Uchino et al. [31] reported that Ty, of BaTiO3 decreased as
the grain size dropped below 200 nm. In our work, the mean grain
sizes in all samples are 2.41-5.06 pum, which are much larger than
the particle sizes at which changes in Ty, occur (Fig. 2). Therefore,
it is unlikely that the change in grain size is the cause of the change
in Tp. Lee et al. [32] explained the change in Ty, of BaTiO3 using the
secondary phases on the surface of the perovskite crystals interact-
ing elastically with the BaTiO3. Here, no second phase was observed
(Fig. 1). The decrease in tetragonality of BaTiO3 can cause a decrease
in Ty [33]. Hardtl and Wernickel [35] attributed the decrease in Ty
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Fig.1. XRD patterns of the NBTB and BF-doped NBTB ceramics sintered in different atmospheres (a), and fitted patterns of 45.0-47.5° (b-e). The symbol (#) in (a) demonstrates

perovskite structure.

of BaTiOs sintered in oxygen deficient atmosphere to the increased
free electron concentration produced by the formation of oxygen
vacancies or to changes in the lattice caused by oxygen vacancies.
(Ko5Nag5)NbO3 ceramics sintered in reducing atmospheres had
lowered phase transition temperatures because of the increase in
oxygen vacancy concentration [23,24]. Previous theoretical work
[34] has also shown that a change in defect concentration would
cause a change in phase transition temperature. In our previous
work [20], we found that Ty, of the BiFeO3-doped NBTB ceramics
sintered in air increased with increasing BiFeO3 amount. Although

oxygen vacancy concentration would increase by doping BiFeOs,
percentage of tetragonal phase decreased with increasing BiFeO3
content. Variations in relative amount of tetragonal phase and oxy-
gen vacancy concentrationresulted in a change in Ty,. Therefore, we
think that the difference in Ty, between the NBTB and BF-doped
NBTB ceramics sintered in both N, and O, can be related to a
competing effect between relative amount of tetragonal phase and
oxygen vacancy concentration.

The dielectric behaviors with diffuse phase transition were fur-
ther studied by fitting the results of temperature dependency

Fig. 2. SEM images of the NBTB ceramics sintered in O; (a), N2 (b), and the BF-doped NBTB ceramics sintered in O, (c), and N5 (d).
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Fig. 3. Dielectric constant and dielectric loss of the NBTB and BF-doped NBTB ceramics sintered in different atmospheres versus temperature at frequencies of 10 kHz, 100 kHz

and 1 MHz.

of dielectric constant to the modified Curie-Weiss law, which is
described as [36]: 1/er - 1/em =(T— T )Y /C, where &, is the maxi-
mum value of dielectric constant at phase transition temperature
Tm, C is Curie-like constant, and y is the degree of diffuseness.
y is usually ranging from 1 for a normal ferroelectric to 2 for
an ideal relaxor ferroelectric. Plots of Ln(1/e; —1/em) as a func-
tion of Ln(T — Ty, ) for all samples at frequencies of 10 kHz, 100 kHz
and 1 MHz are shown in Fig. 5. All samples exhibit a linear char-
acteristic. By least-square fitting the experimental data to the
modified Curie-Weiss law, y was determined. Because the diffuse-
ness exponent y of all samples is close to 2, the phase transition
has a diffuse character. However, Ty, does not exhibit obvious
up-shift with increasing frequency for all samples (see Fig. 4(b)),
which is different from classic relaxor characteristics [37]. y of
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Fig.4. Maximum values of dielectric constant (&r, ) and corresponding temperatures
(Tm) for the NBTB and BF-doped NBTB ceramics sintered in different atmospheres.

the ceramics sintered in N, is higher than that of the ceramics
sintered in O, at a given frequency. In same sintering atmo-
sphere, y of the NBTB ceramics is lower than that of the BF-doped
NBTB ceramics at a given frequency. Therefore, with substitu-
tions of Fe3* ions for Ti** ions and an increase in oxygen vacancy
concentration, the degree of diffuseness of the phase transition
increased.

Fig. 6(a) shows polarization of the NBTB and BF-doped NBTB
ceramics sintered in different atmospheres versus electric field
measured at 50Hz. Clear hysteresis loops were observed for all
samples, which are typical shapes of ferroelectric materials. The
remnant polarization (P; ), maximum polarization (Py, ) and coercive
field (E.) of the samples were determined from their P-E hysteresis
loops and are shown in Fig. 6(b). Both polarization and coercive field
of the BF-doped NBTB ceramics are smaller than those of the NBTB
ceramics sintered in same atmosphere. Compared with the ceram-
ics sintered in O, those sintered in N, have smaller polarization
and higher coercive filed.

Recently [20], we demonstrated that ferroelectric properties of
the NBTB-based ceramics were determined by competitive factors,
such as A-site vacancy, grain size, oxygen vacancy and percentage
of tetragonal phase. Buessem et al. [38] reported that the coupling
between grain boundaries and domain walls in fine-grained (1 pm
or less) ceramics was stronger than that in coarse-grained ones. The
stronger the coupling is, the weaker the ferroelectric properties
are because of the decrease in domain wall mobility and achiev-
able domain alignment. In this work, the sintering temperature
was 1180°C and the samples have coarse grains with mean sizes
of 2.41-5.06 pm (Fig. 2). The grains are so large (>>1 wm) that the
effects of coupling between grain boundaries and domain walls on
ferroelectric properties of the ceramics can be neglected. Shigemi
and Wada [39] found that the formation energy of Na vacancy was
the lowest in oxidation atmosphere and that of O vacancy was
the lowest in reduction atmosphere. Therefore, the ceramics sin-
tered in O, would have increased concentrations of A-site vacancy
and decreased concentrations of oxygen vacancy. The concentra-
tion of oxygen vacancy in the BF-doped NBTB ceramics sintered
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Fig. 5. Plots of Ln(1/e; — 1/en) versus Ln(T — Ty, ) for the NBTB and BF-doped NBTB
ceramics sintered in different atmospheres at frequencies of 10 kHz (a), 100 kHz (b)
and 1 MHz (c). The symbols denote experimental data, while the solid lines denote
least-square fitting curves to the modified Curie-Weiss law.

in N, should be the highest. Relative amount of tetragonal phase
was different for the ceramics sintered in different atmospheres.
Thus, main factors influencing ferroelectric properties of the NBTB
and BF-doped NBTB ceramics are oxygen vacancy concentration,
A-site vacancy concentration and relative amount of tetragonal
phase.

To our knowledge, a decrease in oxygen vacancy concentration
and increases in A-site vacancy concentration and percentage of
tetragonal phase would facilitate the movement of ferroelectric
domains and improve ferroelectric properties [17,20,40-42]. After
sintering in N, the samples would have lower relative amount of
tetragonal phase and A-site vacancy concentration, but higher oxy-
gen vacancy concentration. All these would decrease polarization
and increase coercive field. This is the reason why the ceramics
sintered in N, have smaller polarization and higher coercive field
compared to those sintered in O,. It should be noted that E. of the
BF-doped NBTB ceramics sintered in O, was the lowest. Although
oxygen vacancy concentration will increase by doping BiFeOs, the
BF-doped NBTB ceramics would have decreased oxygen vacancy
concentration when they were sintered in O,. The percentage of
tetragonal phase in the BF-doped NBTB ceramics sintered in O,
(42.9%)is similar to that in the NBTB ceramics sintered in N, (42.5%).
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Fig. 6. P-E loops of the NBTB and BF-doped NBTB ceramics sintered in different
atmospheres measured at 50Hz (a), and variation of P, Py, and E. for different
samples (b).

The ceramics sintered in O, would have increased concentrations of
A-site vacancy as compared to those sintered in N;. All these would
decrease coercive field. Therefore, the E. of the BF-doped NBTB
ceramics sintered in O, was lower than that of the NBTB sintered
in N;. At present, it is unclear whether or not A-site vacancy con-
centration in the BF-doped NBTB ceramics sintered in O, is higher
than that in the NBTB ceramics sintered in O,. We think that the
lowest E. of the BF-doped NBTB ceramics sintered in O, could be
attributed to a competing effect among A-site vacancy concentra-
tion, oxygen vacancy concentration and percentage of tetragonal
phase.

4. Conclusions

Effects of sintering atmospheres on microstructures, dielec-
tric and ferroelectric properties of the NBTB and BF-doped NBTB
ceramics were studied. The NBTB sintered in O, NBTB in Ny,
BF-doped NBTB in O,, and BF-doped NBTB in N,, had relative
amounts of tetragonal phase of 49.8%, 42.5%, 42.9% and 36.1%,
respectively. Their mean grain sizes were 2.41, 3.76, 3.68 and
5.06 pm, respectively. The BF-doped NBTB ceramics sintered in
N, consisted of grains with round edges and corners, while the
ceramics sintered in O, consisted of cube-shaped grains with sharp
edges and corners. The NBTB and BF-doped NBTB ceramics sin-
tered in N, showed weakened dielectric anomalies corresponding
to the phase transition between ferroelectric phase and the so-
called “intermediate phase”. At the same time, they had increased
em values, enhanced degree of diffuseness of the phase transi-
tion between the “intermediate phase” and paraelectric phase,
and decreased Ty values. The difference in dielectric proper-
ties between the ceramics sintered in different atmospheres was
closely related to their difference in oxygen vacancy concentration.
It can be concluded that ferroelectric properties of a ferroelec-
tric ceramic with coarse grains are determined concurrently by
oxXygen vacancy concentration, A-site vacancy concentration and
percentage of tetragonal phase. Our work has shown that oxygen
vacancy played a very important role in determining microstruc-
tures, dielectric and ferroelectric properties of the NBTB-based
ceramics.
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