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a b s t r a c t

(1−x)[0.94Bi0.5Na0.5TiO3–0.06BaTiO3]–xBiFeO3 lead-free ceramics (BNBT–xBFO, x = 0, 0.01, 0.03 and 0.07)
with fine grain sizes were prepared by solid state reaction of high energy ball milled (HEBM) powders. X-
ray diffraction (XRD) patterns exhibited single perovskite structure for the BNBT–xBFO ceramics sintered
at an optimum temperature of 1170 ◦C. Quantitative analysis of the XRD patterns showed that relative
amount of tetragonal phase decreased with increasing content of BFO. Due to the effects of HEBM, average
eywords:
eramics
echanochemical processing

lectronic properties
icrostructure

grain size of the BNBT–xBFO ceramics was smaller than 1.46 �m and varied with content of BFO. Two
dielectric anomalies were observed in εr − T curves. The degree of diffuseness of the phase transition
around Tm became more evident with increasing content of BFO. The variation in polarization with BFO
amount is consistent with that in mean grain size with BFO amount.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Lead-free ceramics have attracted considerable attention in
ecent years owing to the environmental protection concerns.
mong various lead-free materials, bismuth sodium titanate

Bi0.5Na0.5TiO3, abbreviated as BNT) is a perovskite ferroelectric
ith a relatively large remnant polarization (Pr = 38 �C/cm2)

nd high Curie temperature (Tc = 320 ◦C) [1]. Although BNT has
een considered to be a promising material as lead-free piezo-
lectric ceramics, pure BNT ceramics are difficult to pole due
o their high conductivity. These drawbacks can be overcome
y forming solid solutions with other components. To improve
he properties of BNT, more researches have focused on BNT-
ased solid solutions such as BNT–(BaSr)TiO3 [2], BNT–BiFeO3
3,4], BNT–Co [5], BNT–Fe2O3 [6], BNT–Bi0.5K0.5TiO3 [7,8],
NT–Bi0.5K0.5TiO3–BiFeO3 [9–11], BNT–Bi0.5K0.5TiO3–Sm2O3
12], BNT–Bi0.5K0.5TiO3–K0.5Na0.5NbO3 [13], BNT–BaTiO3
14–16], BNT–BaTiO3–Bi2O3 [17], BNT–BaTiO3–K0.5Bi0.5TiO3

18,19], BNT–BaTiO3–CaCO3 [20], BNT–BaTiO3–(K0.5Na0.5)NbO3
21–23], BNT–BaTiO3–Mn [24], BNT–BaTiO3–Nb–Co [25],
NT–BaTiO3–Nd2O3 [26]. Among them, (1−x)BNT–xBaTiO3-
ased ceramics have attracted much attention because there exists

∗ Corresponding author. Tel.: +86 29 85303823; fax: +86 29 85303823.
E-mail addresses: xmchen-snnu@163.com, xmchen@snnu.edu.cn (X. Chen).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.012
a rhombohedral – tetragonal morphotropic phase boundary (MPB)
near x = 0.06 [14–26].

For BNT-based ceramics, the large ferroelectricity is always
attributed to (Bi0.5Na0.5)2+ ions, especially Bi3+ ions, on the A-site
of ABO3 perovskite structure [27]. In the periodic table, the atomic
weight of Bi is as large as that of Pb and the electronic configu-
ration of Bi3+ is identical to that of Pb2+. So, addition of Bi-based
ferroelectrics will play a key role in BNT-based ceramics. Among
the Bi-based ferroelectrics, bismuth ferrite (BiFeO3, abbreviated as
BFO) has ABO3 perovskite structure and ferroelectricity with high
Curie temperature (Tc = 836 ◦C) [28].

High energy ball milling (HEBM) has been used to synthesize
nanometer powders successfully [29]. By solid state reaction
combined with HEBM technique, ceramics with fine grain size can
be obtained [30,31]. In this paper, 0.94Na0.5Bi0.5TiO3–0.06BaTiO3
(abbreviated as BNBT) was selected as a representative com-
position, and BFO was chosen as a third component. By
means of solid state reaction of HEBM precursor powders,
(1−x)(0.94Na0.5Bi0.5TiO3–0.06BaTiO3)–xBiFeO3 (abbreviated as
BNBT–xBFO) lead-free ceramics with fine grain size were pre-
pared. The effects of BFO on their microstructure, dielectric and
ferroelectric properties were investigated.
2. Experimental procedures

(1−x)(0.94Bi0.5Na0.5TiO3–0.06BaTiO3)–xBiFeO3 (BNBT–xBFO, x = 0, 0.01, 0.03
and 0.07) ceramics were prepared by solid state reaction of HEBM precursor pow-

dx.doi.org/10.1016/j.jallcom.2010.08.012
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Bulk density of the BNBT–xBFO ceramics as a function of sintering tempera-
ure. The inset shows relative density of the BNBT–xBFO ceramics sintered at 1170 ◦C
s a function of x.

ers. Analytical grade BaCO3, TiO2, Na2CO3, Bi2O3, and Fe2O3 in stoichiometric ratio
f the compositions were put in agate vials with agate balls and milled for 5 h in
ritsch Vario-Planetary HEBM system in air. Rotation speed of the disk was 300 rpm
nd that of the vials was 450 rpm. The milled powders were subsequently cal-
ined at 800 ◦C for 2 h. The calcined powders were pulverized with approximately
wt% polyvinyl alcohol. Pellets of 11.5 mm in diameter and approximately 1.5 mm

n thickness were pressed under uniaxial pressure of 200 MPa and burned out the
inder at 500 ◦C for 2 h. The pellets were sintered between 1140 ◦C and 1230 ◦C for
h, at heating and cooling rates of 3 ◦C/min. In order to prevent the volatilitization
f Bi and Na, all pellets were embedded in the powders with the same composition
nd placed in covered alumina crucibles during the sintering process.

Bulk density of the ceramics was measured by Archimedes method and relative
ensity was calculated. Crystal structure of the ceramics was investigated by X-ray
iffraction (XRD, Rigaku D/Max 2550) at a step size of 0.01◦ using a Cu K� radiation.
icrostructure of the sintered samples was observed by scanning electron micro-

cope (Quanta 200 SEM, FEI Co., Eindhoven, Netherlands) with energy dispersive
pectrometer (EDS). Average size of grains was determined by the line intersect
ethod.

Silver electrodes were coated and fired at 650 ◦C for 15 min for electrical char-
cterization. Dielectric measurement was performed by using an Agilent E4980A
recision LCR from room temperature to 500 ◦C. Ferroelectric hysteresis loops were
easured at 50 Hz in silicon oil with a radiant precision workstation ferroelectric

esting system. Maximum polarization (Pm), remnant polarization (Pr) and coercive
led (Ec) were determined from the P–E hysteresis loops.

. Results and discussion

Fig. 1 shows the dependences of the bulk densities of the
NBT–xBFO ceramics as a function of sintering temperature. For
ll BNBT–xBFO ceramics, the bulk densities increase to their maxi-
um values as the sintering temperature is increased from 1140 ◦C

o 1170 ◦C, and then drop slightly with further increasing sinter-
ng temperature. At a given sintering temperature, the higher the
mount of BFO is contained, the higher the bulk density the sam-
le has. It is known that the substitution site is mainly determined
y ionic radius and charge. Though the charge of Fe3+ ion differs
rom that of Ti4+, the radius of Fe3+ ion (0.65 Å) is compatible with
hat of Ti4+ ion (0.61 Å) [32]. So, Fe3+ ions should substitute Ti4+

ons. The atomic weight of Fe (55.85 g/mol) is larger than that of Ti
47.90 g/mol). Thus, bulk densities of the BNBT–xBFO ceramics sin-
ered at same temperature increase with increasing content of BFO.
ulk densities of the BNBT–xBFO ceramics decrease when the sin-
ering temperature is higher than 1170 ◦C. Therefore, the optimum

◦
intering temperature is 1170 C. The dependence of the relative
ensities of the BNBT–xBFO ceramics sintered at 1170 ◦C for 2 h as a
unction of x is shown in the inset of Fig. 1. The relative density grad-
ally increases with increasing x and reaches a maximum value of
5.8% at x = 0.03. Then, the relative density decreases with increas-
Fig. 2. XRD patterns of the BNBT–xBFO ceramics sintered at 1170 ◦C: (a) x = 0, (b)
x = 0.01, (c) x = 0.03 and (d) x = 0.07.

ing x to 0.07. Although relative density of the BNBT ceramics (x = 0)
is smallest, it is still above 94%. This suggests that all BNBT–xBFO
ceramics were well sintered at 1170 ◦C. It also indicates that there
is an optimum amount of BFO in promoting sintering behavior of
the BNBT–xBFO ceramics.

Fig. 2 shows XRD patterns of the BNBT–xBFO ceramics sintered
at 1170 ◦C for 2 h. It is found that all ceramics exhibit typical diffrac-
tion peaks of ABO3 perovskite phase. No second phase is observed,
suggesting that all Bi3+ and Fe3+ ions have dissolved into the lattice
structure of BNBT to form solid solutions.

In the ceramics with the composition near
0.94(Na0.5Bi0.5)TiO3–0.06BaTiO3 there is a rhombohedral –
tetragonal MPB [14]. XRD patterns of the composition at MPB
are characterized with the presence of (0 0 3)/(0 2 1) two peaks
between 38.5◦ and 41.0◦ and the splitting of the peak (2 0 2)
between 45.0◦ and 47.5◦ [10,26]. In this experiment, the compo-
sition of the BNBT–xBFO ceramics was selected at MPB. Further
XRD analysis for the BNBT–xBFO ceramics performed in the 2�
ranges of 38.5–41.0◦ and 45.0–47.5◦ is shown in Fig. 3. Although
the splitting of the XRD peaks is not very obvious except the peak
between 38.5◦ and 41.0◦ with x = 0.07, all peaks are asymmetrical.
To characterize the phase compositions in a more quantitative way,
the peaks were fitted by Peakfit software using the least-squares
approach. In order to obtain smaller values of residual factor,
the peak shape was modeled by a Pearson-VII function taking
into account both Lorentzian and Gaussian functions. The peaks
between 38.5◦ and 41.0◦ were fitted into (0 0 3)R/(0 2 1)R peaks,
and the peaks between 45.0◦ and 47.5◦ were fitted into (2 2 0)T and
(2 0 2)R peaks, where R and T denote rhombohedral and tetragonal
phase, respectively. The results indicate that MPB still appears in
the BNBT-based ceramics after adding various amounts of BFO.
The relative amount of tetragonal phase was determined by the
following equation:

tetragonal % = area(2 2 0)T

area(2 2 0)T + area (2 0 2)R

The relative amounts of tetragonal phase are 48.2%, 44.4%, 42.7%
and 38.2% for the BNBT–xBFO ceramics with x = 0, 0.01, 0.03 and
0.07, respectively. That is to say, with increasing content of BFO,
relative amount of tetragonal phase is decreased.

Fig. 4(a–d) shows SEM images of the surfaces of the BNBT–xBFO
◦
ceramics sintered at 1170 C for 2 h. It can be seen that the

BNBT–xBFO ceramics have a fine and homogeneous microstruc-
ture. Almost no pores are found on surface and all ceramics are
dense. By means of the intercept method, mean grain sizes of the
BNBT–xBFO ceramics with x = 0, 0.01, 0.03 and 0.07 were deter-
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Fig. 3. XRD fitting patterns of the BNBT–xBFO ceramics sin

ined to be 1.04, 1.20, 1.46 and 1.16 �m, respectively. Compared

o those of the BNBT–0BFO ceramics, average grain sizes of the
eramics with x = 0.01 and x = 0.03 are increased. The increase of
rain sizes can be attributed to the presence of BFO which greatly
mproved the sintering behavior and significantly promoted densi-
cation of the ceramics (see the inset of Fig. 1). Similar phenomenon
at 1170 ◦C in the 2� ranges of 38.5–41.0◦ and 45.0–47.5◦ .

was also observed in BFO modified Bi0.5Na0.5TiO3–Bi0.5K0.5TiO3

ceramics [10] and Nd2O3 doped (Bi0.5Na0.5)0.94Ba0.06TiO3 ceram-
ics [26]. However, grain growth was inhibited with further doping
of BFO (x = 0.07). EDS results show that Fe3+ concentrates near
grain boundaries in the BNBT–7BFO ceramics (not shown here). The
reduction in grain size of the BNBT–7BFO ceramics can be attributed
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ig. 4. SEM images of the surfaces of the BNBT–xBFO ceramics sintered at 1170 ◦C
intered at 1170 ◦C (e) and 1200 ◦C (f).

o the presence of Fe3+ near grain boundaries, which inhibited grain
rowth.

For all samples, the average grain size is smaller than 1.46 �m.
he average grain size of the ceramics obtained here is always
maller than that of the BNBT-based ceramics prepared by the
onventional solid state reaction process [26,33]. For example, the
verage grain size of the BNBT (x = 0) ceramics in our experiment is
bout 1.04 �m, which is smaller than that of the ceramics with the
ame composition obtained by the conventional solid state reaction
rocess (about 2 �m) [33]. It is believed that low calcination tem-
erature is beneficial to fine grain size of ceramics [29,30]. HEBM

mproved reaction activity of the milled powders and thus lowered
alcination temperature. In our experiment, the calcination tem-
erature of 800 ◦C for obtaining single phase BNBT–xBFO from the
EBM precursor powders is lower than that required by the con-
entional solid state reaction process [33]. So, the fine grain size

f the BNBT–xBFO ceramics can be mainly attributed to the effects
f HEBM. Fig. 4(e–f) shows typical SEM micrographs of the frac-
ures of the BNBT–3BFO ceramics sintered at 1170 ◦C and 1200 ◦C,
espectively. It can be seen that almost no pores are observed in
he BNBT–3BFO ceramics sintered at 1170 ◦C. As the sintering tem-
= 0, (b) x = 0.01, (c) x = 0.03, (d) x = 0.07; and fractures of the BNBT–3BFO ceramics

perature was increased to 1200 ◦C, there appeared a few pores in
the body of the ceramics. Therefore, bulk densities of the ceramics
decreased when the sintering temperature was higher than 1170 ◦C
(Fig. 1).

Fig. 5 shows variations in dielelctric constant (εr) and dielectric
loss (tanı) of the BNBT–xBFO ceramics sintered at 1170 ◦C for 2 h
as a function of temperature (T). The curves of εr − T and tanı − T
for all ceramics are similar. Two dielectric anomalies are observed
in the εr − T curves. The first dielectric anomaly locates at about
140–170 ◦C, denoted as Td, which is caused by the phase transi-
tion between ferroelectric state and so-callled ′′anti-ferroelectric′′

state. The second one corresponding to the maximum value of εr

is at temperatures of about 290–312 ◦C (denoted as Tm), which is
associated with the phase transition between ′′anti-ferroelectric′′

state and paraelectric state. The dependences of εr on frequency
are different in different ranges of temperature. As the tempera-

ture is above Tm, the frequency dependence becomes significant
and εr drops obviously with increasing frequency. The tanı − T
curves exhibit one peak at temperatures of about 100–140 ◦C,
denoted as Tf, which locates at a temperature below Td. Around
Tf, the tanı measured at lower frequencies is lower than that
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ig. 5. Dielectric constant and dielectric loss of the BNBT–xBFO ceramics sintered a
c) x = 0.03 and (d) x = 0.07.

easured at higher frequencies for all ceramics. With further
ncreasing temperature (around Tm), the tanı measured at lower
requencies is larger than that measured at higher frequencies. Sim-
lar phenomena were also observed in other BNT-based ceramics
11,26].

The dependence of dielectric properties on frequency is associ-
ted with many factors such as interfacial polarization, microscopic
omposition fluctuation, order–disorder transition, macrodomain
nd microdomain switching, and so on [34]. The Tm does not exhibit
bvious upshift with increasing frequencies, which is different

rom classic relaxor characteristics [11]. It should be noted that
he maximum value of εr is reduced when the amount of BFO is
uperabundant (x = 0.07), suggesting that dielectric properties were
eakened. The value of Tm increases from 290 ◦C to 312 ◦C with

ig. 6. Plots of Ln(1/εr − 1/εm) vs. Ln(T − Tm) of the BNBT–xBFO ceramics sintered at 1170 ◦

ata measured at 100 kHz, while the solid lines denote the least-squared fitting curves to
◦C vs. temperature at frequencies of 1, 10, 100 and 1000 kHz: (a) x = 0, (b) x = 0.01,

increasing x from 0 to 0.07. This is mainly due to the high Curie
temperature for BFO (836 ◦C).

The εr − T curves of the BNBT–xBFO ceramics exhibit broad
dielectric peaks around Tm, which implies the characteristic of
diffuse phase transition. In order to further characterize the dielec-
tric dispersion and diffuseness of the phase transition, a modified
Curie–Weiss law proposed by Uchino and Nomura [35] was
employed: 1/εr − 1/εm = (T − Tm)�/C′, where εm is the maximum
value of dielectric constant at the phase transition temperature
T , C′ is the Curie-like constant, and � is the degree of diffuse-
m

ness. � 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) at 100 kHz of the BNBT–xBFO ceramics are shown in
Fig. 6. All samples exhibit a linear characteristic. By least-squared

C: (a) x = 0, (b) x = 0.01, (c) x = 0.03 and (d) x = 0.07. The symbols denote experimental
the modified Curie–Weiss law.
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ig. 7. P–E loops of the BNBT–xBFO ceramics sintered at 1170 ◦C measured at 50 Hz
a), and variation of Pm, Pr and Ec as a function of x (b). The inset in (b) shows mean
rain size of the BNBT–xBFO ceramics as a function of x.

tting the experimental data to the modified Curie–Weiss law, �
as determined. The value of � is increased from 1.732 to 1.861
ith x from 0 to 0.07. This suggests that the degree of the diffuse-
ess of the phase transition is enhanced with increasing amount of
FO. This phenomenon can be attributed to distortion of the unit
ell [11]. With the substitutions of Fe3+ ions for Ti4+ ions and Bi3+

ons entering into A-site of the perovskite structure, the unit cell
as distorted and thus the dipolar moment was changed. Crystal

tructure and chemical composition became more inhomogeneous
ith increasing substitution concentration, so that degree of dif-

useness of the phase transition became more evident.
Fig. 7(a) shows polarization vs. electric field of the BNBT–xBFO

eramics measured at 50 Hz. Clear hysteresis loops are observed
or all samples, which are typical shapes of ferroelectric mate-
ials. Fig. 7(b) depicts variations of Pm, Pr and Ec as a function
f x. With increasing amount of BFO, both Pm and Pr increase
nd then decrease. Ec decreases with increasing amount of
FO. The BNBT–0.03BFO ceramics exhibit highest Pr and Pm of
8.96 �C/cm2 and 23.81 �C/cm2, respectively, and intermediate Ec

f 37.26 kV/cm at 70 kV/cm. With further increasing x to 0.07, P–E
oop becomes narrow, indicating that ferroelectric properties of the
NBT–0.07BFO ceramics are decreased as compared to the samples
ith x < 0.07. It can be seen that the variation in polarization with
is the same as that in mean grain size with x (see the inset of

ig. 7(b)). Buessem et al. [36] reported that the coupling between

rain boundaries and domain walls in fine-grained ceramics was
tronger than that in coarse-grained ones. The strong coupling
nduced a decrease in domain wall mobility and in achievable
omain alignment. So, polarization of the ceramics with reduced

[

[

[

mpounds 507 (2010) 535–541

grain size is decreased. As observed from the hysteresis curves,
the doping of BFO significantly influences the loops shape and
polarization values. This suggests that the ferroelectric order of
BNBT was disrupted by the addition of BFO. With diffusing of BFO
into BNBT lattice structure and possible volatilitization of Bi3+ dur-
ing high temperature sintering, A-site vacancies would be created.
These A-site vacancies facilitated the movement of the ferroelectric
domain and made the polarization switching easier [4]. However,
Fe3+ substituted B-sites, which would result in an increase in oxy-
gen vacancy concentration. Oxygen vacancies are unfavorable to
polarization switching, leading to a decrease in Pr [37]. On the other
hand, with increasing amount of BFO, the relative amount of tetrag-
onal phase in the BNBT–xBFO ceramics is decreased (Fig. 3). Liu et al.
have found that an increase in tetragonal phase in the BNBT-based
ceramics was propitious to improvement of electrical properties
[38]. We attribute the dependence of ferroelectric properties on
the amount of BFO to the competitive effects of many factors, such
as A-site vacancy, oxygen vacancy, percentage of tetragonal phase
and grain size. The exact mechanism will be further studied in our
future work.

4. Conclusions

Microstructure, dielectric and ferroelectric properties of the
BNBT–xBFO ceramics with fine grain size, synthesized by solid
state reaction of HEBM powders, were studied. The dense ceram-
ics sintered at 1170 ◦C had a mean grain size of less than 1.46 �m.
XRD analysis showed that the relative amount of tetragonal phase
decreased with increasing amount of BFO. Microstructure, dielec-
tric and ferroelectric properties of the BNBT–xBFO ceramics were
affected by the amount of BFO. The degree of diffuseness of the
phase transition around Tm became more evident with increasing
content of BFO. It is suggested that the variation in polarization with
BFO amount is associated with many factors such as A-site vacancy,
oxygen vacancy, percentage of tetragonal phase and grain size.
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