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bstract

Na0.5Bi0.5)1−xBaxTiO3 ceramics were synthesized by the citrate method and their structure and electrical properties were systematically investigated.
he results of X-ray diffraction analysis revealed a MPB composition range of x = 0.06–0.10 for (Na0.5Bi0.5)1−xBaxTiO3 system at room temperature.

t was found that the piezoelectric and ferroelectric properties of (Na Bi ) Ba TiO compositions near the MPB are rather sensitive to the
0.5 0.5 1−x x 3

hase composition and reach preferred values at x = 0.07, where the relative content of the tetragonal phase is substantially higher than that of
he rhombohedral phases. (Na0.5Bi0.5)1−xBaxTiO3 ceramics present a decrease diffusive factor (δ) with increasing BaTiO3 content, implying a
egradation of the relaxor feature and a transition from relaxor ferroelectrics to normal ferroelectrics.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Nowadays, there is an increasing interest of investi-
ating lead-free piezoelectric materials from the viewpoint
f environmental consideration. Sodium bismuth titanate,
Na0.5Bi0.5)TiO3 (NBT), has been regarded as a promising can-
idate for lead-free piezoelectric ceramics due to its strong
erroelectricity at room temperature.1 However, NBT suffers
rom a poling problem because of its high coercive field
Ec = 73 kV/cm) and high conductivity, causing a difficulty in
btaining desired piezoelectric properties. To solve this prob-
em, various NBT-based solid solutions have been developed.2–5
eramics with good piezoelectric properties can be obtained
y the partial substitution of A-site ions (Na0.5Bi0.5)2+ by
a2+, (K0.5Bi0.5)2+ and others.6,7 However, NBT-based ceram-

cs formed by the substitution of the B-site ion Ti4+ by Nb5+ or
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e3+,4,8 display only a slight enhancement of their piezoelec-
ric properties. Thus, it has been suggested that NBT is only
-site active in ABO3 piezoelectric materials.9 Hence, to fur-

her improve the piezoelectric properties of lead-free ceramics,
t is necessary to develop the NBT-based solid solutions with
-site substitution. Among the solid solutions that have been
eveloped so far, (Na0.5Bi0.5)1−xBaxTiO3 (NBT–(x)BT) system
as attracted considerable attention, because of the existence
f a rhombohedral–tetragonal morphotropic phase boundary
MPB) near x = 0.06. Compared with other A-site substituted
BT-based solid solutions, NBT–(x)BT compositions near the
PB provide substantially improved poling and piezoelectric

roperties.2,6

On the other hand, NBT-based ceramics are usually fabricated
y the conventional solid-state method. Recently, considerable
esearch efforts have been devoted to the preparation of materi-
ls by various wet chemical methods, such as citrate method,10

mulsion method,11 hydrothermal process12 and stearic acid

el route.13 It was found that NBT-based ceramics made from
owders synthesized by alternative methods exhibit improved
interability, poling process and piezoelectric properties.14 In
he present study, NBT–(x)BT ceramics were produced by the
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itrate method, and their structure and electrical properties were
xamined.

. Experimental procedures

The powders with the nominal composition of
Na0.5Bi0.5)1−xBaxTiO3 (x = 0, 0.02, 0.04, 0.06, 0.07, 0.08,
.10, 0.12, 0.20) were synthesized by the citrate method.
eagent grade NaNO3, Bi(NO3)3

•5H2O, Ba(NO3)2, tetrabutyl
itanate and citric acid were used as starting materials. Tetra-
utyl titanate was first dissolved in citric acid solution and
arious nitrates were then added, followed by stirring to yield
transparent aqueous solution. The mole ratio of citric acid to

he total metal cation content was 1.25. The precursor solution
as heated to form a sol and subsequently a gel. The gel was

alcined at 600 ◦C for 1 h in air. The details of the synthesis
rocess have been described elsewhere.15 The crystal structure
f calcined powders with various BT concentrations was
xamined by a Rigaku D/MAX-RB X-ray diffractometer using
u K� radiation. The morphology of the calcined powders
as observed using a Hitach S-4700 field emission scanning

lectron microscope (FESEM).
The calcined powders (100–200 nm) were pressed into discs

ith a diameter of 19 mm in diameter and thickness of 1 mm,
nd then sintered at 1150 ◦C for 2 h in air. The crystal struc-
ure of the ceramic specimens was investigated by a Philips
’Pert Pro X-ray diffractometer with a step size of 0.017◦
sing Cu K� radiation. The microstructure of the ceramic
pecimens was investigated by a Jeol JSM-5610LV scanning
lectron microscope (SEM). For the ceramic specimens, their
hermally etched surfaces were used for SEM observation.
he ceramic specimens were polished to ensure the flatness
f their surface and painted with silver paste on both surfaces
s electrodes. The dielectric properties were measured using
n HP4294 impedance analyzer at 1 kHz. The dielectric con-
tants (εr) of unpoled ceramics at room and elevated temperature
ere measured at 1, 10 and 100 kHz using a TH2818 automatic

omponent analyzer. The specimens for measuring piezoelec-
ric properties were poled in a silicon oil bath at 60 ◦C under
.5 kV/mm for 15 min. The piezoelectric constant (d33) was
easured using a quasistatic d33 meter based on the Berlin-

ourt method at 110 Hz. The electromechanical coupling factor
kp), mechanical quality factor (Qm) and frequency constant
Np) were measured by the resonance–antiresonance method
sing an HP4294 impedance analyzer. The polarization–electric
eld (P–E) hysteresis loop was measured by a Radiant Preci-
ion workstation based on a standard Sawyer–Tower circuit at
0 Hz.

. Results and discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of
BT–(x)BT ceramics in the 2θ ranges of 38–42◦ and 45–48◦,
espectively. The rhombohedral symmetry of pure NBT at room
emperature is characterized by a (0 0 3)/(0 2 1) peak splitting
etween 38◦ and 42◦ and a single (2 0 2) peak between 45◦
nd 48◦. In Fig. 1(a), the (0 0 3)/(0 2 1) peak splitting is still

(
t
t
p

ig. 1. XRD patterns of NBT–(x)BT ceramics in the 2θ ranges of (a) 38–42◦
nd (b) 45–48◦.

istinguishable until x = 0.10. In Fig. 1(b), a distinct peak split-
ing can be seen at x ≥ 0.06 and beyond, corresponding to

tetragonal symmetry. Therefore, it can be inferred that the
PB of NBT–(x)BT ceramics lies in the composition range of

.06 ≤ x ≤ 0.10 at room temperature, where the rhombohedral
nd tetragonal phases coexist. Various compositional ranges of
he MPB have been reported for NBT–(x)BT ceramics, such as
= 0.06–0.072 and 0.04 < x < 0.06,6 showing a slight difference
etween different studies. According to the theoretical model for
he MPB in Pb(Zr, Ti)O3 solid solution, the width of the MPB,

x, is inversely proportional to the grain size of the ceramics.16

herefore, it is not surprising that the values of �x obtained by
ifferent processing techniques are quite different. The result
f this work is generally in agreement with those of previous
tudies.

Considering the gradual evolution of the XRD patterns from a
ingle (2 0 2) peak, corresponding to a rhombohedral symmetry,
o a (0 0 2)/(2 0 0) peak splitting, corresponding to a tetragonal
ymmetry, the splitting of the peaks for the MPB composi-
ions can be ascribed to the simultaneous diffraction of the
0 0 2)/(2 0 2)/(2 0 0) planes. To characterize the phase composi-
ions in a more quantitative way, the XRD patterns of the MPB
ompositions in the 2θ ranges of 45–48◦ were fitted into the
0 0 2)/(2 0 2)/(2 0 0) peaks by Peakfit software, based on the fit-
ing results obtained for the x = 0 (rhombohedral) and x = 0.20
tetragonal) compositions, as shown in Fig. 2. The data shows

he Lorentzian deconvolution of the (0 0 2) and (2 0 0) peaks of
he tetragonal phase and the (2 0 2) peak of the rhombohedral
hase. The mole content of rhombohedral phase (MR) can be



M. Chen et al. / Journal of the European Ceramic Society 28 (2008) 843–849 845

s with

o

M

i
r

T
c
t

c
t
d
c
a
i

T
P

S

x

x

x

x

Fig. 2. XRD fitting patterns of NBT–(x)BT ceramic

btained from the equation:

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

Table 1 shows the phase compositions of NBT–(x)BT ceram-
cs, confirming that with increasing concentration of BT, the
elative content of rhombohedral phase is gradually reduced.
Fig. 3 shows SEM micrographs of NBT–(x)BT ceramics.
here is an obvious decrease of the grain size with increasing BT
oncentration, suggesting that dissolving BT into NBT inhibits
he grain growth.

c
W
c
p

able 1
hase compositions of NBT–(x)BT ceramics

ample Peak Peak area (S) Peak area of r
phase S(2 0 2)

= 0.06 (2 0 0) 1089.32 950.13
(2 0 2) 950.13
(0 0 2) 0.00

= 0.07 (2 0 0) 585.63 588.79
(2 0 2) 588.79
(0 0 2) 454.55

= 0.08 (2 0 0) 360.91 464.25
(2 0 2) 464.25
(0 0 2) 649.79

= 0.10 (2 0 0) 216.71 93.41
(2 0 2) 93.41
(0 0 2) 1392.78
(a) x = 0, (b) x = 0.07, (c) x = 0.08 and (d) x = 0.20.

Fig. 4 shows the piezoelectric properties of NBT–(x)BT
eramics as a function of BT concentration. The piezoelec-
ric constant (d33) and electromechanical coupling factor (kp)
isplay a similar variation, increasing with increasing BT con-
entration up to a maximum at a composition near the MPB
nd then decreasing. The piezoelectric constant attains a max-
mum value of 176 pC/N at x = 0.07 and the electromechanical

oupling factor reaches a maximum value of 25.5% at x = 0.06.
ith respect to both the piezoelectric constant and electrome-

hanical coupling factor, the composition of x = 0.07 shows
referred piezoelectric properties, with a piezoelectric constant

hombohedral Peak area of tetragonal
phase S(2 0 0) + S(0 0 2)

MR(%)

1089.32 46.6

1040.19 36.2

1010.71 31.5

1609.51 5.5
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Fig. 3. SEM micrographs of NBT–(x)BT ceramics with (a) x =

f 176 pC/N and a relatively high electromechanical coupling

actor of 21.2% simultaneously, where the relative content of the
etragonal phase is substantially higher than that of the rhombo-
edral phases according to the Table 1.

ig. 4. Piezoelectric properties of NBT–(x)BT ceramics as a function of BT
oncentration.
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x = 0.02, (c) x = 0.04, (d) x = 0.07, (e) x = 0.08 and (f) x = 0.12.

It was reported that the piezoelectric constant and elec-
romechanical coupling factor of NBT–(x)BT ceramics made
y the conventional solid-state method reach maximum values
f d33 = 122 pC/N and kp = 29.0% at x = 0.06.6 In our study, the
iezoelectric properties for the specimens of x = 0.06 are roughly
ompatible with the previously reported values. However, there
s a discrepancy between the result of the present work and the
revious research in the composition where the piezoelectric
onstant attains its maximum value. This can be ascribed to the
ffect of fabrication process on the piezoelectric properties.17

esides, the piezoelectric constant of the specimen with x = 0.07
s also apparently larger than the maximum values (149 and
52 pC/N) of NBT–(x)BT ceramics made by the conventional
olid-state method with oxide additives introduced as modifier,
hich were regarded as the largest piezoelectric constant values
btained so far in NBT–(x)BT ceramics.6,18 Therefore, we can
nfer that compared with conventional preparation method, the
itrate method is an viable and advantageous route to the produc-

ion of NBT–(x)BT piezoelectric ceramics. This can probably
e attributed to two main factors: the fineness of the powders
ynthesized by the citrate method and their chemical stoichiom-
try. On the one hand, uniform morphology and high purity of
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ig. 5. P–E hysteresis loops of NBT–(x)BT ceramics at room temperature.

he powders synthesized by the citrate method is advantageous
or the enhancement of the piezoelectric properties of the result-
ng ceramic specimens. On the other hand, Fig. 6 shows that
he piezoelectric properties of NBT–(x)BT compositions near

he MPB are rather sensitive to the phase composition. Given
hat it allows the chemical stoichiometry to be controlled in a

ore accurately way, the citrate method is more superior to the
onventional solid-state method.

f
(
(
a

ig. 7. Temperature dependence of dielectric constant for NBT–(x)BT ceramics at fre
d) x = 0.12.
ig. 6. Remanent polarization and coercive field of NBT–(x)BT ceramics as a
unction of BT concentration.

Saturated P–E hysteresis loops were observed over the whole
nvestigated compositional range. Fig. 5 shows the typical P–E
ysteresis loops of NBT–(x)BT ceramics at room temperature,
rom which the remanent polarization (Pr) and the coercive field

Ec) values were derived. Fig. 6 shows the remanent polarization
Pr) and coercive field (Ec) values of NBT–(x)BT ceramics as
function of the BT concentration. The remanent polarization

quencies ranging from 1 to 100 kHz with (a) x = 0, (b) x = 0.02, (c) x = 0.07 and
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f the specimens increases with increasing BT concentration
p to a maximum of Pr = 37.8 �C/cm2 at x = 0.07 and then
ecreases, while the coercive field decreases with increasing
T concentration to a minimum of Ec = 27.2 kV/cm at x = 0.08
nd then increases slightly. This is generally consistent with the
ariation of the piezoelectric properties with BT concentration
nd indicates an essential relation between the ferroelectric and
iezoelectric properties of NBT–(x)BT ceramics. The specimen
ith x = 0.07 exhibits the maximum remanent polarization and a

elatively low coercive field, which are presumably responsible
or its superior piezoelectric properties.

Fig. 7 shows the temperature dependence of the dielectric
onstant (εr) for NBT–(x)BT ceramics at frequencies rang-
ng from 1 to 100 kHz. For each specimen, two abnormal
ielectric peaks are observed during the heating process. The
emperature corresponding to the peak in the low tempera-
ure range is denoted as depolarization temperature (Td), which
as been suggested to be an indication of the stability of the
erroelectric domains.6 The temperature corresponding to the
aximum value of dielectric constant is referred to as the max-

mum temperature (Tm) or Curie point (Tc).6 Fig. 8 shows
he piezoelectric constants and depolarization temperatures of
BT–(x)BT ceramics as a function of BT concentration. The
PB compositions exhibit a lower depolarization tempera-

ure, which implies a reduction of the stability of ferroelectric
omains. Compared with the compositions consisting of one sin-
le phase, the coexistence of a mixed rhombohedral–tetragonal
hase could lead to more powerful stress in the MPB composi-
ions, due to the incompatibility of their crystal lattices, resulting
n a decrease of the thermal stability in the long-range ferroelec-
ric domains.19,20 This can be regarded as the origin of the lower
epolarization temperature at the MPB compositions.

It is well-known that pure NBT has relaxor characteristics
nd shows peculiar behavior of the diffuse phase transi-
ion from ferroelectric rhombohedral to nonpolar tetragonal

21
ransition. In this study, the typical relaxor behavior of
BT–(x)BT ceramics is characterized by a diffuse ferroelectric
hase transition, with two broad peaks and a strong frequency
ependence of the dielectric constant. A modified Curie–Weiss

ig. 8. Piezoelectric constants and depolarization temperatures of NBT–(x)BT
eramics as a function of the BT concentration.
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elected samples (x = 0.02, 0.07 and 0.12). The inset shows the composition
ependence of diffusive factor.

aw has been proposed to quantify the diffuseness of a phase
ransition22:

1

εr
= 1

εr max
+ (T − Tm)2

2εr maxδ2

here �r max is the maximum permittivity and Tm is the Curie
oint.22 The values of the diffusive factor (δ) can be obtained
rom the slope of the plots of 1/εr versus (T − Tm)2. Fig. 9 shows
he plots of (1/εr − 1/εr max) as function of (T − Tm)2/2εr max for
he three selected samples (x = 0.02, 0.07 and 0.12). The substi-
ution of Ba2+ for (Na0.5Bi0.5)2+ in the A-site of the perovskite
tructure is the main factor that induces some order in the cationic
ctahedral sublattice due to the large difference in the shannon
adii between Ba2+(1.35 Å) and (Na0.5Bi0.5)2+(0.97 Å),23,24 and
hen produces a decease of the diffusive factor as increasing BT
oncentration. These result imply a degradation of the relaxor
eature and a transition from relaxor ferroelectrics to normal
erroelectrics.

. Conclusions

The citrate method was found to be an advanta-
eous alternative to the conventional method to produce
Na0.5Bi0.5)1−xBaxTiO3 piezoelectric ceramics. The powders
ynthesized by the citrate method consist of homogeneous
nd fine particles. The resulting (Na0.5Bi0.5)1−xBaxTiO3
eramics exhibit superior piezoelectric properties near the
hombohedral–tetragonal morphotropic phase boundary.
he piezoelectric constant attains a maximum values of
33 = 176 pC/N at x = 0.07, corresponding to a relatively large
emanent polarization of Pr = 37.8 �C/cm2 and a relatively
ow coercive field of Ec = 27.2 kV/cm. (Na0.5Bi0.5)1−xBaxTiO3
eramics present a decrease of phase diffuse factor (δ) with

ncreasing BaTiO3 content, implying a degradation of the
elaxor feature and a transition from relaxor ferroelectrics to
ormal ferroelectrics.
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