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Abstract

Bij sNay sTiO3—xBaTiO; (BNT—xBT) nano-powders are successfully synthesized by a modified citrate method. The as-prepared BNT-
BT powders and the sintered ceramics are homogeneous with a pure perovskite crystal structure. The effects of Ba>* substitutions for
(BiO.SNaO,S)zJr in the A-sites of Biy sNa( sTiO5 on its phase transformations are explored. The transformations among ferroelectric (FE),
anti-ferroelectric (AFE) and paraelectric (PE) states in these ceramics are characterized using ferroelectric hysteresis tests, modulated
differential scanning calorimetry and dynamic mechanical analysis. The FE-AFE transition in BNT-xBT with 0 < x <0.15 is found to
relate with a structural transformation which is a first-order phase transition. The mechanical and thermal analyses provide evidence
that AFE state (0 <x<0.15) could be associated with the incommensurate modulation of rhombohedral structures while the
mechanisms of forming AFE state in BNT—xBT (x > 0.15) could be different.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based ferroelectrics, e.g., lead zirconate titanate
(Pb(Zr, Ti)O5 or PZT) are the most widely used materials
for piezoelectric actuators, sensors and transducers [1]. Due
to lead toxicity, there are growing concerns on the proces-
sing, the use and the disposal of devices containing PZT.
Hence developing piezoelectric materials that are biocom-
patible and environmentally friendly [2] is of great interest.
It is known that bismuth sodium titanate (BiysNagsTiO3,
abbreviated as BNT) is one of the most important lead-free
piezoelectric materials with a perovskite structure. It has a
high Curie temperature (7c¢=320 °C) and a large remanent
polarization (Pr ~38puC/em?) at room temperature.
Although BNT has been considered as a promising candi-
date to replace the widely used lead-based piezoelectric
materials [3], the large coercive field (Ec ~73 kV/cm), low
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de-poling temperature, and high conductivity during poling
have hindered it from wide-spread applications [4].

To improve the piezoelectric properties, a number of
BNT-based solid solutions, such as BNT-Bi, sK 5TiO3 [5],
BNT-NaNbO; [6], BNT-Biy 5K sTiOs—Big sLig sTiO5 [7],
BNT—BaTiO3—Bi0A5Li0A5TiO3 [8], and BNT—BiQ.SKOAsTiO;),—
BaTiO; [9] have been developed and studied intensively.
It is noteworthy that BNT-based piezoelectric shows high
strain when the A-site is slightly substituted by Ba®* and
the addition of BaTiO; to BNT may improve the piezo-
electric and sintering properties [10-12]. At room tempera-
ture, BNT has a rhombohedral symmetry and BaTiO; has
a tetragonal symmetry, resulting in a rhombohedral-
tetragonal morphotropic phase boundary (MPB) for their
solid solution. Compared with BNT, the BNT—xBaTiO;3
(abbreviated as BNT-xBT) whose composition is near
such phase boundary (x~0.06) shows a substantially
improved poling behavior and piezoelectric properties
[13]. At elevated temperature, BNT—xBT changes from a
ferroelectric (FE) states to an anti-ferroelectric (AFE)
states before it becomes paraelectric (PE) at higher
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Fig. 1. Phase diagram of BNT-xBT. The solid curves are schematic of
phase boundaries given in Ref. [14]. The symbols are the structural
transformation temperatures determined from DSC and DMA analyses in
this work.

temperature. Fig. 1 is the schematic [14] showing the phase
diagram of BNT—xBT.

To date, most of the BNT and BNT-based ceramics are
made from powders prepared by the conventional solid-state
method. However, the as-prepared powders by the solid-state
method consist of rather coarse, poorly uniform particles
with board particles size distributions [15]. The citrate
method is a kind of sol-gel method using citric acid as a
complexing agent. The complexing of metal cations by free
carboxyl groups allows molecular-level mixing of the reac-
tants and leads to uniform, fine powders with a high purity at
relatively low temperatures. Xu et al. [13] found the citrate
method is an advantageous alternative route compared with
the conventional method in producing BNT-xBT ceramics.
The ceramics made by the citrate method exhibit superior
piezoelectric properties near the rhombohedral-tetragonal
morphotropic phase boundary. However, the investigation
on this topic is mainly limited to the nominal composition of
(Big sNag s); _Ba, TiO3 (x=0, 0.02, 0.04, 0.06, 0.08, 0.10,
0.12) with a mole ratio of citric acid to total metal cation
content (C/M) of 1.25. It is necessary to prepare BNT-xBT
ceramics with a wider composition using the citrate method
to obtain superior ferroelectric properties.

Although the transformations among ferroelectric (FE),
anti-ferroelectric (AFE) and paraelectric (PE) states in these
ceramics have been extensively investigated, there are still
considerable debates on the structural origin of the AFE
states or relaxor ferroelectric properties in BNT-xBT near
the MPB. One viewpoint on the nature of FE-AFE
transition is that the transition is simply the polar-unpolar
changes of domains at elevated temperature and no
structural transformation is involved during the FE-AFE
transition [16]. Another viewpoint is based on transmission
electron microscopy and neutron scattering studies [17],
which ascribes the FE-AFE transition to the incommensu-
rate modulation of rhombohedral and tetragonal structures.

Thermal and dynamic mechanical analyses are very sensitive
to the structural changes of materials and could provide
useful information on the structural origin of the FE-AFE
transition. But to date these analysis techniques have not
been systematically used to resolve the nature of FE-AFE
transition in BNT-xBT ceramics.

Thus, in this study, we first prepare (BigsNags);_
Ba,TiO3 (x=0.05, 0.06, 0.07, 0.08, 0.10, 0.15, 0.20, 0.25,
0.30) powders with C/M =1.60 by the citrate method. The
as-prepared BNT-BT powders and the corresponding
ceramics are characterized by using various techniques.
In addition, the ferroelectric properties and phase trans-
formations of the ceramics are investigated using ferro-
electric hysteresis tests, temperature modulated differential
scanning calorimetry (TM-DSC) and dynamic mechanical
analysis. The analyses will provide deep insights into
transformations among ferroelectric (FE), anti-ferroelec-
tric (AFE) and paraelectric (PE) states in these ceramics.

2. Preparation of BNT-xBT using citrate method

Reagent-grade NaNO;, Ba(NOsj),, Bi(NO;)s-5H,0,
citric acid and tetrabutyl titanate were used as starting
materials to prepare BNT-xBT powders with the nominal
composition of (BiysNag s); —Ba, TiO5 (x=0.05, 0.06, 0.07,
0.08, 0.10, 0.15, 0.20, 0.25, 0.30) by the citrate method. The
mole ratio of citric acid to total metal cation content
(abbreviated as C/M) was 1.60. A weighted amount of
citric acid was first dissolved into deionized water. An
appreciate amount of aqueous ammonia was dripped to
adjust the pH value of the solution to about 8.5. Then, a
designed amount of tetrabutyl titanate was slowly added to
the flask reactor fitted with a reflux condenser under
stirring. After the stirring at 60 °C for 2.5 h, a yellowish
two-layer liquid was obtained, comprising a transparent
aqueous solution in addition to an oil-like liquid on the top
layer. The aqueous solution was separated from the mixing
liquid. Various nitrates were added into the solution
according to the nominal composition of the powders,
following by stirring at 92°C for 5h to generate a
transparent, yellowish precursor solution. The pH value of
the solution was about 6-7. The precursor solution was
dehydrated in an oven at 105 °C to form a sol. Subsequent
heating at a higher temperature of 160 °C yielded a black
gel. The gel was pulverized and then calcined at 280 °C for
1 h and 600 °C for 2 h in air. The as-obtained samples are
designated as BNT-xBT, where x stands for the composi-
tion of BT (x=0.05, 0.06, 0.07, 0.08, 0.10, 0.15, 0.20, 0.25,
0.30, respectively).

The mole ratio of citric acid to total metal cation content is
a key factor to the formation of the BNT—xBT sol and gel in
the preparation process of citrate method. Xu et al. [13]
found the C/M in the range 1.2-1.6 may produce a homo-
geneous, transparent sol and gel when the finical stirring
reaction temperature was 80 °C. In this study, we found the
white precipitate still appeared in the sol even the C/M value
was 1.6 when the finical stirring reaction temperature was
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80 °C. When the finical stirring reaction temperature was
increased to 92 °C, the white precipitate disappeared. Such
difference may be due to different starting materials or
reaction.

The prepared BNT-xBT powders were pressed at a
pressure of 750 MPa in the form of disks. The disks were
13 mm in diameter and 1.5 mm in thickness. The green
disks were heated at 600 °C for 6 h to remove the polyvinyl
alcohol binder. The calcined disks were sintered at 1100 °C
in ambient atmosphere for 2 h to form the ceramics.

3. Characterization of samples’ structural and ferroelectric
properties

The crystalline structure of the ceramics were deter-
mined by X-ray diffraction with a Bruker D8 advance
diffractometer using Co K, radiation (A=1.79021 A). The
microstructures of as-prepared ceramic materials were
investigated by using a scanning electron microscopy
(SEM, JEOL model JSM-6490, secondary electron image
at 20kV). The specific surface area of the BNT-BT
powders was determined by the Brunauer—Emmett—Teller
(BET) method from N, adsorption and desorption iso-
therms at 77 K on a Quantachrome NOVA 1000e surface
area & pore size analyzer.

Fig. 2 shows the X-ray diffraction (XRD) patterns of the
as-prepared BNT—xBT (x=0.05) powders calcined at
different temperatures. It can be found that only a pure
perovskite phase is certified after calcining at 600 °C.
When the temperature is increased to 650-800 °C, the
other unidentified phase appears. These peaks may be
attributed to BisTi30;,, Bi»O3, or TiO, [11,13]. Therefore
in this work, 600 °C is chosen as the preferred calcining
temperature for the BNT-xBT powders.

Fig. 3 shows the XRD patterns of ceramics with different
mole ratio of BNT to BT, respectively. It can be found in
Fig.3 that only a perovskite phase is certified and no second
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Fig. 2. XRD patterns of the BNT-xBT (x=0.05) powders calcined at
different temperatures: (a) 600 °C; (b) 650 °C; (c) 700 °C; (d) 800 °C.

phases could be detected, indicting that Ba®* diffuses into
the BigsNagysTiO3 lattice to form a homologous solid
solution. The results indicate that the citrate method used
in this work is effective in preparing BNT—xBT ferroelectric
ceramics with a single perovskite phase.

Furthermore, it is shown clearly in Fig. 3 that the (1 1 0)
peak moves to lower angle, especially when the BT ratio x
is in the range of 0.20-0.30, with the increase of BT ratio x
in the obtained ceramics, indicating that the size of the
perovskite unit cell increases with the increasing BT ratio.
This is due to the fact that the ionic radius of Ba®*
(0.135nm) is larger than those of Na™(0.097 nm) and
Bi**(0.096 nm). When Na™ or Bi** is replaced by Ba*™,
the lattice cell is enlarged. As a result, the corresponding
XRD peak moves to lower angle.

Rhombohedral symmetry of pure BNT at room tem-
perature is characterized by a (00 3)/(02 1) peak splitting
between 38° and 42° and a single (2 0 2) peak at about 46.8°
detected with Cu K,. Considering the gradual evolution of
the XRD patterns from the (2 0 2) peak to a (002)/(200)
peak splitting, corresponding to a tetragonal symmetry, it is
argued that [18] the splitting of the peak could be ascribed
to the simultaneous diffraction of the (0 02)/(202)/(200)
planes and the relative content of rhombohedral phase is
gradually reduced with increasing concentration of BT.
In our studies XRD patterns of BNT—xBT ceramics in the
2 thetra range of 51-57° detected with Co K, are shown in
Fig. 3. As it can be secen that the strength of (2 00) peak
reduces with increasing BT ratio x. While the strength of
(002) peak increases with the increase of BT ratio,
especially in the BNT-0.3BT case. Thus we might make a
similar conclusion as those of previous studies [18]: When
the BT ratio is lower than 0.2, the main crystal phase is
rhombohedral; When the BT ratio increases further, more
and more crystals with tetragonal phase appear and there is
not rhombohedral phase in BNT-xBT when x >0.2.

Table 1 shows the microstructure parameters of the as-
prepared BNT—xBT powders. These powders exhibit similar
specific surface areas (4.9-6.3m> g~ "). On the other hand,
the average crystallite size decreases obviously with the
increase of BT contents. One can see that the crystallite size
of BNT-0.05BT powder is 25.9 nm. While it decreases to
10.0 nm of the powder sample of BNT-0.3BT. The nano-
powders enable us to sinter BNT-xBT ceramics with good
quality. For example, the density of BNT-0.06BT is 5.6 g/
cm® which is close its theoretical density.

The P-E loops of the sintered BNT-xBT ceramics
measured with a ferroelectric test system (TF Analyzer
2000E, aixACCT) are shown in Fig. 4(a). All the ceramics
exhibit typical ferroelectric hysteresis. The remanent polar-
ization and coercive field for these specimens are deter-
mined from the P-E loops. Table 1 lists the ferroelectric
properties of the sintered BNT—-xBT ceramics. We can
observe that the BT content influences the ferroelectric
properties significantly. With the increase of BT contents
in the sintered BNT-xBT ceramics, Ec may decrease and
Pr may increase. BNT-0.06BT exhibits a remanent
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Fig. 3. XRD patterns of the sintered BNT—xBT ceramics: (a) x=0.30; (b) x=0.25; (¢) x=0.20; (d) x=0.15; (e) x=0.10; (f) x=0.08; (g) x=0.06; (h) x=0.05.

Table 1

Surface areas 4 and crystallite sizes d of the as-prepared BNT-xBT
powders, and grain sizes D, coercive fields E. and remanent polarizations
P, of the sintered ceramics.

x 0.05 0.06 0.07 0.08 0.1 015 02 025 03
Am?/g) 59 52 49 53 57 59 55 63 5.1
d (nm) 259 230 212 197 184 118 112 106 100
D (um) 1.74 1.16 1.06 090 0.75

E.(kV/em) 283 398 169 188 348 373 31.0 235 218
P, (nC/em® 20.8 263 9.7 13.5 17.5 31.7 110 298 250

polarization (Pr) of 39.8 pC/cm” and a relatively low

coercive field (Ec) of 26.3kV/cm. In all the ceramic
samples prepared under the reaction condition reported
in this paper, BNT-0.06BT exhibits relatively good ferro-
electric properties. AFE state in BNT—0.06BT is confirmed
by measuring the P-E loops at different temperatures. As

shown in Fig. 4(b), the FE-AFE transition in BNT-0.06BT
occurs at about 125 °C.

4. Thermal and dynamic mechanical analyses on BNT—xBT
4.1. DSC analyses on phase transformations

Thermal analysis of BNT-xBT ceramics was performed
using DSC (model Q200, TA Instruments). Fig. 5(a)—~(b)
show the DSC curves of BNT-xBT with x=0, 0.1, 0.15,
0.2, 0.25 and 0.3. DSC curves of BNT—-xBT with x=0.05,
0.06, 0.07, 0.08 are not shown since they are continuous
and smooth from —10 °C to 400 °C. There are two peaks
in a DSC curve of BNT-xBT with x=0, 0.1, 0.15, 0.2.
Based on the schematic [14] of phase diagram shown in
Fig. 1, the endothermal peak at higher temperature should
reflect the transition from an anti-ferroelectric (AFE) state to
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Fig. 4. (a) P-E hysteresis loops of the BNT-xBT ceramics. (b) P-E loops
of BNT-0.06BT at different temperatures.

a paraclectric (PE) state with a peak temperature denoted as
T). There is a board peak indicating an endothermal process
of these samples at lower temperature, whose peak tempera-
ture is denoted as 75 after subtracting the backgrounds. The
peak at T is further investigated using temperature modu-
lated DSC (TM-DSC). Fig. 5(c) shows the TM-DSC results
in BNT-0.15BT as an example. The heat capacity anomalies
at 7> and T, do not shifted with the periods of the modulated
temperature, suggesting that the transition at 7, is also a
structural transformation. 77 and 7> of various BNT-xBT
samples determined from the TM-DSC results on heat
capacity are listed in Table 2. Table 2 also lists 77 of
BNT-xBT with x=0.25 and 0.3. But the 7, of these two
samples are difficult to be determined from the TM-DSC
results and are not listed.

4.2. DMA analyses on structural transformations
Anelastic mechanical test of the BNT—xBT is performed

using Dynamic Mechanical Analyzer (DMA, model Q800,
TA Instruments). Samples are tested in a three-point bending

mode. Fig. 6(a) shows the storage modulus and mechanical
loss tand (or internal friction Q') results of BNT with a
heating rate of 0.6 K/min. Clearly there are two peaks in the
tané curve with their peak temperatures denoted as 7T},; and
Ty, (< Tpy), respectively. T;,;=321.6 °C and T},,=124.2°C
in BNT. There are elastic softening behaviors of BNT around
T,,1 and T)y in the storage modulus curves. In addition 7},
and Ty, are almost independent of frequency, but show
hysteresis upon heating and cooling (not shown). The DMA
results suggest that there are structural transformations
around these two temperatures, and they are different in
transformation mechanisms. The height of tané peak at T},
increases with decreasing frequency and the lattice (elastic)
softening occurs right at 7},, indicating the ferroelastic
nature of this structural transformation. The tand peak at
T, does not show these features. Instead, the height of tand
peak at T}y is slightly dependent on frequency, and the lattice
softening occurs at a temperature higher than 7},. These
characteristics of internal friction and modulus softening are
similar with those of a commensurate-incommensurate phase
transition [19].

Fig. 6(b)shows the DMA results of BNT-0.06BT. The
internal friction and modulus softening around 77,,=123.9 °
C show the same features as those in BNT. However, the
internal friction peak and elastic anomaly occurs around
T,,1=374.5 °C show significant relaxation features and are
much different with those in BNT.

Fig. 6(c) shows the DMA results of BNT-0.15BT. The
internal friction peak at 7;,,=176.2 °C merges with that at
T,,=233.9 °C. After fitting the background of internal
friction below T,; using a Gaussian function, the internal
friction peak can be separated and is shown in the inset.
The peak temperature T}, is found to be independent of
frequency. From the DMA results, it can be found that the
structural transformations in BNT-0.15BT around T,
and T,, are first-order transformations and are similar
with those in BNT in transformation mechanisms.

Fig. 6(d) shows the DMA results of BNT-0.25BT. The
internal friction peak which occurs at 7},;=210.3 °C has
similar features as those in BNT-xBT with x=0, 0.15. It
seems that there is an internal friction peak around 7;,,=110"°
C which shows relaxation feature. The internal friction peaks
occurs in BNT-0.3BT show similar behaviors as those of
BNT-0.25BT and the DMA results are not shown here.

4.3. Discussions

Based on the schematic [14] of phase diagram shown in
Fig. 1, the structural transformation around 7> or Tp»
should reflect the transition from a ferroelectric (FE) state
to an AFE state. Hence the 75> determined from DSC and
Ty, determined from DMA would allow us to accurately
describe the phase boundary between FE and AFE states in
the phase diagram. As shown in Fig. 1, the transition
temperature of this FE-AFE transition determined from
DSC results (75) is consistent with that from DMA results
(T}2). Combined the DSC and DMA results with the XRD
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heating rate is 5 K/min. The amplitude of the modulated temperature is 2 °C.

results, the nature of such FE-AFE transition could be
explored. In BNT-xBT with 0 < x <0.15, there are rhom-
bohedral structures at low temperature according to the
XRD results. Thus in the transition region around 7, or
Ty, the structural transformation occurs most likely
through cation displacements in the rhombohedral structure
to form an incommensurate modulated rhombohedral
structure [17]. While for BNT-xBT with x> 0.2, there is
no rhombohedral structure at low temperature. The FE-
AFE transition could be caused by a transformation

mechanism different with the commensurate-incommensu-
rate transformation, as reflected in the relaxation feature of
internal friction peaks around T},. Detailed investigation
will be published elsewhere.

Based on the DSC and DMA analyses, we could
accurately describe the FE, AFE and PE states in the
phase diagram of BNT—xBT using the phase boundaries
defined by Ty (or T>) and Ty, (or T7), as shown in Fig. 1.
The DSC and DMA analyses provide deep insights into
the structural origin of FE-AFE transition especially in the
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Table 2
Phase transformation (peak) temperatures of BNT-xBT determined from DSC (T, T>) and DMA (Ty:, Tp») analyses.
Temperature (°C) x=0 x=0.06 x=0.1 x=0.15 x=0.2 x=0.25 x=0.3
T, 321.0 * 268.5 218.2 216.2 193.6 228.5
T, 115.8 # 169.0 150.0 144.9 z ?
Tpy 321.6 374.5% 233.9 210.3 230.1
Ty, 120.2 123.9 176.2 110.0* 150.7*

*Indicates the transition temperature is determined from the relaxation peak at f=0.1 Hz.
*Indicates that the transition temperature cannot be determined from DSC analysis.
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Fig. 6. Storage modulus and internal friction of BNT—xBT under different frequencies of dynamic mechanical tests. (a) x=0. (b) x=0.06. (c) x=0.15. (d) x=0.25.

region of x> 0.06, which has not been fully resolved
to date.

5. Conclusions

BiolsNaOASTiO3*XBaTiO3 (BNT*XBT) pOWderS with
x=0.05, 0.06, 0.07, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30 have
been successfully fabricated by a modified citrate method.
DSC and DMA analyses are used to characterize the
structural origin of transitions among FE, AFE and PE
states in the phase diagram of BNT-xBT. The FE-AFE
transition in BNT—xBT with 0 < x <0.15 is found to relate
with a structural transformation which is a first-order phase
transition. The mechanical and thermal analyses provide
evidences that AFE state (0 < x <0.15) could be associated
with the incommensurate modulation of rhombohedral

structure, while the mechanisms of forming AFE state in
BNT—xBT (x > 0.15) could be different.
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