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Abstract

(1 —x)Bi, sNa, 5TiO3—xBa,, ;Sr, ;TiO; (abbreviated as BNT-BST, x=0.05 ~0.40) was prepared by a conventional ceramic
processing method and their structural evolution, dielectric and ferroelectric properties were investigated. The structure of the
BNT-BST ceramics changes from phase coexistences of Rhombohedral-Tetragonal (x <0.10) to Tetragonal-Cubic (x> 0.35),
across a dominant Tetragonal phase region (0.15 <x<0.30). By increasing BST content, the grain size of the BNT-BST
ceramics slightly decreases, while the temperature 7, of the maximum dielectric constant gradually goes downward from
~250 °C to near room temperature. Meanwhile, with the increase of measuring frequency, the 7, increases for the BNT-BST
ceramics with x>0.15, indicating their relaxor ferroelectric characteristics. Room temperature P-E loop test results show
that both coercive field E, and remnant polarization P, gradually reduce with the increase of x value for relaxor BNT-BST
ceramics. Both high peak dielectric constant (e, > 6000 at T,,) and saturated polarization (P,~30 uC/cm?), as well as tunable
remnant polarization P, are obtained in relaxor BNT-BST ceramics suitable for capacitor candidate materials.

1 Introduction

Ceramic capacitors are indispensable components in modern
electronics, which are employed for functions of bypass-
ing, coupling, decoupling, filtering, pulse discharge, power
conditioning, and so on [1]. Ferroelectrics used for ceramic
capacitors must satisfy many requirements in order to be
used reliably in such applications. A high relative dielec-
tric constant ¢, is essential for large valued capacitors with
good volumetric efficiency and thus affords system minia-
turization [2]. In general, normal ferroelectrics have very
high €, in the vicinity of Curie temperature. However, such
high ¢, in the vicinity of Curie temperature is not suitable
for practical usage for capacitors due to its poor tempera-
ture dependence [3]. An effective method for improving
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temperature dependence of dielectric properties is to make
the Curie peak diffuse and form so-called relaxor ferroelec-
trics [4]. During the past decades, lead-based relaxor fer-
roelectrics, typically represented by Pb(Nb,Mg)O;—PbTiO;
(PMN-PT), have been extensively studied and successfully
commercialized [5-7]. However, lead-based ceramics will
be prohibited in the future with increasing attention to envi-
ronmental issues and human health. Therefore, it is desirable
to develop lead-free ferroelectric ceramics with excellent
dielectric properties for replacing the lead-containing ceram-
ics in capacitor applications [8].

Bi, sNa, sTiO5; (BNT), which is an environmentally
friendly perovskite structural ferroelectric material with
rhombohedral symmetry (R3c) at room temperature, has
been attracted considerable attention due to its high prom-
ising dielectric and piezoelectric properties over a wide
temperature range [9-11]. BNT exhibits extremely com-
plex crystal structure and is characterized by temperature
dependent permittivity with two anomalies at 7;~200 °C
and T, ~320 °C [12, 13]. Previously, BNT was extensively
studied as a promising lead-free piezoelectric candidate,
because it can form a morphotropic phase boundary (MPB)
with other tetragonal perovskites, such as BaTiO; (BT)
and Bi 5K, 5TiO; (BKT), and such MPB composition will
show enhanced piezoelectric properties [14, 15]. However,
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the research of BNT as capacitor ceramic applications is far
less extensive than that of BNT as piezoelectric ceramics
because of its relatively low permittivity at room tempera-
ture (¢,~760 at 1 kHz). Recently, with the aim of improving
room temperature permittivity and temperature dependent
behavior, different compounds such as (Na,Bi)NbO; and
SrTiO; modified BNT-based ceramics were investigated for
energy storage capacitor applications [16, 17]. Moreover,
some works about the application of BNT-based ceram-
ics as high temperature capacitors have also been reported,
because BNT can actually obtain good temperature depend-
ent dielectric characteristics at elevated temperatures even
up to 400 °C by modification [11, 18-20].

In our previous work, Ba 351 ;TiO; (BST) was found
to be more suitable for preparation of pulse power capaci-
tors [21, 22]. However, the room temperature permit-
tivity (e,~650 at 1 kHz) of BST is also relatively low
due to its Curie temperature (7,=—85 °C) far below
room temperature. Consequently, in this work, a (1 —x)
Bi, sNa, sTiO3—xBa,, ;51 ;TiO; (BNT-BST) binary solid
solution is developed to improve room temperature dielec-
tric properties by designing to form relaxor ferroelectrics.
Accordingly, the influence of BST content on the crystal
structure, microstructure, dielectric and ferroelectric proper-
ties of the ceramics was comprehensively investigated.

2 Experimental procedures

A conventional processing method was applied to fabricate
(1 =x)Bi, 5Na, sTiO;—xBa 551, ; TiO; (BNT-BST) ceramics,
in which x equals 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and
0.40 respectively, by using raw materials of bismuth oxide
(Bi,03, 99%), sodium carbonate (Na,CO3, 99.8%), barium
carbonate (BaCO;, 99%), strontium carbonate (SrCO5, 99%),
and titanium dioxide (TiO,, 98%) from Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China. The raw powders were
weighed according to the stoichiometric formula of each
composition and milled in a polyethylene jar for 24 h in
ethanol medium with ZrO, balls. After separating the balls,
the mixed slurry were dried and calcined at 850 °C for 3 h
and then milled again for 24 h. The calcined powders were
granulated to be pressed into disks of 13 mm diameter and
about 1 mm thick under 120 + 10 MPa by adding polyvinyl
alcohol solution (PVA, 5 wt%) as a binder. The disks were
first preheated in air at 650 °C for 2 h to remove PVA bind-
ers, and then sintered at temperatures ranging from 1140 °C
to 1260 °C for 2 h in air with a heating rate of 5 "C/min and
finally furnace-cooled to ambient temperature.

An X-ray diffraction (XRD, D8-Advance, Bruker, Ger-
many) technique with CuK, radiation (4=0.15406 nm)
was used to determine the phase structure of sintered BNT-
BST ceramics. Data analysis was carried out by a Rietveld
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method using the GSAS program suite. The microstructure
features of the polished and thermally-etched surfaces of the
sintered ceramics were characterized by a scanning electron
microscopy (SEM, JSM-6700F, JEOL, Japan). The sintered
ceramic samples were polished to about 0.8 mm thick for
dielectric measurements. Silver pastes were painted on both
sides of the polished ceramic samples, and then fired to elec-
trodes at 800 °C for 20 min. The temperature dependence of
the dielectric constant €, and loss tand was determined using
a precision impedance analyzer (HP4294A, Agilent) over a
temperature range from room temperature to 400 °C, being
connected to a computer controlled temperature chamber.
The data at testing frequencies of 1 kHz, 10 kHz, 100 kHz
and 1 MHz are collected. The polarization—electric field
(P-E) hysteresis loops were examined at room temperature
using a Radiant precision workstation (TRek model 609B)
based on a standard Sawyer—Tower circuit at 10 Hz.

3 Results and discussion

Figure 1a shows the XRD patterns of the BNT-BST ceram-
ics with different x values. It can be seen that all ceramics
have a pure perovskite phase, and no secondary phases can
be traced within the detection accuracy of XRD technique.
The zoomed XRD patterns in the 260 range of 38°~42°
and 45°~48° are given in Fig. 1b, c, respectively. For the
BNT-BST ceramics with x <0.10, two splitting (003)/(021)
diffraction peaks around 260 =40° and one (202) diffrac-
tion peak around 260 =46.5° are detected, in accordance
with the structural characteristics of rhombohedral BNT
phase [23]. When x >0.15, only one diffraction peak can
be detected around 260 =40°, but two splitting diffraction
peaks appear around 260=46.5°, and these two peaks gradu-
ally merge together with the increase of x followed by a
basically one peak at x=0.35. This phenomenon indicates a
dominant tetragonal phase for the BNT-BST ceramics with
0.15 <x<0.30, while the appearance of cubic phase when
x>0.35.

To understand the detailed crystal structure of the BNT-
BST ceramics, Rietveld refinement was performed and the
results are given in Table 1. The selected Rietveld refinement
profiles of the BNT-BST ceramics with x=0.05, 0.15, and
0.35 are shown in Fig. 2. The profile R-value (R,), weighted
profile R-value (R,,,) and 2*-value of the refined structure
parameters indicate that the refinement results are accept-
able. As shown in Table 1, the phase structure evolution of
the BNT-BST ceramics with increasing BST content can be
clearly identified. The BNT-BST ceramics hold a coexist-
ence of Rhombohedral (R3c) and Tetragonal (P4bm) phases
when x <0.10, but a coexistence of Tetragonal (P4bm) and
Cubic (Pm3m) phases when x> 0.35, passing through a dom-
inant Tetragonal (P4bm) phase region with 0.15 <x<0.30.
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Table 1 Rietveld refinement -
results of the BNT-BST X Phase Lattice parameters R, (%) Ry, (%) Ve
ceramics with different x values a c
0.05 R3¢ 41.64% 5.4864 13.5594 5.61 8.07 2.051
P4bm 58.36% 5.5464 3.9297
0.10 R3¢ 38.76% 5.4973 13.5698 5.94 8.92 2.335
P4bm 61.24% 5.5247 3.9398
0.15 P4bm 5.5143 3.9295 6.23 9.62 2.577
0.20 P4bm 5.5192 3.9285 6.84 9.78 3.097
0.25 P4bm 5.5215 3.9390 6.11 9.29 2.392
0.30 P4bm 5.5224 3.9436 5.93 8.88 2.119
0.35 P4bm 69.63% 5.5301 3.9434 6.00 9.06 2.229
P 30.37% 3.9197 39197
0.40 P4bm 68.32% 5.5369 3.9417 5.92 9.09 2.193
ngm 31.68% 3.9218 3.9218
(a) . : x=0.05 (b) © Ve x=0.15 (c) © Ve x=035
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Fig. 2 Rietveld refinement profiles of the BNT-BST ceramics: a x=0.05; b x=0.15; and ¢ x=0.35. Solid circles show the measured data points,
and the solid line represents the calculated diffraction pattern
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Figure 3 shows the microstructure features of the ther-
mally-etched surfaces of the BNT-BST ceramics with dif-
ferent x values. It can be seen from Fig. 3 that all ceramics
achieve high density with clear grains and grain bounda-
ries. Basically, the grain size gradually decreases with the
increase of BST content. For the BNT-BST ceramics with
x=0.05 (see Fig. 3a), the gain size is up to 10 pm. However,
the grain size can be reduced to ~2 pm for BNT-BST ceram-
ics with x=0.40 (see Fig. 3h).

Figure 4 shows the temperature dependent dielectric
constant and loss of the BNT-BST ceramics with differ-
ent x values. It was reported that the temperature depend-
ence of the dielectric permittivity of undoped BNT shows
two anomalies: a broad maximum at 7,, ~320 °C corre-
sponding to a transition from a paraelectric to a presumed
antiferroelectric (AFE) phase, and a shoulder hump at

~200 °C attributed to a transition to a ferroelectric state,
which is often designated as a depolarization temperature
T, accompanied by a decay of spontaneous polarization
[13, 24]. For the BNT-BST ceramics with x <0.10, as
shown in Fig. 4a, b, the temperature dependent dielectric
constant exhibits similar behavior to that of undoped BNT,
but the T, and T, are all decreased. For example, the T},
and T are observed to be ~230 °C and ~ 120 °C, respec-
tively for the BNT-BST ceramics with x=0.10. However,
only T, can be observed for the BNT-BST ceramics with
x>0.15, as shown in Fig. 4c—h. Moreover, the temperature
dependent dielectric constant behavior is satisfied with a
generic feature of relaxor ferroelectrics: the T}, shifts to
higher temperature as the frequency of the probing field
increases [25]. In general, with the increase of BST con-
tent x, the T, of the BNT-BST ceramics gradually shifts

Fig. 3 SEM images of the polished and thermally-etched BNT-BST ceramics: a x=0.05; b x=0.10; ¢ x=0.15; d x=0.20; e x=0.25; f x=0.30;

gx=0.35; and h x=0.40
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Fig. 4 Temperature dependent of dielectric constant and loss of the BNT-BST ceramics: a x=0.05; b x=0.10; ¢ x=0.15; d x=0.20; e x=0.25; f

x=0.30; g x=0.35; and h x=0.40
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Fig.5 Polarization—electric field (P-FE) hysteresis loops of the BNT-BST ceramics: a x=0.05; b x=0.10; ¢ x=0.15; d x=0.20; e x=0.25; f

x=0.30; gx=0.35; and h x=0.40

downward to near room temperature. Therefore, the room
temperature dielectric constant of the BNT-BST ceram-
ics gradually increases with the BST content due to the
relaxor ferroelectric characteristics of the ceramics and
high peak dielectric constant (¢,>6000) at T,,. Actually,
when BST content x > 0.30, the room temperature dielec-
tric constant of the ceramics at 1 kHz is close to 4000 (see
Fig. 4f), and even 4500 (see Fig. 4g, h), showing a very
high level.

Figure 5 shows the room temperature P-E hysteresis
loops of the BNT-BST ceramics with different x values
measured at different applied electric fields until satura-
tion. For BNT-BST ceramics with x=0.05 (see Fig. 5a),
the loop displays a well-saturated ferroelectric behavior
with both large remnant polarization (P, =31.2 uC/cm?)
and coercive field (E,=50 kV/cm) under an applied elec-
tric field of 70 kV/cm. When BST content is increased to
x=0.10 (see Fig. 5b), a well-saturated loop is obtained
under an applied electric field of 60 kV/cm accompa-
nied by a little increased P, (33.8 uC/cm?) but appar-
ently reduced E, (35.6 kV/cm). With further increasing
BST content (x >0.15), both the P, and E, are gradually
decreased, and the P—E loop even becomes slanted slim
for BNT-BST ceramics with x=0.40 (see Fig. 5h), being
marked with a low P, (4.3 uC/cm?) and sustained high P,
(~30 puC/cm?). It is supposed that the ferroelectric order
is disturbed with the increase of BST, leading to a fer-
roelectric to relaxor state transformation, as confirmed
by the temperature dependent dielectric properties shown
in Fig. 4. Therefore, the suppressed ferroelectricity of
the BNT-BST ceramics is believed to be induced by an

enhanced nonpolar tetragonal (P4bm) and/or Cubic (ng
m) structure with the increase of BST content as analyzed
by XRD results (see Fig. 2; Table 1).

4 Conclusions

In summary, the structure of (1 — x)
Bij sNay sTiO;—xBa 5Sry ;TiO; (BNT-BST) ceramics
is revealed to be changing from phase coexistences of
Rhombohedral-Tetragonal (x <0.10) to Tetragonal-Cubic
(x>0.35), across a dominant Tetragonal phase region
(0.15<x<0.30). With increasing BST content, the BNT-
BST ceramics undergo a ferroelectric to relaxor state
transformation accompanied by a gradually decrease of
T, from ~250 °C to near room temperature. For BNT-BST
ceramics with relaxor ferroelectric state (x> 0.15), both
the P, and E_ gradually reduce with increasing BST con-
tent due to an enhanced nonpolar tetragonal (P4bm) and/or
Cubic (Pm3m) structure. The relaxor BNT-BST ceramics
possess both high peak dielectric constant (¢, > 6000 at 7,
and saturated polarization (P,~30 uC/cm?), in addition
to tunable remnant polarization P,, which is suitable for
application of good capacitor candidate materials.
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