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ABSTRACT

In this study, the effect of the sintering temperature (950-1150°C for 2 h) on the phase
formation, microstructure and electrical properties of (BiosNaos)o.93(Bao.gasCao.0ss)0.07
(Ti0.9896L-20.0025Nb0.0025SN0.0054) O3 (BNBC)(TLNS) solid solutions prepared via the solid state
combustion technique, using glycine as fuel, were studied. The XRD pattern of all sintered
sampled exhibited a single perovskite structure with the co-existence of the rhombohedral and
tetragonal phases. The average grain size increased with increasing sintering temperature. The
density, dielectric constant (at T, and Tr) and piezoelectric constant (dss) all increased as the
sintering temperature increased up to 1100°C and then all values dropped. The sample that
showed the highest density (5.87 g/cm?®), the highest dielectric constant (e; = 1978, em = 6287),
and the highest ds; value (228 pC/N), was the sample sintered at 1100°C.

Keywords: (BNBC)(TLNS), solid state combustion technique, phase formation, dieelctric,
piezoelectric

INTRODUCTION

Recently, lead-free piezoelectric materials with properties that allow them to
be used in high performance applications have been the focus of research and
development in the electronic industry. Among the many researches developing lead-
free piezoelectric ceramics for use in electronic devices, (BiosNaos) TiOs (BNT) based
ceramics are considered one of the potential candidate materials to replace toxic lead-
based piezoelectric ceramics (Rahman, et al. 2014; Jo, et al. 2012; Zhang, et al. 2008).

Fabrication of BiosNaosTiOz (BNT)-based solid solutions with a
morphotropic phase boundary (MPB) in the perovskite structure, is an effective way
to produce ceramics with good piezoelectric coefficient, as reported by many
researches (Takenaka, et al. 1991; Sasaki, et al. 1999; Yoshii, et al. 2006; Zhang, et
al. 2008; Kounga, et al. 2008; Hiruma, et al. 2008; Lee, et al. 2009; Bai, et al. 2013;
Machado, et al. 2017). Takenaka et al. (Takenaka, et al. 1991) reported relatively
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high piezoelectric performance in (1-X)BNT-xBaTiOs; ((1-x)BNT-xBT) ceramics at
the MPB, formed around the composition of x = 0.06-0.07. Machado et al. (Machado,
et al. 2017) observed a high piezoelectric coefficient (ds3) of 180 pC/N in (1-x)BNT-
XBT ceramics at an x content of 0.07, with samples poled at 40 kV/cm. Bo Wu et al.
(Wu, et al. 2012) reported that introducing 6 mol% of (Bao.ssCao.02)(Tio.94Sn0.06) O3 in
BNT produced ceramics with a MPB and a high piezoelectric constant (ds3~170
pC/N). Then, Chittakorn et al (Kornphom, et al. 2018) reported a high piezoelectric
coefficient, ds;, of 189 pC/N in 0.94(BiosNagsTiO3)-0.06(Bag.essCao.0s5)
(Tio.92SN009)Oz (0.94BNT-0.06BCTS) ceramics, fabricated by the solid state
combustion technique, sintered at 1150°C for 2 h. After that, Rui-Fang Ge et al (Ge,
et al. 2017) studied the influence of La** and Nb®* on 0.85BigsNagsTiO3-
0.11Bios5KosTi03-0.04BaTiO; (BNT-BKT-BT) ceramics, which showed a phase
transformation from a mix of rhombohedral and tetragonal to a pseudocubic
symmetry with high field-induced strain. With increasing La®" and Nb®* content, the
normal ferroelectric-to-ergodic relaxor (FE-to-ER) transition temperature (Ter)
reduced from 120°C to below room temperature (RT). The largest electro-strain of
0.46% was obtained from the samples with La®** and Nb®* content at 0.0050 and under
an applied electric field of 7.5 kV/mm. Hence, the interest in doping BNT-BCTS
ceramics with La®* and Nb°* at compositions that induce a MPB.

From a review of the literature, it can be seen that adding La®*" and Nb?® to
0.93(Bios5Nag5Ti03)-0.07(Bao.aa5Cao.055)(Ti0.91SN0.09) O3 (0.93BNT-0.07BCTYS)
ceramics, prepared by the solid state combustion technique has not been studied. In
this research, we report on the the fabrication of 0.93BNT-0.07BCTS solid solutions
doped with La®** and Nb’* at x=0 .0 0 5 according to the formula
(BiosNao 5)0.93(Bao.asCao.0s5)0.07 (Tio.9896L-20.0025Nb0.0025SN0.0054) O3 (BNBC)(TLNS) via
the solid state combustion technique. The influence of the sintering temperature on
the phase formation, morphology, and electrical properties in this ceramics were
investigated.

EXPRIMENT DETAIL

(BiosNaos)0.93(Bao.gasCao.oss)o.07  (Tio.9896L80.0025ND0.0025SN0.0054)03  (BNBC)-
(TLNS) ceramics were synthesized by the solid state combustion technique using
glycine (C2HsNOy) as fuel. The raw materials were obtained from the high purity
reagent grade sources of Bi(NOs3)3:.5H,0 (99%), Na(NOs). (99%), TiO, (99%),
Ba(NOz3)2 (99%), CaCOs (99.0%), SnO: (99.0%), La203 (99%), Nb.Os (99%), and
C2HsNO:> (95.0%). The raw materials were weighed following the given composition
and were mixed by ball milling in ethanol for 24 h. Afterwards, the suspensions were
dried and sieved into a fine powder. After drying, the powders were mixed with
glycine in a ratio of 1:2 and then the mixed powders were calcined at 650°C for 2 h
in air (Kornphom, et al. 2018). Thereafter, polyvinyl alcohol (PVA: 5 wt.% aqueous
solution) was added into the calcined powders and ball-milled again for 24 h. Next,
the mixed calcined powders were pressed into disks under a pressure of 1000 kg/cm?
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in a mold which has a diameter of 15 mm. Finally, all green bodies were sintered at
temperatures between 950 - 1150°C for 2 h in air with a heating rate of 5°C/min and
allowed to cool down naturally.

The phase transition of the sintered samples were analyzed by X-ray
diffraction (XRD). While the morphology was analyzed by scanning electron
microscopy (SEM). The average grain size of the sintered samples was determined
by using the linear interception method on SEM images of polished samples which
had been thermally etched for 10 min at a temperature 100-110°C below the sintering
temperature. The density of the sintered samples was measured using the Archimedes
method with distilled water as the medium. The dielectric properties were measured
by a LCR meter (Agilent 4263B) with a frequency of 1-100 kHz. To measure the
piezoelectric properties, the sintered samples were polished to 1 mm thickness and
silver paste (Heraeus, D11402) was painted on both sides to form electrodes and then
annealed at a temperature of 500°C for 30 min. Poling sintered samples were carried
out at 40°C in a silicon oil bath by an applied field of 5 kV/cm for 20 min (Kornphom,
et al. 2018). All poling samples were allowed to set for 24 h prior to measuring the
piezoelectric properties. The piezoelectric properties was measured by a Berlincourt
dss meter (Sinocera, YE2730A).

RESULTS AND DISCUSSION

The phase formation of (BNBC)(TLNS) ceramics as a function of the
sintering temperature was investigated by XRD and all XRD patterns are presented
in Fig 1 (a)-(c). The XRD results showed that all sintered samples formed a pure
perovskite structure, as the 20 between 10 to 60° in the XRD patterns in all matched
with the JCPDS files n0.36-0340 and 03-0725. The XRD patterns also had no
impurity phase (Fig.1 (a)) which indicated that La’>* and Nb’>* easily substituted into
B-sites of the (BNBC)(TLNS) lattice structure forming a complete solid solution.

A more thorough investigation of the effect of the sintering temperature on
the structural features, including the phase characteristics, of the samples could be
obtained by analyzing the amplified 26 XRD patterns at ~40° and 47°, which are
shown in Fig. 1(b) and (c). A rhombohedral (R) perovskite phase can be identified by
dual (003)/(021)r peaks at a lower angle (~40°) and a single (202)r peak at a higher
angle (~47°) (Bhupaijit, et al. 2015; Herabut, et al. 1997; Gou, et al. 2012). And a
tetragonal (T) phase can be identified by a single peak of (111)r at a lower angle and
dual split peaks of (002)/(200) at a higher angle (Bhupaijit, et al. 2015; Gou, et al.
2012). In this work, at a sintered temperature of 950°C, the XRD pattern exhibited
twisted peaks around 40° and a broad double peaks around 47° (Fig.1 (b) 1) and (Fig.2
(c) ) which indicates that an incomplete sintering process resulted in an unstable
crystalline structure. As the sintering temperature increased from 1000 to 1050°C, the
peak around 40° showed broad double peaks of (003)/(021)r (Fig.1 (b) II, Ill) and
split double peaks of (002)/(200)+ at peak position of 47° were observed(Fig. 1 (c) Il,
I11), which indicated that these samples showed the coexistence of the rhombohedral
and tetragonal phases (R+T). For the sample sintered at 1100°C, the peak position at
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around 40° showed a more symmetry peak of (111)r (Fig.1 (b) IV) and split double
peaks of (002)/(200)r at 47° (Fig.1(c) IV), which indicates that this sample was
dominated by the tetragonal phase. Moreover, it was observed that the peaks around
40 and 47° moved to a slightly lower angle when the sintering temperature increased
from 950 to 1100°C (Figure 1 (b) I-IV and (c) I-1V), indicating that the unit cell value
slightly enlarged. When the sintering temperature was increased to 1150°C, the peaks
around 40° and 47° showed a broader (111)t peak and (002)/(200)+ peaks, while, both
peak positions shifted to higher angles, indicating the unit cell value slightly shrank
(Fig.2 (b) V and (c) V). The variation in the phase formation and the unit cell volume
in the samples sintered at high temperatures may be due to the distortion of the crystal
structure and the reduction of the crystallinity due to the evaporation of Bi»O; and /
or Na,O(Kornphom, et al. 2018).
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Fig. 1 XRD patterns of the (BNBC)(TLNS) solid solution as a function of sintering
temperature (a) 26 =10-60°, (b) 26 =38-41° and (b) 26 =43-49°.
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SEM images of the surface morphology of the sintered (BNBC)(TLNS) solid
solutions, after being polished and thermally etched, are shown in Fig. 2 (a)-(e). The
grains of all sintered samples showed a polygonal shape. It was found that large
porous structures and small grains were observed on the surface of the sample at the
low sintering temperature of 950°C (Fig. 2 (a)). Then, the porous structure reduced
and the grains continuously grew when the sintering temperature increased from
1000°C to 1100°C (Fig. 2 (b)-(d)). For the sample sintered at a temperature of 1150°C,
the grains abnormally grew and the grain boundary began to melt (Fig. 3 (e)) which
may be due to the fact that Bi.Os or Na,O, with low-boiling points, could have
evaporated at higher sintering temperatures (Kornphom, et al. 2018). The average

grain size of all sintered ceramics increased with increasing sintering temperature as
seen in Table 1.
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The density of the (BNBC)(TLNS) solid solutions with various sintering
temperatures were obtained using the Archimedes technique. The apparent density
increased from 5.35 g.cmto 5.87 g.cm™ by increasing the sintering temperature from
950 to 1100°C, a higher sintering temperature reduced the sample density (Table. 1).
The sample sintered at a temperature of 1100°C showed the highest density (5.87
g.cm?®). The density results of all sintered samples corresponded well with the
microstructure results.

Fig. 2. The SEM image of the (BNBC)(TLNS) solid solution sintered at (a) 950°C,
(b) 1000°C, (c) 1050°C, (d) 1100°C and (e) 1150°C for 2 h.

The temperature dependent dielectric responses of the unpoled and poled
(BNBC)(TLNS) solid solutions sintered at 1100°C for 2 h (i.e. the highest density
samples) measured at the frequencies of 1 kHz, 10 kHz and 100 kHz are presented in
Fig. 3(a)-(b). It was found that the unpoled sample exhibited broad dielectric
anomalies as shown in Fig. 3 (a). For the poled sample, the dielectric anomalies
exhibited differentiation of two dielectric curves as observed in Fig. 3 (b). The first
dielectric curve was clearly observed from the dielectric constant and dielectric loss
at a temperature around 50°C with a marginal frequency dispersion (Fig. 3 (b)). This
dielectric behavior around 50°C refers to the phase transition temperature of normal
ferroelectric to relaxor ferroelectric (Ter) and can be attributed to coexisting polar
nanoregions (PNRs) of different symmetries (Kornphom, et al. 2016; Jo, et al. 2011;
Rahman, et al. 2015). The second curve was found at higher temperatures around
250°C which is called the temperature of the maximum dielectric constant (Trm) and
is caused by the thermal evolution of ferroelectric PNRs of R3c and weakly polar
P4bm symmetry (Fig. 3 (b)) (Jo, et al. 2011; Rahman, et al. 2015).
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The temperature dependence of the dielectric response of the unpoled and
poled (BNBC)(TLNS) solid solutions sintered at different temperatures measured at
1 kHz are showed in Fig. 4 (a) and (b). For unpoled samples, the dielectric anomalies
exhibited broad curves in all sintered samples. It can be seen that the Tr, values of all
sintered samples were between 250 and 287°C as listed in Table 1. The sample
sintered at 950°C couldn’t be poled because it broke down under the high electric
field. For the dielectric anomalies of the poled samples, it can be observed that the
samples sintered at 1000-1150°C showed two dielectric curves of Ter and Tn at
temperatures around 50°C and 280°C (Tnm), respectively, Fig. 4 (b). For T values of
the samples sintered between 1000-1150°C, it was found that Ter slightly increased
from 52 to 56°C when the sintering temperature increased from 1000°C to 1150°C
(Table 1). The change of T (the unpoled samples) and Tr.r values (the poled samples)
in the (BNBC)(TLNS) solid solution at difference sintering temperature may be
caused from the phase distortion and compositional discrepancy arising due to the
volatility of Bi»Os; or Na;O at higher temperatures (Kornphom, et al. 2018), and
corresponded well with the findings of the phase formation, microstructure and
density.

The dielectric constant (g) at room temperature (T,) and dielectric constant at Tr,
of the unpoled (BNBC)(TLNS) solid solution increased from 1485 to 1978 and 4500
to 6287, respectively, when the sintered temperature increased from 950-1100°C and
then dropped in values as listed in Table 1. The dielectric loss at Tr, (tan 8m) for all
samples are listed in Table 1. Good dielectric responses were attained by the highly
dense ceramics with well-developed crystalline structures, which corresponded to the
phase formation, morphology and density results.
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The measured piezoelectric coefficient (ds3) of the (BNBC)(TLNS) solid
solutions with sintering temperature between 1000°C and 1150°C is listed in Table 1.
It can clearly be observed that the ds; value increased from 158 pC/N to 228 pC/N
when the sintering temperature increased from 1000°C to 1100°C. At the sintering
temperature of 1150°C, the ds3 value decreased. The highest dss value of 228 pC/N
was reached from the sample sintered at 1100°C. The improved dielectric and
piezoelectric properties in the (BNBC)(TLNS) solid solution as a function of
sintering temperature can be explained from the phase transition zone with the R+T
coexisting phases, the well-developed morphology and good density, enhancing
domain reorientation and domain wall motion, resulting in the polarization to be
easily switchable (Kornphom, et al. 2018). These factors reduce the volume fraction
of the grain boundaries and inhibit the trapping of space charges at the grain
boundaries (Herabut, et al. 1997; Kornphom, et al. 2016; Jo, et al. 2011). When the
sintering temperature increased up to 1150°C, the dielectric constant, and ds; value
reduced because of the volatilization of Bi»Oz or Na,O at higher sintering
temperatures which degenerated the electrical properties.
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Table 1 Average grain size, density, dielectric and piezoelectric properties of

(BNBC)(TLNS) solid solution at different sintering temperatures

Sintering Average  Density Trr Tm &r tan & €m tand dss
temperature grain size at Tr at Tm
(glem®) (°C) (°C) (PC/N)

(°C) (pm)
950 1.1440.18 5.35 - 233 1485  0.130 4500 0.030 -
1000 1.5540.25 5.64 42 237 1692  0.053 5712 0.028 158
1050 1.96+0.51 5.78 52 247 1876  0.051 5924 0.024 189
1100 2.50+0.77 5.87 52 242 1978  0.047 6287 0.021 228
1150 2.89+0.80 5.59 56 275 1835  0.052 5122 0.016 169

CONCLUSIONS

In this study, high performance (BNBC)(TLNS) solid solutions were
synthesized by the solid state combustion technique. The effect of the sintering
temperature on the phase formation, microstructure, density and electrical properties
were investigated. The (BNBC)(TLNS) solid solutions exhibited a pure perovskite
phase with co-existing rhombohedral and tetragonal phases in all sintered samples.
The good microstructure, the best density, and excellent electrical properties (& =
1978, em = 6287, and ds3 of 228 pC/N) were obtained from the samples sintered at a
temperature of 1100°C for 2 h. From these results, a high piezoelectric coefficient in
(BNBC)(TLNS) solid solutions, using an optimal sintering temperature, is a
promising candidate for lead-free ferroelectric ceramics and can replace Pb-based
ceramics for application in electronic devices.
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