CHAPTER 4

INFLUENCE OF SINTERING TEMPERATURE ON
DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF B,0;

DOPED Ba(T109Sn01)O3 CERAMICS

Lead-free ceramics of Ba(Tig9Sny ;)O3 doped with B,O; were prepared by a
conventional solid state sintering method. Dielectric and piezoelectric properties of
the ceramics were investigated as a function of sintering temperature. Although
density of the ceramics was observed to decrease with increasing the sintering
temperature, the sample sintered at 1350°C showed maximum dielectric constant for
all doping conditions. However, the ceramics showed a lower piezoelectric coefficient
(ds3) at a higher sintering temperature. The dielectric-electric field measurement
indicated that this material exhibits a high tunability. In addition, mechanical
property such as hardness was investigated. Relation between grain size and
hardness of the ceramics was found to obey the Hall- Petch equation. Moreover, an
increase in the boron oxide content was observed to enhance the hardness of the

ceramics. These results may be helpful in the multilayer capacitor applications.

4.1 Introduction
Ferroelectric ceramics are very important for many electronic applications and
many researchers have shown considerable interest in the electrical properties of these

materials [1]. However, most of the commercial ceramics are lead-based compound
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such as lead zirconate titanate (PZT) which has environmental problems due to lead
oxide (PbO) present in the PZT causes pollution during preparation processing.
Therefore, non-lead base ferroelectric ceramics such as modified BaTiO; and
BigpsNagsTiO; have been widely investigated, because of their free control of
sintering atmosphere and no release of lead in the process of fabrication [1-3]. In case
of modified BaTiO; such as Ba(Ti;-,Sn,)O3 (BTS), the high permittivity was
observed for a composition x ~ 0.1 (BTS10). This material exhibits a diffuse phase
transition with no relaxor ferroelectric behavior [3]. The Curie temperature can be
controlled for various applications by varying the stannate molar fraction [4].

For multilayer capacitor applications, many researchers have focused on
decreasing sintering temperature by adding some sintering aids such as Li,0, Bi,0;
and B,0; into their materials. These additives have been introduced into many
modified BaTiOs3 ceramics to decrease the sintering temperature and improve their
electrical properties [5]. However, the properties of some modified BaTiO; ceramics
doped with B,0; such as BTS have not been widely investigated. In the present work,
BTS ceramics for the composition of BTS10 were prepared. The B,0; was added into
the BTS10 ceramics. Electrical properties of the resulting ceramics were studied and

the effect of sintering temperature on the properties was also investigated.

4.2 Experimental
Ba(Tig9Sng ;)O3 ceramics with B,0; were prepared by a conventional
ceramics fabrication method. Reagent grade of BaCO3, Sn0O,, and TiO, were mixed in

isopropanol for 24 h using zirconia grinding media. Then, the slurry was dried, sieved
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and calcined at 1300°C for 2 h. After calcination, B,O3; powder, equivalent to 0.50,
1.0, 2.0 and 3.0 wt.%, was added into BTS10 powder. The mixed powders with added
organic binder were ball-milled in isopropanol for 24 h. The obtained slurry was dried
and sieved to form a fine powder. Cylindrical pellets 15 mm in diameter were
isostatically pressed at 80 MPa. The pellets were then sintered at 1250-1450°C for 4 h
with a heating/cooling rate of 5°C/min. The samples for dielectric measurement were
polished and electroded via gold sputtering. Phase formation of the ceramics was
studied by X-ray diffraction analysis (XRD) with Cu Ka radiation. Microstructural
evolution was investigated using scanning electron microscopy (SEM). The density
and the apparent porosity of the sintered samples were determined by Archimedes’
method with distilled water as the fluid medium. The dielectric properties were
measured with an LCR meter. The piezoelectric coefficient (d33) was measured with a
ds3 meter, 24 h after poling at 1.5 kV/mm. The surface hardness of the sintered
samples was characterized by a Buehler Hardness Tester (Model No.1600-6100

Illinois, USA). Indentation was performed under a load of 100 N and maintained for

15 s.

4.3 Results and discussion
The phase evolution in the B,O3 doped BTS10 ceramics was determined from
the X-ray diffraction patterns. Figure 4.1 and Figure 4.2 show XRD patterns of the 0.5

and 1.0 wt.% B,03 doped BTS10 ceramics sintered at different temperatures.
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Figure 4. 1 X-ray diffraction patterns of 0.5 wt.% B,0; doped BTS10.
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Figure 4. 2 X-ray diffraction patterns of 1.0 wt.% B,0; doped BTS10.

A perovskite structure was observed for all samples. However at higher

sintering temperature, a second phase was found as indicates in the Figure 4.1.
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Figure 4. 3 X-ray diffraction patterns of 2.0 wt.% B,0; doped BTS10.

Figure 4.3 shows XRD patterns of the 2.0 wt.% B,03; doped BTS10 ceramic
samples. The XRD patterns revealed that all samples exhibit a perovskite phase. Shift

of XRD peaks was found, indicating a change of the lattice constant.

(a) 1300°C (b) 1400°C o

Figure 4. 4 SEM of the 0.5 wt.% B,03 doped BTS10 ceramics.
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The SEM micrographs of the 0.5 wt.% B,0s doped BTS10 show that the
higher sintering temperature produced a notable increase in grain size (Figure 4.4),
especially at 1350°C. However, a decrease in density was also found for the samples
sintered at higher temperature (Figure 4.5). It can be noted that the porosity levels

evident in SEM micrographs of the pellet surfaces consist with trends in measured

density values.
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Figure 4. 5 Grain size and density as a function of sintering temperature for 0.5 wt.%
B203 doped-BTS10 ceramics.

The density values of 1.0 wt.% B,0, doped-BTS10 ceramics.as a function of
sintering temperature are shown in Figure 4.6. The density increased with increasing
sintering temperature up to 1300°C and then decreased for further sintering

temperatures. It is expected that the presence of a B,O; liquid phase assists
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densification during sintering. However, high evaporation of B,0; at high

temperature may result in a lower final density.
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Figure 4. 6 Bulk density as a function of sintering temperature for 1.0 wt.% B,03
doped-BTS10 ceramics.

SEM micrographs of the ceramics are illustrated in Figure 4.7. The porosity
levels in SEM micrographs of the pellet surfaces were consistent with trends in
measured density values. The microstructural analysis revealed that the increase of
the sintering temperature enhances the grain size. Average values of grain size, as
measured by the linear intercept method, increased from 26 um for the sample

sintered at 1250°C to 30 um for the sample sintered at 1450°C.
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(b)

Figure 4. 7 SEM of the 1.0 wt.% B,03 doped-BTS10 ceramics sintered at: (a)1250°C,
(b)1350°C and (¢)1450°C

The average grain size as a function of sintering temperature for 2.0 wt.%

B203 doped-BTS10 ceramics.is shown in Figure 4.8. The grain size becomes much

larger with higher sintering temperature.
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Figure 4. 8 Grain size as a function of sintering temperature for 2.0 wt.% B,0; doped
BTS10 ceramics.



50

The grain size increases from 27 ym for the 1300°C sample to 31 xm for the

1450°C sample. The change in the grain size with sintering temperature can be

described by the Arrhenius equation as

—AH )

L e
i oexp(kBT

4.1)

where 7y is the initial grain size, n is a growth exponent, ko is a constant, kp is the
Boltzmann constant, 7 is temperature in Kelvin and -AH is the activation energy. A

plot of In( 7™ — 7¢") as a function of reciprocal temperature is also shown in Figure
4.8. For n = 2, a linear relationship between In(7™ — r¢") and (1/T) was observed.
From the slope of the curve in Figure 4.8, the activation energy has been determined
to be about 2.61 eV.

The temperature dependence of the dielectric constant for the 0.5 wt.% B,0;
doped-BTS10 ceramics is shown in Figure 4.9. The maximum dielectric (ermax) @S @
function of the sintering temperature is represented in the inset of Figure 4.9.
Although the density was observed to decrease with sintering temperature, the
maximum value of &, g of 9900 was found for the sample sintered at 1350°C with
the phase transition temperature ~36°C. This sample displayed ~30% permittivity
higher than the sample sintered at 1300°C (the base sample), indicates that adding

B,0; help to improve the dielectric permittivity of this material at a suitable sintering

temperature.
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Figure 4. 9 Temperature dependence of the dielectric constant and loss for the
0.5wt.% B20;3 doped-BTS10 ceramics for various sintering temperatures

Figure 4.10 shows the dielectric constant as a function of temperature for the
1.0 wt.% B,0; doped-BTS10 ceramics samples sintered for various temperatures at
frequency 1 kHz. The results revealed that sintering temperature has an effect on the
dielectric properties. There was an increase in peak dielectric constant from 6477 for
the sample sintered at 1250°C to 13887 for the sample sintered at 1350°C, followed
by reductions for the sample sintered at 1350°C (Table 4.1). This trend matches that
of the sintered densities, i.e., the higher density samples gave higher measured
dielectric constants. Figure 4.10 also shows the variation of dielectric loss as a
function of temperature. The dielectric loss of our ceramics was less than 0.02. It was

observed that the transition temperature of the samples is in the range of 34-36 °C.
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Figure 4. 10 Temperature dependence of the dielectric constant and loss for the
1.0wt.% B,03 doped-BTS10 ceramics for various sintering temperatures

Although, sintering temperature has a significant effect on the grain size, but
this factor has not influenced on the transition temperature (Table 4.1). Change in the
piezoelectric constant (d33) values as a function of the sintering temperature is shown
in Table 4.1. The ds; coefficient was found to be in the range of 90-115 pC/N.

However, the better ds; coefficient of 115 PC/N was observed for the sample sintered

at 1250°C.
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Table 4. 1 Electrical properties of 1.0 wt.% B,0; doped-BTS10 ceramics.

Sintering temperature (°C) T, max (°C) & max Tand ds3 (pC/N)
1250 35.21 6477 0.0134 L18
1350 34.15 13887 0.0345 107
1450 36.29 8281 0.019. 90

Figure 4.11 shows the dielectric constant and dielectric loss of the 2.0 wt.%
B,03 doped-BTS10 samples as a function of temperature. The dielectric maximum
(&.max) increases from 6800 for the 1300°C sample to 13900 for the1350°C sample,

and then decreases to 10200 for the 1450°C sample.
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Figure 4. 11 Temperature dependence of the dielectric constant and loss for the
2.0wt.% B,03 doped-BTS10 ceramics for various sintering temperatures.
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It is noted that the highest dielectric maximum was observed at temperature of
26°C which is close to room temperature. Furthermore, the transition temperature has

not changed much with sintering temperature (Figure 4.12), which indicates that this

material can be used in electronic applications near room temperature.
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Figure 4. 12 Tiax and & max for the 2.0 wt.% B,03doped-BTS10 ceramics.

It was proposed that the paraelectric side permittivity curve of ferroelectric

with diffuse phase transition can be described by the expression:

rmax T
& [( ; 62 (4.2)
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where & max is the maximum value of the relative dielectric constant at 7=Tp,,
& is the dielectric constant, and &, is the diffuseness parameter of the transition. The
value of &, can be determined from the In (& ma/s) versus (7= Tp)* curve. This value
is valid for & max/& < 1.5, as clarified by Pilgrim et al.[6]. The values of parameter &,
are displayed in Figure 4.13. The parameter &, was calculated to be 12.7 to 23.8°C.

The lower parameter &, of 12.7°C, indicates a sharp phase transition in the 1350°C

sample.
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Figure 4. 13 Diffuseness parameter calculated from the In (& max/&) versus (7- Tp)*
curve
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The dielectric properties at high electric field (E) were investigated in this

work; Figure 4.14 shows the dielectric constant (g;) versus electric field (E) for the

ceramics sintered at various temperatures. High tunability was observed in this

material. Generally, the tunability can be defined as the ratio of the dielectric constant

of the material at zero electric field to its dielectric constant at a higher electric

Tunability coefficient n can be expressed here as

_€(0)
TS

where €(0) and &(E) are the dielectric constant at zero and E electric

respectively. In this work, e(E) was measured at 1.5 kV/mm.
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Figure 4. 14 ¢,-E characteristics of 0.5 wt.% B,03 doped-BTS10 ceramics.

field.

(4.3)

field,
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However, it can be defined the relative tunability (#,) as

yh €(0) — (E)

e o0 (4.4)

Plots of n and n, versus sintering temperature of 0.5 wt.% B,0; doped-BTS10
samples are shown in Figure 4.15. The 1350°C sample exhibits higher tunability and
relative tunability (~83%). However, these values decrease for higher sintering

temperature samples (1400-1450°C), due to the porosity effect.
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Figure 4. 15 Tunability and relative tunability measured of the 0.5 wt.% B,0; doped-
BTS10 ceramics sintered at various temperatures.
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Venkatesh et al. [7] proposed that tunability is proportional to the nonlinear

coefficient f8 and to the square of the electric field (at low field) which can be written

as

n ~ 1+ 3p(ee(0)) E? 4.5)

The value of f versus sintering temperature is shown in the inset of Figure
4.15. It can be seen that f# decreases for the higher sintering temperature samples,

indicating that this parameter depend on material processing.
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Figure 4. 16 Tunability and relative tunability measured of the 2.0 wt.% B,0; doped-
BTS10 ceramics sintered at various temperatures.
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Plots of n and », versus sintering temperature of 2.0 wt.% B,0; doped-BTS10
samples are shown in Figure 4.16. A high relative tunability of ~ 83% was observed
in the 1400°C sample. However, this value decreases for higher sintering temperature
samples (1450°C).

Figure 4.17 shows the piezoelectric coefficient (d33) as a function of sintering

temperature. The d; value decreases with increasing the sintering temperature.
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Figure 4. 17 Piezoelectric constant (d33) of BTS10 ceramics doped with 0.5 wt.%
B0 for various sintering temperatures.
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Again, the lower dj; value is likely due to the higher porosity (inset of Figure

4.17) in the samples sintered at higher temperature. The d3; as a function of apparent

porosity can be expressed as

d3; = —1.47P + 147 (4.6)

where P is apparent porosity. The higher porosity in samples sintered at higher
temperature also made the ceramics easy to break down and difficult to pole at high
electric field.

In this work, hardness was also investigated since it is important for some
applications that these ceramics are resistant to fracture toughness or microcracking
when subjected to large electric fields. The hardness values of 2.0 wt.% B,0; doped-
BTS10 for all of the samples are shown in Figure 4.18. It can be seen that the higher
sintering temperature produced a slight decrease in hardness value. However, the
hardness value can be related to the grain size. A plot of the hardness as a function of
grain size is shown in the inset of Figure 4.18. A linear relation between hardness and

grain size ' of the ceramics was observed which can be expressed as

H, = 0.07 + 12.9G% 4.7)

where H, is hardness and G is grain size. The result indicates that the hardness values

of our ceramics obey the Hall-Petch equation.
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Figure 4. 18 Sintering temperature dependence of Vicker hardness.

4.5 Conclusions

Properties of BTS10 doped with B,O5 sintered at various temperatures were
investigated. The XRD patterns showed the perovskite phase in all samples. All
samples exhibited high tunability. The higher & max and tunability were found for the
samples sintered at 1350°C. However, the relative tunability decreased for the
sintering temperature at 1450°C. In addition, high sintering temperature samples
showed a significant fall in ds; coefficient due to the porosity effect and produced a
slight decrease in hardness value either. These results may be useful in the

development of lead free capacitor applications.
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