CHAPTER 5

INFLUENCE OF B,0; ON ELECTRICAL PROPERTIES AND
PHASE TRANSITION OF LEAD-FREE Ba(Tig9Sng )03

CERAMICS

The phase transition and electrical properties of Ba(TigeSny ;)O3 ceramics
with B;0s added were investigated to explore the effect of B,Os addition on enhanced
densification and dielectric constant of these ceramics. With increasing B,0; content,
a linear reduction of ferroelectric to paraelectric transition temperature was
observed. In addition, higher B;Oj3 concentrations enhanced a ferroelectric relaxor
behavior in the ceramics. Changes in this behavior were related to densification,

second-phase formation and compositional variation of the ceramics.

5.1 Introduction

In recent years, BaTiO;-based ceramics have received considerable attention
from many researchers due to their enhanced electrical performances and
environmentally friendly nature leading to their use as a replacement for lead-based
ceramics such as Pb(Zr,Ti)O3(PZT) [1-6]. Among the BaTiO;-based ceramics, barium
stannate titanate (BaTi;.Sn,Os, BTS) ceramics are of particular importance for
electronic materials and have been heavily investigated for many years [7-10]. This

material has a perovskite-type structure and beneficial electrical properties such as a

large dielectric constant and high dielectric tunability [8-11].
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The transition temperature from a ferroelectric (FE) to paraelectric (PE) state
of barium titanate stannate (BTS) can be controlled by varying the Sn concentration
[7]. This material also exhibits a diffuse phase transition and shows a relaxor
ferroelectric behavior for some c'ompositions [8, 9]. Since BTS also has a non-toxic
composition, it is a promising candidate as an environmentally friendly alternative to
the traditional more toxic materials.

For multilayer capacitor applications, many researchers have focused on
improving the sintering behaviors and the dielectric properties by adding additives to
such BaTiOs-based ceramics [12-16]. Valant and Suvorov [15] studied the effect of
Li,O on the properties of Bag ¢Sry4TiO3 ceramics. Although the densification of their
ceramics was improved, Li;O had only a small effect on the transition temperature.

Rhim et al. [13, 14] reported that B,O3 helped to increase the dielectric
constant of Bag7Srp3TiO3 ceramics. Further, Qi et al. [16] found that the positive
temperature coefficient resistivity (PTCR) effect in BaTiOs-based ceramics was
improved by B,0O3; vapor doping. However, the effects of B,Os addition on phase
transition and electrical properties such as dielectric, ferroelectric, and piezoelectric
properties of BTS ceramics have not been widely investigated.

It is expected that the electrical properties of BTS ceramics should be
improved by B,O; doping. Therefore, the present work was aimed at studying the
effects of B,O3 on the properties of BTS ceramics. BTS ceramics of the composition

Ba(Tip.oSng )O3 were doped with B,O; and prepared by a solid state reaction to

investigate their electrical properties.
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5.2 Experimental

Ceramics of Ba(TigoSng )03, BTS10, were prepared via the conventional
method. BTS10 powder was produced by the mixed-oxide technique using reagent
grade BaCO3;, SnO,, and TiO,. The starting powders were then mixed and ball-milled
in isopropanol for 24 h using zirconia grinding media. After mixing, the slurry was
dried, sieved and calcined for 2h at 1300°C. B,0O;3 powder, equivalent to 1.0, 2.0, and
3.0 wt.%, was then blended to calcined BTS10 powder. The mixed powders, with the
addition of polyvinyl alcohol as an organic binder, were then ball-milled in
isopropanol for 24 h. This slurry was dried at 150°C and sieved to form a fine powder
which was pressed at 100 MPa into 15 mm diameter pellets. The pellets were then
sintered at 1350°C for 4h with a heating/cooling rate of 5°C/min after binder burnout
at 500°C for 1h.

Phase formation of the sintered samples was checked using a Bruker D8
Advance diffractometer with a Cu-Ka source. The sintered ceramics were also
crushed into powders for an X-ray diffraction (XRD) experiment. The dielectric
properties and phase transition behaviors were studied at frequencies of 1-500 kHz in
the temperature range from -20°C to 100°C using a dielectric measurement system
consisting of a HP 4276A LCZ meter and a furnace tube. Polarization was also
measured as a function of electric field, using a Sawyer—Tower circuit. Finally, the
piezoelectric coefficients (d3;) were measured using a PM-3001 ds; piezometer.

Before the d3; measurement was performed, the samples were left for 24 h after

poling at 1.5 kV cm™.
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5.3 Results and discussion

3.3.1 Phase formation and densification

The XRD patterns for the sintered ceramic powders containing B,Oj3 up to 3.0
wt.% are shown in Figure 5.1. The XRD results reveal that the main phase of the
samples has a perovskite structure. However, a single-phase perovskite was observed
for unmodified and 1.0 wt.% samples and small amounts of BaTisOy and BaTisO,
were found in the 2.0 wt.% sample. In the case of higher B,O3 concentrations (3.0
wt.%), another phase of Ba,TigOy occurred. These results indicate that increased
B,0; addition promoted the formation of secondary phases which may in turn
produce a change in composition of the samples. Wang et al. [17] reported that
Ba;TigOy could be formed by adding B,O; in a mixture phase of BaTisO9 and
BaTis0y;. In the present work, the higher B,O; addition may help the BaTisOo and

BaTisO;; components (occurred in the 2.0wt.% sample) transform to Ba;TigO»,

which presented the 3.0 wt.% sample.
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Figure 5. 1 XRD patterns at room temperature of BTS10 ceramics as a function of
B,0j3 content.

From Figure 5.1, the shift in the XRD peak position with increasing B,0;
addition indicates a change in lattice parameter. Variation in cell dimensions with
B,0j; addition was calculated using an equivalent cubic cell parameter corresponding
to the unit cell volume as a pseudo-cubic [10, 18]. A plot of the lattice parameter as a
function of B,Os addition is shown in Figure 5.2. An increase in lattice parameter
with increasing B,0; addition was observed. This implies a lattice distortion in the
modified samples.

The sintered density values of the samples for various B,0O3 content are shown
in Figure 5.3. The density increases from 5.231 g cm” for the unmodified sample to
5.681 g cm™ for the 2.0 wt.% sample then decreased to 5.380 g cm™ for the 3.0 wt.%

sample.
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Figure 5. 2 Variation of lattice parameter as a function of B,O3 content.

It is known that B,O; can be melted at a low temperature (~ 450°C).
Therefore, the B,O3 may have formed a liquid phase at a relative low temperature,
which promoted sintering [17]. However, it is believed that solid-state sintering
becomes dominant and assists the densification at a high temperature. In this work,
the optimized amount of B,0; addition for obtaining an optimum density is 2.0 wt.%.
An over doping of B,0O; (3.0 wt.%) may have caused a higher porosity due to the

formation of the another phase. A similar result was reported in a previous work [19].
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Figure 5. 3 Density and porosity of sintered samples as a function of B,O; content.

3.3.2 Dielectric properties

Figure 5.4 shows the dielectric constant and dielectric loss of the samples as a
function of temperature. The dielectric data reveals that B,0O3; addition has a
significant effect on the dielectric constant. The values of the dielectric constant at the
dielectric peak (ermax) as a function of B,0; content are shown in Figure 5.5. The
maximum value of & max of 13,900 is ~ 46% higher than that of the undoped dielectric
constant in the samples depict a was recorded for the 2.0 wt.% sample, which sample.
The temperature dependences of the frequency dispersion of the dielectric peak. For

the unmodified sample, weak frequency dispersion behavior was observed.
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Figure 5. 4 Dielectric constant versus temperature for BTS10 ceramics with differing
amounts of B,0O;3 contents.

However, an enhancement of frequency dependence of the dielectric constant
was found for higher B,O3 contents. The frequency dependence of higher doped
samples (2-3 wt.% samples) is also stronger than that in [9] for the same composition.
This implies that ferroelectric relaxor behavior was enhanced. It should be noted that
the value of the dielectric constant for the 1.0 wt.% sample was found to be close to
the value obtained for the 2.0wt.% sample, which is unexpected because the 2.0 wt.%
sample has the maximum density. This result may be due to the existence of a second
phase in the 2.0 wt.% sample which deteriorated the dielectric constant. For higher
B;0; concentrations (3.0wt.%), the sample presented a lower dielectric constant,

which may be due to the presence of another phase and higher porosity.
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Values of the dielectric loss (tand) of undoped and doped ceramics are shown
in Table 5.1. The tand at room temperature (denote as tandroom) and at & max (denote as
tandmax) has a trend to increase with B,O; content. However, high tandeom and tandpax

(~40.1) was observed for 2.0 and 3.0wt.% sample, implying that these samples have

lower resistivity.

Table 5. 1 Electrical properties of B,0; doped BTS10 ceramics.

Amount

of 8203 5y Pr Ec d33

(Wt%)  &room  tANGoom  &mom  tANSem  (°C)  (uCem?) (kVem)  (pCNY
0.0 4400 0.085 7500 0.045 15.8 1.1138 0.271 104
1.0 8400 0.069 13800 0.035 16.1 1.6600 0.383 107

2.0 13800 0.123 13900 0.115 14.0 1.6968 0.542  Break down

3.0 7700 0.155 8300 0.178 280.1 0.9448 0.568  Break down

3.3.3 Phase transition studies

The transition temperature (7,) at the dielectric maximum peak of the
dielectric curve (ermax) as a function of B,03 concentration is shown in Figure 5.5.
The T at the dielectric peak was observed to decrease linearly from 41°C for the
unmodified sample to 18°C for the 3.0 wt.% sample. This result indicates that the Tm
of this system can be controlled by the addition of B,O;. In this work, lattice
distortion and compositional variation may be the major reasons for this behavior. It
was suggested from the literature that B ions can act as interstitial ions in BaTiO;
lattice due to their very small ionic radius which can cause a lattice distortion [16].

Although the structure of Ba(TipoSng;)O; in this work is complex compared to
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BaTiO; and it has a symmetry close to cubic, it is believed that some B ions can be

incorporated into lattices.

411
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Figure 5. 5 Transition temperature (7,) and maximum dielectric constant (&, max) of
the ceramics as a function of B,0O;3 content.

The incorporation of B ions may produce lattice distortion and defects at A
sites in the samples[16]. Furthermore, a second-phase formation in the sample may
cause the compositional variation. These changes may also have produced a
difference in local transition temperatures, resulting in the shift of Ty, [20]. It has been

suggested that the paraelectric side of the permittivity curve, having diffuse phase

transition, can be written as [21]

&rmax _ a= (T 267;m) ] (5.1)

r
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where &, max is maximum value of the relative permittivity at transition temperature
(T=Tw); & is the dielectric constant of sample; and o, is diffuseness parameter of the
transition. The value of 0y can be calculated from In(ermax/er) versus (T-T, m)2 curve
[22]. This value is valid for the range of (érmax/er) < 1.5, as clarified by Pilgrim et al.
[21]. The values of parameter &, for various B,O; contents are listed in Table 1. The
parameter J, was laid between 14.0 and 28.1 K. The lower value of 0, was observed in

the 2.0 wt.% sample, indicating that 2.0 wt.% B,0; addition promoted a sharper phase

transition in the Ba(Tip9Sng )03 system.

3.3.4 Ferroelectric and piezoelectric properties

In the present work, the ferroelectric properties of the ceramics were measured
using a Sawyer-Tower circuit at room temperature. The hysteresis loops (P-E) for
various B,Os3 contents are shown in Figure 5.6. All samples showed a slim
ferroelectric hysteresis loop. Ferroelectric properties including the saturated
polarization (P;), and coercive field (E.) are listed in Table 5.1. A slight change in the
ferroelectric properties was observed for the 1.0-2.0 wt.% samples. For the 3.0 wt.%
sample, the hysteresis loop became more slanted with a lower P, value. The existence
of a ferroelectric hysteresis loop above the transition temperature (~ 18°C) for the 3.0
wt.% sample, indicates a relaxor behavior which confirms the dielectric result 125 It
should be noted that higher B,O3; samples showed an unsaturated hysteresis loop.

Previous work suggested that [24, 25] the unsaturated hysteresis loop could be related

to a high leakage current.
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Figure 5. 6 Dependence of the polarization versus electric field (P-E) loop on the
B,0; dopant concentration.

To check this possibility, the leakage current densities of the samples were
measured. A plot of leakage current density as a function of applied voltage and
annealing time is displayed in Figure 5.7. Higher leakage current densities were
observed for longer annealed samples, as expected. This result is thus confirmed that
the high B,O; content samples have lower resistivity.

Therefore, samples with 2.0 and 3.0wt.% B,0; exhibited lower dielectric
strengths. These samples can easily break down in the poling process. However, the
d33 values were measured to be 104 and 107 pC N for the undoped and 1.0 wt.%

samples, respectively (Table 5.1).



75

A A AAAA-AAAA -A-A-A-A-A
A-A-A-AA-AA AAAAAAAAAAA
A-A-AA-AAA

1E-6 -

A 0.8-0:0-0-0-0:0-0-9-9-0-0-0-0-8-0-0-0:0:0:0:0-4:4-4-- T4 o-0-0-0000
***** 090-0-00000000000000
-.-.ro—-‘.-to—to-o—‘-r&o o-9-0-0
IA .,o»r'

.0V, ¢
T y _A,MM.A.AM,A.AA-A-A-AA-AA-AA b :
E - f:o.oxt:::‘::::ﬁ::\:oocoocoooo-o—o~o-oo-o-oo.o-o-oo -0-0 o
< 1E-7 4 }
2 i ¢
(72}
c
[}
kel
£ 1E-8 - I o 0 Wi%
3 | -
4 i = —2 Wta/o
£ | J="
L 1 T T : : I 1
9 500 1000 o

Voltage (V)
Figure 5. 7 Leakage current density as a fur}ction of voltage for B,O3-doped BTS10
ceramics.

In this work some mechanical property such as hardness was also investigated
due to an important from some application viewpoint that this ceramics are resistant
to fracture or microcracking when subjected to large electric fields. The result of
hardness measurements is shown in Figure 5.8. It was found that B,O; addition has a
significant effect on the enhancement of Vickers hardness values. A linear increase in
the hardness was observed which can be expressed by the following equation;

Hy = 2.16 + 0.45[B,0,] (5.2)
where Hy is Vickers hardness and [B203] is B,0; concentration. This result indicates
that B,Os help to improve the mechanical property of the ceramics. It is possible that

partial amount of B,O3 might deposit to grain or grain boundaries and resist to the
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crack that pass through the grain and grain boundary as a result of the increase in the

hardness value due to its high mechanical properties [26].
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Figure 5. 8 Variation of Vickers hardness number with B,O3 content.

5.4 Conclusions

In the present work, we demonstrated that B,Os has significant effects on the
electrical properties and phase transition behavior of Ba(TiooSng )O3 ceramics. The
density and dielectric constant were enhanced by adding B,O3 up to 2.0wt.%. This
dielectric result indicates that high B,O; content produced a reduction in the FE-PE

transition temperatures. In addition, B,O3 addition enhanced the ferroelectric relaxor
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behavior and the hardness in the ceramics. The result may be useful in the

development of multi-layer capacitor applications.
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