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ABSTRACT

The dielectric properties, structure and microstructure of cations modified
Bip sNag. 5Ti03 (BNT) and Pb-doped BNT ceramics were investigated in this research.
The diclectric properties were studied as a function of temperature and frequency. The
methods to determine the diffuseness or broadness above the Curie temperature were
compared. The phase transition temperatures were obtained from the dielectric data and
the coefficient of thermal expansion. In addition, the dc resistivity of this system was
examined as a function of temperature.

The results show that compositions modified with strontium increase the
relative dielectric permittivity and decrease the Curie temperature. Both of lead and
barium can increase the maximum of dielectric permittivity. Lead also decreases the
aging rate of BNT. Tin, notassium and niobium tend to give a broad dielectric constant
at the transition temperature which is a characteristic of relaxor. However, the maximum
dielectric permittivity of compositions with tin is too low to be useful for a capacitor.
In the case of potassium, the first transition temperature moves toward lower
temperature and thus, extending an antiferroelectric region. Niobium reduces the
dielectric constant due to a formation of pyrochlore phase observed from the results of
XRD and SEM. Most cation dopants can control the grain growth. The small amount
of cations modified BNT and Pb-doped BNT does not change their structures
determined from XRD.

The diffuseness calculated via Isupov's method is in agreement with the
experimental results as compared to that determined from Gaussian distribution, power
law and variable power law techniques.

Niobium decreases the dc resistivity of BNT-PT. With a combination of
lanthanum and potassium, the resistivity of these modified BNT-PT increases.
However, the type of cations and their amount affect the resistivity of BNT and BNT-
PT since the vacancies and second phase take place in the compositions.

Keywords: Big sNag sTiO3-PbTiO3, Relaxor, Ferroelectric
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Introduction

Bip.sNag.5TiO3 (BNT) was first synthesized by G.A. Smolenskii and A.lL
Agranovskayal in 1959. A few years later? it was found to be ferroelectric from the
polarization-electric field hysteresis loops and its lattice constant determined by
assuming a cubic structure was 3.88 angstrom. In 1974 K. Sakata et. al.3 studied an
additional phase transition of BNT ceramics from ferroelectric to antiferroelectric at 220
oC since this transition temperature moved toward higher temperature with an applied dc
field. However, the optical and x-ray investigations34 did not show any structural
changes from the antiferroelectric to the ferroelectric phase.

The phase transitions of BNT were also studied from the K'(T) curve. There
were obviously two phase transitions2-3,3-6 on the K'(T) curve, a hump around 220 °C
and a maximum of K' around 325-335 °C. Studies on the dielectric properties as a
function of temperature2:5-7 have shown that BNT generally exhibits a broad maximum
in the dielectric constant or a diffuse phase transition. The maximum K' at 10 kHz was
2600 around 335 °C6 and the dielectric loss increased rapidly above this temperature.

After 1989 the experimental investigations of BNT were mostly related to the
modifications concerning piezoelectric8-11 and pyroelectric® properties. BNT doped
with 6.5% of strontium and 6.5% of lead was studied for ultrasonic transducers810 at
high frequency. Doped with 5% of strontium and 5% of lead this composition was
considered to be useful for pyroelectric sensors as compared to lead-zirconate-titanate
(PZT). Although lead improved the properties of BNT, many studies have been
performed on the lead-free BNT. The compositional modifications of BNT-PT as a
candidate material for a high temperature capacitor dielectric, however, have not been
investigated.

In this research the experiments would consider the effect of dopants on the
dielectric constant and the transition temperatures. In order to be useful in developing a
high temperature dielectric, the objective of this research would concentrate on the
dielectric peak of the transition temperature. It was expected to shift into the working
temperature region and distribute the transition peaks so that the dielectric constant
related to temperature was high and broad. In addition, the diffuseness or broadness
representing the distribution of the polar phase in the nonpolar phase above the Curie
temperature would be determined. The following methods such as Gaussian distribution,
power law, variable-power law and Isupov's model, would be used to calculate the
diffuseness of BNT-PT and compared to the results from the experiments. Moreover,
the effects of modifiers on the structure, microstructure and resistivity were examined.



Preparation of cations doped BNT-PT

BNT is ferroelectric at room temperature and has the perovskite structure with a
general formula ABO3, where A and B are cations. For BNT two types of ions, Bi and
Na, are in the A sites and Ti is in the B site.

Earlier investigators prepared BNT ceramics by a conventional technique.
Reagent grades® or pure grades of Bip03, NayCO3 and TiO; were used as the starting
materials and mixed in a stoichiometric ratio. The milled powder was calcined at 750-800
oC for one hour. After calcining, the ground and milled powder was pressed into a disk
and sintered at 1080-1100 °C for two hours. Isupov et. al.12 compared two methods of
preparation for Big sNag sTiO3-PbTiO3 solid solution. He made this solid solution
directly from oxides and carbonates. In the other method, he first prepared the
perovskites and combined the synthesized titanates.

In this research, the solid solution was prepared from mixing all oxides and
carbonates raw materials.

Experimental Procedure

All compositions for this research were prepared according to the conventional
ceramic technique of mixing and calcining all oxides and carbonates. Reagent grades of
oxides and carbonates as listed in Appendix A were used as the starting raw materials.
They were weighed and mixed by ball-milling for 5-6 hours in high density polyethylene
bottles using zirconia rods and ethanol. After drying, the mixture was calcined in oxygen
with a heating rate of 2 9C/min, and held at the reaction temperatures. The reaction
temperatures were determined from the differential thermal analyzer?. The data were
taken with a heating rate of 10 °C/min in oxygen. The correction of a baseline was
obtained during or after the measurement. Although the fast heating rate of 10 ©C/min
was used, the actual heating rate for calcining was only 2 °C/min to complete all the
reactions of a large amount of powder.

After calcining, the powder was taken to characterize a phase from x-ray
diffractometer® . The machine used Cu Kot radiation. The voltage was 40 kV and the
current was 30 mA. The data were collected from 20-60 degree two-theta. Silicon
powder was used as an internal standard.

a4 Perkin-Elmer DTA7, USA
b Shimadzu XRD-6000, Japan



The calcined material was remilied and polyvinyl alcohol was added as a binder in
the last hour of milling. The slurry was dried and then ground in an agate mortar to -150
micron. The powder was pressed into disks on a single action dry-press with a pressure
of 30 MPa and then followed by cold-isostatic press with a pressure of 190 MPa.

After binder burn-out with a heating rate of 1 °C/min and 75 min hold at 540-550
°C in oxygen, the disks were weighed to determine the weight before sintering. Then, the
disk was placed on Pt-foil in a closed crucible with no packing powder and sintered with
a heating rate of 4 °C/min and an hour soaking period at the maximum of sintering
temperature. The sintered samples were cooled in the furnace.

Weight loss and Microstructure analysis

The weight loss was measured from the weights before and after sintering which
were determined to + 0.01 mg. The microstructure of the samples was observed from the
scanning electron microscope® . The samples were polished and thermally etched. The
average grain sizes were determined from micrographs using the line intercept method.

Dielectric Analysis

The diameter and thickness of disks were measured with verneir calipers for the
calculation of the relative permittivity (K'). The disks were electroded with silver paste
by painting. After firing at 710 °C, the sample was put on the sample holder, which was
inside a tube furnaced . All capacitance and dissipation factor measurements were
obtained from Impedance Analyzer® using a 4 terminal configuration. All data were
collected every 2 or 3 ©C with increasing temperature at 3 °C/min from room temperature
to 400 °C. In addition, they were measured at different frequencies, 1, 10, 100 kHz and
1 MHz, respectively. The relative permittivity was calculated from the capacitance and
its dimension.

€
C = Lo g A
d

where C is the capacitance (Farad);
€, is the permittivity of free space (8.85 x 10-14 F/cm);

A is an area of the electrode (cm?2) and
d is the distance between electrode or thickness of the sample (cm)

¢ JEOL JSM-5410LV, Japan
d Carbolite Tube Furnace Model STF15/75/450, England
€ Yokogawa HP4192A Impedance Analyzer, Japan



The diffuseness of some compositions was determined by using Isupov's
model!3. The method for calculating all the parameters was given in Appendix B.

Polarization-Voltage Hysteresis

The test samples were electroded with silver paste and fired at 710 °C.
Polarizations of the samples were measured on a virtual ground modef with an applied
maximum voltage of 4 kV. The samples were held in an insulating oil bath during
measurement.

Resistivity Measurement

After the capacitance measurements, the resistances of the samples were collected
every 5 °C with an increasing temperature from room temperature to 400 °C. All data
were obtained from Megohmmeterg with an applied dc field of 500 volts. The
measurement technique is that of applying a constant dc voltage to the sample and
measuring the resistance as it reaches the desired temperature. The resistivity can be
calculated from the following equation.

1
R - -
P

where R is the resistance in ohm;
p is the resistivity in ohm-cm;
1 is the length of sample or the distance between electrode in cm;
A is an area of electrode in cm?

f RT6000HVS, Radiant Technologies, Inc., USA
g AMPROBE Model No. AMB-5 kV, 50kQ -50GQ, USA



Results and Discussion

Figures 1 and 2 show DTA traces of the milled raw materials of the compositions
of cations doped BNT-PT, The results in Figure 1 indicate that the reactions of
lanthanum, magnesium and niobium-doped BNT-PT complete before 750 °C. However,
with zirconium the reaction completes at higher than 750 °C, and doped with zinc-
niobium it completes at 1000 °C or higher as illustrated in Figure 2. During calcination
soaking for 90 min at the reaction temperatures, particularly at 320-330 °C and at
maximum calcining temperature, is used throughout this research. The suitable calcining
schedule for each composition is determined from the result of DTA. It should be noted
here that the compositions with zinc have a high loss during caicination. Moreover, most
of them crack after forming the peliets.

Figure 3 illustrates the XRD patterns at room temperature which show a
perovskite phase for the calcined materials. There is a small hump observed at two-theta
around 30 degree and can be seen clearly as the amount of niobium is increased as shown
in 10% of niobium doped BNT-10PT. This may be due to an existence of a pyrochlore
phase in this solid solution. This phase always exhibits with a perovskite material since
it is an intermediate phase before transforming to a perovskite phase. The real structure
of this phase in this compound is still incomprehensive since it has not been documented
in the literature before. Furthermore, it is hard to synthesize a pure phase. In general,
the presence of excess or deficient of PbO affects the formation of the pyrochlore phase.

The results from Figure 3 indicate that all compositions of BNT-PT solid
solution with a small amount of dopants have the same structure. This assumption is
obtained although there is a limitation of XRD resolution. The lattice parameter at room
temperature of those materials was determined by a cubic approximation. This may be
done because the angular of the pseudocubic distortion is too small and the structural

angle is close to 909, The calculated lattice parameter is also given in Table 1.

From Table 1 a lattice constant is an average value calculated from 100, 110 and
200 peaks. Although there is possibly systematic error from the goniometer, it is not
corrected here since this is not allowed to calibrate from the instrument owner. This
error appears on the located peaks of silicon powder used as an internal standard.

The results from Table 1 show that strontium substituted bismuth and sodium in
the A-site can increase a lattice constant of BNT. This may be because the size of
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Figure 1  DTA traces of the mixed raw materials for lanthanum, magnesium
and niobium-doped BNT-PT

strontium ion is larger than an average size of both bismuth and sodium ions. Like
strontium, lead increases the lattice constant of this solid solution since the ionic radius
of lead is larger than that of bismuth and sodium. A similar effect is shown in 5%Nb-
doped BNT-10PT as compared to that of 5%Nb-doped BNT-15PT. Although the size
of niobium is larger than that of titanium, the lattice parameter of 5%Nb-doped BNT-
10PT increases in little compared to that of 10%Nb-doped BNT-10PT. This is

probably due to a larger amount of bismuth content in 5%Nb-doped than in 10%Nb-
doped BNT-10PT.
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Figure 2 DTA traces of the mixed raw materials for zirconium and
zinc-niobium doped BNT-PT

The weight loss and average grain size of some compositions are summarized in
Table 2. The weight loss of those compositions was determined after sintering at 1175
9C. The results show that an increase amount of lead also increases the weight loss due
to evaporation of lead during sintering. With lanthanum and potassium dopants the
weight loss of BNT-10PT increases. From these results, an additional one percent each
of lead oxide and lanthanum oxide as starting materials is necessary during preparation.
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Figure3  XRD patterns of (a). 0.9Big 43l.ag.g2Nag 48K 02 TiO3-0.1PT,
(b). 5%Nb-doped BNT-10PT, (c). 10%Nb-doped BNT-10PT,
(d). 5%Nb-doped BNT-15PT

A similar result is also shown in the compositions with a higher sodium content. With
some extent of other dopants such as manganese, aluminum and iron, the weight loss
does not change much from a base material. In contrast, zirconium or tin substituted
entire titanium drastically increases the weight loss. This may imply that zirconium and
tin ions could not form a snitable compound with bismuth-sodium.



Table 1 The calculated lattice parameter and x-ray density for some compositions

Composition Lattice constant | X-ray density
(A) (glec)

95BNT-58rT 3.8834 5.97
90BNT-10SrT 3.8863 5.92
95(BN5SPT)-58tT 3.8924 6.05
95(BN10PT)-58rT 3.8976 6.15
5%Nb-doped BNT-10PT 3.8978 6.13
5%Nb-doped BNT-15PT 3.9016 6.24
10%Nb-doped BNT-10PT 3.8973 6.07
0.9Big.48Lap.02Nap.48K0,02Ti03-0.1PT 3.8944 6.19

BNT=Big sNag sTiO3
SrT=8rTi03
PT=PbTiO3

Table 2 Average %weight loss and grain size versus composition sintered at 1175 °C

Composition %weight loss | average grain size

(pm)

0.9Big 48l.ag.02Nag 48K 0.02T103-0.1PT 1.08 2-3

0.9Big 4glag g2Nag 46K 0.04Ti03-0.1PT 0.95 long grains

0.9BNT-0.1PbTip.oMng 103 0.70 6-8

5%Nb-doped BNT-10PT 0.82 2.5-3.0

5%Nb-doped BNT-15PT 0.99 1.5-2.5

10%Nb-doped BNT-10PT 0.68 4-5/2-3*

BNT=Big sNag sTi03
PT=PbTiO3
*4-5 um prepared from mixing all raw materials, 2-3 Jwm prepared from precursor

Figures 4-10 show SEM photomicrographs of the polished samples of some
compositions sintered at 1175 9C. Lanthanum decreases the grain size of BNT-PT as
displayed in Figure 4. The amount of potassium dopant affects the grain shape of BNT-
10PT. Potassium substituted into sodium-site of BNT-PT gives long grains as appeared
in Figure 6. Only small amount of potassium (Figure 5) can maintain a grain shape of
BNT-PT although some grains tend to be elongate.



Figure 4 SEM photomicrograph of 5%La-doped 0.9BNT-0.1PT
sintered at 1175 °C

Figure 5 SEM photomicrograph of 0.9Big 4g8Lag 02Nag 48K 0.02T103-0.1PT
sintered at 1175 °C



Figure 6 SEM photomicrograph of 0.9Big 43Lag 02Nag.46K0.041103-0.1PT
sintered at 1175 °C

Figure 7 SEM photomicrograph of 5%Nb-doped BNT-10PT

11l



Niobium influences the formation of pyrochlore phase represented in white grains
as shown in Figures 7-9. This may support the result of XRD peak observed at two-
theta of 30 degree, exhibiting an existence of a pyrochlore nhase. Preparation via
precursor method possibly reduces not only this phase but the grain size. In contrast to
the result obtained from La-doped 0.9BNT-0.1PT, manganese increases the grain size as
seen in Figure 10 although the distribution of small grains is throughout the sample. The

average grain size of some compositions is also given in Table 2.

Figure 8 SEM photomicrograph of 5%Nb-doped BNT-15PT

Figures 11-17 show the results of relative permittivity, so called dielectric
constant (K"}, and dissipation factor of some compositions as a function of temperature
and frequency. Figures 11 and 12 show the effect of lead and lanthanum on the dielectric
properties of BNT. Lead increases the dielectric constant throughout the measurement
temperatures. Lanthanum decreases not only the dissipation factor but the Curie point
determined from the temperature at the maximum value of dielectric constant. Figures 13
and 14 show that potassium can extend an antiferroelectric region of BNT-PT, giving the
first transition down toward 60 °C as appeared in the results of dielectric constant and
dissipation factor. The maximum of dissipation factor around 75 °C at 1 kHz of
0.9Bip 48lag.p2Nag.4gk.02T103-0.1PT in Figure 13 indicates the first transition
temperature. It is observed with increasing temperatures at higher frequencies, i.e 80 °C
at 100 kHz and 90 °C at 1 MHz, which is a characteristic of a relaxor. An increase in the
amount of potassium tends to lower the first transition temperature to the room
temperature and increase the Curie point as shown in Figure 14. The dielectric constant
in the antiferroelectric range and at the Curie temperature also decreases.
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(b) X 3500

Figure 9 SEM photomicrographs of 10%Nb-doped BNT-10PT
(a). prepared from mixing all raw materials

(b). prepared from precursor
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Figure 10  SEM photomicrograph of 0.9BNT-0.1PbTig oMny 103

From the results in Figures 15-17, niobium diminishes the maximum dielectric
constant and the Curie temperature. The results of dielectric constant of 5% and 10% of
niobium doped BNT-PT show that these compositions should be good candidate
materials for a high temperature relaxor. These materials should be further study for
applications. In contrast to niobium, lead increases the maximum dielectric constant and
the Curie point as illustrated in Figure 16.

Figure 18 shows the effect of manganese on the dielectric properties of BNT-
10PT. Manganese lowers the dielectric constant at room temperature. In addition, it
reduces a range of antiferroelectric region and has a sharp rise of the dielectric constant at
180 °C, suggesting a more ordered structure. Although manganese used in BaTiO3
decreases the dielectric loss, in BNT-10PT the dissipation factor of this solid solution is
higher, especially at low frequency.
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frequency and composition

0.9(Big.45La¢,05Nag.5Ti03)-0.1PbTiO3

Table 3 Maximum K', the first and second transition temperatures as a function of

Frequency (kHz) Maximum K’ Tt1(°C) Tt2(°C)
1 3664 110 288
10 3645 112 288
100 3640 117 286
1000 3710 121 288
0.88(Big,48l.ag,02Nag sTi03)-0.12PbTiO;
Frequency (kHz) Maximum K' Tt1(°C) Tt2(°C)
1 6343 112 298
10 6300 116 298
100 6284 120 298
1000 6520 126 298
0.9(Big.48Lag.02Nag.48Kg.02Ti03)-0.1PbTiO3
Frequency (kHz) Maximum K' Tt1(°C) Tt2(°C)
1 6035 110 296
10 5990 112 294
100 5964 117 294
1000 6200 121 294
0.9(Big.48L.20.02Nap,46K0.04Ti03)-0.1PbTiO3
Frequency (kHz) Maximum K' Tt1(°C) T€2(°C)
1 4780 62 306
10 4756 67 306
100 4750 74 306
1000 4892 80 304
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