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Abstract Lead-free ceramics of Nag;BipsTiOs-Ba
(T1,Zr)O; (NBT-BTZ) were prepared by solid phase hot
pressing sintering process. The obtained samples show
perovskite structure. Structural, the heat capacity, thermal
expansion and pyroelectric measurements were made in
wide temperature range. The broad anomalies of heat
capacity and thermal expansion were observed, which
approximately correspond to structural, pyroelectric and
dielectric properties. It was concluded that these anomalies
can be connected with temperature features of polar
regions and with formation of long-range ferroelectric
state. The obtained results are discussed in the framework
of foreign ions/lattice imperfections, which create local
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electric and elastic fields. The NBT-BTZ system is
expected to be a new promising candidate for lead-free
electronic ceramics.

Introduction

Lead-based materials as PZT and PZT-based multicom-
ponent ceramics are most widely used due to their excellent
piezoelectric properties. However, the high volatilization
of toxic PbO during sintering process not only causes
environmental pollution, but also generate compositional
inhomogeneities and formation of the unwanted pyrochlore
phase. Moreover, there are problems with utilization of
these materials. The use of lead-based piezoelectric mate-
rials may be prohibited in the near future. Therefore, much
effort is being put into the search of lead-free materials
with properties comparable with those found in lead-based
ceramics. Some lead-free materials, including Nag 5Big s.
TiO; (NBT) and NBT-based solid solutions yield excellent
properties and could be good candidates for replacing
materials based on lead [1-15].

NBT exhibits two structural phase transitions: first from
ferroelectric rhombohedral to tetragonal phase (~260—
350 °C) and the second one to paraelectric high tempera-
ture cubic phase (520-540 °C). A broad maximum of the
electric permittivity (~320 °C) does not correspond to
any phase transition and may originate from dielectric
relaxation, which is suggested to be a response to elec-
tromechanical interaction between polar regions and the
non-polar matrix [16]. The relaxor-like behaviour can be
induced in NBT after adding Pb [17] or Ba [3, 18-25] ions.
In order to future improving the properties of NBT-based
materials, it is necessary to develop new NBT-based lead-
free ceramics.
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In this article, we obtained NBT-based ceramics by
partial substitution of A-site ions (Nao,5Bio_5)24r by Ba®"
and B-site ions Ti*" by Zr ** of ABO; perovskite and their
structural and heat properties were investigated. Recent
study shows that these materials demonstrate diffuse phase
transition and relaxor-like behaviour [26].

Experimental conditions
Sample preparation

Powders of [(1 — x)(NagsBigs)-xBa]Zr,_,Ti,O3;, where
x =0.06, 0.085, 0.09, 0.1 and y =0.96, 097 were
obtained by solid phase synthesis from high purity grade
oxides and carbonate: BaO, Na,CO;, Bi,Os;, ZrO, and
TiO,. The mixture of starting raw materials were homog-
enized and milled in an agate ball mill in ethanol for 20 h,
dried and then calcined. Due to multicomponent compo-
sition the two step calcination was chosen: the first one—
4 h at 850 °C and the second one—2 h at 1,100 °C.
Between the two calcinations the powder was homoge-
nized and milled in ethanol environment in the ball mill.
After the first calcination the powders contain 4-7% of
pyrochlore phase, after the second one—single perovskite
phase. The calcined powder were reground, cold pressed
and sintered by hot pressing for 2 h at temperature ranging
from 1,160 to 1,200 °C and pressure of 25 MPa, depending
on BaO concentrations. The densities of the obtained
samples are higher than 95% of the theoretical ones.

X-ray diffraction studies

For X-ray experiments a Seifert powder diffractometer
(XRD 3000 TT) with a high temperature device from
Materials Research Instruments (mir) was used. Measure-
ments were made wijth CuKo radiation at 45 kV and
30 mA (A = 1.5405 10\). The lattice parameters of com-
pounds [(1 — x)(NagsBigs)—-xBalZr,_,Ti, O3 (where x =
0.06, 0.085, 0.09, 0.1 and y = 0. 96, 0.97) has been char-
acterized in the 20-range of 5-100° at room temperature.
High temperature lattice parameters have been determined
for four chosen compounds in the 20-range of 20-70° at
200, 450 and 700 °C in air. Lattice parameters were refined
using the Full Prof Program [27].

Specific heat study

The specific heat measurements were made using a Net-
zsch DSC F3 Maia scanning calorimeter in the temperature
range from —150 to 550 °C under argon atmosphere at a
flow rate 30 mL/min. The specimen consisted of single
piece of ceramics of the average mass 20 mg was placed in
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an alumina crucible. The data were collected on heating
and cooling processes with constant rate of 10 °C/min.

Thermal expansion study

The thermal expansion measurements were made using a
quartz displacement-capacitance transducer dilatometer
with a sensitivity of 4 x 107° m. The data were col-
lected on heating/cooling processes with constant rate of
1.5 °C/min.

Pyroelectric study

The pyroelectric currents were recorded by the use of
Keithley 6517A meter by quasistatic method. Polarizing
procedure proceeded in a dc electric field of 12 kV/cm
applied at 250 °C and switched off at room temperature.
Then the pyroelectric current were recorded at the heating
rate 10 °C/min.

Dielectric study

Dielectric studies were carried out for silver electroded
samples using an GW 821LCR meter within the tempera-
ture range 30-500 °C. The measuring electric field of
strength ~20 V cm™' and frequency from 100 Hz to
100 kHz was applied. The apparatus was set in capacity C
and conductivity G mode. In order to reduce any ageing
influence, prior to measurements the samples were
annealed for 1 h at 550 °C. The data were collected reg-
ularly in steps of 0.1 °C on heating and cooling, with the
temperature change at rate 120 °C/h, using an automatic
temperature controller.

Results and discussion

For single crystals of (1 — x)NBT-xBT (x < 0.05) besides
main reflections satellite reflections were observed [13].
This is characteristic for many perovskites of this group
[14, 15]. X-ray powder studies proved that our samples
exhibit not only peaks from single phase of perovskite type,
but also small additional peaks (Fig. 1). Detailed analysis
showed that these peaks came rather from the existence of
small amount of pyrochlore phase. It is not possible to
refine local structure distortion from our X-ray powder
pattern. However, broadening of diffraction peaks
(FWHM) can be connected with crystal structure imper-
fections. Our studies showed that mean lattice parameter
defined as a cube root of volume of the perovskite unit cell
increases linear with the increase of Ba and Zr concentra-
tion (Fig. 2). This evolution agrees well with increasing
value of the ionic radius of cations in the A-site and B-site
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Fig. 1 X-ray powder diffraction pattern for the compounds

(Nao'5Bi0A5)0Ag15Bao‘0852r0‘04Ti0‘9603. Besides main reflections (See
mark), the additional reflections were observed
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Fig. 2 Unit cell volumes for the NBT-BTZ ceramics (x describes
content of Ba in the samples)

of the perovskite, since the radius of Ba®" ion is greater
than (Nag sBig 5)°" one and the radius of Zr** ion is greater
than Ti*" jon. Also the unit cell parameters increase linear
with increasing of temperature (Fig. 3). The linear thermal
expansion coefficients at 700 °C for lattice volume oy, are
equal to 3.03(6) x 107>, 3.21(6) x 107>, 2.91(6) x 107>
and 2.93(6) x 107> K~! for (NagsBigs)o.04Bao.06Z0.04
Tip.0603, (Nag 5Big.5)0.94Bag.06Z10.03Ti0.0703, (Nag sBig.5)0.00
Bay,10Zr0.04Tig.0s03 and  (Nag sBig.5)0.00Bao.10Z10.03Tio.97
O3, respectively.

The results of heat, pyroelectric and dielectric measure-
ments for three samples: (Nag sBig 5)0.04B20.06Z10.04T10.9603
(NBTB6Z4), (Nag sBio.5)0.015Bao.085Zr0.04Tio.0603 (NBTBS.
574) and Nag sBigs)o.00Bag.1Zr0.04Tip0603 (NBTB10Z4)
have been shown (Figs. 4, 5, 6, 7, 8).

Figure 4 shows the temperature dependencies of heat
capacity (C,) for NBT-BTZ ceramics. As it can be seen,
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Fig. 3 Temperature dependence of the lattice volume of NBT-BTZ
ceramics
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Fig. 4 Temperature dependence of the heat capacity of NBT-BTZ
ceramics. The solid line is regular background contribution to the heat
capacity

Cy(T) curves do not exhibit clearly manifested anomalies
typical for classical phase transitions. However, some
broad blurry anomalies are visible (see also Fig. 5). Reg-
ular background contribution to the heat capacity have
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Fig. 5 Temperature dependence of the heat capacity excess of NBT—
BTZ ceramics. For each anomaly, the approximately magnitude of
heat effect AQ and entropy change AS are indicated. The units in top
and bottom panels are the same as for central panel

been estimated by fitting a polynomial function of tem-
perature to the data. After subtracting the background thus
determined, the excess heat capacity AC, are obtained and
shown in Fig. 5. The heat capacity anomalies AC, reach
only 13+671J mol~!. However, AC,(T) dependencies
distinguish some temperature ranges: ~90-180 °C and
320-470 °C for NBTB6Z4, ~80-180 °C and 250-470 °C
for NBTB8.5Z4 and ~70-160 °C and 320430 °C for
NBTB10Z4. The entropy change associated with the
anomalous behaviour of the heat capacity determined as
AS = I(ACP/T)dT is small for all samples [~ (4 — 6) X
107%)R, where R is the gas constant, Fig. 5], and is typical
for displacive diffuse phase transformation.

Figure 6 shows the temperature dependencies of linear
coefficient of thermal expansion (x) for NBT-BTZ
ceramics. There are pronounced anomalies of o(T) at
about 125 °C (small local minimum for NBTB6Z4 and
NBTB&8.5Z4, and change in the slope below this tempera-
ture for NBTB10Z4). Then o increases with increasing
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Fig. 6 Temperature dependence of the linear thermal expansion
coefficient of NBT-BTZ ceramics

temperature up to about 380—430 °C, where broad anomaly
exist.

Figure 7 shows temperature dependencies of pyroelec-
tric current (i,) for NBT-BTZ ceramics. As it can be seen,
ip(T) dependencies show smeared anomalies at approxi-
mately the same temperature ranges as heat capacity and
thermal expansion coefficient.

Figure 8 shows the temperature dependencies of electric
permittivity (¢) for NBT-BTZ ceramics. As it can be seen,
&(T) curves show anomalies in temperature range, which
approximately corresponds to the same temperature range
as heat capacity, thermal expansion and pyroelectric cur-
rent (Figs. 5, 6, 7 for comparison).

The obtained results from the present study are char-
acteristic for that observed in complex compounds or solid
solutions, in which foreign ions occupy crystallographi-
cally equivalent lattice sites. The break of translational
invariance caused by foreign ions/lattice imperfections
leads to extreme broadening of the transition anomalies in
these materials (so called diffuse phase transition). In some
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Fig. 7 Temperature dependence of the pyroelectric current of NBT-
BTZ ceramics

group of these materials, the temperature T,,, at which ¢
reaches maximum and the height of ¢ maximum (g,,)
plotted as a function of temperature depends on the fre-
quency. T, shifts to higher temperatures and ¢,, decreases
when the frequency increases. Moreover, the random mean
square polarization persists at temperatures several hun-
dred centigrade above electric permittivity anomaly (polar
nanoregions in nonpolar matrix exist). These materials are
so called relaxor ferroelectrics.

The substitution of A-site ions (Nag sBigs)>" by Ba>"
introduces additional disorder in this site. As this substi-
tution is not isovalent, some charge imbalance in Nags
BiysTiO3 can be created. Cation vacancies can be formed
probably to compensate this charge imbalance, and random
electric fields are thus expected. As the Ba®" ion size is
larger than that of (NaO.SBiO_S)2+ ions, it may cause internal
tensile stresses and random elastic fields are thus expected.
It should be pointed out that Zr*" substitution in B-site is
isovalent, and does not affect drastically the charge state of
Nag sBi sTiO;. However, the Zr*" ion size is larger than
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Fig. 8 Temperature dependence of electric permittivity of NBT—
BTZ ceramics

that of Ti** ions, and the random elastic fields are also
expected from this substitution. These electric and elastic
fields, which promote formation of polar regions, are very
likely to be responsible for relaxor-like behaviour of NBT-
BTZ system, as it was suggested in article [26].
Hysteresis loops measurements carried out for our
samples show that ferroelectric state exists in the temper-
ature range below local anomaly of o(T), &(T) and iy(T).
Therefore, the low-temperature anomaly of Cp. which
coincides with the anomaly of linear coefficient of thermal
expansion, electric permittivity and pyroelectric current is
connected with the formation of long-range ferroelectric
state. However, high-temperature anomaly of C,, which
approximately coincides with main anomaly of electric
permittivity is connected with temperature evolution of
above-mentioned polar regions. Deviation from Curie—
Weiss law, which appears in investigated samples from
about 420 to 450 °C, confirms this supposition. These polar
regions grown with decreasing temperature, start to interact
(in the temperature region where main anomaly of ¢ and
high-temperature anomaly of C, exist), and then they
become the nuclei of the emerging ferroeleectric phase.
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Conclusions

The good quality ceramics of [(1 — x)(NagsBigs)—xBa]
Zr,;_,Ti, 03 (x = 0.06, 0.085, 0.09, 0.1 and y = 0.96, 0.97)
lead-free solid solutions were obtained by solid state hot
pressing method.

X-ray tests showed that these ceramics consist of a
single perovskite phase with small amounts of pyrochlore
phase. The replacement of the (Na,Bi)* ions by Ba®" and
Zr*" ion by Ti*" ion causes the increase of the mean lattice
parameter of the pseudoperovskite unit cell. The prepared
samples exhibit the features of diffuse phase transition and
ferroelectric relaxor. We can conclude that these behaviour
of NBT-BTZ solid solutions can be connected with crystal
structure imperfections due to foreign ions substitution,
which promote formation of polar regions. It was con-
cluded, that the observed anomalous behaviour of thermal
properties is connected with temperature dependence of
dynamic and sizes of polar regions and with formation of
macroscopic ferroelectric phase. It is obvious that the
obtained ceramics are promising materials for high-fre-
quency electromechanical transducer application.
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