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Abstract

NaysBipsTiO; (NBT) and its modifications are known to be new lead-free ferroelectric materials and are promising for environment
friendly devices. The systems under investigation were (i) NBT (trigonal/ferroelectric)-PbZrO; (orthorhombic/antiferroelectric); (i) NBT
(trigonal/ferroelectric)-BiScOj; (trigonal/paraelectric); and (iii) NBT (trigonal/ferroelectric)-BiFeOj; (trigonal/antiferromagnetic).

The lattice parameters change as expected from the respective ionic radii values. For NBT-PZ, the dielectric permittivity shows a large
frequency and temperature dispersion suggesting a relaxor-like behaviour dependent on the thermal annealing of the samples. For NBT-BS, the
Curie temperature increases with BS content as well as the diffuseness of the phase transition, connected with the introduced disorder. For NBT-BF,
the overall behaviour of the permittivity of NBT is maintained up to 50% BF but anomalies of the permittivity appeared close to 600 °C, which

might be connected with the onset of magnetic influence for high BF content.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferroelectric lead zirconate titanate ceramics (PZT) are
extensively used for many industrial purposes due to their high
dielectric and electromechanical properties. However, the toxic-
ity of lead oxide and its high vapor pressure during the sintering
process results in serious environment problems. As a conse-
quence, it becomes necessary to develop low-lead or lead-free
piezoelectric materials with properties close to those of the PZT
system.

Sodium bismuth titanate Nag 5Bip sTiO3 (NBT) has attracted
considerable attention in the past few decades since it was dis-
covered to be an A-site complex perovskite relaxor by Smolen-
sky et al.! NBT has a rhombohedral perovskite-like structure
(a=3.89 A, «=89.6°) with Na* and Bi** ions randomly dis-
tributed at the 12-fold cubo-octahedral sites.”

NBT is considered to be a good candidate for lead-free
piezoelectric ceramic due to its relatively large polariza-
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tion (38 wC/cm?). However, pure NBT has a drawback of
high coercive field, E.=7.3kV/mm and the high conductiv-
ity causes problems during the poling process. To improve
the properties of NBT, many scientists have added second
components to NBT and obtained NBT-based solid solutions,
such as NBT-BaTiO3;, NBT-PbTiO3, NBT-Kq 5B 5TiOs3,
NBT-StTiO3 and NBT-BiFeO3.%!!

In the search for new compositions, investigation were con-
ducted on systems in which the end members present different
crystal structure and/or different electronic properties.

The systems under investigation were (i) NBT (trigonal/
ferroelectric)-PbZrOj3 (orthorhombic/antiferroelectric) labelled
NBT-PZ; (ii) NBT (trigonal/ferroelectric)-BiScO3 (trigonal/
paraelectric) labelled NBT-BS; and (iii) NBT (trigonal/
ferroelectric)-BiFeO3 (trigonal/antiferromagnetic) labelled
NBT-BF.

2. Experimental

Solid solutions of the NBT-BT and NBT-ST systems were
prepared by high temperature reaction of the corresponding high
purity grade oxides or carbonates. After mixing in adequate
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stoichiometric proportions (acetone medium/1h) and dried at
60 °C, they were calcined at 800-900 °C for 20 h and reheated at
900-1000 °C to ensure complete reaction. Finally, the powders
were crushed, using a ball mill, for 15 min in acetone medium.

The sample purity was checked by X-ray diffraction using
a 0/26 Siemens D5000 diffractometer (graphite monochroma-
tor, Cu Ka radiation). For the lattice parameter measurements,
the X-ray diagrams were recorded on an INEL CPS 120 curve
detector in a Debye—Scherrer geometry. High-purity silicon was
used as internal standard (a =5.43082 A). The cell parameters
were refined with the “pattern matching” mode of the JANA
software. !

Disk-shaped ceramics (12 mm diameter, 1.5 mm thickness)
with densities close to 95% of theoretical were obtained by con-
ventional sintering the above-prepared powders (cold pressed
at 100 MPa) at 1050-1200 °C, depending on the composition.
After polishing, they were coated with a silver paste fired at
600 °C and aged overnight at 100 °C. Low-frequency dielectric
measurements were carried out between room temperature and
700 °C (heating/cooling rate, 1 °C min~!) at several frequencies
from 100 Hz to 1 MHz using a HP 4194 A impedance analyser.

3. Results and discussion
3.1. Structural characterization

The solid-state mutual miscibilities are generally strongly
dependent on the crystal symmetry as well as on the size
of the cations in their respective coordination numbers. Here
lead (rpp*[12)=1.49 A) in PZ and bismuth (rg;**[12)=1.30A
est.) in both BS and BF are likely to substitute for [Na,Bi]
(V[Na,Bi]2+[12] =135A est.) in the 12-fold coordination site of
the perovskite whereas zirconium (rZr4+|6] =0.72 A), scandium
(rsc>*16)=0.745 A) and iron (rge>* (6] = 0.645 A) will occupy the
six-fold coordination sites.'> The solubility limits and the unit
cell symmetry of the solid solutions have been derived from
room temperature X-ray diffraction patterns. The main features
are given in Fig. 1. PZ and BF are fully miscible in NBT. The
solubility of BS was estimated to be about 25 mol.% BS, as an
extra phase (sillenite-type Bij» TiOg) always appeared for richer
compositions. In addition, whereas the NBT-BS solid solutions
keep the trigonal symmetry in the whole composition range,
the NBT—PZ solid solutions exhibit various symmetries: they
are trigonal for NBT-rich (<20mol.% PZ) and orthorhombic
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Fig. 1. Symmetry of the NBT-PZ, NBT-BS and NBT-BF solid solutions.

for 20mol.% < [PZ] < 60 mol.% PZ and PZ-rich (=90 mol.%
PZ) compositions. It seems that for compositions in the range
60-90mol.% PZ, the symmetry would be lower, apparently
monoclinic.

The variations of the lattice parameters are given in Fig. 2.
The overall evolutions are consistent with the modifications of
the mean ionic radii induced by the respective substitutions. As
the substitutions increase, the lattice parameters increase with
the follwing rates: 6.7% for PZ, 3.6% for BS and 1.9% for BF.
When PZ is substituted for NBT, Pb?* and Zr*" contribute to
the increase of the cell dimension as they are significantly larger
than [Na,Bi]** and Ti**, respectively. In the two other cases,
Bi®* is likely to substitute for Na* in the 12-fold coordinated
site. As its ionic radius is smaller than that of Na™, it does not
have any influence on the lattice parameters, the increase of
which is mainly due to Sc3* and Fe3*. As Sc3* is much larger
than Fe3*, the observed increase rate behaves as expected.

3.2. Dielectric properties

Cationic substitutions in ferroelectric perovskites like
BaTiO3 or PbTiO3; are known to influence significantly the
dielectric properties, especially the values of the permittivity
and the Curie temperature. In some cases, the disorder induced
by the substitution could be at the origin of the onset of relax-
ation process. Such phenomena have already been observed for
some modified NBT solid solutions, e.g. NBT-BT, NBT-PT,
NBT-KBT, NBT-ST. They strongly depend on the nature of
the substituting cations. In the present work, as the substitutions
involve both A and B sites and the end members PZ, BS and
BF have different dielectric character (PZ antiferroelectric, BS
paraelectric, BF ferroelectric/antiferromagnetic), the substituted
materials would behave quite differently from one another.
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Fig. 2. Lattice parameters (A) and angles (°) of the NBT-PZ, NBT-BS and NBT-BF solid solutions vs. composition (for NBT-PZ, the shadow region indicates

possible monoclinic symmetry, see text).
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Fig. 3. Variation of the permittivity of NBT-PZ10% as a function of temperature
at several frequencies.

The permittivities and dielectric losses of ceramic materials
were measured for the three systems from room temperature to
700-800 °C between 107 and 10° Hz. For sake of clarity, only
the results of the permittivity of some selected compositions will
be given.

3.2.1. NBT-PZ system

The solid solutions are made from a ferroelectric (NBT) and
an antiferroelectric (PZ) material. For low PZ content, the vari-
ations of the permittivity do not strongly change with respect to
NBT. Figs. 3 and 4 show the results obtained for NBT-PZ10
and NBT-PZ20 as received from sintering; the low temper-
ature, frequency-dependent hump is retained up to 20 mol.%
PZ as well as the maximum assigned to the Curie temperature.
For compositions richer than 20 mol.% PZ (not given here), the
hump has disappeared and only the local maximum remains.
One can observe that the maximum at about 320 °C is frequency-
independent at low frequency but is strongly shifted towards the
high temperature side and the value of the maximum permittiv-
ity decreases as the measuring frequency increases above 1 kHz.
This is a significant kind of relaxation process. As it appears in
the range 10°~10° Hz and at high temperature (>300 °C), it could
be connected with macrostructural defects, grain boundary or
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Fig. 4. Variation of the permittivity of NBT-PZ20% as a function of temperature
at several frequencies.
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Fig. 5. Variation of the permittivity of NBT-PZ20% as a function of temperature
at several frequencies after annealing.

space charge effects. This assumption is supported by the results
obtained for the same NBT-PZ20 sample annealed at 700 °C
(Fig. 5): the local maximum is now frequency-independent
and the aforementioned relaxation is no longer visible. Such
behaviour was observed for all compositions.

3.2.2. NBT-BS system

Fig. 6 shows the temperature dependence of the permittivity
of NBT-BS ceramics. A substantial decrease of the dielectric
maximum &;max occurs with increasing BS content. In addition,
the Curie point ¢ is shifted towards higher temperatures, from
340°C (NBT) to 385°C (75NBT-25BS) and the transition at
Tc becomes more and more diffuse. The diffuseness of the fer-
roelectric/paraelectric transition can be quantified by the factor
8, calculated from the following relation:
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where &rmax 1S the maximum permittivity and T¢ the Curie
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Fig. 6. Variation of the permittivity of several NBT-BS solid solutions as a
function of temperature at 1 kHz.
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Table 1
Curie point (7¢), permittivity maximum &;max and diffusive factor (§) of the
various NBT-BS compositions

Mol. % BS 0 5 10 15 20 25

Tc (°C) 340 383 397 385 386 385
£rmax 2125 1510 1270 1150 940 720
8 (°C) 110 133 158 209 229 255

1/ versus (T — T,)2, are given in Table 1. The substitution of Sc
for Ti in the B-site of the perovkite structure is the main factor
that induces some disorder in the cationic octahedral sublattice
and then produces an increase of the diffuseness of the structural
phase transition at T¢.

The variation of the permittivity as a function of temperature
at several frequencies shows similarities with that of the previous
system as shown in Fig. 7 for the NBT-BS10 ceramics, but the
relaxation is much less pronounced.

3.2.3. NBT-BF system

This system behaves in a different way with respect to the two
previous ones. Two ranges of compositions can be distinguished.
For BF content <50 mol.%, the overall behaviour of the permit-
tivity is similar to that observed for low substituted NBT (Fig. 8
top) but the local maximum is shifted towards higher tempera-
tures as the BF content increases. This can be connected with the
high Curie temperature of BiFeO3. For BF content >50 mol.%,
the maximum of the permittivity has disappeared, but an addi-
tional maximum occurs at high temperatures between 600 and
750°C (Fig. 8 bottom). The substitution of Fe3* for Ti** has an
influence not only on the structural characteristics but also on
the electromagnetic behaviour as Fe* has a ¢ electronic con-
figuration, with a finite magnetic moment (in contrast, Zr** and
Sc* are spherical ions with non-magnetic @’ configuration). It
is therefore reasonable to infer that this anomalous behaviour
would be somewhat connected with the magnetic character of
the BF-rich materials. In addition, as the ceramics become more
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Fig. 7. Variation of the permittivity of the NBT-BS10% solid solution as a
function of temperature at several frequencies.
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Fig. 8. Variation of the permittivity of the NBT-BF solid solutions as a function
of temperature at 250 kHz.

conductive for high BF contents, one cannot neglect the presence
of mixed-valence (Fe**/Fe3*) cations, which might influence the
high dielectric behaviour. Further investigations about this prob-
lem are now in progress.

4. Conclusion

The systems NBT-PbZrO3 (orthorhombic/antiferroelectric),
NBT (trigonal/ferroelectric)-BiScO3;  (trigonal/paraelectric)
and NBT (trigonal/ferroelectric)-BiFeO3 (trigonal/antiferro-
magnetic) were investigated from structural and dielectric
points of view. The end members are fully miscible except
BiScOj3 for which the solubility is limited to 25 mol.% BS. The
evolutions of the lattice parameters of the solid solutions are
connected to those of the average ionic radii. The dielectric
properties are similar to that of NBT for low levels of substi-
tution and the phase transition to the paraelectric state is more
and more diffuse as the substitution increases. In the case of
BF-substituted materials an up-to-now unexplained anomaly
of the permittivity occurs at high temperature, which might be
connected with both conductivity and magnetism.
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