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Abstract—The ferroelectric and piezoelectric properties of ceramic solid solutions having a composition of
(1—x)(Big gNdg 1)(Scy.9By.1)O03 — xPbTiO;3 (x = 0.60—0.66; B = Lu, Yb, Er, Y) and obtained by solid state
reaction were studied. An increase in the Curie temperature was found upon an increase in the concentration
of lead titanate, while a drop occured upon the doping of the A and B sublattices. It was shown that at high
temperatures, MnO, and Bi,O; additives lead to a reduction in the total conductivity and a dielectric loss of
less than one order of magnitude. In modified ceramics, an increase in the d3; and k; piezoelectric coefficients
was observed as well. The effects of dielectric relaxation that are determined by the composition of the ceram-

ics were revealed.
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INTRODUCTION

Piezoelectric ceramic materials based on oxides of
the lead zirconate—titanate system, PbZrO,—PbTiO;,
are widely used in present-day technology. The rela-
tively low temperature of the transition from the ferro-
electric to paraelectric state (the Curie temperature,
T¢) limits the working temperature range of ceramics
based on the lead zirconate—titanate system to 620 K.
The need to use materials whose working temperatures
are above 650—900 K makes the development of new
piezoelectric materials with higher 7 values an issue
of great importance.

Ceramic solid (1 — x)BiScO; — xPbTiO; solutions
are now being studied intensively, since these materials
could be used at temperatures above 600 K [1—-17]. It
has been established that compounds whose composi-
tions correspond to the morphotropic boundary region
with x ~ 0.64 found between compounds with rhombo-
hedral and tetragonal structures have a 7 value above
700 K and show good piezoelectric properties [1—4].
This allows us to consider these types of compounds as
a basis for developing new piezoelectric materials
appropriate for high-temperature applications. In addi-
tion to high piezoelectric activity, the piezoelectric
ceramic materials used for high-temperature applica-
tions should have reduced dielectric loss at high tem-
peratures. Piezoceramic samples having low dielectric
loss at high temperatures and improved ferroelectric

characteristics were shown to have been obtained by
using bismuth oxides and manganese oxide additives
[6, 13]. In this work, the properties of solid solutions
based on BiScO;—PbTiO; and having a composition of
(1 — x)(BiyoNd, )(Scy 9By )O; — xPbTiO; (x = 0.60 —
0.66; B>+ — Lu’**, Yb**, Er’*, Y?*) were investigated. In
addition, a number of samples containing bismuth and
manganese oxides additives were obtained with the pur-
pose of improving the sintering process of ceramics and
to raise their resistance. The effects of doping and addi-
tives on the phase composition, microstructure, phase-
transition temperature, and ferro- and piezoelectric
properties were studied.

EXPERIMENTAL

Ceramic solid solutions having a composition of
(1—x) - (BiyyNd, )(Scy 9By )05 — xPbTiO; (x = 0.60—
0.66; B = Lu, Tb, Er, Y) were obtained by solid state
reaction from the following oxides: Bi,O; (pure grade),
Sc,0;5 (pure grade), Nd,O; (chemically pure grade),
Lu,0; (chemically pure grade), Y,0; (chemically pure
grade), Yb,0; (chemically pure grade), Er,O; (chemi-
cally pure grade), PbO (pure grade), and TiO, (pure
for analysis). Stoichiometric mixtures of oxides
homogenized in an ethanol medium were synthesized
at 7,=970 K (8.5 h), grinded, pressed, and sintered at
1420 K (2 h) with an additional intermediate anneal-
ing at 1030 K (3 h) followed by slow cooling to room
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Fig. 1. Diffraction pattern of the 0.37Bi(Sc gLug )O3—
0.63PbTiO; sample (an ~2.5 at % excess of BiyOj3)
obtained at 7] = 700°C (8.5 h), and 7, = 1150°C (2 h).
The regions of the diffraction patterns for the
0.37Bi(Sc( 9By 1)03—0.63PbTiO3 samples (an ~2.5 at %
excess of Bi,O3) with B= Sc (1), B=Y (2), B=Lu (3),
B=Er (4), B=Yb (5) are shown in the inset.

temperature. Bi,O; and MnO, additives were intro-
duced over and above the stoichiometry in quantities
of 2.5 at % and 0.17—0.51 wt %, respectively.

The phase composition and structure of the ceram-
ics were studied by X-ray powder diffraction analysis
(DRON-3M, CuK,-radiation); the microstructure
was monitored by high-resolution scanning electron
microscopy (Supra 50 VP, LEO, Germany). The sec-
ond harmonic generation of laser radiation (Nd laser,
Ao = 1.064 um) and dielectric spectroscopy (Agilent
4284 A LCR meter, 1V, the temperature range, 300—
1000 K; frequency range, 100 Hz—1 MHz) were used
to study phase transitions. The d;; piezoelectric coeffi-
cients for ceramic samples prepolarized in an electric
field with strengths of up to 50 kV cm~! for 15 min at
400 K and cooled in the presence of a field were mea-
sured using an APC YE 2730A d;; meter (APC Prod-
ucts, United States). The piezoelectric coupling coef-
ficient k, was measured by the standard resonance—
antiresonance method.

RESULTS AND DISCUSSION

A tetragonal phase is the main phase in the studied
samples having a composition of (1 — x)BiScO;—
xPbTiO;with x = 0.60—0.66 and modified with Nd,O;,
Lu,0;, Y,0;, Er,0;, and Yb,0; oxides (Fig. 1). The
composites modified with manganese and bismuth
oxides crystallize in a rhombohedral space group. A
number of samples were found to be a mixture of the
tetragonal and rhombohedral phases (inset in Fig. 1).
Due to the partial evaporation of bismuth oxide, an ori-
ented layer of a high-temperature modification of bis-
muth oxide was observed on the surface of a number of
samples (Fig. 1, dotted line). Upon replacing 10 at % of
scandium oxide with oxides having a larger ionic
radius (R(Bi**) = 1.31 A; R(Nd**) = 1.41 A; R(Sc**) =
0.89 A; R(Lu**) = 1.00 A; R(Yb’") = 1.01 A,
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10 um

Fig. 2. Images of the 0.35Bi(Sc( gYbg 1)O3—0.65PbTiO;
sample, obtained at 77 = 700°C (8.5 h) and 75 = 1150°C
(2 h).

R(Er**) = 1.03 A; R(Y?**) = 1.04 A), a regular increase
in the ¢ parameter and the volume V of the tetragonal
lattice was observed.

In Fig. 2, an image of the surface of the
0.35Bi(Scy4Yb, )O;—0.65PbTiO; sample is shown;
homogeneous grains with a diameter of 2—5 pm form
the microstructure of this sample.

Ferroelectric phase transitions of the first order
were revealed in the temperature range of 550—750 K
using the second harmonic generation of laser radia-
tion. These transitions are also responsible for the pro-
nounced maxima observed in the temperature depen-
dences of the permittivity and dielectric loss (Fig. 3).
An increase in the content of lead titanate leads to a
regular increase in temperature of the ferroelectric
phase transition, but the 7 value declined by 125 K
(B=Nd), 10K (B=Lu), 12K (B=Yb),27 K (B=
Er), 47 K (B = Y) in the samples containing doped
A or B sublattices.

In addition to the maxima that correspond to the
transitions from the ferroelectric to paraelectric phase,
peaks of a relaxation nature were found; the tempera-
ture that corresponds to these additional maxima
depends on the frequency of measurements (Fig. 3).
In the modified samples, the effects of dielectric relax-
ation were suppressed. The nature of the high-temper-
ature relaxation anomalies is most likely related to the
presence of vacancies in the oxygen sublattice; these
vacancies occur due to the loss of lead oxide during
high-temperature synthesis. During oxygen-ion trans-
port, dipoles relaxing in an alternating electric field
appear [18].

A reduction in the value of the dielectric loss tan-
gent by more than an order of magnitude is observed
for the ceramic samples modified with bismuth and
manganese oxides at temperatures above 600 K. The
decrease in the total conductivity by more than an
order of magnitude observed in the modified samples
Vol. 75
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Fig. 3. Temperature dependences of the permittivity (a, c)
and dielectric loss tangent (b, d) for the following samples:
0.34BiScO3—0.66PbTiO;5 (a, b); 0.36BiScO3—0.64PbTiO3
(c, d). Measurements were performed at frequencies of
100 Hz (7), 1 kHz (2), 10 kHz (3), and 100 kHz (4).
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Fig. 4. Temperature dependences, logs(1/T), for the fol-
lowing ceramic samples: 0.37Bi(Sc( ¢Ybg ;)O3—

0.63PbTiO3 (/), 0.37(BiggNdj )(ScygYbg )O3—
0.63PbTiO3 (2), 0.37Bi(Scy¢Y( 1)03—0.63PbTiO; (an
~2.5 at % excess of BiyO3) (3), 0.37Bi(Sc(gYby 1)O3—
0.63PbTiO; (an ~2.5 at % excess of BiO3) (4,
0.37BiScYO3—0.63PbTiO5 (0.25 wt % of MnO,) (5),
0.37BiScYO3—0.63PbTiO; (0.5 wt % of MnO,) (6). The

In(f/7") (1000/T) (1) and Inf(1000/T) (2) depen-
dences constructed in accordance with the &(7) and
tand(7) dependences for the 0.37BiScO3—0.63PbTiO5
are shown in the inset.

at high temperatures confirms the assumption about
the nature of the dielectric relaxation mentioned
above (Fig. 4). High values of the piezoelectric coeffi-
cient dy; and the piezoelectric coupling coefficient k;
(which reach 350 pC/N and 0.68, respectively) were
found for the ceramics modified with neodymium
oxide. These results are in agreement with the conclu-
sion that domain walls make a significant contribution
to the formation of the electromechanical properties
[19, 20]. A reduction in the concentration of oxygen
vacancies leads to an increase in the mobility of
domain walls, and consequently to an improvement in
the piezoelectric properties.

CONCLUSIONS

An increase in the Curie temperature upon
increasing the concentration of lead titanate in the
solid (1 — x)BiScO; —xPbTiO; solution was revealed.
Upon doping in solid (1 — x)(BiyoNd ;)(ScyeBy1)O03—
xPbTiO; solutions, however, a reduction in the Curie
temperature values was observed. It was shown that
introducing MnO, and Bi,O; additives into com-
pounds leads to a decrease in the total conductivity
and dielectric loss by more than an order of magnitude
at high temperatures. An increase in the values of the
piezoelectric coefficients d;; and k, was observed in
ceramics modified with neodymium oxide.
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