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Abstract

Novel perovskite xBiYbOs;—(1 —x)PbTiO; (BYPT) crystalline solutions were prepared by conventional ceramic processing. The effect
of BiYbO; on the microstructure and electrical properties was investigated, and the reaction mechanism of phase formation was
discussed. The results show that the proper calcining temperature is 860°C and the optimum sintering temperature is 1140°C. It
is difficult for BYPT ceramics to obtain phase-pure perovskite structures. Pyrochlore phase Yb,Ti,O; was formed by Yb,O; and
TiO, that decomposed from BiYbO;-PbTiO; at high temperature. With increasing BiYbO; content, the pyrochlore phase Yb,Ti,O;
increases, which resulted in the decrease of densities and piezoelectric constants. The dielectric constants were in the range of 100—
700 at room temperature and tan § less than 4%. BYPT ceramics with high Curie temperatures of >500 °C are obtained. 0.1BiYbO;—0.9PbTiO;
ceramic is a very promising material for high-temperature (up to 550 °C) piezoelectric applications for high 7, stable ds3, and high thermal-depoling

temperature.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Piezoelectric sensors and actuators have experienced tremen-
dous growth and wide spread application using Pb(Zr,Ti)O3
(PZT) materials.!-2 Nowadays, both the automotive and
aerospace industries have expressed the need for actuation
and sensing at higher temperatures than currently available.
Specifically, under-hood automotive applications such as inter-
nal vibration sensors, control surfaces, or active fuel injection
nozzles require operation temperatures as high as 300 °C.3* For
example, active combustion control of spatial and temporal vari-
ations in the local fuel-to-air ratio is of considerable interest in
lean gas turbine combustors. The actuator for fuel modulation
in gas turbine combustors must meet requirement of operating
temperature compatible with the fuel temperature, which is in
the vicinity of 300 °C. However, PZT ceramics, with a maxi-
mum Curie temperature (7;) of 385 °C, are generally limited to
a maximum operating temperature of 190 °C.> Itis 100 °C lower
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than the desired operating temperature for gas turbine combustor
fuel-modulation injection valves. What is more, aerospace and
aircraftindustries use even higher standards, demanding systems
to function at from 500 °C to 1000 °C. In view of these demands,
it is necessary to develop high T, piezoelectric materials.

Over the last few years an increasing amount of research has
been done on the development of new piezoelectric materials
with a high Curie temperature.®8 Eitel et al. state that a lower
tolerance factor will result in a higher Curie temperature at the
morphotropic phase boundary (MPB) and new high temperature
ferroelectric materials based on (1 — x)BiScO3—xPbTiO3 solid
solutions with perovskite structure have been identified.”~!!
Guided by a perovskite tolerance factor relationship with
T., low tolerance factor BiMeO3 systems have projected
transition temperatures greater than PZT; BiMeO3-PbTiO3
solid solutions such as BilnO3-PbTiO3,'? BiGaO3-PbTiO3,"
BiFeO3;-PbTiO3'*15 have been reported.

However, the potential applications of these systems are lim-
ited by the high cost of Scy03, InpO3 and GayO3 precursor
oxides, and alternatives with a lower cost are desired. More-
over, the tolerance factor of BiYbOj3 is 0.857 that is lower than
those of BiScOs, BiGaO3 and BilnO3. Novel bismuth ytter-
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bium oxide-based ceramics have been investigated in this paper
as a high Curie temperature piezoelectric. Lead titanate was
used in solution with BiYbO3 to help stabilize a perovskite
xBiYbO3—(1 — x)PbTiO3 (BYPT) phase. The phase structure
and electrical properties of BYPT are investigated in detail.

2. Experimental

The general formula of the material studied was
xBiYbO3—(1 — x)PbTiOj3 (designated as BYPT), where xis 0.05,
0.10, 0.15, and 0.20, respectively. Samples are numbered as
BYPT;,BYPT,, BYPT3, and BYPT, in sequence. Reagent pure
Pb30y4, Biy03, TiO; and Yb;O3 were used as starting materials.
The mixtures were weighed stoichiometrically and ball-milled
for 12h. The powders were calcined in air at 860 °C for 4 h.
After milling for a second time, the powder was pressed into
disks 12.0mm in diameter at 100 MPa, and then sintered at
1100-1160 °C for 2 h under PbO-ZrO, powder protection. The
packing material PbO-ZrO, was put on to a platinum sheet, and
covered with an Al,O3 crucible to prevent PbO volatilization.
The sintered discs were polished and pasted with silver on both
surfaces. Samples were poled at 140 °C for 20 min under an elec-
tric field of 3 kV/mm in silicone oil. The piezoelectric properties
were measured after 24 h aging at room temperature.

Differential scanning calorimetric and thermal gravimetric
analysis (DSC and TGA, Model TA-SDT2960, American) stud-
ies were carried out from room temperature to 1200°C at a
heating rate of 10°/min. The content of the perovskite phase was
examined by X-ray diffraction (XRD, Model Panalytical X’ Pert
PRO, Holland). For lead-based ferroelectrics, perovskite phase
and pyrochlore phase always coexist. The relative amounts of
perovskite and pyrochlore phases were determined by measuring
the major X-ray peak intensities for perovskite and pyrochlore
phases, i.e. (101) and (222), respectively. The percentage of

perovskite phase was calculated by the following equation '¢:
Content of perovskite phase(%)
I
_ perov(101) % 100 (])

Iperov(l (VR0 + Ipyroc(22 2)

where Ieroy and Ipyroc stand for the intensities of the major peaks
(101) and (222) for perovskite and pyrochlore phases, respec-
tively. The microstructure was observed by scanning electron
microscopy (SEM, Model Hitachi S-570, Japan). The temper-
ature dependence of dielectric constant (¢) and dielectric loss
(tan §) were measured between 130 °C and 600 °C with a LCR
precision electric bridge (Model HP4284, Hewlett-Packard).
The piezoelectric constant (d33) was measured with a quasistatic
piezoelectric dzz-meter (Model ZJ-3D, Institute of Acoustics,
Academic Sinica, China). Thermal-depoling experiments were
executed by holding the poled samples for 2 h at various high
temperatures, cooling to room temperature, measuring dz3, and
repeating testing procedure up to 600 °C.

0.10
5 290°C L Endotherm - 100
0.08}| g9
_? 0.06 98
3 5
e — Jo7 &
= 004F <
[le] 496
0.02
495
585°C »
0.00 1 1 L Il 1 1
0 200 400 600 800 1000 1200

T/ °C

Fig. 1. DSC and TGA curves of BYPT, powders.

3. Results and discussion

Fig. 1 shows DSC and TGA curves of BYPT, powders. It
is inferred from the DSC curve that an exothermic peak and a
single endothermic peak are observed at temperatures of 290 °C
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Fig. 2. The XRD patterns of BYPT, powders calcined at different temperatures.
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Fig. 3. Density of BYPT, ceramics sintered at different temperatures.

and 585 °C, respectively. From TGA curve, it is found that per-
centage loss in the mass is more than 1% at 585 °C. When the
temperature is higher than 950 °C, percentage loss in the mass
increases largely because of the PbO evaporation.

In order to clarify the peaks in DSC curves, BYPT, powders
were calcined at 250 °C, 290 °C and 350 °C. Fig. 2(a) shows
XRD patterns of BYPT; powders. The peaks of original materi-
als such as Pb3Oq4, Yb,0O3, TiO; and Bi» O3 are observed and no
other new phase is formed. There is no phase transition happened
at 290 °C. The 290 °C peak in DSC curve should be attributed to
some organic impurity decomposed at 290 °C. Fig. 2(b) shows
XRD patterns of BYPT, powders calcined at 600 °C and 860 °C.
The peaks of original materials such as PbO, Yb,03, and Bir O3
are observed and perovskite-typed BYPT is the main phase when
BYPT, powders are calcined at 600 °C. After BYPT, powders
are fired at 860 °C, it shows that the pure BYPY phase forms.
The results mean that the endothermic peak at 585 °C is cor-
responding to the formation of the BYPT compound. And the
proper calcining temperature for BYPT sample is 860 °C.

The densities of BYPT; ceramics sintered at different temper-
atures are shown in Fig. 3. It is found that the density increases
quickly at temperature range from 1100°C to 1140°C. The
maximum density, 7.46 g/cm3, is achieved at 1140 °C. When
the sintering temperature is higher than 1140°C, the density
decreases. The results indicate the optimum sintering tempera-
ture is 1140 °C.

Fig. 4 shows XRD patterns of BYPT ceramics sintered at
1140°C. In general, in Pb-based ABO3 materials, pyrochlore
phase formation can be identified by a diffraction peak at
260 ~ 31°. It is observed that the main phase is perovskite phase,
and the others are Yb,TipO7 pyrochlore phase and PbO phase.
However, the instability of the perovskite phase in the low tol-
erance factor materials prevented the MPB compositions from
being synthesized.

As listed in Table 1, the amounts of perovskite phase decrease
with increasing content of BiYbO3. It shows that the percent-
age of pyrochlore phase, YbyTioO7, amounts to 34.1% when
x is 0.20. The tolerance factor for perovskites is given by the
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Fig. 4. The XRD patterns of BYPT ceramics sintered at 1140 °C.

formula>-?:
. ra +ro
V2(rg +r0)

where r4 and rp are the ionic radius of the ions occupying the A,
B positions, respectively, and rg is the ionic radius of oxygen,
and ¢ is the Tolerance factor. It has been observed that a stable
perovskite may be expected to form if 7= 0.88—1.09, using Shan-
non’s revised ionic radii. Ferroelectric perovskites with 7= 1 may
be expected to have a cubic symmetry, ferroelectric perovskites
with 7< 1 are usually rhombohedral or monoclinic while fer-
roelectric perovskites with > 1 are commonly tetragonal. For
BiYbO3; compound, the relatively large ionic radius of Bi**
(140 pm) in the A position and the small ionic radius of Yb3*
(86.8 pm)'” in the B position, both referred to the general ABO;3
perovskite, result in a small tolerance factor 0.857. Perovskite
with such tolerance factor is known to be difficult to synthesize
and second phases often appear.

Based on the tolerance factor ¢, solid solutions of BiScOj3
(t=0.907), BilnO3 (#r=0.884) and BiYbO3 (#=0.857) with
PbTiO3 would exhibit morphotropic phase boundary (MPB)
with the Curie temperature 7.’s significantly greater than
Pb(Zr;_,Tiy)O3 and PbTiO3 (T7.=490°C) itself. For the
(1 —x)BiScO3—xPbTiOj3 solid solution, a MPB was found at
x=0.64, with correspondingly enhanced dielectric and piezo-
electric properties. For the system (1 —x)BilnO3—xPbTiO3,
phase pure perovskites could not be achieved even for
x>0.9.210 The issue of perovskite stability was further com-

)

Table 1

Phase structure and sintered properties of BYPT ceramics.

Samples BYPT; BYPT; BYPT3 BYPT4
Perovskite (%) 97.83 86.59 83.20 65.90
Pyrochlore (%) 2.17 13.41 16.80 34.10
Density (g/cm?) 7.41 7.46 7.32 7.22
Relative density (%) 93.2 93.8 92.0 90.8
Average grain size (um) 1.98 1.79 1.32 1.07
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Fig. 5. The XRD patterns of Yb,TioO7 sintered at different temperatures.

pounded for the BiYbO3-PbTiO3; system. Although PbTiO3
is used to help stabilize a perovskite, the results demonstrate
that it is difficult to synthesize pure perovskite phase for BYPT
ceramics. So MPB composition of BYPT ceramics was not syn-
thesized. Besides Yb;TipO7 pyrochlore phase, PbO was also
observed in BYPT3; and BYPT, samples.

To investigate the reaction mechanism of BYPT ceramics and
the stability of the Yb,TioO7 phase, the YbyTipO7 pyrochlore
compound is synthesized by sintering Yb,O3 and Bi» O3 at dif-
ferent temperatures. Fig. 5 shows XRD patterns of Yb,yTir O
pyrochlore phase evolution with sintering temperatures. It is
revealed that pure Yb,TipO7 phase was not fabricated at 700 °C
and 900 °C, but an increment of the sintering temperature to
1100 °C resulted in phase-pure Yb,TioO5. It can be concluded
that the synthesis temperature of YbyTinO7 is 900-1100 °C.
And Yb;,Ti;O7 phase is stable though the sintering temperature
increases to 1450 °C.

Thus the overall reaction of BYPT ceramics can be repre-
sented by the following equations:

gBizog + ng203 + (1 = x)PbO + (1 — x)TiOs

3902650 °C  BiYbO3—(1 — x)PbTiO; 3)
It is well known that PbO has a low melting point (890 °C), it
tends to evaporate at high sintering temperature, the equilibrium
was destroyed and PbTiO3 decomposes to TiO»> and PbO, as
shown in Egs. (4) and (5):
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Fig. 6. Microstructure of BYPT; ceramic.

PbTiO; 2% “Ti0, + PbO )
What is more, because BipO3 has a low melting point (820 °C),
unstable perovskite BiYbO3; will decompose to YboO3 and
Bi»03. At last, the evaporation of PbO and Bi,O3 leads to
exessive TiO, and Yb,O3, these two oxides are reacting at
temperature higher than 900°C and form stable Yb,TipO7
pyrochlore phase, as shown in Egs. (6)—(8):

. 820°C.... 820°C .. 3
BiyO3(s) <—Bi;03(g) <—2Bi(g) + EOz(g) (6)
BiYbO3 2% “Yb,05 + BiyOs )
2TiOy + Ybr03 22 CYb,Tir 07 (8)

Yb,Ti;O7 has different grain shape comparing to the BYPT
matrix grains. Fig. 6 shows the SEM photograph of BYPT>
ceramics. The microstructure is composed of two types of grains.
One type is irregularly shaped grains, the other is faceted rhom-
bohedral grains. The elements content of two types of grains are
determined by an energy-dispersive X-ray spectroscopy (EDS).
The results are shown in Table 2. It is apparent that the rhombo-
hedral grains are Yb, TioO7 pyrochlore grains and the irregularly
shaped grains are BYPT matrix grains with perovskite structure.

Fig. 7 shows the SEM photographs of BYPT ceramics sin-
tered at 1140 °C. It can be seen that the sintered specimen is
homogeneous and the fracture is intergranular. The microstruc-
ture of BYPT; and BYPT, are more uniform, the ceramics are
sintered effectively with well-developed grain. An average grain
size of ~2 um is observed, as seen in Fig. 7(a) and (b), respec-

890°C 890°C 1 tively. The average grain size decreases from 1.98 pmto 1.07 wm

PbO(s) <— PbO(g) <— Pb(g) + 5 0a(g) (4 ey Nedieraste b W
2 with increasing BiYbO3. It seems that BYPT3; and BYPT,4 sam-

Table 2
The element content of different grains in BYPT, ceramics.
Atomic (%) (0] Ti Yb Pb Bi Total
Spectrum 1 61.90 18.85 0.76 17.53 0.93 100.00
Spectrum 2 63.98 19.02 16.15 - 0.85 100.00
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(c) BYPT;

(d) BYPT,

Fig. 7. The SEM photographs of BYPT ceramics sintered at 1140 °C.

ples are not dense, the grain boundaries are not clearly seen and
some pores exist.

Fig. 8 shows the room temperature dielectric response as a
function of BiYbO3 content. The dielectric constant € increases
and then decreases with increasing BiYbO3 content, while
dielectric loss tan § shows the opposite trend. The dielectric con-
stant ¢ varies in the range of 100-700, and the dielectric loss tan &
is less than 4%. The BYPT ceramics with 0.10 mol BiYbO3 has
the optimum dielectric properties, ¢ is 660 and tan § is 0.017.
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Fig. 8. The dielectric properties of BYPT ceramics at room temperature.

Fig. 9 shows the dielectric properties of BYPT ceramics as
a function of temperature using a measurement frequency of
1kHz. For BYPT| sample, the dielectric constant can be seen
to slowly increase with increasing temperature from 130 °C to
500 °C. Then the dielectric constant subsequently increases as
temperature rises higher than 500 °C, exhibiting a relatively
sharp dielectric peak near 530 °C. This transition corresponds
to the ferroelectric—paraelectric phase transformation at the
Curie temperature. For higher BiYbOs3 contents (x> 0.05), the
dielectric peaks are significantly wider, suggesting diffuse phase
transition characteristic. It can be seen that the dielectric loss
decreases from 500 °C to 540°C, reaching a minimum, and
increasing subsequently. The value of tan § is found to become
very large at high temperatures, indicating space charge polar-
ization and associated ionic conductivity.

Fig. 10 shows the variation of Curie temperature 7, and
the piezoelectric constant d33 as a function of the content of
BiYbOs3. It can be found that d33 decreases from 28 to 12 pC/N
with increasing amount of BiYbO3. For lead-based perovskite
compounds, the pyrochlore phase can deteriorate dielectric
and piezoelectric properties seriously. Because the amounts of
Yb,Ti;O7 pyrochlore phase increase with increasing content of
BiYDbO3, this results in a decrease of d33. As can be seen, the
Curie temperature 7, increases firstly and then decreases with
increasing amount of BiYbOs3. The optimized values for d33 of
18 pC/N and T¢ of 590 °C are obtained for BYPT, ceramic.

In addition to measurements at room temperature, the piezo-
electric activity was also studied as a function of temperature.
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Fig. 11. Effect of annealing temperature on the piezoelectric coefficient d33 of
BYPT ceramics.

The thermal-depoling behavior of the BYPT samples was shown
in Fig. 11, in which piezoelectric constant d33 are plotted against
the annealing temperature. The d33 of the BYPT| sample was
stable up to 480 °C, and dropped rapidly above 500 °C, while
the sample was fully depoled at 530 °C. The d33 values of the
BYPT,, BYPT3, and BYPT4 samples were stable up to 500 °C,
above which these samples still maintained a significant piezo-
electric activity at 550 °C with a relative decrease of coefficients
smaller than 40%. They were fully depoled at temperatures
between 570 °C and 600 °C.

It is worth noting that the BYPT, ceramics present piezo-
electric coefficients significantly and can also maintain the
piezoelectricity up to a temperature of 550 °C. Also, depoling
occurs well below the Curie temperature at 590 °C, and so it
could be possible to increase the temperature range of piezo-
electric activity.

4. Conclusions

The microstructure and electrical properties of xBiYbO3—
(1 —x)PbTiO3 (BYPT) ceramics were investigated. The results
show that the proper calcining temperature is 860 °C and the
optimum sintering temperature is 1140°C. It is difficult for
BYPT ceramics to obtain phase-pure perovskite structures.
There are perovskite and YbyTipO7 pyrochlore phases coex-
isting in the BYPT ceramics because of the evaporation of
PbO and BiyOs3 at high temperature. With increasing BiYbO3
content, the pyrochlore phase Yb,TioO7 increases, which dete-
riorates the piezoelectric constant d33. The dielectric constants
at room temperature were in the range of 100-700 and dielec-
tric loss less than 4%. The Curie temperature 7, increases firstly
and then decreases with increasing BiYbO3 content. Thermal-
depoling studies demonstrated that d33 was stable up to 550 °C
in 0.1BiYbO3-0.9PbTiO3. Therefore, a combination of high T,
stable d33, and high thermal-depoling temperature indicates that
0.1BiYbO3-0.9PbTiO3 is a very promising material for high-
temperature (up to 550 °C) piezoelectric applications.
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