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Abstract

Ceramics in the (1 — x)Bi(Mg;,, Ti;»)O3-(x)PbTiO3 system with x = 0.38, 0.40 and 0.42 have been processed by conventional sintering from ceramic
powders synthesised by one step, direct solid-state reaction of the constituent oxides at 900 °C. Coexistence of rhombohedral and tetragonal phases
was observed for the three compositions, in good agreement with the very recent report of a morphotropic phase boundary (MPB) in the system
at x ~ 0.37. The microstructure was characterised, and dielectric properties as a function of temperature and frequency were studied. Permittivity
presented two maxima with temperature at 300400 °C and ~600 °C. The dielectric anomalies were observed both on heating and cooling and
showed hardly any dispersion. Therefore, they are most probably associated with phase transitions, the one at a higher temperature associated with
the ferroelectric to paraelectric phase transition. Ceramics were poled and piezoelectric properties were studied, also as a function of temperature.
Poling fields up to 5kV mm~' could be applied, and room temperature ds; values between 100 and 166 pC N~! were achieved, depending on
composition and sintering temperature. Depoling was found to occur well below the Curie temperature, between 200 and 300 °C, also depending
on sintering temperature. This composition system seems promising for electromechanical transduction in the intermediate range of temperatures

between 200 and 300 °C and has the potential of reaching higher temperatures because of its Curie temperature at ~600 °C.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Currently, the most used piezoelectric material for opera-
tion at high temperature is quartz (SiO;), in the form of single
crystal.! Its advantages are high resistivity and practically tem-
perature independent properties in certain cuts (SC, AT, FC,
IT, BT, and RT). However, piezoelectric coefficients are low
(d11 =2.3pCN~1), and the maximum working temperature is
limited to 350°C.2 As one of the alternatives, ferroelectric
ceramic materials with high Curie temperature that maintain
a stable piezoelectric activity up to high temperatures are under
active research.

Ferro-piezoelectric ceramics are the dominant technology
for room temperature (RT) electromechanical transduction. It
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is well known that a high piezoelectric activity is achieved
in lead zirconate titanate (PZT) ceramics at the morphotropic
phase boundary (MPB PZT). This is a composition around
which three phases with different distortion of the perovskite
structure (thombohedral, tetragonal and monoclinic) exist. The
high piezoelectric activity originates from a mechanism of
polarization rotation among the different phases. Values of
the piezoelectric coefficient d33 of ~400pC N~! are obtained
for MPB PZT.? The most widely used piezoelectric materials
are various types of doped PZT, whose piezoelectric activity
is further enhanced by compositional modification. Commer-
cial piezoceramics, with highest d33 values in the range of
400-600 pC N~! for soft PZT (donor doping), operate at maxi-
mum temperatures of 200-250 °C.3 Promising results have been
also obtained for single crystals of other systems with MPBs,
such as Pb(Inj»Nbi)03-PbTiO3*, with Tc ~260°C (lower
than PZT), and Pb(Yb/2Nby2)03-PbTiO3,> with Tc ~ 350 °C,
but for which piezoelectric activity vanishes at ~170°C.°
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Other lead containing, yet non-MPB, materials with higher
Tc have been considered and are used as alternatives. One
example is lead titanate, PbTiO3 (d33 = 56 pC N~ !, Tc =490 °C),
commercially available with lanthanum, samarium and calcium
doping that enhances the piezoelectric properties but reduces its
operating temperature.>’~® Another example is lead metanio-
bate, PbNb;O¢ with tungsten-bronze structure. It has acceptable
piezoelectric properties (d33=85pCN~!), but still relatively
low operating temperature (Tiax ~ 300 °C).2

There is an increasing demand for materials for operation
at higher temperatures (300-500°C),'" and bismuth-layered
structure ferroelectrics (BLSF) are good candidates because of
their very high Curie temperature. These materials have as gen-
eral formula (BipO2)(A;—1B;03,+1) and their crystalline struc-
ture is built by alternating [Bi»O,]** and n pseudo-perovskite
layers.'"'2 The major component of the spontaneous polariza-
tion lies in the a—b plane of the perovskite-like layers. Piezo-
electric activity at 500 °C (d31 =2.1 pC N-L kp =2.9%) has been
recently reported in (SrBioNb>QOg)g 35(Bi3 TiNbOg)g.65 compo-
sitions (Tc=760°C).13 Some of these compounds, such as
Nag 5Big 5TigO15 (Tc=600°C, d33=18 pC N1 at RT)2 and
PZA46 from Ferroperm Piezoceramics A/S (maximum use tem-
perature of 550 °C),? are commercially available and are used in
accelerometers operating at high temperature. High conductiv-
ity that makes poling difficult and limits the performance at the
highest temperatures is an issue for a number of bismuth lay-
ered structure ceramic materials, mainly when they are highly
textured.

Recently, new ferroelectric perovskite morphotropic phase
boundary (MPB) materials with the ferroelectric to paraelectric
phase transition at temperatures exceeding that of PZT, have
started to be investigated.'* Promising results have been
obtained for the system (1 —x)BiScO3z-xPbTiO3. Ceramics
around the MPB at x = 0.64 present values of d33 =460 pCN~!,
and have a T¢ of 450 °C." Ultrahigh piezoelectricity was also
found for rhombohedral single crystals with x=0.57, which
presented a dz3 of 1150 pC N—! and a T¢ of 402°C. It was
also shown!© that piezoelectric activity was maintained up to
340 °C.MPBs in other systems such as (1 — x)Bi(Ga,4Sc3/4)O03-
xPbTiO3 (with d33(max) =124 pCN~! and Tc =465-510°C)!7
and (1 — x)(Bi,La)(Gag o5Fen.95)03-xPbTiO3 (with
d33(max)=295pC N~ and Tc=264-386°C)!® have been
reported. However, the potential applications of these systems
are limited by the high cost of Sc,O3 and Ga;O3 precursor
oxides, and alternatives with a lower cost are desired.

In a very recent work,!® Randall et al. have studied the
existence of a MPB for the system (1 —x)Bi(Mg,2Tij;2)O3-
(x)PbTiO3, and stated its presence as having a composition range
between x=0.36 and 0.38. For processing, they used a two-step
route for the synthesis of the ceramic powders. MgTiO3 was first
formed by solid-state reaction of MgCO3 and TiO; at 1400 °C,
and then reacted with Bi»O3, PbCO3 and additional TiO, for
obtaining Bi(Mg1/,Tij/2)O3-PbTiO3 in a second step. Sintering
was also accomplished in two steps, where successive conven-
tional and pressure assisted thermal treatments were applied for
obtaining the ceramics. These presented a core-shell domain
microstructure within a grain that suggested the presence of a

Bi(Mg1,2Tij/2)O3 rich core surrounded by a PbTiOs rich shell.
It was believed that this microstructure limited the piezoelectric
activity of the ceramics. In the same work, they also established
the ferro-paraelectric phase transition to be at 478 °C (slightly
higher than that for MPB (1 — x)BiScO3-(x)PbTiO3). Maximum
values of d33 =225pC N~! were obtained, but the dependence
of the piezoelectric properties on temperature was not studied.
We report here a study of the processing of this new system
by using a simpler route. This consisted of synthesising the pow-
ders by a one step, direct solid-state reaction of the constituent
oxides, and of sintering the ceramics also in a single step without
using pressure. Besides characterising the dielectric properties
as a function of temperature and frequency, we also studied for
the first time the piezoelectric properties as a function of tem-
perature, and therefore identified the depoling temperature and
assessed the potential for high temperature applications.

2. Experimental procedure

(1 —x)Bi(Mg1,2Tij/2)03-(x)PbTiO3 ceramic powders were
synthesised by one step, direct solid-state reaction of the con-
stituent oxides. PbO, TiO,, Bi;O3 and MgO were weighed out
and mixed in water. After drying, the powder was calcined at
900 °C for 2 h and subsequently ball-milled to a median particle
size of ~2 wm, as determined by laser scattering (Malvern Mas-
terSizer E, Malvern Instruments Ltd). A binder was added prior
to spray drying and pellets were pressed uniaxially at 100 MPa
to a green diameter of 18.5 mm. Sintering was carried out for
2h at 1000 and 1100 °C. Sintered ceramics presented values
of density of ~95-97% of the theoretical ones, density being
slightly higher for samples sintered at 1000 °C than for those
sintered at 1100 °C. Experimental values were obtained by the
Archimedes’ method, while theoretical ones were obtained from
the X-ray diffraction data.

Perovskite phase formation and second phases were deter-
mined by Bragg—Brentano X-ray diffraction (XRD) with
a Siemens D500 powder diffractometer, Cu Ko radiation
(1.5418 A) using a scanrate of 1 x 1072°20 s~ ! in the 20-50°26
range. Slow scans at 2 x 1073°20 s~ ! were accomplished across
the split (2 0 0) diffraction peak of the prototype cubic perovskite
in order to study its distortion and to assess the existence of a
MPB. Split peaks were deconvoluted with the profile tool of the
Siemens DIFFRAC AT V3.3 by using pseudovoigt functions.?’

Samples for microstructural characterisation were prepared
by polishing one surface of the as sintered ceramics with Al,O3
suspension up to 0.1 wm, and by thermal etching at 900°C
(for 15 min) and quenching for revealing the grain structure.
Optical microscopy (OM) and scanning electron microscopy
(SEM) after carbon coating were used for characterising the sam-
ples. SEM was carried out with a 960 Zeiss SEM apparatus at
20kV accelerating voltage. X-ray energy-dispersive spectrom-
etry (EDXS, Link Isis, Oxford) was also accomplished in the
SEM for compositional analysis.

The temperature dependence of the dielectric permittivity
and losses was measured by impedance spectroscopy with a
HP4194A analyser at several frequencies between 1kHz and
1 MHz, and up to 900 °C. Measurements were accomplished on
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Fig. 1. XRD patterns for 0.60Bi(Mg;/2Tii/2)03-0.40PbTiO3 ceramics sintered at 1000 and 1100 °C perovskite peaks. Miller indexes referred to the parent cubic
phase. Inset: slow scan XRD patterns across the split (2 00) diffraction peak of the prototype cubic perovskite for the ceramic sintered at 1100 °C.

ceramic discs after removing at least 0.4 mm from each side,
and on which Pt electrodes were painted and sintered at 700 °C.
The experimental set-up for the temperature control is described
elsewhere.?! 1°Cmin~! heating and cooling rates were used.

Analogous discs, though with Ag electrodes deposited by
screen printing, were used for poling. Electric fields up to
5kVmm~! were applied for 5min at 100°C. These field
and time conditions were the highest that could be applied
without causing dielectric breakdown. Piezoelectric d33 coef-
ficients were measured by the direct piezoelectric effect with
a Berlincourt-type meter at 100 Hz. Piezoelectric d3; coeffi-
cients as a function of temperature were obtained by analysis
of the piezoelectric radial resonances of the discs by an auto-
matic iterative method described elsewhere.?> This method has
been widely used in the characterisation of an ample number
of ceramics, such as modified lead titanate,® commercial soft
PZT? and BLSE."?

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns for
0.60Bi(Mg1,2Tij2)03-0.40PbTiO3  ceramics sintered at
1000 and 1100°C. The dotted lines are the patterns for the
ceramics before any lapping, i.e. of their surface, while the
solid line is the pattern for the ceramic sintered at 1100 °C after
lapping, i.e. after the surface has been removed and so, of the
bulk. Results indicate that a second phase has been formed at
the surface, its amount being higher for the ceramics sintered at
1000 °C than for those sintered at 1100 °C. They also showed
that the bulk is virtually free of these second phases and that
a perovskite phase as reported in ref. ' has formed. The inset
in Fig. 1 shows the slow scan patterns across the split (200)
diffraction peak of the prototype cubic perovskite for both

the surface and bulk of the ceramic sintered at 1100 °C. This
peak was not split for the surface but it was split into three
peaks for the bulk, which indicated the presence of a gradient
of perovskite distortion within the ceramic. The perovskite at
the surface, in coexistence with the second phase, seems to
be rhombohedral, i.e. shifted towards Bi(Mg;,»Tij2)O3, while
the perovskite in the bulk, free of second phases, presents
coexistence of rhombohedral and tetragonal phases as expected
according to ref. '°. Analogous results were obtained for the
other two compositions.

EDXS measurements were carried out on samples before and
after lapping for studying the composition of the second phases
at the surface. It was found that the surface was Bi-rich and
Mg-deficient as compared with the bulk, the difference being
higher for samples sintered at 1000 °C than for those sintered
at 1100 °C, i.e. directly related to the amount of second phases
observed by XRD. Significant differences between the compo-
sition of the bulk of samples sintered at the two temperatures
were not found.

Fig. 2a shows the slow scan pattern across the split
(200) diffraction peak of the prototype cubic perovskite for a
0.60Bi(Mg1/2Ti1/2)03-0.40PbTiO3 ceramic sintered at 1100 °C
(bulk), and the fit of the pattern to three peaks with pseudo-Voigt
type functions. According to ref. ! the peak at 45.5°20 is the
(200) of the rhombohedral structure, and the peaks at 44.5 and
46°26 are the (002) and (2 00) of the tetragonal phase, respec-
tively. This was observed for the three compositions and two
sintering temperatures and confirms the coexistence of rhom-
bohedral and tetragonal phases, and thus the existence of a
MPB in the (1 — x)Bi(Mg1,2Ti1/2)O3-(x)PbTiO3 system around
the compositions studied. The ratio between the intensity of
the rhombohedral (200) diffraction peak and the tetragonal
(002)/(200) ones, r=Ir-200)/IT-(002) + IT-(200)), Obtained from
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Fig. 2. (a) Slow scan XRD pattern across the split (200) diffraction peak of
the prototype cubic perovskite for a 0.60Bi(Mg;/, Ti/2)03-0.40PbTiO3 ceramic
sintered at 1100 °C (bulk). The fit to three pseudo-Voigt type functions is also
given; (b) ratio between the intensity of the rhombohedral (200) diffraction
peak and the tetragonal (00 2)/(2 00) ones, obtained from the fits.

the fits is given in Fig. 2b as a function of composition and
sintering temperature. This ratio is a measure of the relative
percentages of rhombohedral and tetragonal phases. The ratio
decreased when the PT content increased as expected. It also sig-
nificantly increased with the sintering temperature, which seems
to suggest problems in the incorporation of Bi(Mgi,2Ti12)O3
into the structure, this being easier the higher the temperature.
This is likely to be associated with the appearance of Bi-rich
second phases at the surface.

Fig. 3 shows OM images of polished surfaces for all
(1 —x)Bi(Mg1/2Ti12)O03-(x)PbTiO3 ceramics. It was observed
that porosity increases when the content of PbTiO3 decreases,
and when the sintering temperature increases. Some degree of
pull-out occurred during polishing that corresponds to the largest
dark features, marked with asterisks in the figure. It was more
significant for the ceramics sintered at 1100 °C than for those
sintered at 1000 °C, and is thought to be related with second
phases as will be shown in Fig. 4. This shows SEM images of
the same surfaces after thermal etching for revealing the grain
structure. The ceramics mainly consist of equiaxed grains in
which clusters of platelet-like grains are embedded. Point EDXS
showed that the platelet-like grains are Bi-rich and Mg-deficient
as compared with the equiaxed grains. This suggests that the

platelet-like grains are the second phases observed at the surface
by XRD while the equiaxed grains are the perovskite phase. The
platelets have a typical Aurivillius-type structure grain morphol-
ogy, which is also consistent with a composition rich in Bi.>*
The platelet clusters are pulled out during polishing, giving rise
to the large cavities observed by OM. The number of these clus-
ters increased when the PT content decreased, and their size
increased with increasing sintering temperature. The size of the
perovskite grains did not change with composition but increased
with the sintering temperature as can bee seen in the figure.

This structural and microstructural characterisation indi-
cates that there is an issue with the complete incorporation of
Bi(Mg1,2Ti12)O3 into the structure, which is associated with
the segregation of Bi at the surface and the formation of bis-
muth layered perovskite structure second phases. Results also
showed that incorporation is improved by increasing the tem-
perature up to 1100 °C. The difficulty in the processing of the
(1 —x)Bi(Mg1/2Ti1/2)O3-(x)PbTiO3 solid solution was expected
from the tolerance factor of Bi(Mg2Ti12)O3, t, which is given
by the equation:

f— RatRo )

V2(Rg + Ro)

where Rp and Rp are the ionic radius of the ions occupying
the A, B positions, respectively, and Rg is the ionic radius of
oxygen. The relatively small ionic radius of Bi** (Rp; =1.03 A)
in the A position (coordination 12) and the large ionic radius,
mainly of Mg?* (Rug =0.72 A), in the B position (coordination
6), both referred to the general ABO3 perovskite, result in a
small tolerance factor (¢=0.862 for x=0.40). Perovskites with
such tolerance factors are known to be difficult to synthesise
and second phases often appear.'* For instance, the BiScOs-
rich edge of the BiScO3-PbTiO3 solid solution, with tolerance
factors as low as t=0.78 for BiScO3, can only be synthesised
with high-pressure assisted methods.?> This is possibly why, in
their recent work, Randall et al. used a second sintering treatment
under pressure. '

A second issue is probably PbO volatilisation at the surface,
an effect that is more significant, the higher the sintering tem-
perature. This is confirmed by the increase of porosity with
temperature, and by the formation of a rhombohedral perovskite
at the surface at 1100 °C. Nevertheless, and though both effects
have to be taken into account, basically single phase MPB per-
ovskite materials have been obtained for the three compositions
and two sintering temperatures after removing the surface, with
only slight differences in the percentages of rhombohedral and
tetragonal phases, without using pressure assisted techniques.
Properties now presented correspond to such thinned ceramic
samples.

Fig. 5 shows the temperature dependence of the dielectric
permittivity and losses for the MPB Bi(Mg1,,Ti1/2)O3-PbTiO3
ceramics sintered at 1100 °C. Similar results were obtained for
the samples sintered at 1000 °C. Fig. 5a compares the dielectric
permittivity and losses on heating for the three compositions
at 500kHz. Two well-defined maxima with temperature were
observed for all the ceramics. The anomalies were present
both on heating and cooling, and showed hardly any dispersion
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Fig. 3. Optical micrographs of the polished surfaces of Bi(Mg;/,,Ti1/2)O03-PbTiO3 sintered ceramics.

as it is illustrated in Fig. 5b and ¢ for 0.58Bi(Mg1,>Tij2)O03-
0.42PbTiO3. Therefore, both are most probably associated with
phase transitions, the one at a higher temperature associated
with the ferroelectric to paraelectric phase transition that is then
located at ~600 °C. It must be noted that Randall et al.!” only
observed this anomaly for rhombohedral compositions, and
less well-defined, but not for MPB and tetragonal samples and
did not associate it with the ferroelectric transition but to some
unknown phenomena. However, we have observed it for all the
MPB samples studied here involving a number of compositions
and sintering temperatures. The core-shell grain structure
observed in ref. '° could be behind this discrepancy. The broad-
ening of the anomaly could be associated with residual gradients
of composition, but mainly with the disorder that results from
the simultaneous occupation of the A and B sites by two
different cations. The anomaly at a lower temperature is located

at ~350 °C and is most probably associated with a second phase
transition. A similar anomaly has been observed for rhombohe-
dral (1 —x)BiScO3-xPbTiO3 single crystals with x= 0.55%6 and
0.57,16 and attributed to a ferroelectric thombohedral to ferro-
electric tetragonal phase transition. Another possibility could
be a ferroelectric to antiferroelectric phase transition similar
to that reported for (Nag 5Big5)TiO3-BaTiO3.>” Unfortunately
ferroelectric hysteresis loops for our samples could not be traced
at high temperature because of d.c. conduction. This conduction
can be observed in the dielectric losses, and is responsible for
the highly dispersive minimum at low temperatures. The d.c.
conduction has been reported for BiScO3-PbTiO3, though the
mechanism, either ionic or electronic, has not been stated.?3
Fig. 6 shows the room temperature piezoelectric coefficient
ds3 as a function of PT content and sintering temperature, after
poling with 5 kV mm™". Ceramics sintered at 1000 °C presented
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Fig. 4. SEM micrographs of polished and thermally etched surfaces of Bi(Mg;/,2Tij2)O03-PbTiO3 sintered ceramics.

ds3 values significantly higher than those sintered at 1100 °C.
Those with x=0.38 could only withstand fields of 4kV mm™!
and a d33 =126 pCN~! was obtained. Ceramics with x=0.40
and 0.42 withstood fields of 5kVmm~! and coefficients of
dy3 =166 and 157 pC N~! were obtained, respectively. Ceramics
sintered at 1100 °C presented d33 values of ~100pC N~! with
little dependence of the PT content. SkV mm™! was the highest
field that could be applied at 100 °C before electrical breakdown.
This is most probably the reason why the highest coefficients
here obtained are slightly below those of Randall et al.,'* where
poling fields as high as 6.5 kV mm™~! could be applied. Values of
dy3 >200pCN~! were reported in ref. !°. The d.c. conductiv-
ity then prevents full saturation to be reached for our ceramics.
This conductivity could originate from minor second phases at
the grain boundaries or point defects in the structure associated
with the issue of Bi(Mg;/2Tij/2)O3 incorporation, or the volatil-
isation of PbO. The piezoelectric coefficients being higher for

ceramics sintered at 1000 °C than for those sintered at 1100 °C
can be explained by the combination of microstructural factors,
most probably the increase in porosity, and the lack of saturation.
Small differences in porosity do not result in large differences
in remnant polarisation and piezoelectric coefficients in satura-
tion, but can cause large differences in piezoelectric coefficients
when non-saturating fields are used, as is the case here.

In addition to measurements at room temperature, the piezo-
electric activity was also studied as a function of temperature
and is reported here for the first time. Fig. 7 shows the tem-
perature dependence of the piezoelectric coefficient d3; for all
the MPB Bi(Mg;2Tij2)O3-PbTiO3 ceramics, expressed as rel-
ative changes from the room temperature values as defined in
Eq. (2):

d31(T) — d31(RT)

Ad3|(T) = &1 (RT) x 100, 2)
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Fig. 5. (a) Dielectric permittivity and losses at 500 kHz as a function of tem-
perature for Bi(Mg1/2Tii/2)O03-PbTiO3 ceramics sintered at 1100 °C on heating;
(b) same magnitudes for ceramics with x=0.42 on both heating and cooling;
(c) same magnitudes for ceramics with x=0.42 at four different frequencies on
heating.

where d31(RT) is the value at room temperature. d3; coefficients
were obtained by analysis of piezoelectric radial resonances of
discs. d31 initially increased for all ceramics up to values that
can be as high as twice the RT value at temperatures between
150 and 250 °C, above which it decreased until complete depol-
ing at temperatures between 200 and 300 °C, mainly depending
on the sintering temperature. Ceramics sintered at 1000 °C still
maintained a significant piezoelectric activity at 300 °C with a
relative decrease of coefficients smaller than 40%, while those
sintered at 1100 °C were fully depoled at 250 °C. Maxima of
piezoelectric coefficients with temperature have been described
for other perovskite MPB systems such as Pb(Mg1,3Nby/3)O3-
PbTi03,%° Pb(Zn1/3Nby/3)03-PbTiO33° and BiScO3-PbTiO320

Fig. 6. RT piezoelectric coefficient d33 as a function of PT content (Poling field:
5kVmm~! except 4kV mm~!").

and associated with the rhombohedral to tetragonal phase transi-
tion, which must be also the case for the system studied here. This
transition has also been proposed to be the origin of depoling
for BiScO3-PbTiO3. The dependence of the depoling temper-
ature on sintering temperature here observed seems to support
depoling being associated with the transition. Zhang et al. have
shown that an increase of PbTiO3 (tetragonal) content in the
BiScO3-PbTiO3 solid solution from 0.552° to 0.5710 produces
an increase of the rhombohedral to tetragonal phase transition
temperature from 301 to 349 °C. For the ceramics here studied,
those sintered at 1000 °C showed incomplete Bi(Mg;,2Ti1/2)03
incorporation as compared with the samples sintered at 1100 °C,
and so are effectively shifted towards the tetragonal PT edge. It
must be said that the rhombohedral to tetragonal phase transi-
tion does not cause depoling for Pb(Mg1,3Nby/3)03-PbTiO3, so
some role of other phenomena, such as d.c. conduction, cannot
be ruled out.

It is worth noting that the MPB Bi(Mg1,2Ti1/2)O3PbTiO3
ceramics sintered at 1000°C present piezoelectric coeffi-
cients significantly higher than lead metaniobate and can
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Fig. 7. Temperature dependence of the relative (to the RT values) piezoelectric
coefficient d3; (closed symbols: sintered at 1000 °C; open symbols: sintered at
1100°C).
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also maintain the piezoelectricity up to a temperature of
300°C. Also, depoling occurs well below the Curie tem-
perature at ~600°C, and so it could be possible to increase
the temperature range of piezoelectric activity. However, a
number of issues need to be addressed and solved, such as
d.c. conductivity that limits the poling fields and prevents
saturation to be reached, and the mechanisms of depoling at
300°C.

4. Conclusions

MPB Bi(Mgi,2Tii;2)03-PbTiO3 has been successfully
processed by conventional sintering (without pressure assisted
techniques) from powders synthesised by one step, direct
solid-state reaction of the constituent oxides. Bi(Mg2Ti12)O3
incorporation is an issue, which is associated with the presence
of Aurivillius type phases at the surface, and it improves by
increasing the sintering temperature from 1000 to 1100°C.
PbO volatilisation is a second issue, and a rhombohedral
Bi(Mg1/2Tiy2)O3 rich perovskite is formed at 1100 °C, also
at the surface. Nevertheless, basically single phase MPB
Bi(Mg;/2Ti1/2)O3-PbTiO3 is formed in the bulk, with slight
differences between the percentages of rhombohedral and tetrag-
onal phases, depending on sintering temperature. This parameter
also affects porosity and grain size that increase with the
temperature.

Dielectric permittivity presented two maxima with tempera-
ture at 300400 °C and ~600 °C. The anomalies were observed
both on heating and cooling and showed hardly any disper-
sion. Therefore, both are most probably associated with phase
transitions, the one at a higher temperature associated with the
ferroelectric to paraelectric phase transition, and the one at a
lower temperature with the rhombohedral to tetragonal phase
transition. This is a discrepancy from previous results by Randall
et al., who reported the Curie temperature to be at a significantly
lower temperature.

Saturation could not be attained during poling because of
d.c. conductivity, though piezoelectric coefficients approaching
those previously reported by Randall et al. were achieved
after poling with 5kV mm™"! at 100°C for ceramics sintered
at 1000°C. These ceramics maintained piezoelectricity up
to 300°C, and depoling occurred above this temperature,
most probably associated with the rhombohedral to tetrag-
onal phase transition. This system is then an alternative to
commercial ceramics operating at the intermediate range of
temperatures between 200 and 300 °C, and has the potential to
reach higher temperatures because of its Curie temperature at
600°C.
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