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Abstract

Traditional Pb(Mg,;;Nb,;;)O5-PbTiO; based relaxor

ferroelectrics

have attracted much attention. However,

the relatively low T,, restricts their application in the high temperature range. In the present study, a novel
(0.8-x)Bi(Mg, ,Ti;,)O5-xPbTi05-0.2PbZrO; ((0.8-x)BMT-xPT-PZ) relaxor ferroelectric based on the high temperature
BMT-PT piezoelectrics was designed. All samples exhibit pure perovskite structures and the phase structures show a
gradual transition from relaxor rhombohedral (R) to normal tetragonal (T) phases via the morphotropic phase boundary
(MPB) in the composition range x =0.36—0.39. The dielectric relaxation behavior can be observed in all samples although
a spontaneous normal-relaxor ferroelectric transformation is observed in the T phase region. The x=0.38 sample exhibits
the optimal overall electrical properties with the ds; value of 325 pC/N, the k,, value of 0.38, the T,, value of 290 °C.
The results indicate that the present studied ternary system has a good potential as high temperature relaxor ferroelectrics.
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1 Introduction

There has been increasing interest in relaxor ferroelectrics in
the past few years owing to their interesting physical proper-
ties from an application point of view [1-4]. Relaxor ferro-
electrics show particular features that different from normal
ferroelectrics, characterized by the diffuse phase transition
with broad peak of dielectric constant, as well as the signifi-
cant frequency dependence of the dielectric response, which
shifts towards higher temperature with increasing the mea-
surement frequency [1, 5]. Currently, the dominating studies
on relaxor ferroelectrics are focused on the solid solutions
that composed of the relaxor Pb(B;B;)O; and ferroelectric
PbTiO; (PT), such as Pb(Mg,;,;;Nb,;3)O;3-PbTiO; (PMN-
PT), Pb(Zn,;Nb,,;)O5-PbTiO; (PZN-PT). These materi-
als show high dielectric constants, high electrostriction
coefficients and large piezoelectric coefficients. Unfortu-
nately, the temperature of the maximum dielectric constant
(T,,) of mostly Pb-based perovskite relaxors ferroelectrics
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is about 140-175°C [6], which is not high enough to use
these materials in high temperature fields such as automo-
tive, acrospace, and related industrial applications that need
wide working temperature range. A series of high Curie
temperature relaxor ferroelectrics materials are thus devel-
oped based on the binary solid solution between relaxor
Pb(Sc,,Nb,,)O; (PSN), Pb(In,;;,Nb,,,)O; (PIN), and
Pb(Yb,,N,,,)O0; (PYN) and ferroelectric PT and the ternary
system Pb(In;,Nb,,)O0;-Pb(Mg;;;Nb,;;)O5-PbTiO; (PIN-
PMN-PT) [6-10]. These materials possess relative high
Curie temperature on the order of 260-350 °C and excellent
electrical properties near the morphotropic phase boundary
(MPB) composition.

The recent discovery of high temperature piezoelec-
tric materials based on the solid solution between primary
(or complex) Bi-based perovskite structure (Bi(Me)O; or
Bi(B’B”’)O;) and ferroelectric PbTiO, end members should
provide another strategy to develop high-temperature relaxor
ferroelectric materials [11, 12]. Bi(Mg,,,Ti;;)O5-PbTiO4
is a typical high Curie temperature ferroelectric system,
which exhibits higher ferroelectric-paraelectric phase tran-
sition temperature up to 478 °C with composition near the
MPB [13]. However, no obvious dielectric frequency dis-
persion behavior existed although the system shows obvi-
ous broad dielectric maximum. It is widely accepted that
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the polarization in relaxor ferroelectrics is associated with
the behavior of the polar regions in the materials, i.e., polar
nanoregions (PNRs). Randall et al. have found that the
domain structure of the rhombohedral phase BMT-PT con-
sists of dark and white regions of polar microdomain struc-
ture with a domain size ~ 50nm, which is much higher than
the size of the PNRs in the traditional Pb-based relaxors but
smaller than the size of the macrodomain in the tetrago-
nal BMT-PT [13]. In addition, these microdomains should
also have a frozen-in polarization rather than dynamic state
owing to the absence of the frequency dispersion of the
dielectric data. Therefore, this behavior of broadening of
the dielectric peak without frequency dispersion should be
indicated as diffused phase transition (DFT) (an intermedi-
ate state between normal and relaxor ferroelectrics) and it
is expected that the dielectric relaxation behavior can be
induced by introducing the heterogeneous ions [14].

In this study, a ternary Bi(Mg, ,Ti,,)O5-PbTiO;-PbZrO;
(BMT-PT-PZ) system is introduced. Comparing with other
BMT-PT-based systems, PZ has the relatively high Curie
temperature and the large spontancous polarization within
subcell. These characteristics would be beneficial for obtain-
ing high-temperature relaxor ferroelectric ceramics. All
compositions show relatively high Curie temperature and
the obvious dielectric relaxation behavior can be observed
in both rhombohedral and tetragonal phase regions. In
addition, a spontaneous normal-relaxor ferroelectric trans-
formation can be detected in some compositions near the
tetragonal phase region. The phase transition behavior and
the corresponding evolution of various electrical properties
were systematically investigated.

2 Experimental

The ternary (0.8-x)Bi(Mg;;Ti;,)O05-xPbTiO;-0.2PbZrO,
((0.8-x)BMT-xPT-PZ) ceramics (x=0.31-0.45) were pre-
pared by the conventional mixed-oxide techniques by using
the reagent-grade metal oxides and carbonate powders of
PbO, Bi,0;, TiO,, ZrO, and (MgCO;),.Mg(OH),.5H,0 as
the starting raw materials. These powders were ball milled
with ZrO, balls for 4 h using ethanol as the medium. After
drying, they were calcined at 835 °C for 4 h and then ball
milled again for 6 h with the addition of PVB binder. The
powders were pressed into pellets 10 mm in diameter and
0.8—1.2 mm in thickness under uniaxial pressure. All pellets
were sintered in air in the temperature range of 1025-1125
°C for 2 h. For electrical measurements, silver paste was
painted on major sides of the samples and fired at 550 °C
for 30 min.

The phase structure of the sintered samples was identified
by X-ray powder diffractometer (XRD, D/MAX2500VL/
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PC, Rigaku, Tokyo, Japan). The scanning rate of the full
pattern (20 range from 20° to 80°) was 4° min~!. The
Microstructure was observed by using a scanning electron
microscope (SEM, JEOL JSM-6490LV, Tokyo, Japan).
Temperature dependence of dielectric constants at various
frequencies were measured by an LCR meter (E4980A)
connected to a computer automatic measurement. The fer-
roelectric hysteresis loops and the strain versus electric field
curves were measured at room temperature using a ferro-
electric tester (Precision LC, Radiant Technologies Inc.,
Albuquerque, NM) connected with a laser interferometric
vibrometer (SP-S 120, SIOS technik GmbH, Germany). The
piezoelectric coefficient d;; and electromechanical proper-
ties k, were measured by a Belincourt meter (YE2730A,
Sinocera, Yangzhou, China) and an impedance analyzer
(PV70A, Beijing Band ERA Co. Ltd., Beijing, China),
respectively. The poled samples were annealed at different
temperature for 5 min and the d33 values were then mea-
sured again after being cooled to room temperature.

3 Results and discussion

Figure 1 shows the SEM images of (0.8-x)BMT-xPT-0.2PZ
ceramics with selected x content sintered at 1070 °C. All
samples are well densified with little pores and the average
grain size shows a slight increase with the addition of PT
from ~3.5 um at x=0.31~6.6 to pm at x=0.45. However,
in the studied composition range, the grains are well devel-
oped and closely compacted, the grain size distribution is
uniform and the grain boundary is clear in all samples.
Figure 2(a) shows the room temperature x-ray diffraction
patterns of (0.8-x)BMT-xPT-0.2PZ ceramics in the two-
theta range of 20-60°. All samples exhibit a pure perovskite
structure without any secondary phases. However, a distinct
phase structure change can be observed with changing the
PT content. A pure rhombohedral (R) phase characterized
by the single (200); peak can be observed as the x content
is below 0.36, whereas, a pure tetragonal (T) phase charac-
terized by an obvious (200),,, doublet corresponding to the
(002)1 and (200) reflections can be observed as x >0.39. As
a result, the morphotropic phase boundary (MPB) between
the R and T phases is identified in the composition range
of 0.36<x<0.39. To estimate the phase structure evolu-
tion within MPB, enlarged XRD patterns of samples with
0.36<x<0.39 in the 20 range of 44-46° fitted by the Peak-
fit software package are shown in Fig. 2(b). Three peaks
corresponding to the (200)y, (200); and (002); from low
angle side to high angle side, respectively, can be obtained,
confirming the coexistence of the R and T phases in this
composition range. The evolution of lattice parameters and
the corresponding lattice distortion is shown in Fig. 3. It
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Fig. 1 SEM micrographs of natu-
ral surface in (0.8-x)BMT-xPT-
0.2PZ ceramics sintered at 1075
°C: (a) x=0.33, (b) x=0.35, (c)
x=0.38, (d) x=0.40

(b) * Rawdata

Intensity (a.u.)

[N N

x=0.31 k ),
20 30 0 50 6044 45 46
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Fig. 2 (a)The room temperature XRD data of (0.8-x) BMT-xPT-0.2PZ
ceramics as a function of x, and (b) the evolution of {200} reflections
within the MPB.

can be seen that ap axis of R phase shows little composition
dependence, whereas, both a; and ¢y axes in T phase change
drastically with varying x once the T phase is appeared.
As x>0.36, the increase of x induces a drastic increase of
cr axis but an obvious decrease of a; axis, leading to the
monotonous increase of tetragonality (c/a ratio). This can be
confirmed by the continuously enlarged splitting between
(002) and (200); reflections as shown in Fig. 2(a).

Figure 4 shows the temperature dependence of dielec-
tric constant and loss tangent of (0.8-x)BMT-xPT-0.2PZ.
The corresponding phase diagram is shown in Fig. 5. With
increasing x, T,, value exhibits a slight increase from ~270

& - 1
—

°C at x=0.31 to ~360 °C at x=0.45. Most importantly,
the T, value of MPB compositions is near 300 °C, which
is much higher than that of Pb-based relaxor ferroelectric
MPB compositions. In the R phase region (x<0.35), the
dielectric behavior of these specimens exhibits the proto-
typical relaxor characteristics with strongly diffuse phase
transition and the frequency dispersion behaviors. It should
be noted that these sample show a relatively high temper-
ature of the dielectric maximum (Tm) large than 270 °C,
which increases monotonously with increasing the PT con-
tent. This temperature is much higher than the T, value in
traditional Pb-based relaxor ferroelectrics. Similar to the R
phase region, all samples in MPB (x=0.36-0.39) also show
broad dielectric peaks as well as an obvious frequency dis-
persion near T,,. However, once the R phase is disappeared
(x=0.40), an extra dielectric peak can be observed in both
g,-T and tan 6-T curves. It can be seen from Fig. 4(d-f) that
there exists a critical temperature below T, characterized
by the sharp increase of dielectric constant similar to that
of observed ferroelectric-paraelectric phase transition in
normal ferroelectrics. This temperature is indicated as Ty,
where the subscript fr is designated to imply the sponta-
neous transformation from a normal ferroelectric phase to
relaxor [15, 16]. As temperature is below Ty, no dielectric
dispersion is observed similar to that of temperature depen-
dent dielectric behavior in normal ferroelectrics. It should
be noted that pronounced dielectric dispersion near the T, is
still existed although these sample exhibits a single T phase
at room temperature. Also, there exists the rapid increase
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Fig. 3 The evolution of lattice
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in the temperature dependent of dielectric constant, corre-
sponding to the Ty, that defined above. As can be seen, T,
shows frequency independent and only changes with the
variation the PT content. In addition, although both Ty and
T,, increase with increasing the PT content, simultaneously,
they tend to merge into a single one. The extent of rapid
increase in the relative dielectric constant at Ty, is crescent
as the PT content increases. Such phenomenon is similar to
that of La-modified tetragonal Pb(Zr,Ti)O; and PZ modified
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T (OC) 400
BMT-PT [17, 18]. Besides the simply perovskite structure,
the phenomenon is also observed in some complex ternary
and quaternary PZT-based systems [15, 16]. Therefore, it
is believed that the mechanism of the spontaneous relaxor-
normal ferroelectric transformation in the present studied
compositions should be similar to that of complex ternary
and quaternary PZT-based systems.

Relaxor ferroelectrics are generally characterized by the
broad maximum of the temperature dependent dielectric
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Fig.5 The phase diagram of (0.8-x)BMT-xPT-0.2PZ ceramics
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relax
constant (i.e., diffuse phase transition) as well as the strong
dielectric dispersion. The temperature-dependent dielectric
constant of these materials deviates from the Curie-Weiss
law but follows the modified Curie-Weiss law in the vicin-
ity of T, which can describe the diffuseness of the phase
transition [19].

=" 1<y<2 (1)

where C is the Curie constant, and the parameter y gives
information on the degree of diffuseness, ranging from 1 for
a normal Curie-Weiss law to 2 for a complete diffuse phase
transition. The calculated y is shown in Fig. 6. With increas-
ing the PT content, y value tends to decreases gradually. The
phenomenon is similar to the observed dielectric response
in PMN-PT system, where the diffuseness degree of the
materials was decreased with increasing the PT content
[20]. A rapid drop of the y value is observed in the R-rich
side composition, which should be attributed to the phase
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Fig.7 (a) The bipolar P-E loops and (b) J-E curves for selected (0.8-x)
BMT-xPT-0.2PZ ceramics and (c) the corresponding evolution of P
P, E, as a function of x

max>®

structure change from single rhombohedral phase to MPB.
By comparison, the y value shows a relatively slow decrease
in the T phase region, possibly because that Tj, is existed in
this composition range.

The parameter AT,,;,, was introduced to characterize the
degree of relaxor characteristics in the frequency range of
1 kHz to 1 MHz, is described as:

ATrelaz =T, - T. (2)

Em(1 MH?z) Em(1kHz)
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Fig.8 (a) The bipolar S-E curives for (0.8-x)BMT-xPT-0.2PZ ceramics and (d) the corresponding evolution of S

It can be seen from Fig. 6 that AT, decreases slowly
in the R phase region and MPB region, indicating that the
samples in these composition ranges is the typical relaxor
ferroelectrics. By comparison, AT,,,, decreases rapidly in
the T phase region with increasing x, possibly because that
relaxor R phase is absent at room temperature, but only
existed in the high temperature range.

The bipolar P-E, J-E curves and the corresponding evo-
lution of the various polarization values, and the bipolar
S-E curves and the corresponding evolution of the various
strain values are shown in Figs. 7 and 8, respectively. In
the R phase region, the samples exhibit typical square-like
P-E loops and the butterfly S-E curves with relatively large
saturate polarization P, remanent polarization P, posi-
tive strain S, negative strain S, and poling strain S, ;. In
addition, as the compositions get closer to MPB, P-E loops
became more rectangular, leading the higher P, values. This
can be attributed to the easier reorientation of polarization
vectors due to the flattening of free energy profile within
MPB [21-23]. However, once the T phase is appeared,
owing to the rapid increase of the c/a ratio of T phase with
increasing X, the coercive field E_ of sample increases rap-
idly even in MPB region, resulting in the rapidly decrease
of not only P, P, values but also the S, .., and S, values.
This indicates that large c/a ratio can strongly restrict the
domain switching [24]. With further increasing x, once the
compositions are divorced from MPB, only unsaturated P-E
loops can be observed possibly because of the high c/a ratio
of the samples. The restriction of domain switching can be
also confirmed by the J-E curves, in which the peak value
of J-E curves decreases rapidly with increasing the c/a ratio.
More importantly, no obvious peak value can be observed
in J-E curves once x> 0.40, indicating that the applied elec-
tric field amplitude is not sufficient to reorient the domain
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switching, i.e., no obvious domain switching occurred.
It also should be noted that only two current peaks in the
whole electric field cycle can be observed for all compo-
sitions, indicating that the composition modulated relaxor
ferroelectric should be nonergodic relaxor state. This can be
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easily understood by taking into account of their relatively
high T,,..

Figure 9(a) shows the piezoelectric and electromechani-
cal properties of poled (0.8-x)BMT-xPT-0.2PZ samples.
The electrical properties display a strong compositional
dependence. The best electrical property of this system
was obtained at the composition within MPB with x=0.38,
which exhibits a piezoelectric constant ds; of 325 pC/N, a
planar electromechanical coupling factor k,, of 0.38. Tem-
perature stability of piezoelectric properties for the opti-
mized ceramic composition is shown in Fig. 9(b). It is worth
noting that d,; values decrease only slightly with increas-
ing the annealing temperature until T>200 °C, beyond
which they decrease relatively fast possibly because that the
sample undergoes the Ty. Although the dielectric anomaly
corresponding to Ty, in this sample is smear, it still can be
speculated according to the variation trend of Ty. The simi-
lar deterioration of d;; value can be also observed in PMN-
PT based relaxor ferroelectrics because that the sample
would undergo Ty_r [25]. However, the Ty_1 is only 100°C,
which is far below the Ty, in the presently studied composi-
tion. According to the aforementioned results, the present
studied ternary system has a potential as high temperature
relaxor ferroelectrics.

4 Conclusion

The phase transition behavior and the various electrical
properties of (0.8-x)BMT-xPT-PZ ceramics were inves-
tigated in detail. The samples exhibit an obvious phase
transition from R phase to T phase with increasing PT con-
tent, which is accompanied by a relaxor-normal ferroelec-
tric transition. The R-T coexisted MPB is identified in the
composition range of range x=0.36-0.39, and the x=0.38
sample with the protypical characteristics of relaxor fer-
roelectric exhibits the optimal overall electrical properties
with the ds; value of 325 pC/N, the k;, value of 0.38, the T,
value of 290 °C. The results indicate that the present stud-
ied ternary system has a good potential as high temperature
relaxor ferroelectrics.
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