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ABSTRACT

A new ternary solid-solution piezoelectric ceramic of 0.95Pb(Zr,Ti;_x)O3—0.05Bi(Mn;,»Ti;,2)03 (x =
0.49-0.55) was successfully prepared via a conventional solid-state reaction. The crystal structure was found to
gradually transform from tetragonal to rhombohedral phases with increasing the Zr/Ti ratio. A morphotropic
phase boundary was realized in the proximity of x = 0.51, which exhibited optimum electromechanical
properties of d3; = 275 pC/N, €33 /80 = 1226, k, = 0.53, Qy = 1164, tand = 0.66% and T. = 341 °C as
sintered at a relatively low temperature of 1120 °C. Compared with typical Pb-based complex perovskites such as
Pb(Mn; ;3Nb,,3)O03 and Pb(Mn; /3Sb,,3)03, the substitution of Bi(Mn; ,Ti; /)O3 provides obvious advantages in
both sintering temperature and raw material cost. The achievement of piezoelectric and electromechanical
properties was interpreted by means of a typical model concerning the interaction between defect dipoles and
domains through comparative experiments. The desirable properties of the studied material system suggest a

great potential for high-power device applications.

1. Introduction

Pb(Zr,Ti)O3 (PZT)-based ternary or quaternary piezoelectric cera-
mics have become indispensable functional materials as actuators, ul-
trasonic motors and transducers [1-3]. In order to meet the require-
ment of the miniaturization and high power in practice, the
piezoelectric ceramics are necessary to exhibit high electromechanical
coupling factor (kp), mechanical quality factor (Qn), piezoelectric
constant (d33), Curie temperature (T.) and low loss values.

Until now, a lot of attempts have been made to improve electro-
mechanical properties of PZT based materials [4-7]. However, high Q,,,
k, and ds3 are not easily obtained simultaneously. The most widely
used method to satisfy the above-mentioned requirement is to introduce
acceptor dopants in soft base materials [4-6], such as the substitution of
Fe®* ions for Zr** /Ti** sites in PZT by forming acceptor-oxygen va-
cancy defect dipoles (Fey, r; — V;'). Another main method is via adding
perovskites with B-site multivalence ions [8,9], for example, Pb(Mn;,
3Nb,,3)O3 (PMN) or Pb(Mn, ,3Sb,,3)03 (PMS), to form the pinning of
the domain walls by means of oxygen vacancies as a result of coexisting
Mn?*/Mn®* ions during high-temperature sintering [10,11]. Un-
fortunately, the above composition systems usually need higher sin-
tering temperature than 1250 °C. It is rather difficult to obtain ceramics
based on them with excellent piezoelectric and electromechanical
properties and lower sintering temperatures suitable for the application
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of multilayer piezoelectric devices [10,11]. In addition, the production
cost would be also obviously increased owing to the usage of Nb,Os and
Sb203.

Bi-based perovskites compounds possess good ferroelectric proper-
ties and high T. [12-14]. In addition, the introduction of Bi-based
perovskites into PZT would have a positive effect on the decrease of the
sintering temperature [15]. Bi(Mn; ,5Ti; 5)O3 (BMT) would be expected
to play the same role as PMN and PMS as mentioned. The effect of the
BMT addition on the densification and electrical properties of PZT
ceramics has never been reported in the literatures. In this work, a new
ternary solid solution ceramic of BMT-PZT was prepared by a tradi-
tional mixed-oxide route with a special focus on the variation of di-
electric, ferroelectric and electromechanical properties of the ternary
system.

2. Experimental procedure

The 0.95PZ,T; _x—0.05BMT (x = 0.49-0.55) ceramics were pre-
pared by a conventional solid-state reaction method using analytic-
grade Bi,O3, PbO, ZrO,, TiO, and MnO, as raw materials.
Stoichiometric amounts of raw powders were weighed and ball-milled
in alcohol with ZrO, balls for 6 h. The resultant mixture was dried after
calcination at 850 °C for 2 h in air. The calcined powers were milled
again with 5 wt% PVA as a binder for 10 h and subsequently pressed
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into disk samples with a diameter of 10 mm. The specimens were he-
ated at 550 °C for 4 h to burn out the binder, and then sintered at
1100-1150 °C for 2 h in air. In order to prevent the vaporization of Bi
and Pb, sample disks were buried in the sacrificial powder of the same
composition. Silver paste was painted on both sides of the disks and
fired at 550 °C. The samples naturally cooled to room temperature in
the furnace after sintering were marked as “furnace-cooled samples”,
while the samples achieved by a water-quenching process were marked
as “quenched samples”. The specimens were poled in a silicone oil bath
at different temperatures under a dc field of 5 kV/mm for 15 min.

The bulk densities of the sintered ceramics were measured by the
Archimedes method. The crystal structure of the fired ceramics was
identified via an X-ray diffractometer (XRD, D/Max2500 V, Rigaku,
Japan) using Cu Ka radiation. The dielectric properties were measured
at 1 kHz using an LCR meter (Agilent E4980A, Santa Clara, CA) in a
temperature range of 25-500 °C. The quasi-static dz3 was measured by
a Belincourt-meter (YE2730A, Sinocera, Yangzhou, China). The k;, and
Qn values were determined by a resonance-antiresonance method with
an impedance analyzer (PV70A, Beijing Band ERA Co. Ltd. Beijing,
China). The microstructure of the sintered samples was observed using
a field-emission scanning electron microscope (FE-SEM, SU8020, JEOL,
Tokyo, Japan). Before the SEM observation, samples were carefully
polished and then thermally etched at 950 °C for 30 min. The polar-
ization versus electric field (P-E) were measured using a ferroelectric
test system (Precision multiferroelectric; Radiant Technologies Inc,
Albuquerque, New Mexico).

3. Results and discussion

Fig. 1(a) shows the densification behavior of a few representative
0.95PZ,T; _x—0.05BMT compositions as a function of sintering tem-
perature. With an increase of sintering temperature, the relative density
of all three samples firstly increases up to their respective maximum
values (> 96%) at 1120 °C, and then decreases with further increasing
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sintering temperature. Fig. 1(b)-(d) show the microstructure of
0.95PZ,T; _x—0.05BMT ceramics sintered at 1120 °C. It can be seen
that all samples are well compacted without any obvious pores. With
increasing the Zr/Ti ratio, the grain size remains almost unchanged (~
2 um in average). Compared with traditional PZT-based ceramics, the
optimum sintering temperature of the studied material system is low-
ered by almost 150 °C possibly as a result of the existence of the Bi
element [15]. It will exhibit larger potentials in further reducing the
sintering temperature in future for applications where a much lower
sintering temperature than 1000 °C is needed.

Fig. 2(a) indicates the XRD patterns of 0.95PZ,T;_,—0.05BMT
samples as a function of x. All diffraction peaks could be well indexed to
a single perovskite structure without any secondary phases, indicating
that Bi®" and (Mn;,Ti;,»)>* have fully diffused into the lattice and
formed solid solutions with PZT. In addition, the crystal structure is
found to evolve from a typical tetragonal (T) phase to a rhombohedral
(R) phase with increasing x, as evidenced by the variation of the (200)
diffraction lines. With increasing x, the split (200) diffraction peaks
gradually merge into a single one, as shown in Fig. 2(b). In order to
quantitatively analyze the evolution of the phase structure, the (200)
diffraction peak profiles were fitted by using a pseudo-Voigt peak shape
function, as shown in Fig. 2(c). The relative content of T (Fr) and R (Fg)
phases was roughly calculated, as shown in Fig. 2(d). It is evident that a
morphotropic phase boundary (MPB) between R and T phases exists in
the composition range of 0.50 < x < 0.54.

Fig. 3 displays the temperature dependent dielectric permittivity
(e;) and loss tangent (tand) at 1 kHz for 0.95PZ,T; _,—0.05BMT cera-
mics. A sharp dielectric peak corresponding to the ferroelectric-para-
electric phase transition can be observed on each permittivity and loss
curve. The temperature at the dielectric maxima is found to become
lower from 350 °C at x = 0.49-331 °C at x = 0.54.

Fig. 4(a) shows P-E hysteresis loops as a function of poling tem-
perature for the x = 0.51 sample, which was cooled to room tem-
perature in furnace and then electrically poled under 5kV/mm at

Fig. 1. (a) The variation of the relative
density as a function of sintering tempera-
ture for three representative compositions,
and SEM images on polished and thermally
etched surfaces of 0.95PZ,T;_,—0.05BMT
ceramics with (b) x = 0.49, (¢) x = 0.51
and (d) x = 0.54.
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Fig. 2. (a) Room-temperature XRD patterns of
0.95PZ,T; _x—0.05BMT ceramics, (b) locally enlarged diffraction
peaks in the 260 range of 43°—46°, (c¢) peak fitting plots for the re-
presentative compositions with x = 0.51, 0.52 and 0.54, and (d) the
variation of Fg and Fr with x.
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Fig. 3. Dielectric permittivity and loss tangent values at 1 kHz as a function of tem-
perature for a few 0.95PZ,T; _y—0.05BMT ceramics.
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different temperatures. The result indicates that poling process shows
an obvious effect on the polarization switching. The aligned domain
would return to its initial state after removing the electric field if the
poling condition is not appropriate. As a result, little piezoelectric re-
sponse would be detected, as indicated by the neglectable remanent
polarization (P,) on the pinched P-E loop in Fig. 4(a). The P-E loops
gradually become asymmetric with increasing poling temperature, in-
dicating the presence of an internal bias field along the direction of the
poling electric field. This can be further reflected by the variation of
piezoelectric properties measured at room temperature with increasing
poling temperature, as shown in Fig. 4(b). When the poling temperature
increases from 30 °C to 150 °C, the €33 /¢o, ds3, kp, and Qp, increased
from 857 to 1226, 80 to 275 pC/N, 0.23 to 0.53, and 870 to 1164,
respectively. Obviously, the piezoelectric response increases drastically
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when an obvious asymmetric P-E loop appears, indicating highly tex-
tured domains and the formation of defect dipoles along the electric
field direction. Moreover, more highly textured domains achieved with
increasing poling temperatures would lead to larger maximum polar-
ization (P.x) values, as shown in Fig. 4(a). When the poling tem-
perature is above 150 °C, the values of e33" /o, das, k, and Qp, keep
almost constant with further increasing poling temperature, suggesting
a sufficiently poled state above 150 °C for this system.

Fig. 5 shows the dielectric, piezoelectric and electromechanical
properties of furnace-cooled 0.95PZ,T; _,—0.05BMT ceramics. It can
be seen that e35"/¢o, tan, ds; and k, values increase firstly with in-
creasing x and reach their maximum values (e337/eo = 1226, tand =
0.66%, d33 = 275 pC/N, k, = 0.53) at x = 0.51, and then decline with
further increasing x. It can be realized that the optimum electrical
properties appear on the T phase-rich side within MPB. However, the
variation of Q,, presents an opposite trend with increasing x and the
minimum Q,, of 1164 was obtained at x = 0.51, because the domain
wall motion becomes easier at the phase boundary. Nevertheless, ex-
cellent dielectric and piezoelectric properties of the x = 0.51 sample
are comparable with traditional hard piezoelectric ceramics [16-18],
suggesting that it should be also suitable for high-power applications.

Fig. 6(a),(b) show P-E loops for furnace-cooled and quenched
samples, respectively. It can be seen from Fig. 6(a) that all the studied
compositions exhibit similar double (pinched) P-E loops at room tem-
perature as a result of a reversible switching of domains as they are
electrically and/or elastically pinned by the defect dipoles, such as
Mny, 1 — V;'. By comparison, saturated and symmetric P-E loops can
be achieved for all the studied samples, which were water-quenched
from 550 °C (> T,), as shown in Fig. 6(b). Moreover, a larger P, than
that of the furnace-cooled (Fig. 6(a)) and poled (Fig. 4(a)) samples was
obtained for quenched samples. Appropriate piezoelectric properties
could be detected just after the measurement of the P-E loop for the
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Fig. 4. (a) P-E loops and (b) ds3, kp, Qn and €33 /g for furnace-cooled samples with
x=0.51 poled under 5 kV/mm at different temperatures.
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Fig. 5. Room-temperature (a) dss, kp, Qm, (b) €33"/€o and tand values for the furnace-
cooled 0.95PZ,T; —x—0.05BMT ceramics after being poled under 5 kV/mm at 150 °C for
15 min.

quenched samples, as shown in Fig. 6(c). This phenomenon is quite
different from that observed in furnace-cooled samples, which need to
be poled at high temperatures, as shown in Fig. 4. The ds3 values
achieved in quenched samples (Fig. 6(c)) are approximately equal to
that of the furnace-cooled samples after being poled at 150 °C (see
Fig. 5(b)), however, much smaller Q,, values are achieved for the
quenched samples after electric cycling. However, after aging at 150 °C
for 3 days, the Q,, value for the quenched sample increases and ap-
proximates to the value of the corresponding poled sample (Fig. 5). This
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Fig. 6. Room-temperature P-E loops for the (a) furnace-cooled and (b) quenched
0.95PZ,T; _x—0.05BMT ceramics as well as the quenched x = 0.51 sample which suf-
fered from aging at 150 °C for 3 days after electric field cycling, and (c) composition
dependence of dss, k, and Qp, values after the measurement of the P-E loop for the
quenched samples.

can be clearly confirmed by the corresponding P-E loop of the quenched
sample which was first subjected to electric field cycling and then being
aged at 150 °C for 3 days, as shown in Fig. 6(b). An obviously asym-
metric P-E loop indicates the presence of an internal bias field along the
direction of the poling electric field.

A schematic illustration was proposed to explain the polarization
response during the application of an electric field for the x = 0.51
ceramic with different initial states, as shown in Fig. 7. As known, the
defect dipoles should randomly distribute in the paraelectric phase
above T, as shown in Fig. 7(a). The randomly distributed defect dipoles
would be frozen in the domains after water-quenching. Therefore, the
direction of defect dipoles is inconsistent with that of the polarization
vector, such that the domains would switch freely in accordance with
the applied field (Fig. 7(b1)-(b3)), resulting in typical ferroelectric
feature with a saturated P-E loop (Fig. 6(b)). Even though good pie-
zoelectric response can be achieved in the quenched sample after
electric cycling, a relatively low Q,, was achieved owing to its fragile
domain state. However, randomly orientated defect dipoles are in a
metastable state below T.. The defect dipole formed between ions
(Mn2*/Mn®*) and 0% vacancies tends to align along the spontaneous
polarization direction gradually, and its symmetry would be consistent
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Fig. 7. A schematic illustration for the defect dipole and domain
response during electric field cycling.
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with the crystal symmetry during a slow cooling process (Fig. 7(c1)) or
an aging process (such as Fig. 7(b3) to (d3)) [19,20], causing a pinning
effect on the domains. Accordingly, the defect dipoles provide a re-
storing force to switch back the domains after the electric field is re-
moved (Fig. 7(c1)-(c3)), inducing a pinched P-E loop. Both of the do-
mains and defect dipoles align along the electric field direction during
the poling process at high temperatures (Fig. 7(d1)-(d3)), resulting in a
stably textured polarization state. Therefore, excellent piezoelectric
properties as well as high Q,, value are achieved simultaneously.

4. Conclusions

A new low-temperature firable 0.95PZ,T;_,—0.05BMT piezo-
electric ceramic was studied in terms of the microstructure, phase
structure, dielectric, piezoelectric and ferroelectric properties. The
ternary solid solution ceramics can be well densified at a relatively low
temperature of ~ 1120 °C, which is about 150 °C lower than that of
traditional PZT-based high-power piezoelectric ceramics. A gradual
evolution from ferroelectric T phase to R phase was found with en-
hancing Zr/Ti ratio. Optimum dielectric and electromechanical prop-
erties of dz3 = 275 pC/N, e33"/eo = 1226, k, = 0.53, tand = 0.66%,
Qm = 1164 and T. = 341 °C were achieved in the MPB composition
with x = 0.51. The effect of poling conditions on the piezoelectric and
electromechanical properties was explained by means of the interaction
model between the defect dipole and polarization vector. The experi-
mental results suggest that 0.95PZ,T; _,—0.05BMT piezoelectric cera-
mics should have a great potential for high-power applications.
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