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Pb(Mg1/3Tay3)03-Pb(Mny3Sb,/3)03-Pb(Zr«Ti;_x )O3 quaternary piezoelectric ceramics with different
compositions near the morphotropic phase boundary were synthesized using a conventional solid state
reaction method. The phases, microstructures, ferroelectric, piezoelectric and dielectric properties of the
system were investigated. A transition from rhombohedral to tetragonal phase was observed as the Zr/Ti
ratio decreased. The P-E loops presented pinched shapes at low electric fields and the distortions dis-
appeared at high electric fields. The dielectric study revealed a diffuse phase transition behavior in the
ceramics. The optimal dielectric and piezoelectric properties &, =817, d33 =285 pC/N, k, =0.55, Tc =302 °C,
tan §=0.4% and Qn = 1600 of the ceramics were obtained at the composition of Zr/Ti=50/50. Vibration
velocity at AT=20°C was found as high as 0.74 m/s for this composition, which was almost 2.5 times as
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that of the commercial hard PZT ceramics.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasonic motors, used as compact servomotors for precision
positioning, have many advantages over the conventional electro-
magnetic motors, and are currently widely used in aeronautics,
astronautics, and medical applications [1]. Piezoelectric materials
used in ultrasonic motors are electrically driven to high mechanical
vibration near the resonance frequencies, leading to a tempera-
ture rising and deterioration of piezoelectric properties with the
increase of their vibration velocities. Therefore, piezoelectric mate-
rials are necessary to have high mechanical quality factor (Qm)
[2-4]. Moreover, high piezoelectric coefficient (d33 ) and electrome-
chanical coupling factor (kp) are also required for high torque
output and efficiency. For piezoelectric properties enhancement,
Pb(Zr,Ti)O3 (PZT) based ternary or quaternary systems, such as
PZN-PZT [5], PMN-PZT [6], PMN-PZN-PZT [ 7], PMN-PFW-PZT [8],
have been intensively investigated. It is reported that in these sys-
tems, ceramics with compositions near the morphotropic phase
boundary (MPB) always possess optimum properties. For example,
perovskite-structured Pb(Mg;3Tay/3)03-Pb(Zr,Ti)03 (PMgT-PZT)
ceramics with compositions near MPB show a dielectric constant
(er)and a piezoelectric coefficient of the order of 4000 and 580 pC/N
respectively. However, the Qn of this system is only 70 [9]. On
the other hand, the ternary system Pb(Mn; ,Sby3)03-Pb(Zr,Ti)O3
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(PMS-PZT) presents excellent hard properties, Qn value of 1755
has been reported in this system under proper sintering conditions
[10].

In our previous work, we introduced Pb(Mg;;3Tay3)03 into
PMS-PZT to form a quaternary system and good properties were
obtained [11]. But the piezoelectric properties near the MPB
of this system are still not clear. It is well known that the
MPB of PZT lies in the region of Zr/Ti ratio around 53/47, but
in some ternary or quaternary systems, doping ions will lead
to slight shift of the MPB [12]. Therefore, in this study, the
effects of Zr/Ti ratio on the structure and electrical properties
of the system Pb(Mg; 3Tay/3)03-Pb(Mny3Sby/3)03-Pb(ZrxTi; )O3
(PMgT-PMS-PZT)was investigated in order to obtain the MPB com-
position of this system.

In high power devices, such as ultrasonic motors, the used piezo-
electric materials usually endure high vibration velocity and large
deformation. Thus, measurements under low vibration level may
not appropriate to evaluate the performance in high-vibration con-
ditions. Therefore, many investigations have been focused on the
high-power properties of the piezoelectric ceramics [13,14]. In our
study, the high-power properties of the ceramics near the MPB
were also evaluated.

2. Experimental procedures

Ceramics of 0.05Pb(Mgy3Tay3)03-0.05Pb(Mny/3Sby)3)03-0.9Pb(ZryTi;_x)03,
where x=0.56, 0.54, 0.52, 0.50, 0.48, and 0.46, were synthesized by a conventional
solid-state reaction method. Pb304 (99.5%), MgO (4N), Ta,05 (4N), MnO; (99.95%),
Sb,03 (99.5%), ZrO; (4N) and TiO, (99%) were weighed stoichiometrically, with
0.5wt% excess Pb304 to compensate the lead loss during sintering. The starting
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Fig. 1. XRD patterns of 0.05PMgT-0.05PMS-0.9PZT ceramics with different Zr/Ti ratios: (a) Zr/Ti=56/44; (b) Zr|Ti=54/46; (c) Zr/Ti=52/48; (d) Zr/Ti=50/50; (e) Zr/Ti=48/52;

() Zr/Ti= 46/54.

powders were wet-milled for 16 h in ethanol and then the mixtures were dried and
calcined at 850 °C for 2 h. The calcined powders were pulverized again for 20 h. With
the addition of polyvinyl alcohol (PVA, 5 wt%) as a binder, the ground powders were
pressed into pellet samples under uniaxial pressure of 250 MPa. Sintering was car-
ried out at 1240°C for 2h in sealed alumina crucibles with the samples covered
by their original powders to minimize lead loss. Next, the sintered pellets were cut
into 0.8 mm in thickness and printed with silver electrodes on both sides. Electroded
samples were subsequently fired at 550 °C for 20 min and poled in silicon oil under
a4 kV/mm electric field for 30 min at 120 °C. The electrical properties of the samples
were measured 24 h after poling.

The bulk densities of the sintered samples were measured by the Archimedes
method, and all the densities are verified higher than 7.7 g/cm3. The crystal struc-
tures of the sintered samples were analyzed by using an X-ray diffractometer (Bruker
D8 Advanced, Cu K« radiation, A =0.15418 nm). For the microstructure observation,
the samples were thermally etched at 1150 °C for 15 min and examined by scanning
electrical microscopy (SEM, Quanta 200, FEI Company). Piezoelectric measure-
ments were made using a quasi-static piezo-ds3; meter (ZJ-3A, Institute of Acoustics
Academic Sinica). The dielectric constant and loss (tan §) were measured in the tem-
perature range from room temperature to 600°C and the frequency range from
1kHz to 1 MHz by utilizing an impedance analyzer (Agilent 4294A) with a laboratory
heating device. Planar coupling coefficient and mechanical quality factor were deter-
mined by the resonance and anti-resonance frequencies. Ferroelectric hysteresis
loops were obtained at room temperature using a ferro-analyzer (TF2000, aixACCT
GmbH). The vibration velocity v was measured using a Doppler Laser Vibrometer
(Polytec PSV-300F, Germany), during which the temperature rise was determined
by a infrared radiation thermometer (Victor 303, China).

3. Results and discussion
3.1. Crystal structure and microstructure

Fig. 1(a) shows the XRD patterns of the PMgT-PMS-PZT ceram-
ics. All the samples present a perovskite structure with minor
pyrochlore phase. Meanwhile, the broadening and splitting of the
(200) peak can be seen from fine scans of 26 between 43° and 46°
with the decrease of Zr/Ti ratio (Fig. 1(b)). When the Zr/Ti ratio is
greater than 50/50, only one single (200)R peak is observed. At
the Zr/Ti ratio of 48/52, the single peak splits into double peaks of
(002)T and (200)T, indicating a transition from rhombohedral to
tetragonal phase induced by the variation of Zr/Ti ratio. The MPB
of this system is around Zr/Ti ratio of 48/52. In PZT based binary
ceramics, MPB lies in the region of Zr/Ti ratio around 53/47. When
doping ions such as Ta%* (0.64 A), Mg2* (0.72 A), Mn?* (0.67 A) and
Sb>* (0.6 A) dissolve into the crystal lattice, they usually substitute
B sites of the perovskite structure and lead to a change in lattice
constants and shift the MPB. This phenomenon was also observed
in other PZT-based systems [12].

The variation of lattice constants with decrease of the Zr/Ti ratio
is shown in Fig. 2. The a-axis and the c-axis are equal to each other
and show little change when the Zr/Ti ratio is greater than 50/50.
The lattice is indexed as a rhombohedral structure. As the Zr/Ti
ratio decreases, the c-axis ascends while the a-axis descends con-
sistently, which indicates that the tetragonality of the structure is
enhanced.

Fig. 3 presents the SEM micrographs of PMgT-PMS-PZT
ceramics with different Zr/Ti ratios. All of them show a dense
microstructure with few pores. The observation agrees well with
the high density measured by the Archimedes method. A few
small diamond-shaped grains with dimensions of about 0.5-1 pm
along with the relatively large grains of 1-3 wm dimensions can
be observed. The grain size does not vary noticeably with differ-
ent Zr/Ti ratios. The compositions of these grains were examined
by X-ray energy dispersive spectroscopy (EDS). It is found that the
contents of Sb and Ta elements in the small grains are much higher
than that of the large grains. It is probably because the diffusion
of these two elements with high atom weight is hard during the
sintering process. Therefore a few small grains with rich contents
of these two elements are formed in some regions.
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Fig. 2. Lattice constants of PMgT-PMS-PZT ceramics with different Zr/Ti ratios.
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Fig. 3. SEM micrographs of the thermally etched surfaces of PMgT-PMS-PZT ceramics: (a) Zr/Ti=56/44; (b) Zr|Ti=54/46; (c) Zr/Ti= 52/48; (d) Zr/Ti=50/50; (e) Zr/Ti=48/52;
(f) Zr/Ti=46/54.

3.2. Ferroelectric characteristics

Fig. 4(a) exhibits the polarization-electric field (P-E) loops for
0.05PMgT-0.05PMS-0.9PZT ceramics with Zr/Ti=56/44 at differ-
ent electric fields. It is interesting to see that the P-E curve shows a
pinched shape at low electric field. When the electric field is higher
than 5.8 kV/mm, the distortion in hysteresis loops disappears and
the polarization increases to saturation. Various mechanisms have
been proposed to explain the observed pinched shape. Carl and
Hardtl attributed the pinched hysteresis loops to an internal bias
field and observed the disappearance of the distortion hysteresis
loop in PZT after repeated cycling [15]. Some researchers suggested
that the pinched shape was probably related to defect dipoles
formed by combination of oxygen vacancies with doped ions at
B-sites, which acted as pinning points for the domain motion and
resulted in a constricted loop [16,17]. Zhang et al. observed pinched
shape of P-Eloops in Pb(Mn3Nby35by3)x(Zro.825Tip.175)1-x03 and
they proved the existence of oxygen vacancies by X-ray photoelec-
tron spectroscopy (XPS). They also assumed that the pinched shape
results from the pinning effect of the defect dipoles [18].

Since all the hysteresis loops are symmetric under low or high
electric fields, the pinched shape could not arise from the inter-
nal bias field. Thus, it is attributed to the defect dipoles that act
as pinning points for the domain motions. When Ta>*, Sb>*, Mn2*
and Mg2* ions with high valences got into B-sites to substitute
Zr* and Ti#*, to maintain the electric neutrality, oxygen vacancies
were formed under the condition that they were not fully compen-
sated by lead vacancies. The oxygen vacancies and the B-site ions
form defect dipoles and result in an abnormal behavior of P-E loop.
When the electric field is below 4.2 kV/mm, it is not strong enough
to overcome the pinning effect caused by the defect dipoles, so
that domains of the ceramics cannot be fully switched. At the elec-

tric field of 6 kV/mm, the dipoles are substantially rotated by the
field, hence they do not constrict the domains anymore and normal
hysteresis loops are obtained.

Fig. 4(b) presents the P-E loops for 0.05PMgT-0.05PMS-0.9PZT
ceramics with different Zr|/Ti ratios under a saturated electric
field and a frequency of 50Hz. The inset of Fig. 4(b) shows
the composition dependence of remnant polarization (P;) and
coercive field (E.) of 0.05PMgT-0.05PMS-0.9PZT ceramics. It is
found that the evaluated P; value increases initially and then
decreases when the Zr/Ti ratio decreases. The maximum value
of Py of 9.18 wC/cm? is reached at Zr/Ti=50/50, where rhom-
bohedral phase predominates near MPB compositions. In bulk
Pb(ZrxTi1_x)O3 ceramics [19,20] and other quaternary ceram-
ics, such as Pb(ZrxTi_x)O03-Pb(Mnq;3Nby;3)03-Pb(Zn;;3Nby3)03
(PZT-PMN-PZN) [21], it has also been reported that P; exhibits a
highest value at MPB. It can be ascribed to the fact that the phase
coexistence offers more polarization near MPB [19-21]. However,
these values of P; and the dependence of P on composition are quite
different from those of bulk PZT single crystals and single-crystal
PZT films, where P; was proved to have the lowest value both theo-
retically [22] and experimentally [23]. It has been believed that this
difference may arise since the P; of PZT based ceramics depends pri-
marily on the ease with which the sample can be poled and not the
intrinsic single-crystal value of P; [23]. Meanwhile, E. increases a
little when the Zr/Ti ratio decreases.

3.3. Dielectric and piezoelectric properties

The dependences of dielectric and piezoelectric properties on
the Zr/Tiratio at room temperature are illustrated in Fig. 5. It can be
seen that ¢, tan §, d33 and k;, increase initially and reach their max-
imum values at Zr/Ti=0.48/0.52 and then decrease. The maxima of
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Fig. 4. P-E loops of PMgT-PMS-PZT piezoelectric ceramics: (a) P-E loops of sample
with Zr/Ti=56/44 at different electric fields from 2.6 kV/mm to 7.4 kV/mm and (b)
P-E loops of samples with different Zr/Ti ratios under saturated driven field; the
inset shows the composition dependence of P; and E..

&r, d33 and kp are 1441, 335 pC/N, 0.58, respectively. The trend is
similar with the composition dependence of the remnent polariza-
tion, probably because of the same reasons. It has been reported
that as Zr/Ti changes, the phase transition made the mechanical
strain preserve one phase against the other relaxed, which caused
the peak in the dielectric constant as a function of composition
and also led to the maximum electro-mechanical response [24,25].
On the other hand, the spontaneous polarization of the rhombo-
hedral phase can be oriented in any of its eight crystallorgraphic
directions as well as in any of the six crystallographic directions in
the tetragonal phase. The tetragonal phase and the rhombohedral
phase coexist at the MPB composition, the spontaneous polariza-
tion can be oriented along all of these available 14 directions and it
isbeneficial to domain motions in poling, resulting in high dielectric
and piezoelectric properties [25]. However, the piezoelectric prop-
erty Qm does not change regularly. It decreases with decrease of the
Zr/[Ti ratio initially and then jumps to a maximum value of 1600 at
the Zr/Ti ratio of 50/50. While further decrease the Zr/Ti ratio, the
value decreases again. The initial decrease in Qn, can be ascribed to
the increase of internal friction. As the composition closes to MPB,
the spontaneous polarization directions increase and the domain
walls are easier to move under the driving electric field, which
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Fig. 5. Dielectric and piezoelectric properties of PMgT-PMS-PZT ceramics as a func-
tion of Zr/Ti ratio.

always leads to the increase of the internal friction of the ceramics
and the decrease of Qm,. Microstructure is another important aspect
that affects Q. From the SEM micrographs, it can be seen that the
ceramic with Zr/Ti ratio of 50/50 has a dense structure and uniform
grains. Consequently, the ceramic of this composition possesses the
maximum Qp, value.

The variation of dielectric constant ¢; at 1kHz frequency as a
function of temperature of the ceramics with different Zr/Ti ratios
is shown in Fig. 6(a). The measurements confirm that the Curie
temperature (T¢) increases from 286 °C to 304 °C with Zr/Ti chang-
ing from 56/44 to 46/54, which is similar to PZT. PbZrO3 has a Curie
temperature of 230 °C while PbTiO3 has a high Curie temperature of
490°C. The Curie temperature increases as the tetragonality of the
ceramics increases. In this quaternary system, the dependence of
the Curie temperature on the Zr/Ti ratio can also due to the phase
transition. The maxima of dielectric constants were in the range
of 13,000-17,000. The composition with Zr/Ti=50/50 shows the
highest dielectric constant peak. Fig. 6(b) presents the tempera-
ture dependence of the dielectric constant &; of samples of Zr/Ti
ratio of 50/50 under various frequencies from 1kHz to 1 MHz. A
diffuse phase transition with strong frequency dispersion has been
observed in this sample and other compositions. The peak dielectric
constant decreases as the frequency increases, while the peak posi-
tion does not change markedly. For quantitative estimation for the
diffuse phase transition of the ferroelectrics, the dielectric constant
can be described according to a modified Curie-Weiss formula:

1 1 (T-Tw)

& em C )

where g, is the maximum dielectric constant and Ty, is the cor-
responding temperature. y and C are constants depending on the
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characteristics of the samples. The value of vy indicates phase tran-
sition characteristics of the sample. For y =1, it refers to the normal
Curie-Weiss law; when y =2, it describes a complete diffuse phase
transition [26]. Fig. 7 shows the plot of In(1/e; — 1/em) as a function
of In(T—Ty) at 1kHz for 0.05PMgT-0.05PMS-0.9PZ,T;_, ceram-
ics. The values of y are calculated from the slopes in Fig. 7 by
linear fitting. The y value increases from 1.70 at Zr/Ti=56/44 to
1.74 at Zr/Ti=50/50 and then decreases with further decrease of
the Zr/Ti ratio. It is generally accepted that the relaxor behavior
arises from a frustration of long-range ferroelectric coupling due
to the localized disorder in the crystal structure [27]. When the
Zr/|Ti ratio decreases from 56/44 to 46/54, the structure of the sam-
ple experience a transition from rhombohedral phase to tetragonal
phase, and the maximum y value is obtained at the composition of
Zr[Ti=50/50, which possesses the highest degree of disorder.

3.4. High-power properties

For a circular sample driven under the k, mode, the maximum
vibration velocity (Um) is shown as follows [28]:

T
_ E33 kaQme
Um=\2p1+0) T 2)

ys-mﬁ=1°69
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© E
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Fig.7. In(1/e; — 1/em) as a function of In(T — T, ) at 1 kHz for PMgT-PMS-PZT ceram-
ics with different Zr/Ti ratios [symbols: experimental data; solid lines: fitting to Eq.

(]

where 853 is the relative permittivity, B is a constant with the value
of 2.065, k;, is the planar coupling coefficient, Qn, is the mechani-
cal quality factor, Vi, is the maximum applied AC voltage, p is the
density of sample, o is the Poission ratio and T is the thickness of
the sample.

To observe the high-power properties of the ceramics, com-
positions with Zr/Ti=52/48 and 50/50 were chosen to test under
high voltage. Fig. 8 shows the relationship between the vibration
velocity and the electric field (E) of the two compositions. It can
be seen that the vibration velocity is nearly proportional to the
electric field and the highest velocities of both compositions are
higher than 0.7 m/s. Under the same electric field, the velocity of
the sample with Zr/Ti=50/50 is higher than that of the sample with
Zr[Ti=52/48.

Above a certain vibration velocity, the increase in temperature
(AT) under electrical driving is significant. This restricts the prac-
tical upper limitation for vy,. For high-power devices, a high vy
and simultaneously a low heat generation during performance are
desired. From the practical perspective, the maximum vibration
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Fig. 8. Vibration velocity vs. electric field for PMgT-PMS-PZT ceramics.
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velocity is defined as the velocity which produces a temperature
rise of AT=20°C [29].

The relationship between temperature rise and the vibration
velocity for the PMT-PMS-PZT ceramics with Zr/Ti=52/48 and
50/50 is shown in Fig. 9. The sample with Zr/Ti=50/50 produces
much lower temperature rise than the sample of Zr/Ti=52/48
under the same vibration velocity. The maximum vibration veloc-
ity (AT=20°C) for the sample with Zr/Ti=50/50 can reach as high
as 0.74 m/s, which is much higher than conventional PZT ceramics
driven under high power conditions, where vy, is about to 0.3 m/s
[29]. It is expected that this piezoelectric material can be utilized
in high-power piezoelectric devices, such as ultrasonic motors.

According to Eq. (2), high Qn benefits high vy. The Qm of
PMT-PMS-PZT ceramic with Zr/Ti=50/50 is much higher than that
of the ceramic with Zr/Ti=52/48. Thus, much less heat and higher
Un are generated in the former sample.

4. Conclusions

The effects of different Zr/Ti ratios on the structures, piezo-
electric and dielectric properties of 0.05PMgT-0.05PMS-0.9PZT
quaternary piezoelectric ceramics were discussed. The present
results can be summarized as follows:

(1) A transition from rhombohedral phase to tetragonal phase was
observed as the Zr/Ti ratio decreases in this system. The MPB of
the ceramics was found near Zr/Ti=48/52.

(2) The P-E loops of the ceramics present pinched shapes at low
electric field and the distortions disappear at high electric fields
because the pinning effect of defect dipoles can be fully over-
come.

(3) The ceramics exhibits high piezoelectric and dielectric prop-
erties near the MPB. The optimum properties &-=817,
d33=285pC/N, kp =0.55, Tc=302°C, tan §=0.4% and Qi = 1600
were obtained at Zr/Ti=50/50.

(4) Diffuse phase transition behavior was observed in
PMgT-PMS-PZT ceramics according to the dielectric study.
The exponent y reaches its peak value at Zr/Ti=50/50 due to
the disorder phase structure near the MPB.

(5) The ceramics with Zr/Ti=50/50 has a v, as high as 0.74m/s,
which is much higher than conventional PZT ceramics driven
under high power conditions. It is expected that this piezo-
electric material can be utilized in high-power piezoelectric
devices, such as ultrasonic motors.
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