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ABSTRACT
Ceramics in PYBZT-PMS system with formula Pb1�xYx/2Bix/2[(Zr0.53
Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3 (x¼ 0–0.00625) were prepared by the
conventional solid state sintering. The evolution of microstructure
and corresponding electrical properties of PYBZT-PMS samples were
systematically studied. Phase transition from rhombohedral to tetrag-
onal structure was identified by Raman spectra and XRD results, and
the coexistence of two phases was observed near the composition
range from x¼ 0.0025 to 0.005. Scanning electron micrographs of
the samples show uniform distribution of grain and grain bounda-
ries. The optimum electrical properties of PYBZT-PMS such as er ¼
1119.397, tand¼ 0.01535, Tc ¼ 390 �C, q¼ 7.82 g/cm3, r¼ 0.709
(Mohm m)�1, Qm ¼ 525.232, and KP ¼ 0.639 were obtained
at x¼ 0.00375.
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1. Introduction

Lead zirconate titanate based perovskites (ABO3) piezoelectric ceramics are widely used
in various fields such as actuators, sensors, transducers, dynamic random access mem-
ory (DRAM), multi-capacitors, etc. due to their excellent piezoelectric properties [1–6].
The Pb(ZrxTi1�x)O3 (PZT) system and its modified solid solutions are known to

exhibit excellent dielectric, elastic and piezoelectric properties at the morphotropic phase
boundary (MPB) at which the tetragonal and rhombohedral phases coexist [5, 7–23]. In
the vicinity of the MPB region, the six domain states of the tetragonal structure along
the (100) direction (90� and 180� domains) symmetry coexist with the eight domain
states of the rhombohedral along (111) directions (71�, 90� and 180� domains) sym-
metry. This results in 14 possible available directions of spontaneous polarization. All of
the aforementioned factors make the properties show a maximum around the MPB [24,
25]. PZT series near the MPB have been found exhibiting outstanding piezoelectric,
ferroelectric properties, excellent electromechanical coupling coefficient (Kp), mechanical
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quality factor (Qm), temperature and time stabilities, which has established PZT itself as
a great function electronics in modern materials science of electronic composites [26].
The physical properties of PZT ceramics can be modified by doping A-site (Pb) and

B-site (Zr/Ti). By introducing various dopants or adding other component to the PZT,
piezoelectric and dielectric properties can be tailored to a wide extent [15, 27–30]. One
of the ways of improving the physical properties of PZT is adding donor/acceptor dop-
ants that control the “hard” and “soft” behavior [31–33]. The main difference between
“hard” and “soft” behavior of PZT originates from the polarization and depolarization
behavior, mobility of domains and nature of dopants. PZT-hard is obtained by doping
acceptor dopants such as Kþ, Naþ (for A site) and Fe3þ, Mn3þ (for B site), which
reduces the domain mobility [1]. In case of PZT-soft, donor dopants such as La3þ, W6þ

(for A site) and Nb5þ, Sb5þ (for B site) are added, which increase the domain mobility
and ease of polarization [34].
It is well known that the piezoelectric properties of electro-ceramics depend on many

factors, such as the composition of ceramics, processing techniques, MPB conditions
[35–37], grain sizes [38, 39], poling conditions [25, 40, 41], etc. The effect of micro-
structure on electrical properties of the electro-ceramics is also reported by many
researchers [42–44] Studies show that in the vicinity of the MPB, different ceramic
materials have outstanding piezoelectric properties, which can be attributed to the
unique structural features of the coexistence of tetragonal and rhombohedral phases
with highest available directions of spontaneous polarization [45].
Zhu et al. [46] reported the presence of an additional increment in the piezoelectric

response of 0.05Pb(Mn1/3Sb2/3)O3-0.95Pb(Zr0.52Ti0.48)O3 (PMS-PZT) ceramics (showed
high piezoelectric strain coefficient, planar electromechanical coupling, and dielectric
constant, as well as low tangent loss with high Curie temperature for this ceramics).
In this work, we studied the effects of Y, and Bi addition on the phase structure,

morphology, piezoelectric and dielectric properties of Pb1�xYx/2Bix/2[(Zr0.53
Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3 ceramics.

2. Experimental procedures

Series of Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3 ceramics (with x¼ 0,
0.00125, 0.0025, 0.00375, 0.005 and 0.00625) are prepared by the conventional mixed
oxide process. Ceramics specimens with various compositions were prepared to investi-
gate the dielectric relaxation, ferroelectric, piezoelectric properties, and temperature sta-
bility. The starting materials are PbO (Ishihara, 99.9%), ZrO2 (Ishihara, 99.9%), TiO2

(Ishihara, 99.9%), Y2O3 (Alfa Aesar, 99.9%), Bi2O3 (Alfa Aesar, 99.9%), Sb2O5 (Alfa
Aesar, 99.8%), and Mn2O3 (Alfa Aesar, 99%).
The powders were weighed and mixed through ball milling, with partially stabilized

zirconia balls as media, in alcohol for 12 h. After drying, the mixture was calcined in a
covered alumina crucible at 850 �C for 2 h. The calcined powder is then ball-milled for
12 h. Dried powder is sieved and pressed into pellets using polyvinyl alcohol (PVA: 5%)
as a binder at a pressure of 100MPa in 5mm of diameter. Pellets were sintered at
1200 �C for 2 h in a sealed alumina crucible. To minimize PbO loss, a PbO-rich atmos-
phere was maintained by placing powders of PbZrO3 inside the crucible used as packing
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powders. Afterward the samples were polished and coated with silver paint as electrodes
for the property measurement. Finally, to ensure the contact between the electrodes and
ceramic surfaces well, the samples were heat-treated at 750 �C for 10min.
The crystalline structure of the ceramics was examined using X–ray diffraction

(XRD) analysis with CuKa radiation (PANalytical X’pert PRO, Phillips, Eindhoven, the
Netherlands) and Raman spectrometry (Microscopes Spectrometer, Renishaw,
Gloucestershire, UK). The microstructure was observed using a scanning electron
microscope (SEM) (FESEM, Quanta 250FEG, USA). The densities of the sintered speci-
mens were measured by a water-immersion method using Archimedes-principle.
The dielectric permittivity was measured as a function of temperature using a multi-

frequency LCR meter (4284A, Agilent, Santa Clara, CA, USA). The piezoelectric prop-
erties were measured after samples were polarized in silicon oil and aged in air for 24 h.
For investigation of the piezoelectric properties, the resonant and anti-resonant frequen-
cies were measured by an Impedance Analyzer (Agilent 4294A).

3. Results and discussion

3.1. Raman spectra and XRD patterns

Raman spectroscopy is sensitive to the symmetry of crystal- line structures and thus is
used to further study the structure and the phase evolution of ceramics. Figure 1 shows
the room temperature Raman spectra recorded in the 50–1000 cm�1 wave number range
of Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3 ceramics for x¼ 0, 0.00125,
0.0025, 0.00375, 0.005 and 0.00625. The spectra show peaks around 204, 265, 325, 558,
706, and 759 cm�1, matching well with the typical Raman peaks for perovskite PZT [47,
48]. Each peak represents the Raman active vibrational mode for a given sample, sug-
gesting that the samples are pure and do not contain any compositional inhomogeneity.
Raman scattering analysis is an effective method for detecting the degree of structural

disorder, such as tetragonal and rhombohedral phases in PZT-based systems near the
MPB [18, 49–52]. As the ferroelectric state below the Curie temperature, three cubic

Figure 1. Raman spectra of Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92 – (Mn1/3 Sb2/3)0.08]O3 ceramics for x¼ 0,
0.00125, 0.0025, 0.00375, 0.005 and 0.00625 at room temperature.
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T1u modes are transformed as the A1þE modes in both tetragonal and rhombohedral
symmetry. The T2u mode is transformed as the B1þE (silent) mode in tetragonal or
rhombohedral symmetry and the E mode in rhombohedral symmetry. Moreover, the
distinguishable Raman features during the rhombohedral–tetragonal phase transition
can be easily presented in the low and high Raman shifts (wave numbers) regions.
In the Raman shifts range of 130–480 cm�1, five peaks appear for both the rhombo-

hedral and tetragonal structures. The intensity of peak in the coexisting tetragonal and
rhombohedral structure is assigned to be the E(2TO (transversal optic)). The A1(1TO),
silent (EþB1), A1(2TO) and E(2LO (longitudinal optic)) modes correspond to the tet-
ragonal or rhombohedral structures. As the Raman shifts are in the high range of
500–900 cm�1, the tetragonal and rhombohedral phases can be easily observed by their
variations of A1(3TO), A1(3LO), E(4TO), E(4LO), R1, and Rh modes. The tetragonal
A1(3TO) mode located at about 598 cm�1, tetragonal E(4TO) mode at 556 cm�1, and
the Rhombohedral R1 mode at about 574 cm�1 are all generated transverse (O–B–O
bending) modes from T1u(3) transformation. Similarly, the tetragonal A1(3LO) and
E(4LO) modes at about 780 and 717 cm�1 and the rhombohedral Rh mode at 725 cm�1

are the generated longitudinal (B–O stretching) transformation of T1u(3).
The intensities of the tetragonal mode E (2TO) increase with the increment of x con-

tent in the studied ceramic system, which means that the transformation of the
rhombohedral phase to the tetragonal phase takes place [53]. However, Rh rhombohe-
dral intensities are decreasing, which is also indicative of presumption of the transform-
ation of the rhombohedral phase into a tetragonal phase, whereas samples containing
x¼ 0.0025, 0.00375 and 0.005 indicate the coexistence of a tetragonal phase and a phase
rhombohedric competition E (2TO) and Rh with moderate intensities.
The X-ray diffraction patterns of PYBZT-PMS ceramics containing various Y3þ and

Bi3þ amounts (x¼ 0, 0.00125, 0.0025, 0.00375, 0.005 and 0.00625) sintered at 1200 �C
for 2 h are shown in Fig. 2. The XRD patterns confirm that all the PYBZT-PMS pow-
ders are pure in nature, and free from the pyrochlore phases.

Figure 2. Powder X-ray diffraction pattern of PYBZT-PMS ceramics at room temperature.

FERROELECTRICS 201



The tetragonal (T), rhombohedral (R) and tetragonal–rhombohedral phases are iden-
tified by analysis of peaks [002 (tetragonal), 200 (tetragonal), 200 (rhombohedral)] in 2h
range of 43�–47�. The result shows that typical coexistence of both rhombohedral and
tetragonal phase [(0 0 2)T, (2 0 0)R and (2 0 0)T] is observed at room temperature when
the YB content is 0.0025� x� 0.005, and the rhombohedral phase (2 0 0)R can be
obtained when YB content is x� 0.00125 . The structure of solid solution
transforms from coexistence of both rhombohedral and tetragonal phase to tetragonal
phase (0 0 2)T and (2 0 0)T when YB content is x� 0.00625.
The smaller ionic radius of Y3þ (0.90Å) and Bi3þ (0.103Å), compared to that of

Pb2þ (1.19Å) promotes the phase transformation from rhombohedral to tetragonal. The
MPB composition is expected to affect the piezoelectric and dielectric properties.

Figure 3. SEM micrographs of PYBZT-PMS ceramics prepared with different concentrations [(a) x¼ 0,
(b) x¼ 0.00125, (c) x¼ 0.0025, (d) x¼ 0.00375, (e) x¼ 0.005, (f) x¼ 0.00625].
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3.2. Microstructure of ceramics

The scanning electron micrographs of PYBZT-PMS with x¼ 0, 0.00125, 0.0025, 0.00375,
0.005 and 0.00625 sintered at 1200 �C for 2 h are shown in Fig. 3(a)–(f). It is observed
that the micrographs are uniform. Hence, it is assumed that the ceramic filler is uni-
formly distributed in the PZT-PMS matrix.
It can be seen that the morphology of the different samples under probe appears to

be very dense, the porosity decreases and the grain size decreased with the increasing
amount addition of Y3þ and Bi3þ ions. No pyramidal grains were observed, indicating
the absence of undesirable pyrochlore phases, which validates the XRD results,
reported above.

3.3. Electric properties

Figure 4(a) shows the temperature dependence of the dielectric constant (Er) according
to Y and Bi substitution (x¼ 0, 0.00125, 0.0025, 0.00375, 0.005 and 0.00625) of the
PYBZT-PMS ceramics samples measured at 1 kHz from room temperature up
to 450 �C.

Figure 4. Dielectric constant-temperature spectra (a) measured at 1 kHz, dielectric constant-frequency
spectra (b), Curie temperature-x spectra (c), and dielectric constant-x spectra (d) for PYBZT-PMS cer-
amics at room temperature.
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It can be seen from Fig. 4(a) that Er increase with increasing temperature up to a par-
ticular temperature called Tc (Curie temperature), and then reduces. The maximum
dielectric constant (Emax) was obtained at Curie temperature (Tc). At Tc, the appearance
of peaks indicates the phase transition of the compounds from the ferroelectric phase to
paraelectric phase [54, 55].
The plot of dielectric constant versus frequency of Pb1�xYx/2Bix/2[(Zr0.53

Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3 for x¼ 0, 0.00125, 0.0025, 0.00375, 0.005, and 0.00625
samples at room temperature are shown in Fig. 4(b). It can be seen that the dielectric
constant decreases with increasing of frequency i.e. he dielectric constant has a max-
imum value at the lowest frequency and then decreases with the increase in the fre-
quency of the sample. At low frequency, all types of polarizations (ionic, electronic,
dipole and space charges polarization) contribute to the dielectric constant. At higher
frequencies, the easy depolarization of dipoles that exist at weak bonded interface and
boundary regions results in small value of dielectric constant. At higher frequency, only
orientation polarization contributes to the dielectric constant [56].
Figure 4(c) shows the temperature of maximum dielectric constant Tc varies with x

addition. Tc increased gradually with the content of x increased (up to a value of
x� 0.005), they are 380, 390, 385, 390, 395 �C, respectively, then reduced to a content
of x¼ 0.00625 (380 �C).

Figure 5. (a) Temperature dependence of dielectric loss (tan d) measured at 1 kHz, (b) plots of tan d
versus frequency and (c) plots of tan d versus x, for PYBZT-PMS ceramics.
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Figure 4(d) shows the dielectric constant (Er) of the specimens according to x at
room temperature. The dielectric constant showed the maximum value of 1201 at
x¼ 0.005 and then decreased.
The specimen having composition x¼ 0.005 shows maximum value of dielectric con-

stant (Emax) which is 9279 near Tc. Additionally, the substitution of Y and Bi into
PYBZT-PMS ceramics slightly increases the transition temperature from 380 �C (x¼ 0)
to 395 �C (x¼ 0.005) which is quite high and may be useful in technical applications.
The reason for the improvement in dielectric properties and deterioration in micro-
structural for the composition x¼ 0.005 may be attributed to the fact that the compos-
ition is very close to the morphotropic phase boundary (MPB) [57, 58].
Figure 5(a) shows the temperature dependence of the dielectric loss (tan d) for

PYBZT-PMS ceramics with various Y2O3, Bi2O3 content measured at 1 kHz, for the test
temperature range from room temperature to 450 �C. For the all compositions sintered
at 1200 �C, the plot of tan d versus temperature, just before the phase transition, an
increase (and then decrease) in the dielectric loss is observed this is characteristic of
PZT type ceramics. This increase in tan d may be due to an increase in the electrical
conduction of the residual current and absorption current [59, 60]. The dielectric loss is
a contribution of conduction loss due to ions migration, ions jump, also ion polariza-
tion and vibration loss. It can be seen that all PYBZT-PMS ceramics exhibit a dielectric
loss < 0.4.
Figure 5(b) shows the variation of dielectric loss tan d of all the samples at different

frequencies measured at room temperature. In all the samples, the dielectric loss
decreases with the increase of frequencies. Dielectric loss decreases with the increase in
frequency and, has the lowest value around at 1000 kHz. The interfacial dipoles cannot
orient themselves in the direction of the alternating field with the increase in frequency.
So charges can no longer follow the field and their contribution to the dielectric con-
stant deceases [60, 61].
Figure 5(c) shows the tan d of the Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3

ceramics (x¼ 0, 0.00125, 0.0025, 0.00375, 0.005, and 0.00625) as a function of x measured
at 1 kHz and at room temperature. When the content of x� 0.00125, tan d increased with
the content of x increased. When the content of x was 0.0025 � x� 0.005, tan d decreased

Figure 6. Electrical conductivity as a function of: (a) temperature, (b) x content, for PYBZT-
PMS ceramics.
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gradually with the content of x increased and then increased with the content of x> 0.005.
It is reported that the higher densification can lower the dielectric loss of ceramics
[62–65]. Thus, the lowest tan d of PYBZT-PMS ceramic is because of the highest bulk
density at x¼ 0.0025, 0.00375 and 0.005.
The temperature-dependent electrical conductivity r of PYBZT-PMS ceramics are

shown in Fig. 6(a) with x¼ 0, 0.00125, 0.0025, 0.00375, 0.005, and 0.00625. It is meas-
ured in a wide temperature range from 25 �C to 450 �C and at 1 kHz. The results show
that r is observed to increase with the increasing of temperature. From room tempera-
ture to around 350 �C, slow growth in the r value occurs. Above a temperature of
350 �C, a significant increase in the r value is observed. The high activation energy
value at high temperature is due to the thermally activated charge carriers.
The electrical conductivity of all samples as a function of x content at room tempera-

ture are showed in Fig. 6(b). The results indicate that PYBZT-PMS ceramics show an
increase in electrical conductivity with increasing x content. When the content x
increases have a much more conductive path of continuous conduct network that allows
electrons to pass through.
Figure 7 shows the temperature dependence of the mechanical quality factor Qm and

the electromechanical coupling factor KP of Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92–(Mn1/3
Sb2/3)0.08]O3 ceramics.
It is shown from Fig. 7(a) that the mechanical quality factor Qm value of the PYBZT-

PMS ceramics continuously decreased with increasing temperature. When the tempera-
ture shifts from 25 �C to 450 �C, the Qm values of all samples showed an obvious
decrease. The addition of positive and low-valent metal ions by adding acceptor impur-
ities greatly increases the negative charge center and carrier holes in the ceramic body,
which generates a large amount of space charge [66, 67]. The negative space charge
accumulates at the positive end of the domain, while positive space charge accumulates
at the negative end of the domain wall, forming a space charge field in the same direc-
tion as the original polarization of the electric domain, which will inhibit domain wall
motion [67, 68]. With the increase of temperature, the space charge migrates into the
ceramic body, which reduces the accumulation of space charge and promotes the move-
ment of domain wall. For the soft PZT materials, the amount of space charge generated

Figure 7. Temperature dependence of Qm (a) and KP (b) of the PYBZT-PMS ceramics sintered at
1200 �C measured at 1 kHz.
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in the ceramic body is small, and the change of temperature causes the small amount of
space charge migration.
As shown in Fig. 7(b), the electromechanical coupling factor KP value of the PYBZT-

PMS ceramics increase initially and then decrease drastically with the increasing tem-
perature. It can be seen that KP of PYBZT-PMS ceramics keeps stable when the tem-
perature below 200 �C. This result further reveals that PYBZT-PMS ceramics is a
promising candidate for high temperature piezoelectric applications.
All the piezoelectric properties of the Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3

ceramics with x¼ 0, 0.00125, 0.0025, 0.00375, 0.005, and 0.00625 measured at 1kHz and at
room temperature, are listed in Table 2.

4. Conclusions

In summary, Pb1�xYx/2Bix/2[(Zr0.53 Ti0.47)0.92–(Mn1/3 Sb2/3)0.08]O3 (x¼ 0, 0.00125,
0.0025, 0.00375, 0.005, 0.00625) piezoelectric ceramics were prepared by a conventional
solid-state sintering method and studied systematically by means of Raman spectra,
XRD, SEM and electrical measurements. Raman Spectra and XRD revealed that the
PYBZT-PMS ceramics were of pure perovskite structure with the coexistence of tetrag-
onal and rhombohedral phase (MPB) was observed for x¼ 0.0025–0.005. Addition of
Y2O3 and Bi2O3 leads to a decrease in grain size and promotes bulk density of the cer-
amics. The electrical conductivity r measurement presented that with the increasing of
temperature and x content, the r of the PYBZT-PMS ceramics increased. The conduc-
tion behavior can be described by the intrinsic charge carriers conduction mechanism
and extrinsic semiconductor conductive mechanism in different temperature range.
When x¼ 0.00375, it exhibits optimum electrical performance: er ¼ 1119.397,

Table 1. summarizes the density, porosity and lattice parameters (a, b, c), for all the investi-
gated compounds.

x content
Measured

density q (g/cm3)
Relative

density (%) Porosity

Lattice parameters

Crystal system (rhombohedral)
Crystal system (tetragonal)

a¼ b¼ c (Å) a¼ b (Å) c (Å) c/a

x¼ 0 7,49 93.62 0.06375 4.0392 – – –
x¼ 0.00125 7.58 94.75 0.0525 4.0504 – – –
x¼ 0.0025 7.74 96.75 0.0325 4.0613 4.0462 4.1243 1.0193
x¼ 0.00375 7.82 97.75 0.0225 4.0782 4.0673 4.1272 1.0147
x¼ 0.005 7.76 97 0.03 4.0656 4.0524 4.1258 1.0181
x¼ 0.00625 7.55 94.37 0.05625 – 4.0328 4.1236 1.0225

Table 2. The mechanical quality factor Qm, the electromechanical coupling factor KP, the piezoelec-
tric charge constant d31, the piezoelectric voltage constant g31 and the Young modulus Y of PYBZT-
PMS ceramics sintered at 1200 �C.
x Qm KP d31 (10

�12 C/N) g31 (10
�3 m V/N) Y (1010 N/m2)

0 358.499 0.602 57.68 9.45 7.884
0.00125 389.756 0.611 59.888 9.937 8.438
0.0025 441.967 0.626 63.587 10.667 9.632
0.00375 525.232 0.639 68.698 11.349 11.058
0.005 479.365 0.63 65.687 10.896 10.157
0.00625 370.442 0.605 61.534 9.884 8.153
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tand¼ 0.01535, Tc ¼ 390 �C, q¼ 7.82 g/cm3, r¼ 0.709 (Mohm m)�1, Qm ¼ 525.232, KP

¼ 0.639, d31 ¼ 68.698� 10�12 C/N, g31 ¼ 11.349� 10�3 m V/N and Y¼ 11.058� 1010

N/m2. These results confirm that the ceramic is with the potentialities to be applied in
multilayer ceramic capacitors and electro-strictive actuators.
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