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Abstract

Perovskite solid solution (1-x)Pb(Zr, 5,Ti, ,4)O;-xY(Ta ,/ZSb 2 )O; ceramics (abbreviated as PZT-YTS, where x
=0, 0.01, 0.02, 0.03, 0.04 and 0.05) were synthesized by conventional solid state method. The phase structure,
microstructure and corresponding electrical properties were studied. X-ray diffraction and Raman analyses
show that tetragonal phase structure was obtained in all ceramics at room temperature. Scanning electron
micrographs of the samples show uniform grain distribution and grain growth inhibition with the increase
of doping content. The dielectric permittivity, dissipation factor, electromechanical coupling factor, Young
modulus, mechanical quality factor, piezoelectric charge constant, actual density and piezoelectric voltage
constant, for the ceramics with x = 0.04 were: g, = 714.9, tan § = 0.03345, Kp = 0.635, Y = 10.528 X 1070 Nim?,
QO = 622.254, d3; = 74.738 x 1072 C)N, p, = 7.67 glem® and g3; = 10.477 x 1073 m-V)N, respectively, which
are optimal in comparison to other studied samples.
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I. Introduction composition fluctuation near the MPB, sintering tem-
perature and dopant concentration. In order to achieve a
high degree of molecular mixing, chemical homogene-
ity, control of stoichiometry, low calcination and sin-
tering temperature, various chemical methods [12] have
been used for the synthesis of these compounds. How-
ever, processing of PZT ceramics by a solid-solution
mixing process has the advantages of convenient prepa-
ration and low cost [13]. It is well-known that the per-
formance of piezoelectric ceramics can be improved by
doping [14,15]. In PZT, donor doping or doping with
higher valence ions on either the A- or B-site has been
shown to result in a “softening” which is typically char-
acterized by increase in piezoelectric activity, dielectric
constant (g,) and dielectric loss (tan o), as well as de-
crease in the coercive field (E.) and mechanical qual-
ity factor (Q,,). Alternatively, acceptor doping or dop-
ing with lower valence cations results in the formation
of compensating oxygen vacancies. Defect associates
and dipoles consisting of acceptor ions and compensat-

Pb(Zr, ,Ti )OO, (PZT) ceramics, with perovskite
(ABO,) structure, exhibit excellent ferroelectric and
piezoelectric properties and high Curie temperature
(T¢). This make them effective for use in a wide range
of applications, including actuators, transducers, acous-
tic devices and resonators, and military sonars as well
as in ultrasonic welding, ultrasonic cutting, gas ignition,
ferroelectric random-access memory (FeRAM), micro-
electromechanical systems (MEMS), etc. [1-8].

Pb(Zr, . Ti )O, has excellent piezoelectric properties
for a composition x of approximately 0.48, which cor-
responds to the morphotropic phase boundary (MPB)
where the tetragonal (Ti-rich) and rhombohedral (Zr-
rich) phases coexist [9—11]. It has been observed that
the properties of these ceramics are very sensitive to the
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ing oxygen vacancies can be formed which then align
along the polarization axes which lead to a stabilization
of the domain configuration. Consequently, the material
exhibits “hardening” which is characterized by a reduc-
tion in piezoelectric activity, a decrease in &, and tan o
as well as an increase in Q,, and E..

The piezoelectric ceramics are usually obtained by
doping with several cations and then made into poly-
crystalline bulk by high-temperature sintering and solid-
state reaction [16—19]. In the next step, the piezoelectric
ceramics are polarized in silicon oil under high voltage
which makes them highly piezoelectric, thus the piezo-
electric ceramics can realize successful transformation
between mechanical and electrical energy. The dopants
can be divided into three main categories: i) donor dop-
ing, such as La*", Bi**, Nd** doped in A sites, Nb>* in
B sites [20—22], ii) acceptor doping, such as Mn**, Fe**,
AI**, Dy**, Er’* doped in B sites [23-26], iii) isovalent
doping, such as Sr**, Ca®*, Ba>* in A sites, Sr** in B
sites [27,28]. PZT doping with donor ions, such as Y3
at A-site and Ta>*, Sb>* at B-site, reduces the concen-
tration of intrinsic oxygen vacancies created due to PbO
evaporation and compensates the hole formed due to
lead vacancies, which in turn increases bulk resistance
of the sample. The PZT ceramics modified with Y ex-
hibits good dielectric and piezoelectric responses (PZT
(52/48) + 2at.% Y has g, = 2100, P, = 26 uC/cmz)
[29]. Similarly, PZT modified with Ta and Sb exhibits
the improved piezoelectric properties (PZT + 0.1 at.%
Sb has &, = 2663, P, = 1.26 uC/cm?, T¢ = 415.0°C,
whereas PZT + 0.1at.% Ta has g,,, = 5893, P, =
2.69 uC/cm?, T¢ = 388.5°C) [30].

The perovskite phase formation in PZT ceramics gen-
erally takes place at elevated temperatures (at 1180 °C)
[31], however, at high firing temperatures, significant
amount of PbO will be lost due to its volatilization. Un-
fortunately, in conventional solid state synthesis route,
the PbO loss is inevitable due to the multiple steps re-
quired for phase formation, beginning with calcinations
and subsequent extreme sintering temperatures [32].
The excess PbO powder is intentionally added during
the batch preparation of Pb-based ceramics to prevent
composition shifting and to compensate the loss of PbO
during heating cycles. Additionally, it is added to en-
hance densification by forming a PbO-rich liquid phase
during the sintering process [31-34].

In this study, perovskite ceramics containing Y37,
Ta* and Sb’* ions, ie. (1-x)Pb(Zr,s,Tij5)05-
xY(Ta,,Sb, ,)O0; (PZT-YTS, x = 0, 0.01, 0.02, 0.03,
0.04 and 0.05) were prepared by conventional solid
state sintering method. Microstructure and temperature-
dependent dielectric and piezoelectric properties of
these materials were investigated in detail.

II. Experimental procedure

All used oxides Pb,0, (99.9%), TiO, (98.9%),
710, (99.9%), Y,0; (99.8%), Sb,0, (99.6%) and
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Ta,O5 (99.8%), were obtained from Aldrich chem-
icals. The stoichiometric amounts in the designated
(1-x)Pb(Zr, 5,Ti( 44)05-xY(Ta, ,Sb, ,)O; (where x = 0,
0.01, 0.02, 0.03, 0.04 and 0.05) compositions were
mixed in ethanol (solvent) by a magnetic stirrer for
2h and then dried in the oven at 80 °C. After milling
(RETSCH PM-200, Germany) in tungsten carbide
bowls with tungsten carbide balls in ethyl alcohol
medium for 6 h, the resulting slurry was dried and the
powder was calcined in alumina crucible at 800 °C for
2h. The calcined powders were milled for the sec-
ond time and subsequently compacted into pellets us-
ing polyvinyl alcohol (PVA) binder under a pressure of
98 MPa. The pellets were sintered at 1180 °C for 2h in
a closed alumina crucibles at a heating rate of 5 °C/min
and natural cooling in the furnace (70 °C/h), in the pres-
ence of PbZrO, powder to prevent PbO loss during the
high temperature sintering. The sintered pellets were
electroded by high-purity silver particle paste and fired
at 750 °C, before any electrical measurements.

Room temperature powder X-ray patterns were
recorded on a Philips diffractometer using CuK,, radi-
ation with a wave-length of 4; = 1.54056 A in the an-
gle range of 10° < 26 < 70° with a 10s counting
time for each step of 0.02°. The Archimedes method
was used for measuring the densities of the sintered
samples. Microstructure of the ceramics was examined
by the scanning electron microscopy (FESEM, Quanta
250FEG, USA). The Raman spectra were recorded us-
ing a Raman spectrometer from Princeton Instruments
(HORIBA HR&00).

Dielectric properties were measured at 1 kHz using
an LCR meter (800 GWI, LTD) in the temperature range
from 25 to 450 °C with a heating rate of 1 °C/min. The
ceramics were poled at 120 °C in silicone oil under an
electric field of 30-40kV/cm for 45 min using a pol-
ing system (Rek RK2674A, HYJH-3YY/20kV). For
investigation of the piezoelectric properties, the reso-
nant and anti-resonant frequencies were measured by an
impedance analyzer (Agilent 4294A).

IT1. Results and discussion

3.1. XRD patterns and Raman spectra

Room-temperature XRD patterns of the PZT-YTS ce-
ramics containing different amounts of YTS (x = 0,
0.01, 0.02, 0.03, 0.04 and 0.05) sintered at 1180 °C for
2h are shown in Fig. 1. The XRD patterns confirm
that all the PZT-YTS powders have pure single-phase
perovskite structure without any peaks of pyrochlore
phases for all compositions. The peak splitting of 002
and 200 reflections around 26 = 45° suggested that the
crystal structure of the PZT-YTS ceramics was tetrag-
onal. With the YTS content increase, the increased in-
tensity of the XRD peaks indicates that the crystallinity
becomes better.

The XRD results indicate that Y>* (0.106 nm), Ta’*
(0.068 nm) and Sb>* (0.062nm) dopants diffuse in the
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Figure 1. XRD patterns of 20 = 10°-70°, of the PZT-YTS
ceramics sintered at 1180 °C

Table 1. Theoretical density p,;,, actual density p, and
relative density p, of the PZT-YTS ceramics

x  pmlglem’]  p,[g/em®]  p, [%TD]

0 8.04 7.32 91.04
0.01 7.95 7.37 92.7
0.02 7.93 7.63 96.21
0.03 7.9 7.65 96.83
0.04 7.85 7.67 97.7
0.05 7.88 7.66 97.20

PZT lattice to form a homogeneous solid solutions. In
view of its ionic radius and chemical valance, it is rea-
sonable that Ta’>" and Sb>* ions occupy the B-site of
Zr** (0.072 nm)/Ti," (0.060 nm) ions, and Y3+ occupies
the A-site of Pb** (0.119 nm) ion.

Using the Archimedes method the actual density
of the PZT-YTS ceramics was measured and the cal-
culation of the theoretical density is based on the
knowledge of the lattice parameter data. The theoret-
ical density, actual density and relative density of the
(1-x)Pb(Zr 5, Tij 4)O05-xY(Ta, ,Sb; ,)O; (x = 0, 0.01,
0.02, 0.03, 0.04 and 0.05) ceramics samples are shown
in Table 1. According to the results, the actual density
shows a maximum (7.67 g/cm?) for a value of x = 0.04,
where a relative density of 97.7% has been reached.
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Figure 2. Raman spectra of (1-x)Pb(Zr, 5, Ti, 43)O;-
xY(Ta;,Sb,,,)O; ceramics at room temperature

Raman spectroscopy is sensitive to the symmetry of
crystalline structures and is, therefore, a suitable tech-
nique to study the structure and phase evolution of
the prepared ceramics. Room-temperature Raman spec-
tra recorded in the 50-1000cm~! wave number range
for the (1-x)Pb(Zr,, 5, Ti; ,4)05-xY(Ta, /2Sb1 /2)03 ceram-
ics for compositions x = 0, 0.01, 0.02, 0.03, 0.04 and
0.05 are depicted in Fig. 2. The experimental Raman
spectra are basically in good agreement with the pub-
lished data which confirms that steady PZT-YTS phase
has already formed in these sintered ceramics [35-37].
There were seven obvious peaks, which were located
at about 63, 137, 199, 276, 333, 554, 611, 718 and
755cm™!. Each peak represents the Raman active vi-
brational mode for a given sample, suggesting that the
samples are pure and do not contain any compositional
inhomogeneity.

The assignments of Raman active modes and Raman
shifts are listed in Table 2. The presented values con-
firm that the PZT-YTS samples are free from the inho-
mogeneity and contain tetragonal phase that occurred in
all the ceramics.

3.2. Microstructure of ceramics

Figure 3 shows the SEM images of the PZT-YTS ce-
ramics with different YTS contents sintered at 1180 °C
for 2h. The microstructures of the PZT-YTS ceramics
are well crystallized with homogeneous grain size dis-
tributions and very dense. The average grain size of the
ceramics is influenced by the change in YTS contents.
The grain boundary migration speed is improved after
adding YTS which causes a disproportionate grain dis-
tribution, so the grain growth of the PZT-YTS ceramics
is accelerated due to the liquid phases involved.

The decrease of grain size can be explained by the
partial substitution of PZT by YTS resulting in an in-
creased average mobility of the ions, which induced a
slow inter-diffusion movement via the grain boundary,
preventing the formation of necks between the grains as
well as its growth and thus inhibiting the growth of the
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Table 2. The assignments of Raman active modes, Raman shifts and phase structure for PZT-YTS ceramics at room

temperature [9,38—43]
Raman shift [cm™!]  Active modes Assignments Phase structure
63 E(1TO) Pb-BO; stretching Tetragonal or Rhombohedral
137 A (1TO) Cation-(BO,) lattice modes Tetragonal
199 EQ2TO) O-B-O bending Tetragonal
276 B, +E B-localized Tetragonal or Rhombohedral
333 A, (2TO) O-B-0 stretching Tetragonal or Rhombohedral
554 EBTO) O-B-O bending Tetragonal
611 A,(3TO) O-B-O bending Tetragonal
718 E(4LO) O-B-0 bending Tetragonal
755 A, (BLO) B-O stretching Tetragonal
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Figure 3. SEM micrographs of fracture surfaces of PZT-YTS ceramics as a function of YTS contents, x: a) 0, b) 0.01, c) 0.02,
d) 0.03, e) 0.04 and f) 0.05
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Figure 5. Variation of dielectric permittivity &, (a) and dissipation factor, tan d (b) of PZT-YTS ceramics (with different
compositions, x = 0, 0.01, 0.02, 0.03, 0.04 and 0.05) with frequency

grains. Secondly, it is found that PZT-YTS ceramics be-
comes denser as Y>*, Ta>* and Sb>* content increases.

3.3. Electrical properties

Figures 4a and 4b show the temperature dependence
of the dielectric permittivity (&,) and dissipation factor
(tan6) of the (1-x)Pb(Zr 5, Tij 44)O0;-xY(Ta,,Sb; )04
ceramics with various x values (0, 0.01, 0.02, 0.03,
0.04 and 0.05) measured at 1kHz in the test tem-
perature range from 25-450°C. Figure 4a shows that
there is phase transition in the dielectric-temperature re-
sponse for all ceramic samples at tetragonal-cubic (the
Curie temperature, T¢) phase transition temperature.
The Curie temperature was observed to increase from
375 to 385 °C as x was increased from 0 to 0.003, then
decreases to 375 °C for x > 0.04. A diffuse phase tran-
sition is observed for all the PZT-YTS ceramic samples
which results in a wide maximum range for the change
of dielectric permittivity with temperature.

From Fig. 4b, it is observed that the dissipation fac-
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tor (tano) gives all the signs of transitions clearly. At
high temperature, tan ¢ increases suddenly which could
be due to the generation of space charge at high temper-
ature.

Dielectric permittivity (e,) and dissipation factor
(tan 6) versus frequency plots for the PZT-YTS ceram-
ics (x = 0-0.05) are shown in Fig. 5. One can see from
Fig. 5a that the dielectric permittivity of all the sam-
ples decreases sharply with the increase of frequency in
the low frequency range, while the dielectric permittiv-
ity tends to be stable at higher frequencies. This can be
attributed to the different responses of various polariza-
tion mechanisms in different frequency regions, and the
polarization relaxation is ascribed to this phenomenon
[44.,45].

At low frequency, all types of polarizations (ionic,
electronic, dipole and space charges polarization) con-
tribute to the dielectric permittivity. At higher frequen-
cies, the easy depolarization of dipoles that exist at
weakly bonded interfaces and boundary regions results
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in small value of dielectric permittivity. At higher fre-
quency, only the orientation polarization contributes to
the dielectric permittivity.

Figure 5b shows that in all samples tan ¢ decreases
with increasing frequencies. As such, tand represents
contribution of conduction loss due to ions migration,
ions jump, also ion polarization and vibration loss.

Figures 6a and 6b show the change in resistivity p
and conductivity o with the temperature measured at
1 kHz for the PZT-YTS ceramics with x = 0, 0.01, 0.02,
0.03, 0.04 and 0.05. With the increase in temperature
and YTS contents a gradual decrease in resistivity can
be seen, indicating thermally activated process and an
increase in conductivity due to the hopping of charge
carriers from one preferable site to another.

Figure 7 shows the temperature dependence of the
electromechanical coupling factor Kp of the PZT-YTS
ceramics with various YTS contents. The Kp increases
initially and then decreases drastically with the increas-
ing temperature. The defect dipoles on domain walls can
act as pinning points which prevent the domain from
movement and hence decrease the Kp value [46].

The temperature dependence of Young modulus Y of
the PZT-YTS ceramics is shown in Fig. 8. With an in-
crease in temperature, there is a marked decrease in the
value of the Young modulus Y in a continued way. The
decrease of this factor could be explained by the attrac-
tive forces that prevent vibration dipoles [47].

Figure 9 shows the temperature dependence of the
mechanical quality factor Q,, of the PZT-YTS ceramics
with various YTS contents. The Q,, decreases as tem-
perature increases. The mechanical quality factor is de-
fined as the reciprocal of the internal friction. Vacant
Pb sites support the movement of domain walls and in-
crease the internal friction within the ceramics.

Table 3 exhibits the measured values for physical
properties of PZT-YTS ceramics according to the varia-
tion of YTS at room temperature.
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Table 3. Physical properties of PZT-YTS ceramics as a function of YTS substitution

by g tand [%] p [MQm] o [MQ 'm™!] Kp Y[10°N/m?] Q, ds [107'2C/N] g3, [1073 m-V/N]
0 455.845 20905 2.762 0.362 0.612 9.386 451.155 70.319 10.346
0.01 611.847 2.741 1.739 0.575 0.613 9.897 484.025 72.414 10.467
0.02 677.271 3.125 1.434 0.697 0.619 10.256 661.611 73.428 10.524
0.03 714.089 3.897 1.317 0.759 0.621 10.95 689.875 76.534 10.564
0.04 714.945 3.345 1.145 0.873 0.635 10.528 622.254 74.738 10.477
0.05 617.406 2.985 1.061 0.942 0.615 8.758 473.785 71.887 10.185
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