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The dielectric and piezoelectric properties of pyrochlore-free lead zirconate
titanate-lead zinc niobate ceramics were investigated systematically as a function
of Sr doping. The powders of Pb(,_Sr,[0.7(Zr,,Ti;»)-0.3(Zn, 3Nb,3)|O3, where
x=0-0.06 were prepared using the columbite-(wolframite) precursor method.
The ceramic materials were characterized using X-ray diffraction, dielectric
spectra, hysteresis and electromechanical measurements. The phase-pure
perovskite phase of Sr-doped PZN-PZT ceramics was obtained over a wide
compositional range. The results showed that the optimized electrical properties
were also achieved at composition x=0.0, which were Kp=0.69,
d3=670pCN~", P,=31.9uCem™> and eymax = 18600. Maximum dielectric
constant values of the systems decreased rapidly with increasing Sr concentration.
Moreover, with increasing Sr concentration dielectric constant versus temperature
curves become gradually broader. The diffuseness parameter increased signifi-
cantly with Sr doping. Furthermore, Sr doping has been shown to produce a
linear reduction in the transition temperature (73,)=294.1-12.7x°C with
concentration (x). Sr shifts the transition temperature of this system at a rate
of 12.7°Cmol ™' %.

Keywords: Pb(Zr,>Ti;5)O3; Pb(Zn;;3Nb,/3)O5 dielectric properties; Perovskite structure

1. Introduction

Piezoelectric materials are widely used for various devices, including multilayer
capacitors, sensors, and actuators. By the 1950s, the ferroelectric solid solution
Pb(Zr,_,Ti, )O3 (PZT) was found to host exceptionally high dielectric and
piezoelectric properties for compositions close to the morphotropic phase boundary
(MPB). This MPB is located around PbZrO;:PbTiO;~0.52:0.48 and separates
a Ti-rich tetragonal phase from a Zr-rich rhombohedral phase [1, 2]. Recent results
have discovered the existence of a low-symmetry (monoclinic) phase within the MPB
region, a nearly vertical line between the rhombohedral and tetragonal phases [3].
And Noheda et al. [4, 5] and [6] have suggested that the enhanced dielectric

*Email: naratipcmu@yahoo.com

Phase Transitions
ISSN 0141-1594 print/ISSN 1029-0338 online © 2007 Taylor & Francis
http://www.tandf.co.uk/journals
DOI: 10.1080/01411590701288038



Downloaded By: [Vittayakorn, Naratip] At: 11:34 4 July 2007

814 N. Vittayakorn

and piezoelectric properties around the MPB are due to the formation of an
intermediate monoclinic phase.

Most commercial PZT ceramics are thus designed in the vicinity of the MPB with
various dopings in order to achieve optimum properties. Tons of alkaline—earth
metals, e.g., Ca>*, S+ and Ba>* which have ionic radii of 1.06 A, 1.27 A and 1.43 A,
respectively, are frequently used to substitute for Pb*" [2, 7]. Recently, Zheng
et al. [8] have reported that Sr-modified PZT ceramics generally have higher
dielectric and piezoelectric properties than pure PZT. Sr substitutions on the A-site
in PZT tended to shift the MPB composition toward the tetragonal phase.

Lead zinc niobate, Pb(Zn,;;Nb,/3)O;3, (PZN) has a disordered complex
perovskite structure in which Zn>" and Nb>" cations are distributed randomly
with the short range ordering on the B-site [9]. PZN is a well known relaxor
ferroelectric that has been noted for its high permittivity and extremely high
piezoelectric coefficients [10]. Relaxor single crystal actuators can produce strain
levels in excess of 1% and exhibit five times the strain energy density of conventional
piezo-ceramics [11]. These materials are used for compact chip capacitors, actuators,
hydrophones, sonar transducers, receivers and micro-positioning devices [12—14].
Although single crystals of PZN can routinely be grown by the flux method [11], it is
known that perovskite PZN ceramics cannot be synthesized by the conventional
mixed-oxide method without doping [15]. It is well known that replacement of the
A-site ion (Pb) by an ion with a large radius such as Ba or Sr is also considered to be
a good approach to stabilize the perovskite phase [15]. Such an approach is also
known to improve the mechanical strength, increase the electrical resistivity,
and of course reduce the total amount of Pb weight% in the composition. Recently
our previous work [16, 17] observed large coupling coefficients and large
piezoelectric constants in PZN-PZT ceramics. This study is concerned with the
effect of Sr substituted PZT modified with the relaxor ferroelectric PZN. Based on
our previous [16] results for the PZN-PZT system, PZT containing 30 mol% of PZN
was selected as the starting composition which is close to the rhombohedral MPB
in this system.

2. Materials and methods

The general formula of the materials studied was Pbg_,Sr[0.7(Zr;,Ti, )
0.3(Zn;;3Nb,/3)]O3, where x =0-0.06. The samples were prepared by the two-stage
method to acquire a pure phase of perovskite. Reagent-grade oxide powders, PbO,
7105, TiO,, ZnO, Nb,Os, and SrCO;, were used as the starting materials. In the first
stage, a powder of columbite precursor, ZnNb,Og4, was prepared by calcination
of ZnO with Nb,Os at 1100°C for 4 h. And the wolframite precursor, ZrTiO4, were
synthesized by calcination of ZrO, with TiO, at 1400°C for 4 hours In the second
stage, the above precursor with PbO, ZrTiO4, ZnNb,Og4, and SrCO5 was weighed
and mixed through use of a polyethylene jar and ZrO, milling media. The mixture
was then calcined at 900°C for 4h in air, remilled, pressed into disks ~10.0 mm
in diameter at around 80 MPa, and then sintered at 1200°C for 2h in a sealed
alumina crucible with a PbZrO; powder atmosphere. The as-sintered disks were
lapped and electroded with a silver paste. The specimens for piezoelectric properties
measurements were poled in a silicone oil bath with a DC field of 3kVmm™" for
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45min at 120°C and was cooled down to room temperature under a DC field.
The specimens were aged for 24 h before testing.

The crystal structure of solid solutions was analyzed using X-ray diffractometry
XRD (PW1729, Philips, Netherlands) with a 26 range from 10° to 60°. A step scan
with a step size of 0.02° was used with a counting time of 1 s/step. The bulk density
was measured using the Archimedes method. The piezoelectric constant (ds3)
was measured using a quasi-static piezoelectric d3;3 meter (Model 8000 d;; Tester).
The planar coupling coefficient (k,) was determined by the resonance and
anti-resonance technique using an impedance analyzer (Model HP4194A,
Hewlett-Packard, CA). The transition temperature (7,,) and dielectric constant
(K) were measured on heating at 3°Cmin~' using an LCR meter (HP4274A,
Hewlett-Packard, Palo Alto, CA) over the range of 100Hz to 500kHz and
temperatures of 25 to 450°C. In addition, the polarization (P) was measured as a
function of electric field (E), using a ferroelectric tester system (Radiant
Technologies, Inc., PT66A).

3. Results and discussion

Figure 1 shows the XRD diffraction patterns of Pb_,Sr.[0.7(Zr/xTi )
0.3(Zn;;3Nb,/3)]O3, where x=0-0.06 specimens, each exhibiting a phase-pure
perovskite phase within the detection limit of the equipment. It is apparent that
no undesirable pyrochlore phase such as Pb,Nb,O5 or Pb; g3(Zng »9Nb; 71)Og 39 has
been formed because no diffraction peaks are observed in the 26 range of 28-30°,
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Figure 1. Room Temperature XRD patterns of PZT-PZN (ZT:ZN=70:30) ceramics as
function of Sr-doping level.
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Figure 2. Lattice parameter (/OX) of perovskite structure as a function of Sr concentration.

in which their strongest diffraction peaks are (JCPDS 25-0444, 34-0374). The XRD
data can be identified as a single-phase material with a perovskite structure, having
rhombohedral symmetry. With the peaks properly indexed, lattice parameter was
determined using UnitCell, a linear least squares refinement program. The calculated
lattice parameters of the perovskite structures are presented in figure 2. An increase
in the mole faction of Sr** did not show any evidence of a change in symmetry.
Also, the lattice constant linearly decreases with the replacement of Pb** by Sr*+
according to the Vegard rule.

It indicates that, together with the XRD patterns in figure 1, complete series
of perovskite solid solutions are formed. In general, the lattice parameters of the
perovskite structure also decreased gradually as x increased, undoubtedly because
of the introduction of the smaller strontium ion (r=1.27 A) into the lead site
(r=1.49 A), resulting in decreasing of the unit cell. Bulk density of piezo-ceramics is
an important factor influencing the properties of ceramics. Commonly, the dielectric
and piezoelectric properties of ferroelectric materials depend strongly on chemical
compositions as well as the density of the specimens. The densities of the as-sintered
specimens containing different amounts of strontium were measured, and the results
are shown in figure 3. The densification behaviour of the specimen was greatly
influenced by the strontium content. The density decreased almost linearly with
increasing strontium concentration for both of the samples.

Dielectric constant or relative permittivity versus temperature measurements
of as-sintered samples are summarized in figure 4. All of the samples displayed
relaxor ferroelectric behaviour, characterized by broad frequency and temperature
dependent phase [18]. As the Sr** content increased, a clear shift of the transition
temperature to lower temperatures was observed. In addition, the dielectric
maximum decreased as the x value increased. Furthermore the dielectric peak
became broader as the Sr content increased. The broad dielectric spectra of the
relaxor ferroelectric composition more appropriately follow the quadratic
law [19]. This arises from the fact that the total number of relaxors contri-
buting to the permittivity response in the vicinity of the permittivity peak
is temperature-dependent, and the temperature distribution of this number is given
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Figure 3. The density of the perovskite PZT-PZN ceramics as a function of strontium.
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Figure 4. Dielectric properties as a function of temperature on heating at frequency
of 100 Hz—100 kHz varies Sr concentration of the as-sintered sample.

by a Gaussian function about a mean value 7, with a standard deviation o.
The diffusiveness parameter (§) of the transition was calculated from the
expression [20]:

_ N2
K ((T Tm(f))) 0

K)o
where K, is maximum value of the dielectric constant at 7= T,,(f) and K(f, T) is
the intrinsic dielectric constant of sample. If In (K,,,/K,) is plotted versus (T — T
the slope of the fitted curve, 1/(286%), will give the value of the diffuseness
parameter. As clarified by Pilgrim et al. [20] the estimate of § is valid for the range
of Kn/Ks1y<1.5. Table 1 gives in more detail the dielectric and ferroelectric
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Table 1. Dielectric and ferroelectric properties of Sr-doped
PZT-PZN ceramics.

As-sintered

Sr Mol & max s P,(uCem™?)  E.(kVem™') Ry

0.00 18600 29.0 31.9 10.6 1.48
0.02 14500 38.8 24.0 10.8 1.41
0.04 11600 48.2 20.2 11.7 1.38
0.06 11000 71.8 18.1 12.7 1.33
300 =
o

275 4 o

250+

Transition temperature (7))

200 —
000 001 002 003 004 005 006
Sr -concentration

Figure 5. Transition temperature (7y.x) of Sr doped PZT-PZN ceramic as a function
of doping level.

properties of the Sr dope PZN-PZT ceramics. The diffuseness parameter increased
significantly with Sr doping. It is important to note that at the composition x =0.06,
two peaks were revealed at temperatures ~214°C and ~250°C in the ceramics at
1kHz. However, this behaviour was not observed at a low concentration of
strontium. These two peaks are interpreted to be due to the phase transitions,
or in other words associated with the possibility of the decrease of the chemical
homogenization. Other authors have reported a similar behaviour [21, 22].

The transition temperature at 1 kHz versus the Sr content is also plotted in figure 5.
As expected, S, doping has been shown to produce a linear reduction in the transition
temperature (7,,) =294.1—12.7x°C with concentration (x). Sr shifts the transition
temperature of this system at a rate of 12.7°Cmol™'%, which agrees quantitatively
with the previous studies [22, 23]. Figure 6 display the hysteresis curves of doped
PZT-PZN samples. As one can expect the polarization decreased with increasing Sr
dopant concentration [24, 25]. Haertling and Zimmer [26] derived an empirical
relationship between remanent polarization, saturation polarization and polarization
at fields above the coercive field. This permits the quantification of changes in the
hysteresis behaviour for each sample through the following equation:

Py PLiE,

Ra=pT7p
S T

2
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Figure 6. Dependence of the polarization versus electric field (P—E) loop on the Sr dopant.
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Figure 7. Piezoelectric constant (ds3) of PZT-PZN specimens with Sr doping concentration.

where, Ry, is the squareness of hysteresis loop, P, is remanent polarization, P is
saturation polarization, Py ;g is the polarization at an electric field equal to 1.1 times
the coercive field (Ec). For an ideal hysteresis loop, the squareness parameter is equal
to two. Normal square ferroelectric P—E loops were observed in undoped samples.
The hysteresis curves also become more slanted with increasing Sr content.
The remanent polarization decreased from 31.9 to 20.2uCcem™2 for the sample
doped with 0.04mol Sr. However, the coercive field increased from 10.6 to
12.7kVem ™" after doping with 0.06 mol Sr. Figures 7 and 8 show the changes in the
piezoelectric constant (d33) and the electromechanical coupling factor (kp)
as a function of the amount of Sr addition, respectively. As can be seen, both k,
and d33 show a similar variation with increasing Sr content. The piezoelectric
constant (d33) and the electromechanical coupling factor (k) decreases with
increasing Sr content.
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Figure 8. Electromechanical coupling factor (k,) of PZT-PZN specimens with Sr doping
concentration.

4. Conclusions

The dielectric and ferroelectric properties of Sr-modified PZT-PZN ceramics formed
via the columbite process were investigated. With an increase in the Sr dopant
concentration, the transition temperature and the maximum dielectric constant
decreased. In addition, Sr doping caused the ferroelectric phase transition to become
more diffuse.
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and Piezoelectric Properties of Lead Zinc
Niobate-Lead Zirconate Titanate Ceramics
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of Technology, Ladkrabang, Bangkok 10520, Thailand

2Department of Physics, Faculty of Science, Naresuan University, Pitsanuloke
65000, Thailand

The crystal structure, ferroelectric and piezoelectric properties of pyrochlore-free lead
zinc niobate-lead zirconate titanate ceramics were investigated systematically as a func-
tion of Sr doping as well as thermal treatment. The results showed that the remanent
polarization (P,) has decreased significantly with increase in strontium content. After
annealing, the value of squareness of hysteresis loop (Rsq) increased from 1.48 to 1.74
for the annealed sample. Furthermore the annealed samples exhibited larger P, and
lower coercive fields (E.) compared with as-sintered samples. The results indicated
that the ferroelectric and piezoelectric properties in Sr-modified PZT-PZN were further
improved by thermal annealing.

Keywords Thermal treatment; hysteresis loop; ferroelectric properties

Introduction

Lead zirconate titanate (PZT) occupies an important place in the field of ferroelectricity
since the mid 1950s, as its properties can easily be tailored for specific applications by
the addition of appropriate dopants or substituents [1, 2]. Recently, Zheng et al. [3] have
reported that Sr-modified PZT ceramics generally have higher dielectric and piezoelectric
properties than pure PZT. Sr substitutions on the A-site in PZT tended to shift the MPB
composition toward the tetragonal phase.

Lead zinc niobate, Pb(Zn;,3Nb,,3)O3, (PZN) is a well known relaxor ferroelectric that
has been noted for its high permittivity and extremely high piezoelectric coefficients [4]. It
is known that perovskite PZN ceramics cannot be synthesized by the conventional mixed-
oxide method without doping [5]. It is well known that replacement of the A-site ion (Pb)
by an ion with a large radius such as Ba or Sr is also considered to be a good approach to
stabilize the perovskite phase [5].

Recently our previous work [6, 7] observed large coupling coefficients and large
piezoelectric constants in PZN-PZT ceramics. Work by Kim et al. [8] on PZN-PZT
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ceramics reported that a dielectric and piezoelectric properties were improved with in-
creased annealing time. This study is concerned with the effect of Sr substituted PZT
modified with the relaxor ferroelectric PZN. Special emphasis is placed on the piezo-
electric and ferroelectric properties before and after thermal treatment. Based on our
previous [6] results for the PZN-PZT system, PZT containing 30 mol% of PZN was
selected as the starting composition which is close to the rhombohedral MPB in this
system.

Experimental

The composition selected for the present study is Pbg_,)Sr[0.7(Zr 2 Ti)2)
0.3(Zn;;3Nb,/3)]03, where x = 0-0.06. The mixture was calcined at 900°C for 4 h in
air, remilled, pressed into disks ~10.0 mm in diameter at around 80 MPa, and then sintered
at 1200°C for 2 h in a sealed alumina crucible with a PbZrO3; powder atmosphere. To deter-
mine the effect of thermal annealing, all of the sintered samples were thermally annealed
at 900° C in the same PbO atmosphere for 24 h. The crystal structure of solid solutions
was analyzed using X-ray diffractometry XRD (PW 1729, Philips, Netherlands). The bulk
density was measured using the Archimedes method. The piezoelectric constant (d33) was
measured using a quasi-static piezoelectric d33 meter (Model 8000 ds; Tester). The planar
coupling coefficient (k,) was determined by the resonance and anti-resonance technique
using an impedance analyzer (Model HP4194A, Hewlett-Packard, CA). In addition, the
polarization (P) was measured as a function of electric field (E), using a ferroelectric tester
system (Radiant Technologies, Inc., PT66A).

Results and Discussions

Figure 1 shows the XRD diffraction patterns of Pb_,)Sr[0.7(Zri/Tiy/2)
0.3(Zn;3Nby/3)]03, where x = 0-0.06 specimens, each exhibiting a phase-pure
perovskite phase within the detection limit of the equipment. The XRD data is consistent
with rhombohedral symmetry, which is indicative of a ferroelectric phase. With the
peaks properly indexed, lattice parameter was determined using UnitCell, a linear
least squares refinement program. The calculated lattice parameters of the perovskite
structures and the densities of the as-sintered and annealed specimens containing different
amounts of strontium are presented in Table 1. An increase in the mole faction of
Sr?* did not show any evidence of a change in symmetry. Also, the lattice constant
linearly decreases with the replacement of Pb?* by Sr>* according to the Vegard rule.
It indicates that, together with the XRD patterns in Fig. 1, complete series of perovskite
solid solutions are formed. In general, the lattice parameters of the perovskite structure
also decreased gradually as xincreased, undoubtedly because of the introduction of the
smaller strontium ion (r = 1.27A) into the lead site (r = 1.49 A), resulting in decreasing
of the unit cell. The densification behavior of the specimen was greatly influenced by
the strontium content. The density decreased almost linearly with increasing strontium
concentration for both of the samples. Figure 2(a) and (b) display the hysteresis curves
of doped PZT-PZN samples in the as-sintered state (Fig. 2(a)) and after annealing
(Fig. 2(b)). As one can expect the polarization decreased with increasing Sr dopant
concentration.

Haertling and Zimmer [9] derived an empirical relationship between remanent po-
larization, saturation polarization and polarization at fields above the coercive field. This
permits the quantification of changes in the hysteresis behavior for each sample through the
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Figure 1. XRD patterns of Pb(;_,)Sr,[0.7(Zr; > Ti; ) 0.3(Zn; 3Nb,/3)]03, where x = 0-0.06 ceramic
samples sintered at different temperatures.
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where, Ry is the squareness of hysteresis loop, P, is remanent polarization, P; is saturation
polarization, P ; E. is the polarization at an electric field equal to 1.1 times the coercive field

Table 1
Physical characteristic of Pb(j_y)Sr[0.7(Zr/;Tii2) 0.3(Zn;3Nby/3)]03,
where x = 0-0.06 ceramics

Density(g/cm?®)
Composition Lattice parameter (A) As-sintered Annealed
x=0.0 4.0642 + 0.008 7.71 £ 0.05 7.82 + 0.06
x =0.02 4.0568 £ 0.009 7.64 + 0.03 7.76 = 0.03
x =0.04 4.0556 + 0.012 7.58 + 0.03 7.68 + 0.08

x =0.06 4.0462 £ 0.011 7.47 £ 0.06 7.54 £ 0.04
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Figure 2. Dependence of the polarization versus electric field (P-E) loop on the Sr dopant concen-
tration (a) as-sintered (b) anneal sample.

(Ec). For an ideal hysteresis loop, the squareness parameter is equal to two. Normal square
ferroelectric P-E loops were observed in undoped as-sintered samples. After annealing, the
value of Ry increased from 1.48 to 1.74 for the annealed sample. In the as-sintered samples,
the hysteresis curves also become more slanted with increasing Sr content. The remanent
polarization decreased from 31.9 1 C/cm? to 20.2 uC/cm? for the sample doped with 0.04
mol Sr.

However the coercive field increased from 10.6 kV/cm to 12.7 kV/cm after doping
with 0.06 mol Sr. Furthermore the annealed samples exhibited larger remnant polarizations
(P;) and lower coercive fields (E.) compared with as-sintered samples, which mean that
the annealed ceramic samples are more easily poled and should have better piezoelectric
properties. It is interesting to note that in annealed samples, the value of P, was largely
independent of the doping concentration and amounts to approximately 29 1C/cm?. How-
ever the coercive fields were found to increase with increasing Sr concentration. Figure 3(a)
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Figure 3. Electromechanical coupling factor and piezoelectric constant (ds3) of PZT-PZN specimens
with Sr doping concentration.

and (b) shows the changes in the piezoelectric constant (ds3) and the electromechanical
coupling factor (kp) as a function of the amount of Sr addition. As can be seen, both k;, and
ds3 show a similar variation with increasing Sr content. The piezoelectric constant (ds3)
and the electromechanical coupling factor (k,) decreases with increasing Sr content . After
annealing at 900°C for 24 h, ds3 increases from 670 to 720 pC/N, and k; increases from
69% to 72% for 0.7PZT-0.3PZN, while there is only a slight change in k;, and d33 for 6
mol% Sr-doped PZT-PZN.

Conclusions

The ferroelectric properties of Sr-modified PZT-PZN ceramics formed via the columbite
process were investigated. The lattice parameters of the perovskite structure decreased
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gradually as xincreased, undoubtedly because of the introduction of the smaller strontium
ion into the lead site. The best ferroelectric properties were attained in the annealed samples.
Furthermore, the piezoelectric constant (d33) and the electromechanical coupling factor (k)
decreases with increasing Sr content in the annealed samples.
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Phase transitions and ferroelectric properties
in BiScO3-Bi(Zn,,,Tiy2)03-BaTiO; solid solutions
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Ceramics solid solutions within the ternary perovskite system Bi(Zn,,;Ti;;;)O05-BiScO5-BaTiO;
were synthesized via solid-state processing techniques. The crystal structure of sintered ceramics
was analyzed by x-ray diffraction. A stable perovskite phase was obtained for all compositions with
a BaTiOj; content greater than 50 mol %. Furthermore, a change in symmetry from pseudocubic to
tetragonal was observed as the mole fraction of BaTiO; increased. Dielectric measurements show a
dielectric anomaly associated with a phase transformation over the temperature range of
30 °C-210 °C for all compositions. Examination of the polarization hysteresis behavior revealed
weakly nonlinear hysteresis loops. With these data, ferroelectric phase diagrams were derived
showing the transition between the pseudocubic relaxor behavior to the tetragonal normal
ferroelectric behavior. This transition was also correlated with changes in the diffuseness
parameter. © 2007 American Institute of Physics. [DOI: 10.1063/1.2769787]

I. INTRODUCTION

Perovskite Pb(Zr, Ti)O5 (PZT) ceramics are widely used
for many industrial applications due to their superior perfor-
mance in piezoelectric, dielectric, and pyroelectric applica-
tions. However, recently there have been environmental con-
cerns about PZT related to the toxicity of lead oxides which
are volatile during processing. Consequently, this has moti-
vated the search for lead-free piezoelectric materials with
piezoelectric properties comparable to PZT with a reduced
environmental impact.

The origin of the enhanced piezoelectric response in per-
ovskite PZT is the result of lone pair electrons in the Pb?*
hybrid orbitals' and the existence of a morphotropic phase
boundary (MPB) between two ferroelectric phases.” There-
fore, Bi** is an excellent candidate for the substitution of Pb
in the PZT system since it has a similar electronic structure
and there are already numerous Bi-based perovskite ceramics
that can be used in solid solutions.”™® Through systematic
research, a number of MPB systems based on
Bi(M)O5-PbTiO5 (M =Ti*, Sc**, Zn**, Nb>*,...) have been
discovered.*® Recently, BiScO; (BS) perovskite has drawn
attention due to its high Curie temperature (7.=450 °C) and
its excellent piezoelectric properties at the MPB with
PbTiO3.6 Another Bi-based perovskite, Bi(Zn,,,Ti;;)O5, ex-
hibits a high 7, with an enhanced tetragonality through solid
solution with PbTiO3.8’9 However, both BiScO; and
Bi(Zn,;,Ti;;;)O5 are unstable in their pure form and can only
be stabilized under high pressuresm’ll or in solid solutions
with other perovskite end members.*® In order to develop

“Electronic mail: huangch@onid.orst.edu

0021-8979/2007/102(4)/044103/5/$23.00

102, 044103-1

lead-free piezoelectric materials, BaTiO; (BT) was used for
this research in order to stabilize the BZT and BS perovskite
phases in a solid solution.

Recently, Tinberg et al. reported ferroelectric thin films
based on the BiScO;-BaTiO; binary system.12 Similar to the
BiScO3-PbTiO; system, when PbTiO; was replaced with
BaTiO;, the perovskite structure was stabilized and a MPB
was observed. Although there are no reports related to the
Bi(Zn,/,Ti;;;)O5-BaTiO; system, an increased transition
temperature can be expected for this system.

In this work, the phase equilibria and dielectric proper-
ties of the ternary solid  solution  BiScOs-
Bi(Zn,/,Ti,;;)O3-BaTiO; (BS-BZT-BT) were examined. This
article may provide an alternative approach for lead-free pi-
ezoelectric materials development.

Il. EXPERIMENTAL PROCEDURE

Solid solutions of (1-x)(0.5BiScOs-
0.5Bi(Zn,/,Ti;;3)O5)-xBaTiO; (BS-BZT-BT) were prepared
by conventional ceramic processing. Reagent grade oxide
powders of Bi,03(=99.9%), ZnO(=99%), Ti0,(=99.9%),
and BaCO03(=99.5%) were batched in stoichiometric
amounts and ball-milled with ethanol and yttrium-stabilized
zirconia media for 6 h. The dried powders were double cal-
cined in open crucibles between 800 °C—-950 °C for 24 h
and followed by an additional milling and drying step. The
calcined powders were mixed with 3 wt % polyvinyl alco-
hol (PVA) and then uniaxially cold-pressed at 150 MPa into
12.7 mm diameter pellets. Following binder burnout at
500 °C, the pellets were sintered in sealed crucibles between
850 °C—1200 °C for 2 h. For phase determination, x-ray

© 2007 American Institute of Physics
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FIG. 1. (Color online) XRD diffraction pattern of calcined (1-x)

(BS-BZT)-xBT powders.

diffraction (XRD, Siemens D5000 diffractometer) was uti-
lized in the 26 scan range of 10—60° for calcined powders
and sintered pellets.

Prior to the electrical measurements, the pellets were
polished to smooth and parallel surface. After polishing, a
silver electrode paste (Heraeus C1000) was applied and then
fired at 600 °C. An Agilent 4284A LCR was used to measure
the dielectric properties over a wide temperature range using
a NorECS ProboStat high-temperature measurement cell.
The polarization versus electric field hysteresis loops of se-
lected compositions were recorded at room temperature and
=50 °C, respectively, with a RT66A standard ferroelectric
test system (Radiant Technologies).

lll. RESULTS AND DISCUSSION
A. Perovskite phase determination

Figure 1(a) displays the XRD patterns for calcined pow-
ders of (1-x)(BS-BZT)-xBT. Perovskite phases were ob-
tained  for  compositions containing at  least
50 mol % BaTiO;. For compositions below this amount, a
complex mixture of phases was observed. Based on the {111}
and {200} peak splittings shown in Fig. 1(b), the composition
with x=0.5 corresponds to a pure rhombohedral symmetry.

J. Appl. Phys. 102, 044103 (2007)
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FIG. 2. (Color online) XRD diffraction pattern of sintered (1-x)
(BS-BZT)-xBT ceramics.

Compositions above x=0.95 stabilized in a pure tetragonal
symmetry. The peaks between these two compositions indi-
cated the coexistence of rhombohedral and tetragonal phases.
The XRD patterns of sintered (1-x)(BS-BZT)-xBT pellets
shown in Fig. 2 confirm that the samples retained phase pure
perovskite for all compositions with 50 mol % and above
BaTiOs. In contrast to the calcined powders, in the sintered
pellets the tetragonal perovskite phase was only present for
compositions with x=0.95 to x=1. The remainder of the
compositions x=0.9 exhibited a rhombohedral symmetry.
These results indicate that the MPB in this system may be
located between x=0.9 and 0.95. This shift in symmetry be-
tween the calcined and sintered samples may be due to a
number of factors. The observation of the coexistence of two
perovskite phases in calcined powders is likely the result of
the relatively low processing temperature. The limited reac-
tion kinetics may have resulted in an incomplete reaction
between BT, BS, and BZT. In addition, both Bi,O; and ZnO
have some degree of volatility at this temperature that may
have caused a slight change in composition. Upon sintering,
homogenization occurred, leading to a clearly observed
single-perovskite phase.

The lattice parameters were calculated from XRD pat-
terns shown in Table I. Although Bi** is slightly smaller than

Downloaded 05 Dec 2007 to 161.246.1.37. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Room-temperature structure and dielectric data for all compositions at 10 KHz.

x mol % BT 0.5 0.6 0.7 0.8 0.9 0.92 0.95 1
Structure Rhombohedral Tetragonal
lattice parameter a: 3.997 a: 3.992

(A) 4.046 4.040 4.030 4.022 4.014 4.009 o 4023 4034
7,(°C) 208 161 118 76 45 33 111 134
g, at T, 1100 1170 1240 1360 2570 3960 3520 9740
o 587.5 210.3 143.1 70 61.4 57.3 16.3 3.4
b 1.99 1.74 1.65 1.67 1.66 1.44 1.38 1.11

Ba2* based on 12-fold coordination, the unit cell volume
increased with decreasing BaTiO; content due to substitution
of larger size B-site cations Zn>*(0.88 A) and
Sc3*(0.885 A) for Ti**(0.745 A). Comparing the tetragonal
structure for x=1 and x=0.95, the results show that the c:a
ratio increased with BaTiO5 content. This may be due to the
phase transition for x=0.95 that occurs close to room tem-
perature, which results in the formation of a pseudocubic
phase.

B. Dielectric behavior of BS-BZT-BT

The dielectric constant and dielectric loss were measured
from 100 Hz to 100 KHz as a function of temperature. The
room-temperature dielectric properties for all of the compo-
sitions in this study are listed in Table I. Figure 3 shows the

permittivity versus temperature at 10 KHz for (1-x)
(BS-BZT)-xBT from x=0.5 to 1.0. It was observed that the
maximum permittivity, €,,, increased with increasing BaTiO5
content. However, temperature at which maximum permittiv-
ity appeared, T,,, exhibited a more complex trend. It is very
clear from the data that, while pure BaTiO; exhibited a
strong first-order phase transition, the addition of BS+BZT
caused a shift toward relaxor ferroelectric behavior. It is well
known that perovskite BaTiO; has three phase transitions
within a wide range of temperature.13 According to our XRD
data in Fig. 2, when mixed with more than 10 mol % BS-
BZT, all three transition temperatures merged into one dif-
fuse transition which is also reflected in the XRD data. This
kind of phenomenon has also been noted when BaTiO; was
mixed with BaZrO3.14 In Table I, the data clearly show that
T,, decreased with increasing BaTiO; content for x=0.9. On
the contrary, 7, increased with BaTiO; content for x=0.95.

1800 For a diffuse phase transition, the degree of diffuseness
(a) * x=0.5 can be obtained from the parameter &, derived via the fol-
1600 . :28? lowing expression:'
£ 1400 28 e [T-T, (]
S —— =1+ (1= y=2). (1)
£ 1200 e'(f.7) 25,
E 1000 tiy,, ”3:::::: The parameter of 7y is degree of dielectric relaxation, where
Fear, y=1 corresponds to a normal first-order ferroelectric phase
800 transition. Larger values of v express more relaxor-
600 ferroelectric behavior of transition. The value of &, repre-
sents degree of diffuseness for transition peaks. Both y and
400 &, were determined from the slope and intercept of In(e,,/&’)
o x=0.9 | vs In(T-T,,). According to Table I, a greater percentage of
4 x=0.92 BS and BZT resulted in a higher degree of diffuseness and
8000 i . ::?'95 stronger relaxor behavior. This can be explained by the in-
b creased cation disorder due to the substitution on the A-site
6000 ': ] by Bi and on the B-site by Sc and Zn.
i % The dielectric property as a function of frequency for

Dielectric constant
B
S
(=]

i8]
g

0 50 100 150 200 250 300 350 400

Temperature(°C)

FIG. 3. (Color online) Dielectric constant of (1-x)(BS-BZT)-xBT as a
function of temperature at measuring frequency of 10 kHz.

(1-x)(BS-BZT)-xBT is shown in Fig. 4. A strong frequency
dependence characteristic of a relaxor ferroelectric was ob-
served. The peaks appearing around 600 °C for x=0.8 are
likely the result of oxygen vacancies.'® Moreover, these com-
positions possess a stable dielectric constant of approxi-
mately 1000 and low loss tangent (tan §<0.01) up to high
temperatures (7<<400 °C). It may have great potential for
high-temperature applications.

The polarization versus electric field measurements at 4
Hz for x=0.5 and x=0.7 are shown in Fig. 5. The samples
used in this study were sintered without being covered,
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FIG. 4. (Color online) Dielectric con-
stant and loss tangent of (1-x)
(BS-BZT)-xBT with x=0.5, 0.7, and
0.8 as a function of temperature.

FIG. 5. (Color online) Polarization
data on (1-x)(BS-BZT)-xBT ceram-
ics at 4 Hz for (a) x=0.5 and (b) x
=0.7.
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FIG. 6. (Color online) The P-E hysteresis loop measured from the ceramic
of x=0.5 at 4 Hz at room temperature.

which, due to the loss of Zn and Bi, resulted in a slight
downward shift in 7', (i.e., on the order of 10 °C-20 °C.
The loop from the ceramic of x=0.5 exhibits a weak nonlin-
earity at room temperature, which is not unexpected given
that the measurements were taken at a temperature in the
vicinity of T,,. At T=-50 °C the slope of the loop decreased
as expected due to the decrease in dielectric permittivity be-
low T,,. Figure 6 displays room-temperature P-E data for x
=0.5 as a function of electric field. As the E-field increases, a
clear elliptical rotation is observed which is another indica-
tion of nonlinear behavior. The x=0.7 sample exhibited a
narrow, weakly nonlinear loop at room temperature which
broadened at lower temperatures corresponding to the in-
creased tan & below the transition temperature (Fig. 4). It is
interesting to note that even at relatively high fields up to 60
kV/cm all the loops were weakly nonlinear with relatively
low polarization values.

C. Phase transformations in the (1-x)(BS-BZT)-xBT
system

Figure 7 presents data on the phase transformation in the
(1-x)(BS-BZT)-xBT system obtained from the dielectric
data. Starting from pure BaTiO; the phase transition de-
creases as the (BS-BZT) content increases to a minimum of
33 °C at x=0.92. At higher (BS-BZT) concentrations the
transition temperature then increases up to x=0.5. Also plot-
ted in Fig. 7 is the diffuseness parameter & as a function of
composition. Pure BaTiO; exhibits a sharp first-order phase
transition, but as the (BS-BZT) content increases a quasilin-
ear increase in ¢ is observed owing to increased relaxor be-
havior.

IV. CONCLUSION

Single-phase perovskite was
(BS-BZT)-xBT for compositions

obtained for
containing at

(1-x)

least

J. Appl. Phys. 102, 044103 (2007)
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FIG. 7. (Color online) Ty, and diffuseness & as a function of BaTiO;
content.

50 mol % BaTiOs. The XRD data revealed that a MPB may
exist between 5—10 mol % BS-BZT added to BaTiOs. The
dielectric characterization revealed that as BS-BZT was
added to BaTiOj; the phase transition became very diffuse.
The relaxor ferroelectric behavior was likely due to complex
cation ordering on the A-site and on the B-site. Due to the
diffuseness of the phase transition, the compositions in this
study exhibited a very stable dielectric constant greater than
1000 and low loss tangents (<0.01) over a wide range of
temperature (7<<400 °C).
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Abstract

The binary system of 0.8Pb(Zr,Ti;,2)O03—0.2Pb(Ni;/3Nb,/3)O3 ceramics were synthesized by conventional mixed oxide and columbite
method. X-ray diffraction analysis demonstrated the coexistence of both the rhombohedral and tetragonal phases for the columbite pre-
pared sample. Rhombohedral to tetragonal phase transition for columbite method was different compared with those of the mixed oxide
method. The permittivity shows a shoulder at the rhombohedral to tetragonal phase transition temperature 7Trpo_Tetra = 195 °C, and
then a maximum permittivity (36,000 at 10 kHz) at the transition temperature 7, = 277 °C on ceramics prepared with the columbite
method. However, piezoelectric coefficient (d33) was measured to be 282 pC/N for the conventional method and higher than the colum-
bite method. The results were related to the phase compositions and porosity of the ceramics.

© 2007 Elsevier B.V. All rights reserved.

PACS: 71.22.—d; 77.22.Gm; 77.84.Dy

Keywords: Phase transition; Dielectric properties; Ferroelectric properties; Columbite method

1. Introduction

Pb(Ni;/;3Nb,/3)03 (PNN) is a relaxor ferroelectric mate-
rial which has a cubic structure at room temperature. It
shows a broad dielectric peak near 7, ~ —120 °C with rel-
ative permittivity near 4000 at 1 kHz [1]. Nanometer-level
chemical heterogeneity in the form of short range ordering
of Ni*" and Nb>* on the B’ site was proposed to account
for the diffuse phase transition [2]. Pure perovkite phase
of PNN can be prepared by the columbite method. This
material can be alloyed with normal ferroelectric to opti-
mize the electrical properties [3].

Lead zirconate-titanate, Pb(Zr,Ti;_,)O3 (PZT) is a nor-
mal ferroelectric material which has been extensively inves-
tigated in the past because of their owing to the

* Corresponding author. Tel.: +66 53 943 376; fax: +66 53 357 512.
E-mail address: rujijanagul@yahoo.com (G. Rujijanagul).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.05.002

exceptionally good dielectric and piezoelectric properties
as well as high Curie temperature (>350 °C) [4]. The high
dielectric and piezoelectric of PZT was found for the com-
position close to the morphotropic phase boundary (MPB).
This MPB is located around PbZrO;:PbTiO; ~ 0.52:0.48
and separates the Ti-rich tetragonal phase from the Zr-rich
rhombohedral phase [4]. PZT-based ceramics were applied
in many areas such as spark igniters, micro-actuators,
sensors, piezo-transformers, transducers and multilayer
ceramic capacitors, electro-optical and micro-electro-
mechanical systems applications [4,5].

Recently, the high electrical properties have been reported
in binary and ternary systems containing a combination
of normal and relaxor ferroelectric materials such as
PleO3—Pb(Mg 1 /3Nb2/3)03 (PT—PMN), Pb(ZI‘Tl)Og,—Pb(ZH] /3"
Nb,/3)05 (PZT-PZN), Pb(Zr Ti)O5-Pb(Ni;/3Nbs/3)O3 (PZT—
PNN) [3,6-9], PbZrO;-PbTiO3;-Pb(Mg;/3Nby/3)03
(PZ-PT-PMN) [10], PbZrO;—PbTiO;-Pb(Ni;/;3Nb,/3)O0;
(PZ-PT-PNN) [7-9] and Pb(Zn;;3Nby/3)03-PbZrO;



G. Rujijanagul, N. Vittayakorn | Current Applied Physics 8 (2008) 88-92 89

(PZN-PZ) [4]. The solid solution of lead nickel niobate
Pb(Ni;/3Nby/3)O03 (PNN) with Pb(Zr, _, Ti, )O3 (PZT) is also
a relaxor-type ferroelectrics, which has drawn much interest
in recent years for its excellent dielectric, especially electro-
strictive properties [7-9]. Our recent work found that the
maximum relative permittivity (&ymax)) of MPB composi-
tions in the PNN-PZT binary systems is higher than
30,000 [3]. However, the properties and phase transition of
the lead-based ferroelectric materials are strongly influenced
by density, composition, phase, and microstructure which in
turn depend on the method of preparation. In the present
work, the columbite precursor method and conventional
mixed oxide method were used in synthesizing the 0.8PZT—
0.2PNN ceramics. The columbite precursor method is used
as an initial step of preparing columbite precursor
(NiNb,Og) and wolframite (ZrTiO4) precursor followed by
a reaction with PbO to form the binary ceramics system
whereas the conventional method utilizes a one-step reaction
with all of the starting materials. The phase formation, phase
transition and electrical properties of the ceramics prepared
by both the methods were compared and discussed.

2. Experiment procedure

Ceramics of the binary system 0.8PZT-0.2PNN were
prepared via the columbite method and the conventional
method. For the columbite method, the columbite struc-
ture (NiNb,Og) and wolframite structure (ZrTiO4) was
synthesized first. NiNb,Og was formed by reacting NiO
and Nb,Os at 1100 °C for 4 h, while ZrTiO4 was prepared
by reaction between ZrO, and TiO, at 1400 °C for 4 h. The
precursors and PbO (with 2 mol% excess PbO) were
weighed and mixed by ball-milling in a polyethylene bottle
together with partially stabilized zirconia media. The mix-
ture was calcined at 950 °C for 4 h in a double crucible con-
figuration with a heating rate of 20 °C/min. After grinding
and sieving, 5 wt.% of polyvinyl alcohol binder was added.
The calcined powder was cold isostatically pressed into pel-
lets at a pressure of 150 MPa. The pellets were sintered in a
sealed alumina crucible at 1250 °C for 2 h. To compensate
PbO volatilization, the PbO atmosphere for the sintering
was maintained using PbZrOj; as the spacer powder. For
the conventional method, oxides of PbO, NiO, ZrO,,
TiO, and Nb,O5 were mixed in the required stoichiometric
ratios to form the composition 0.8PZT-0.2PNN. The mix-
ture was then followed the same processing condition as
the columbite method. The density of the sintered samples
was measured by Archimedes’ method with distilled water
as the fluid medium. Perovskite phase formation of sin-
tered pellets was checked by X-ray diffraction (XRD).
The microstructures of the sintered samples were examined
using a scanning electron microscopy (SEM). For the elec-
trical measurement, the pellets were polished and then
electroded by gold sputtering. The relative permittivity
(¢;) at various temperature was measured using a LCR
meter in junction with an environmental chamber with a
heating rate of 3 °C/min. The ferroelectric polarization ver-

sus electric field (P-E) measurements was made using a
Sawyer-Tower circuit at 50 Hz. The ceramics were poled
for piezoelectric measurement in silicone oil at 80 °C for
30 min at field strength of 2 kV/mm. The ds3 piezoelectric
coefficient was measured using a d;; meter, 24 h after
poling.

3. Results and discussion

Fig. 1 shows XRD patterns of the 0.8PZT-0.2PNN
ceramics prepared by columbite and conventional meth-
ods. Perovskite phase was observed for both the methods.
XRD patterns for the ceramics over the range 20 = 42-48°
are shown in Fig. 2. There was appearance of multi peaks
due to the superposition of the tetragonal and rhombohe-
dral (200) peaks. In general, the single peak of (200)
reflection results for the rhombohedral phase, whereas it

(110)

Columbite methods

Intensity (a.u.)

-
-
o
E

|

20 30 40 50 60 70 80
20/degrees

Fig. 1. XRD patterns of 0.8PZT-0.2PNN ceramics prepared by the
conventional method and the columbite method.

Columbite method
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= (zooT)""

> (002,)
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Conventional method
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20/degrees

Fig. 2. XRD patterns of the (002) and (200) peaks of 0.8PZT-0.2PNN
ceramics prepared by the conventional method and the columbite method.
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splits into two peaks for the tetragonal phase. In the pres-
ent work, the XRD pattern for the columbite prepared
sample shows a weak splitting of the (200) peak, while
the conventionally prepared sample exhibits a strong split-
ting of the peak. In order to identify the phase composi-
tions between rhombohedral and tetragonal phase, the
(200) peaks can be fitted with Gaussian peaks. For the
conventionally prepared sample, it can be well fitted with
three Gaussian peaks as seen in Fig. 2. However, it can
only be fitted with two peaks for the columbite prepared
sample because of the intensive overlap of the (200) tetrag-
onal and (200) rhombohedral plane. The result indicates
that the columbite method produced the ceramics with
the dominance of the rhombohedral phase (rhombohedral
rich) compared with the conventional method. Similar
behavior was reported by previous authors in another fer-
roelectric system [11].

The ceramic density was measured to be 7.49 g/cm’ and
7.90 g/cm® for columbite and conventional methods,
respectively. The SEM images of fracture surface for
0.8PZT-0.2PNN ceramics prepared by both the methods
are shown in Fig. 3. The porosity levels evident in SEM
micrographs of the ceramics were consistent with the den-
sity values. In addition, the columbite method produces
ceramics with courser grains compared with the conven-
tional method. By using the linear intercept method to

P

Fig. 3. Fracture surface of 0.8PZT-0.2PNN ceramics prepared by (a)
columbite method and (b) conventional method.

the SEM images, the average grain size was determined
to be 5.8 and 2.1 pm for the columbite and conventionally
prepared samples, respectively. The results suggested that
different processing methods develop the ceramics with dif-
ferent density and grain size.

In polar dielectric, in most cases the molecules cannot
orient themselves in the low-temperature region. When
the temperature rises, the orientation of dipoles facilitates,
and this increases the permittivity. Characteristic sets of
curves are obtained if the dependence of the permittivity
of strong polarized dielectrics is plotted versus two variable
factors — temperature and frequency. The variations of the
relative permittivity of the material under investigation
were measured as a function of temperature between
1 kHz and 100 kHz. From Fig. 4, the temperature depen-
dences of dielectric constant depict a typical relaxor behav-
ior with strong dispersion of the dielectric peak at T < T},
(T, the temperature of permittivity maximum) for both
methods. The broad dielectric maxima shifting towards
higher temperature with increasing frequency signify the
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Fig. 4. Temperature dependence on the relative permittivity of 0.8PZT—
0.2PNN at frequencies between 1kHz and 100 kHz: (a) columbite
method; (b) conventional method.
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relaxor-like type behavior of the ceramics. Furthermore,
the columbite prepared sample shows stronger frequency
dependence compared with the conventional prepared sam-
ple. However, the frequency dispersion in the 0.8PZT-
0.2PNN ceramics prepared by both the methods is not as
strong as that in the pure relaxor PZN. Fig. 5 shows a com-
parison dielectric result (measured at 10 kHz) between the
conventional and columbite prepared sample. The temper-
ature at which the permittivity is maximum 77, and the rel-
ative permittivity (measured at 10 kHz) for both at room
temperature and at T, is listed in Table 1. The columbite
prepared sample shows a sharp dielectric maximum at
the ferroelectric transition temperature (7y,) of 277 °C with
maximum permittivity value of 36,000 and the convention-
ally prepared sample exhibits a maximum permittivity
value of 35,700 at T, ~ 278 °C. Although the columbite
method helps to improve the dielectric permittivity, the
porosity of the samples was also found to influence on this
value. Therefore, the ceramic prepared via columbite
method exhibits a slightly higher relative permittivity at
T than that of ceramics synthesized by the conventional
method.

The ¢, versus T curves shown in Fig. 4 are also indicative
of thermally induced phase transitions. The permittivity
shows a shoulder at the rhombohedral to tetragonal phase

40000

/| — Conventional method
Rho-Tetra  /* [ amam- Columbite method

30000

200004 50 100 150 200 250 300
Temperature (°C)

Relative permittivity (&)

10000

T T T T T T T T
50 100 150 200 250 300

Temperature (°C)
Fig. 5. Temperature dependence on the relative permittivity of 0.8PZT-

0.2PNN ceramics prepared by the conventional method and the columbite
method measured at 10 kHz.

Table 1
Comparisons of dielectric properties measured at 10 kHz of 0.8PZT-
0.2PNN ceramics prepared by the conventional method and the columbite
method

Method of g at tand at T Er(max) tand at 4,

preparation 25°C  25°C (°C) T (°C)

Columbite 825 0.011 277 36,000  0.047 14.6
method

Conventional 2100 0.014 278 35,700 0.030 16.1
method

transition temperature (7Trno Tetra) ~ 195 °C for the colum-
bite prepared sample as seen in the Fig. 5. However, for the
conventional method, there was observed only one peak
present at the tetragonal to cubic phase transition
T ~ 278 °C. Similar transition (rhombohedral to tetrago-
nal transition) has been reported by previous authors in
other systems [3,12]. The results for the rhombohedral to
tetragonal transition can be related to the XRD results,
i.e. rhombohedral rich composition was observed in cera-
mic prepared by columbite method.

In relaxor ferroelectric materials, the value of relative
permittivity above Ty, does not follow the Curie-Weiss
law. A number of materials show behavior intermediate
between proper ferroelectric and relaxor. A simple qua-
dratic law can be used to describe a second order relaxor
ferroelectric. This arises from the fact that the total number
of relaxors contributing to the permittivity response in the
vicinity of the permittivity peak is temperature dependent.
The diffusiveness parameter (J,) of the transition was deter-
mined from the equation [13,14]:

Er(max) _ (T - Tm)z
i exp <—25% (1)

y

where &qmax) 1S maximum value of the relative permittivity
at T= Ty, and ¢, is the dielectric constant of sample. The
value of the diffuseness parameter can be calculated from
the slope of In(&xmax)/&:) versus (7 — T,,)* curve. This value
is valid for the range of &y max)/e: < 1.5, as clarified by Pil-
grim et al. [13]. The graphs of In(exmax/er) versus (T — Tp,)?
is shown in Fig. 6. The values of parameter J, are listed in
Table 1. The parameter ¢, is calculated to be 14.6 and 16.1
in ceramics prepared with columbite method and conven-
tional method, respectively. A significant increase in J,
for the conventionally prepared sample indicates an in-
creased diffusiveness in the phase transition. This may be
due to the homogeneity at the atomic scale of the columbite
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Fig. 6. The In(eymax/e:) versus (T — Ti)? for 0.8PZT-0.2PNN ceramics
prepared by the conventional method and the columbite method.
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Fig. 7. P-E hysteresis of 0.8PZT-0.2PNN ceramics prepared by the
conventional method and the columbite method.

prepared sample which is much higher than that in the
ceramics prepared by conventional method.

The result of polarization—field (P-E) measurement (at
50 Hz) for ceramics prepared from both the methods is
shown in Fig. 7. The polarization loop of both samples
are well developed showing a large remanent polarization
at zero field. The hysteresis loops have a typical “square”
form stipulated by switching of a domain structure in an
electrical field, which is typical of a phase that contains
long-range cooperation between dipoles. That is character-
istic of a ferroelectric micro-domain state. From the fully
saturated loops, the remanent polarization P, and coercive
field E_ were determined. The values of P, and E, for con-
ventional method are 10.1 pC/cm? and 13.3 kV/cm, respec-
tively, whereas for columbite methods the remanent
polarization P, and coercive field E, are 10.9 uC/cm? and
7.2 kV/cm, respectively. It can be noted that P, for the col-
umbite method is not too much higher than the conven-
tional method, which may be due to the porosity effect.
However, the higher P, and lower E_ can be related to
the more rhombohedral phase in the columbite prepared
sample [15]. This trend is agreed with the results from the
previous works in PMN-PZ-PT and PZT ceramics [16,17].

In order to study the piezoelectric property of the sam-
ples, the ds; piezoelectric coefficient was measured at the
same condition. The d;; values were found to be 282 and
202 pC/N for the ceramics prepared by conventional and
columbite method, receptively. The ds3 value for the con-
ventional method is relatively high compared to those
reported in the literature for the same system [18]. How-
ever, di3 value for the columbite sample was lower than
the conventional method. The lower ds; value is likely

due to the higher porosity of the columbite prepared sam-
ple. This effect also made the ceramics difficult to pole.

4. Conclusions

The properties of 0.8PZT-0.2PNN ceramics prepared
by the conventional method and the columbite methods
were investigated. Phase transition behavior, dielectric,
and ferroelectric properties were found to depend on the
phase composition of the samples with association with
the methods of preparation. Although a slightly higher
dielectric constant was observed in the columbite prepared
sample, the better piezoelectric property was found for the
conventionally prepared sample. These results were attrib-
uted to the porosity effect.
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Abstract

Ferroelectric lead zirconate titanate—lead cobalt niobate ceramics with the formula (1 — x)Pb(Zr;/,Ti;/,)O3-xPb(Co;/3Nb,/3)O3 where
x = 0.0-0.5 were fabricated using a high temperature solid-state reaction method. The formation process, the structure and homogeneity
of the obtained powders have been investigated by X-ray diffraction method as well as the simultaneous thermal analysis of both differ-
ential thermal analysis (DTA) and thermogravimetry analysis (TGA). It was observed that for the binary system (1 — x)Pb(Zry,-
Ti;2)O3—xPb(Coy/3Nb,/3)O3, the change in the calcination temperature is approximately linear with respect to the PCoN content in
the range x = 0.0-0.5. In addition, X-ray diffraction indicated a phase transformation from a tetragonal to a pseudo-cubic phase when
the fraction of PCoN was increased. The dielectric permittivity is remarkably increased by increasing PCoN concentration. The maxi-

mum value of remnant polarization P, (25.3 pC/cm?) was obtained for the 0.5PZT-0.5PCoN ceramic.

© 2007 Elsevier B.V. All rights reserved.
PACS: 77.22.—d; 77.80.Bh; 77.84.Dy; 61.10.Nz; 77.80.Dj

Keywords: Ferroelectric; Relaxor ferroelectric; Perovskite

1. Introduction

Since the late 1960s, lead titanate:lead zirconate ceramic
(generally known as Pb(Zr;_,Ti,)O3; or PZT), near the
tetragonal-rhombohedral morphotropic phase boundary
has been considered an important material for a wide range
of piezoelectric, pyroelectric and ferroelectric device appli-
cations such as transducers, computer memory and display
and pyroelectric sensors [1,2]. Most commercial PZT
ceramics are thus designed in the vicinity of the morpho-
tropic phase boundary (MPB) with various doping in order
to achieve optimum properties [1,2]. Recently, many

* Corresponding author. Tel.: +66 89 700 2136; fax: +66 2 326 4415.
E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.06.002

piezoelectric ceramic materials have been developed from
binary systems containing a combination of relaxor and
normal ferroelectric materials [3] which yield high dielec-
tric permittivities {e.g. Pb(Zn,;3Nb,/3)O3-PbTiO3 (PZN-
PT) [4,5], Pb(Zr,/>Ti;/2)O3—Pb(Niy/;3Nby/3)03 (PZT-PNN)
[6]}, excellent piezoelectric coefficients {e.g. Pb(Zn;;3Nby/3)-
Og—PleOg (PZN—PT) [4,5], Pb(Zrl/zTi1/2)03—Pb(Zl’11/3Nb2/3)-
O3 (PZN-PZT) [7], Pb(Sci/3Nb,/3)O5-PbTiO; (PSN-PT)
[8,9]}, and high pyroelectric coefficients {e.g. Pb(Nijs-
Nb,/3)O3-PbTi0O5-PbZrO;(PNN-PT-PZ) [10]}.

Lead cobalt niobate (Pb(Co,/3Nb;/3)O3, PCoN) is a typ-
ical relaxor ferroelectric characterized by a high dielectric
constant, a broad diffuse phase transition near —70 °C
and low firing temperature [11]. Though the paraelectric—
ferroelectric transition temperature of PCoN is below room
temperature, it can be easily shifted upward with the
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Fig. 1. Compositions studied in the PbTiO3-PbZrO;—Pb(Co;/3Nb,/3)03
ternary system.

addition of PbTiO; (PT), which is a normal ferroelectric
compound with a phase transition at 490 °C. So the
PCoN-based relaxors are one of the most attractive mate-
rials for multilayer ceramic capacitors and electrostrictive
actuators [2].

Since PCoN is a relaxor ferroelectrics with a broad
dielectric peak near T, ~ —70 °C and PZT (Zr/Ti = 50/50)
is a normal ferroelectric with a sharp maximum permittivity
at T, ~ 390 °C, the curie temperature in PZT-PCoN system
can be engineered over a wide range of temperature by con-
trolling the amount of PCoN in the system. However, the
PZT-PCoN ceramics have not been obtained as yet.
Fig. 1 schematically shows the pseudo-ternary composition
range which was studied in this work compared with other
studies [2]. In order to get more information about combi-
nation of relaxor and normal ferroelectric materials and
to recognize the properties of PZTCoN ceramics, this paper
attempted to carry out the synthesis of the quasi-binary
solid solution (1 — x)Pb(ZrO_5Ti045)03—be(Co1/3Nb2/3)03,
with x = 0.0-0.5 using a solid-sate reaction method and to
report some properties of obtained ceramics.

2. Experimental

Ceramics of (1 — X)Pb(ZI‘OA5Ti0.5)03*XPb(CO1/3Nb2/3)-
O3(PZT-PCoN) with x =0-0.5 were synthesized using
the solid-state reaction method. The CoO (99.9%), Nb,Os5
(99.9%), PbO (Fluka, >99% purity) TiO, (99.8%) and
Zr0, (99%) were mixed and milled in ethyl alcohol for
18 h using a ball-milling. After drying at 120 °C for 2 h,
the reaction of the uncalcined powders taking place during
heat treatment was investigated by differential thermal
analysis (DTA; Shimadzu) and thermogravimetry analysis
(TGA; Shimadzu), using a heating rate of 10 °C/min in air
from room temperature up to 1400 °C. Based on the TG—
DTA results, the mixture was calcined at various tempera-
tures ranging from 650 to 900 °C, dwell times 4h and

heating/cooling rates ranging 20 °C/min, in closed alumina
crucible, in order to investigate the perovskite phase forma-
tion. The calcined powders, with polyvinyl alcohol (PVA)
added as binder, were pressed into pellets of 15 mm diam-
eter and ~2 mm thickness, which were then sintered at
1100-1200 °C in Pb-atmosphere for 4 h in a closed alumina
crucible. X-ray diffraction (XRD; Philips PW 1729 diffrac-
tometer) using Cu K, radiation was used to determine the
phases formed and optimum firing temperatures for the
formation of desired phase. For measuring the dielectric
and ferroelectric characteristics, the specimens were pol-
ished to 1 mm thickness. After ultrasonic cleaning in etha-
nol bath, silver-paste was coated on the polished samples
on both sides by the screen printing method, and then
subsequently, fired at 650 °C for 30 min. For the dielectric
properties measurement, capacitance was measured at
1 kHz using an automated measurement system consisted
of an LCR meter (HP-4284, Hewlett—Packard Inc.). The
dielectric constant is then calculated from ¢, = Cd/epA,
where C is the capacitance of the sample, d and A4 are the
thickness and the area of the electrode, respectively, and
& 1s the dielectric permittivity of vacuum (8.854 x
107'2 F/m). The ferroelectric hysteresis loop parameters
were measured with aid of a home-built Sawyer-Tower
circuit.

3. Results and discussion

The TG-DTA simultaneous analysis of a powder mixed
in the stoichiometric proportions of PZT-PCoN is illus-
trated in Fig. 2. In the temperature range from room tem-
perature to ~350 °C, the sample shows both exothermic
and endothermic peaks in the DTA curve, in consistent
with a slight drop in weight loss at the same temperature
range. These observations can be attributed to the decom-
position of the organic species from the milling process
[12,13]. The different temperature, intensities, and shapes
of the thermal peaks probably are related to the different
natures of the organic species and consequently, caused
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Fig. 2. DTA-TG curves for the mixture of PZT-PCoN powder.
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by the removal of species differently bounded in the net-
work [13]. In the temperature range 650-900 °C, both exo-
thermic and endothermic peaks are observed in the DTA
curve. The enlarged zone of this DTA curve shows that
the endothermic peak at ~750 °C should be correlated to
the phase transition of perovskite structure, because no
weight loss could be found in the TG curve and that is also
in accordance to literature data [14,15]. The last endother-
mic peak centered at ~840 °C may be caused by the decom-
position of lead oxide. As a result, crystallization of PZT-
PCoN powders is established above ~750°C. Further
increase in temperature or heating time will promote crys-
tallization of perovskite phase powders. These data were
used to define the range of temperatures (650-950 °C) for
XRD investigation. To study the phase development with
increasing calcination temperature, all compositions were
calcined at various temperatures for 4 h in air with con-
stant heating/cooling rates of 20 °C/min, followed by phase
analysis using XRD technique.

XRD patterns of the calcined 0.7PZT-0.3PCoN pow-
ders at different calcination temperatures are illustrated
Fig. 3. The XRD results show that the pyrochlore phase
Pb,Nb,O. pyrochlore phases was dominant at calcination
temperatures below 700 °C. In the work by Chen et al.
[12] it was reported that in the lead—niobium pyrochlore
system the cubic PbsNb4O;3, pyrochlore phase (ICDD
No. 25-443) forms first around 580 °C. At higher temper-
atures, it transforms to Pb,Nb,O;, (ICDD No. 40-828)
and finally to PbsNb,Og, (ICDD No. 30-712) with
increased calcination temperatures. At 700 °C, the pyroch-
lore phase began to decrease and disappeared completely at
750 °C. The yield of the perovskite phase increased signif-
icantly until at 750 °C, a single-phase of perovskite phase
was formed. The studies also reflect the growth of crystal-
linity in the powders with the increasing heat-treatment
temperatures. The results of the X-ray diffraction measure-
ment support the DTA observation (Fig. 2) that the perov-
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Fig. 3. XRD patterns of 0.7PZT-0.3PCoN powder calcined at various
temperature for 4 h.

skite phase is formed at approximately 750 °C. The
relationship between the relative content of perovskite
phase and the calcination temperature is illustrated in
Fig. 4. The relative content of perovskite phase is calcu-
lated based on the value of (IPe(llO)/(IPe(llO)+IPy(222)))a
where Ipei10) and Ipy22) indicate the intensity of the
(110) diffraction peak of perovskite phase and the intensity
of the (222) diffraction peak of the pyrochlore phase,
respectively. Based on the XRD data obtained here
together with the % phase perovskite, it may be conclude
that the change in the calcination temperature is approxi-
mately linear with respect to the PCoN content in the range
x = 0.0-0.5. With an increase in x, the calcination temper-
ature shifts up to high temperatures. The XRD patterns of
(1—x)PZT-xPCoN ceramics with various x values are
shown in Fig. 5. The patterns show single-phase perov-
skite-structured ceramics with x < 0.4. Evidence for the
pyrochlore or other second phases was not detected in
the patterns. Pyrochlore peaks, identified with “*” in
Fig. 5, were found in the samples with x =0.5. These
results indicated that the presence of PCoN in the solid
solution decreases the structural stability of PZT perov-
skite phase by its tolerance factor and electronegativity
[16].

The PbZrO;-PbTiO; phase diagram predicts that at
room temperature Pb(Zr,/,Ti;/»)Oj3 falls within the tetrago-
nal phase field near the MPB. The crystal symmetry for
pure PCoN is cubic at room temperature. Below
Tmax =~ —70 °C, the symmetry changes to rhombohedral.
Therefore, with increasing x the crystal symmetry should
change due to the effects of the increased PCoN fraction
and the decrease in Tc. It is well know that in the
pseudo-cubic phase, the {200} profile will show a single
narrow peak because all the planes of {200} share the same
lattice parameters, while in the tetragonal phase, the {200}
profile should be split into two peaks with the intensity
height of the former being half of the latter because the

100 44— W » :
< g y x . —4—x=0.0,
80
E = r—x=01
= x=02
) *—x=03
'E. 60 * x =04
e x=05
2 o o
i
”
§ 40
=2
- « >
=2
< 204
*
e
01 e 00 01 02 03 04 05
Composition ¥
T ¥ T X T x T % T i T
650 700 750 800 850 900

Temperature ("C)

Fig. 4. Percentage of perovskite phase as a function of calcinations
temperature for (1 — x)PZT-xPCoN powder.
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Fig. 5. XRD patterns of (I — x)PZT-xPCoN ceramics.

lattice parameters of (200) and (020) are the same but are
slightly different from those of (002).

Based on the careful XRD study of {200} reflections in
Fig. 6, we can find that a phase transformation from the
tetragonal structure to the pseudo-cubic structure occurs
with increasing PCoN content. The ceramics exist as
tetragonal phase which is indicated by the splitting of
(002)1 and (200) peaks in the 20 range from 43.5° to
46.5° at x =0.10. As PCoN content increases from x =
0.1 to 0.3, the ceramics coexist as tetragonal and pseudo-
cubic phase revealed by the coexistence of (002)tr and
(200)r peaks in the 26 range from 43.5° to 45.5°. To a first
approximation, it could be said that the composition with
x =0.1-0.2 is close to the morphotropic phase boundary
(MPB) of the Pb(Zro_SoTiO.SQ)OgﬁPb(CO1/3Nb2/3)03 system,
where the structure of the PZT-PCoN compositions is
gradually changing from tetragonal to pseudo-cubic. Elec-
trical data described later further supports this assumption.

a =
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—
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Fig. 6. XRD pattern of the (200) peak of (1 — x)PZT-xPCoN, x = 0.0-
0.1 ceramics.

The ceramics with x =0.50 exist as pseudo-cubic phase
revealed by the single (200)g peak. It is interesting to note
that the influence of the addition of Pb(Co;/;3Nby/3)0;
on the phase transition of the Pb(Zr;,Tij»)O; system
is similar to that of Pb(ZI’]/QTi1/2)03—Pb(Ni1/3Nb2/3)03,
Pb(Zry/>Ti1/2)03-Pb(Mg;/3Nb/3)O3 and Pb(Zry:Tiy/2)03-
Pb(Zn,/3Nb,/3)O3 systems [6,17-19].

The dielectric properties of (1 — x)PZT-xPCoN, x =
0.0-0.5 are illustrated in Fig. 7. With increasing concentra-
tion of PCoN, the dielectric constant tends to increase. The
effect of increasing the dielectric constant at room temper-
ature with increasing PCoN content is interpreted to be due
to the possibility of the decrease of the transition tempera-
ture to near room temperature. Because of when PCoN is
added into PZT, the transition temperature of the PZT—
PCoN ceramics are shifted towards the room temperature;
hence the dielectric properties measured at room tempera-
ture are increased. Other authors have reported a similar
behavior [6,20]. Fig. 8 shows the saturated loops of
0.9PZT-0.1PCoN samples with difference electric fields
strengths. It is clearly evident that the shape of hystere-
sis various greatly with the electric fields strength. At
5 kV/cm electric fields strength, a near-linear relationship
of P-E is observed. This result is due to the fact that the
electric field is not large enough to switch any domains.
At 10 kV/cm electric fields, the polarization nonlinearity
is developed in both regions of the positive and negative
fields. These results clearly demonstrate that the electric
field strength of 10 kV/cm is of enough energy to con-
strain realignment of some domains in the direction of
the applied fields. No evidence of pinning effect or asym-
metric loop was detected in all electric fields strength. At
25kV/em electric field strength, the loop reveals fully
developed symmetric hysteresis loop. This shows that the
electric fields strength of 25 kV/cm has of enough energy
to constrain realignment of all domains in the direction
of the electric fields.
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Fig. 7. Relative permittivity of (1 — x)PZT-xPCoN as a function of
compositions.
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Fig. 9 illustrates the P-E curves of the samples with
x=0.0, 0.1 and 0.5 measured at 25 kV/cm. All composi-
tions show symmetry in shape and reveal rectangular hys-
teresis loops. From the fully saturated loops, the remanent
polarization P, and coercive field E. were determined. The
values of P, and E, for composition x = 0.1 are 21.4 uC/
em” and 9 kV/cm, respectively, whereas for composition
x =0.0 the remanent polarization P, is 15.2 pC/cmz. At
the composition 0.0 < x < 0.5, the hysteresis loop has a
typical “square” form stipulated by switching of a domain
structure in an electrical field, which is typical of a phase
that contains long-range cooperation between dipoles.
That is characteristic of a ferroelectric micro-domain state.
Room temperature values of P, are found to be ~15.2, 21.4
and 25.3 uC/cm? for composition x = 0.0, 0.1 and 0.5 sam-
ples, respectively. The results on other compositions are
also listed Table 1.

It is seen that the samples with compositions x = 0.1 and
0.5 exhibit the highest saturation and remnant polarization
among all the ceramics studied. As indicated by the above
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Fig. 9. Hysteresis loops of the (1 — x)PZT-xPCoN ceramics with x = 0.0,
0.1 and 0.5 measured at 25 kV/cm.

Table 1
Polarization hysteresis data as a function of x in the (1 — x)PZT-xPCoN
system

Composition P, (nC/cm?) P, (nC/cm?) E. (kV/cm)
x=0.0 19.3 15.2 16.7
x=0.1 25.0 21.4 9.0
x=0.2 10.1 9.5 9.7
x=03 12.5 7.6 8.4
x=04 13.9 8.6 9.8
x=0.5 28.7 253 9.3

XRD, the composition with x = 0.1 contains both tetrago-
nal and pseudo-cubic phases, so it should favor a strong
ferroelectric effect due to the increased ease of reorientation
during poling by transformation of a number of 180°
domains into 90° ones. From the present results, it also
can be revealed that the MPB coexisting in the tetragonal
and pseudo-cubic phases in the present system is a broad
composition region of x ~ 0.1, which exhibits high ferro-
electric properties around the center of the MPB. Recent
literature reviews [18,21] show that there are 2 MPBs in
the PZT-PZN system; first, the separated tetragonal phase
with rhombohedra phase at the composition 0.8PZT-
0.2PZN and the second MPB showing transformation
relaxor pseudo-cubic ferroelectric to normal pseudo-cubic
ferroelectric at the composition 0.5PZT-0.5PZN [7]. It is
interesting to note that the composition x =0.5in PZT-
PCoN system may be attributed to the transition from nor-
mal ferroelectric to relaxor ferroelectric which is similar to
the PZT-PZN and PZT-PNN system [6,7,21].

4. Conclusions

The effect of PCoN modification on the phase formation
and transition mechanism of perovskite PZT-PCoN
ceramics has been investigated for various chemical com-
positions. X-ray diffraction has indicated that except at
x =0.5, complete solid solutions occur across the entire
compositional range of the (1 — x)Pb(ZrgsTig5)O3—
xPb(Co;/3Nb,/3)O; system. PZT ceramic was identified
by XRD as a single-phase material with a perovskite struc-
ture having tetragonal symmetry, while the mixed compo-
sitions showed a gradual change from tetragonal to
pseudo-cubic symmetry, with a possible morphotropic
phase boundary (MPB) between the two phases near the
0.9PZT-0.1PCoN composition. Ferroelectric and dielectric
properties of the PZT-PCoN ceramics were investigated.
The maximum value of remnant polarization P, (25.3 pC/
cm?) was obtained for the 0.5PZT—0.5PCoN ceramic. Most
importantly, this study showed that the addition of PCoN
could improve the ferroelectric behavior in PZT ceramics.
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