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In this work an attempt is made to study [Pb(Zrgs3Tip4703)03]1_x-[Pb(Yos5Nbgg)O3]x system
with x = 0.0125, 0.025, 0.05, 0.075 and 0.1. It was shown that there is limited solid solubility
(2.5 mol%) of Pb(Yq5Nbg5)O3 (PYN) in PZT (53/47). The substitution of PYN gave rise to the
reduction of the volume of PZT’s unit cell. For the samples doped above this level of PYN, an
extra phase comprising of Y3*, Zr*+ and Ti** cations were detected based on EDS-SEM and
XRD analysis and also a structural shift towards a rhombohedral phase was noticed for the
main PZT phase. Further, the addition of PYN up to 2.5 mol% was seen to increase the room
temperature relative permittivity and ds3 parameter. However, these parameters declined for
the samples substituted with more than 2.5 mol% PYN due to the formation of non ferroelectric
extra phase. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Lead zirconate titanate Pb(Zr;_xTix )O3, PZT, solid solu-
tion system with the compositions near the morphotropic
phase boundary (x = 0.47) is well recognized for its very
interesting and desirable piezoelectric properties [1—4]
making it a very attractive candidate for a wide range
of electronic applications. Since its discovery in order to
enhance its piezoelectric properties both the effects of
different processing conditions [5—9] and substitutions of
various dopants [1, 10-14] of different ionic sizes and
valences have been studied. Beitollahi and Khezri [15]
have already reported the effect of the addition of Y,03
on the structure, microstructure and piezoelectric prop-
erties of this compound. Following the previous work
[15] we in this work report the effect of the addition of
Pb(Y(sNbg 5)O3, on various properties of PbZry 53Tig 47
O3(PZT 53/47) system.

2. Experimentals

Conventional ceramic route was used for the fabrication
of the samples studied in this work. The starting raw
materials used were PbO(>99.6% purity) ZrO,(>99.5%
purity) TiO,(>99.6% purity) Nb,Os(>99.8% purity) and
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Y(NO3)3 - 6H,0 (>99.9% purity). For the synthesis of
PZT(53/47) compound initially the raw material were ac-
curately weighed according to the stoichiometry and then
were wet mixed for 6 h in a polyethylene jar with yttrium
doped tetragonal zirconia (YTZ) balls in deionized water.
The obtained slurry was later dried in oven at 80°C for
8 h. The mixture was then pulverized in an agate mortar
and pestle and subsequently passed through a 100 um
sieve in order to break large agglomerates. The obtained
powder was later calcined at 850°C for 2 h in a pure alu-
mina boat covered and sealed by an alumina plate. The
calcined powder was again wet milled for 12 h and oven
dried. The PYN compound was also prepared separately
with ceramic route. In this respect, appropriate amounts
of Nb,O5 oxide were wet mixed with Y(NO3); - 6H,0O
in deionized water and subsequently dried overnight at
80°C. The obtained powder was then calcined at 1350°C
for 2 h and subsequently wet milled for 12 h with appro-
priate amounts of PbO. The obtained product was again
calcined at 850°C for 2 h. X-ray diffraction (XRD) anal-
ysis of the obtained powder confirmed the formation of
single phase PYN compound. For the preparation of the fi-
nal powder sample batches these two separately prepared
compounds i.e. PZT(53/47) and PYN were wet milled for
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8 h in deionized water with the below mentioned molar
ratios:

. PZT (98.75 mol%) + PYN (1.25 mol%)
. PZT (97.5 mol%) + PYN (2.5 mol%)

. PZT (95 mol%) + PYN (5 mol%)

. PZT (92.5 mol%) + PYN (7.5 mol%)

. PZT (90 mol%) + PYN (10 mol%)

. PZT (100 mol%)

NN BN~

A 0.5 wt% polyvinyl Alcohol (PVA) binder solution
was later also added before the last two hours of this final
milling. The mean particle size of the calcined-ball milled
powder determined by a Micromeritics particle size ana-
lyzer was in the range of 0.3-0.5 um. The milled slurries
of the above samples were then dried and disc shaped
samples were subsequently made at a pressure of 2 ton
cm™2. The pressed pellets were dried at 70°C for 12 h.
In order to remove the organic binder, the samples were
decarbonized at 500°C for 4 h in air atmosphere. Finally,
these samples were sintered at 1270°C for 2 h with the
double crucible arrangement with a (PbZrOs; + 2% PbO)
atmosphere powder. Flat and polished samples were pre-
pared before gold sputtering of the sample faces with a
sputter coater. Poling of the samples before piezoelectric
measurements was done at an electric field of 3 MV/m in
silicone oil at 100°C. For XRD characterization a Fe-K,
radiation was used and Si powder was also used as in-
ternal standard. Morphology studies and grain size mea-
surement (line-intercept method) and chemical analysis
were performed using a Leica Cambridge S360 model
scanning electron microscope (SEM) with attached EDS-
system. For room temperature dielectric measurements at
1 kHz an automatic HP-4270A capacitance bridge was
utilized. For the evaluation of the ds3 parameter, a Berlin-
court piezo-ds3 meter was used. The magnitudes of gs3
parameters were also calculated using the measured val-
ues of di3 and permittivity values. Electrical resistivity
was also measured using a 617 Keithley electrometer.
The fired densities of the samples were determined by the
Archimedes method in water.

3. Results

3.1. Density measurements

Fig. 1 demonstrates the variation of the bulk densities of
the sintered samples with the level of PYN concentration.
As shown in this figure, a rising trend was observed for
the magnitudes of the bulk densities of the samples doped
with up to 2.5 mol% PYN. However, doping PZT samples
beyond this level gave rise to an appreciable decrease of
the measured sintered bulk densities.

3.2. XRD results

Fig. 2 displays XRD multiplot pattern for the whole se-
ries of the samples studied in this work. For the pure PZT
samples all of the diffraction lines corresponding to the
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Figure 1 Variation of sintered density versus Pb(Y( sNbg 5)O3 (PYN) con-
centration.

single phase tetragonal PZT(53/47) could be indexed for
this sample. However, for the PZT samples doped with
more than 2.5 mol% PYN, the observed splittings for the
[002] and [211] reflections were remarkably reduced and
disappeared implying a structural shift towards rhombo-
hedral phase [16]. Further, upon the addition of PYN to
the PZT compounds all of the diffraction peaks widen and
for the samples with more than 5 mole% PYN some other
extra peaks were also detected. The extra peaks observed
could be closely matched with those of JCPDS-XRD data
of Zrp$Y0.1800.91 phase. Table I also summarizes the
tetragonal lattice parameters of the undoped PZT, as well
as 1.25, 2.5 mol% PYN added samples. As is clear from
this table, the addition of PYN up to 2.5 mol% has given
rise to the decrease of lattice parameters.

% Second Phase

(110)

Intensity (A.U.)

Figure 2 XRD multiplot of the whole series of the system studied in this
work. In this figure the letters (a), (b), (c), (d), (e) and (f) correspond to the
samples with x = 0.0, 0.0125, 0.025, 0.05, 0.075 and 0.1, respectively.



TABLE I Lattice parameters of the pure and Pb(Y( 5Nbg 5)O3 —doped
samples

Lattice parameters
Sample a (nm) ¢ (nm)
Undoped PZT 0.4057 0.4193
1.25 mole% doped PZT 0.4041 0.4187
2.5 mole% doped PZT 0.4037 0.4093

3.3. Dielectric and piezoelectric properties
Fig. 3 presents the variation of room temperature (r.t.) rel-
ative permittivity (measured at 1 kHz) versus the level of
the addition of PYN for the whole series of the samples
studied in this work. As seen from this graph two different
trends can mainly be realized. Initially, the magnitudes of
the relative permittivity increased for the samples doped
up to 2.5 mol% PYN. However, beyond this level, it de-
clined to even lower values than that of the pure PZT
compound.

Fig. 4 also demonstrates the results of the r.t. dielectric
loss variation measured at 1 kHz versus PYN concentra-
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Figure 3 Variation of the room temperature relative permittivity versus
Pb(Y.5Nbp 5)O3 (PYN) concentration.
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Figure 4 Variation of dielectric loss versus Pb(Y( sNbg 5)O3 (PYN) con-
centration.

-
=]

-
[
(4]

-

-
-

o
o
a

Electrical Resistivity (- 1070m)

=
»

o

2.5 5 7.5 10
PYN (mol%)

Figure 5 Variation of electrical resistivity versus Pb(Y( 5Nbps5)O3 (PYN)
concentration.
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Figure 6 Variation of d33 parameter versus Pb(Y( 5Nbgs)O3 (PYN) con-
centration.

tion. As is clear from this graph there is a nearly two
times increase in the magnitudes of the dielectric loss
upon doping PZT samples with 2.5 mol% of PYN. How-
ever, doping PZT samples above this level did not give
rise to an appreciable change of dielectric loss compared
to the initial observed trend. The variation of the electri-
cal resistivity versus PYN level is also shown in Fig. 5.
For the samples doped up to 2.5 mol% PYN the mag-
nitudes of the electrical resistivities of the samples were
seen to decline. However, a rising trend was observed for
the samples doped above this level. Further, Figs 6 and 7
display separately the variation of d33 and g33 parameters
versus the level of PYN respectively. Increasing the level
of PYN to 2.5 mol% caused an increase in the magnitudes
of the d33 parameter. Further increase of the level of PYN
caused a drastic decrease of this parameter. The addition
of PYN was also seen to decrease g33 parameter (Fig. 7).

3.4. Microstructural results

Microstructural studies carried out by SEM revealed that
doping PZT samples with PYN give rise to grain size
reduction of the samples. The average measured sizes of
the grain sizes of the samples with 0.0, 1.25,2.5,5,7.5 and
10 mol% PYN were 15.2,11.3,3.3, 1.6, 1.3 and 1.2 (um)
respectively. As can be realized from these average values,
the observed size reduction was much more pronounced
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Figure 7 Variation of g33 parameter versus Pb(Y( 5Nbps)O3 (PYN) con-
centration.

for the samples doped with more than 2.5 mol% PYN.
Figs 8 and 9 demonstrate the microstructures of the pure
PZT and that of the sample doped with 10 mol% PYN.
The formation of the extra second phase for the samples
doped above 2.5 mol% PYN was also confirmed by the
EDS analysis in close agreement with XRD data. Fig. 10a
and b, shows the typical EDS-SEM analysis of the main
PZT and extra phase observed for the samples doped with
10 mol% PYN.

4. Discussions

Based on XRD results obtained it can be assumed that
there is a limited solid solubility of PYN in PZT com-
pound. The limited solid solubility of Yt [15] and
Gd**[17] in PZT was already reported. Further, as shown
in Table I the substitution of PYN up to 2.5 mol% gave
rise to the reduction of the volume of unit cell. These can
be understood based on the knowledge that Y** ionic ra-
dius (0.99A) size is smaller than that of the Pb?t (1.49
A) and much bigger than that of Zr*+ (0.72A) or Ti**
(0.61 A). The limited solid solubility of Y3* in PZT is
thought to be related to the rather big difference of the
jonic sizes of Y and Pb?t. Nb>+ (0.64 A) can be also
expected to be mainly substituted for the Zr*+ or Ti*+
cations. The observed structural shift from tetragonal to
rhombohedral phase for the samples doped with more
than 2.5 mol% PYN can be justified by considering the
smaller ionic radius of Nb°*compared to that of the Zr**+
and the stronger Nb—O bond. In this respect it can be ex-
pected that O>~ will shift towards Nb>* cation and Pb**
will also depart from its normal position towards Nb>*
due to the restriction induced by Pb-O bond. Hence, one
can expect that the perovskite structure will then contract
giving rise to a gradual change of the symmetry axis from
<001> direction to <111>. For the samples containing
higher levels of Nb>* the deformation becomes larger
leading to crystal structure change from that of tetragonal
to rhombohedral.
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A decreasing trend was noticed for the electrical re-
sistivities of the samples doped up to 7.5 mol% PYN.
However, the rate of the decline was much more pro-
nounced for the samples doped up to 2.5 mol% PYN.
The observed rise in the conductivity of these samples
is possibly due to the substitution of donor cations such
as: Nb>* for Zr*+ and Y3+ for Pb>* in PZT lattice. Fur-
ther, the observed rather sharp rise of conductivities for
the samples doped up to 2.5 mol%PYN suggests a low
level of Pb loss in these samples. Since the donor addi-
tives normally are compensated by acceptor sites formed
in PZT by lead vacancies [1, 18]. Further, one should also
consider the rising increase of Pb vacancies (V) with
increasing level of the substitutions of Nb>* for Zr** and
Y3+ for Pb** and their corresponding increased donor
compensating effect by considering that:

2Nb,, = 2Nbze + Vi (1)
2Y . = 2Ypy + V )
Pb2+ Pb Pb

This is possibly why the trend of the decline of the re-
sistivity becomes less pronounced for the samples doped
between 2.5 to 7.5 mol% PYN. The observed sharp rise of
the resistivity in case of the sample doped with 10 mol%
PYN could be possibly partly due to such an effect. How-
ever, it should be mentioned that microstructural features
such as grain sizes also play an important role in the con-
trol of the electrical resistivities of these samples. It is
well known [4] that in polycrystalline electroceramics,
the lower the grain size the higher will be the electrical
resistivities of the samples since the grain boundaries act
as a major source of electron scattering centers. As men-
tioned before the substitution of PYN in PZT samples
studied in this work gave rise to the decrease of the aver-
age grain sizes of the samples. The decrease of the average
grain size was comparatively much higher in case of the
samples doped with 10 mol% PYN (Fig. 9). It should be
mentioned that the addition of Nb>* to PZT is seen to
inhibit the grain growth [19].

Atkin [8], reported that sintering kinetics of the un-
doped PZT can be described by lattice diffusion of va-
cancies from pores to grain boundaries (Coble’s model),
and that Nb doping reduces the diffusion coefficient; the
vacancies as created by this doping are supposed to be
bound to the impurity ion (Nb), so that they inhibit the
mass transport. It should be also added that apart from
Nb effect, pores, phase inclusions and solid solution im-
purities are also known [20] to inhibit the grain growth as
well.

The observed sharp rise of the resistivity of this sample
could be also partly influenced by the observed grain
size reduction. Apart from the above two mentioned
factors controlling the conductivity of these samples, one
should also consider the contribution of the electrical
resistivity of the extra phase to the overall electrical
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Figure 8 SEM micrograph of the undoped PZT sample.

~N
20 nn Mag= 78.88 K X
Photo No.=4589 Detector= SE1

Figure 9 SEM micrograph of the PZT sample doped with 10 mol% Pb(Y( 5Nbg 5)O3 (PYN). The EDS analysis of the points A and B is presented in
Fig. 10(a) and (b).
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Figure 10 SEM-EDS analysis of the PYNZT main phase (a) (point B in Fig. 9) as well as that of the observed second phase (b) (Point A in Fig. 9).

conductivity of the samples containing this extra
phase.

For the samples doped up to 2.5 mol% PYN, a rise
in the magnitudes of the relative permittivity was seen
(Fig. 3). The observed rise could also be related to the soft
ferroelectric behavior introduced due to donor doping and
observed noticeable increase of the sintered densities of
these samples. However, ferroelectric P-E measurement
will be conclusive in this respect. It should be mentioned
that donor doping in PZT would be expected to reduce the
concentration of oxygen vacancies leading to a reduction
in the concentration of domain-stabilizing defect pairs
and to a lower ageing rates as well. The resulting
increase in domain wall mobility causes the increase
of permittivity, dielectric losses, elastic compliance,
coupling coefficients, and reductions in mechanical Q
and coercivities of the PZT samples.

For the samples doped beyond 5 mol% PYN the mag-
nitudes of the relative permittivity were seen to decrease.

3676

The formation of inter/intra granular second phase/s can
be considered to have an adverse effect on the mobility
of the ferroelectric domain walls. Our microstructural in-
vestigations carried out by SEM could only reveal the
formation of the non ferroelectric PYN phase as an in-
tergranular second phase. The confirmation of the exis-
tence of the PYN phase in intragranular form if present
in small quantities and volume fraction demand transmis-
sion electron microscopy (TEM) examinations which was
not done for the samples studied in this work. Further, the
declining trend could have also being influenced by the
decrease of the sintered densities of the samples. Pereira
et al. [19] have also shown that the addition of Nb®T more
than 1 mol% in PZT give rise to the decrease of maximum
relative permittivity and the curie point. The variation of
ds3 parameter versus the level of PYN presented in Fig. 6
is divided into two trends; a rising one up to 2.5 mol% and
another sharp declining one for the samples doped above
this level. The latter behavior can be possibly related to



the formation of the observed extra phase and the smaller
value of electronic polarizability of Y>*compared to that
of Pb>*. However, the initial rising trend of d33 parame-
ter for the single phase samples is thought to be mainly
related to the increase of Pb vacancies.

As mentioned before, a sharp rise in dielectric loss
of the samples doped with PYN was observed. The
rising trend was noticeably higher for the samples doped
up to 2.5 mol% PYN. The sharp decline of electrical
resisitivities of these samples can be accounted as one of
the reasons for such an abrupt increase of dielectric loss.
However, increased domain wall mobility could have
also influenced the A.C. dielectric loss trend observed
for these samples.

5. Conclusions
The below mentioned conclusions were obtained based
on the work carried out.

1. Doping PZT with more than 2.5 mol% PYN caused
the formation of some extra non ferroelectric phase con-
taining zirconium and yttrium and titanium oxides.

2. The addition of PYN above 2.5 mol% to PZT com-
pound caused a structural shift from tetragonal to rhom-
bohedral.

3. The addition of 2.5 mol% of Pb(Y(s5Nbg5)O3 to
PZT gave rise to the increase of various ferroelectric pa-
rameters such as dj3, relative perimittivity and sintered
densities. The increase of the ferroelectric parameters is
thought to be mainly due to the soft ferroelectric behavior
induced by the Pb vacancy formation.

4. The formation of the extra phase had a drastic effect
on the various dielectric and piezoelectric parameters.

5. The addition of PYN gave rise to the decrease of the
grain sizes of the samples compared to that of undoped
PZT samples.
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