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ABSTRACT

The structural and electrical properties of Pbg ogSmy o2[(Zry, Ti;y)o.98( Feffz s Nbff2 )0.02]03 ceramics system with the com-
position near the morphotropic phase boundary were investigated as a function of the Zr/Ti ratio by X-ray diffraction
(XRD). Studies were performed on the samples prepared by solid state reaction for y = 0.47, 0.49, 051, 0.53, 0.55 and
0.57. Combined with piezoelectric properties results, it was consistently shown that an MPB exists between y = 0.51
and y = 0.55 in this system. When y < 0.51, the tetragonal phase dominates at ambient temperatures. In the range of y >
0.55, the rhombohedral phase dominates. Lattice parameters of the tetragonal phase and rhombohedral phase were
found to vary with chemical composition. The average particle size ranged from 17.18 to 26.05 nm. The dielectric (& =
1076), tand = 0.013 and piezoelectric properties (d;; = 122 pC/N, kp = 0.631 and Qm = 462) obtained were maximum at

y = 0.55 which could be suitable for possible electromechanical and energy harvesting applications.
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1. Introduction

Work carried out these last years on piezoelectric ceram-
ics Pb(Zr,,Ti;,)O; attest the importance of these materi-
als in the vicinity of the morphotropic phase boundary
(MPB) where the two phases coexist and exhibit the
highest values of the permittivity and the electrome-
chanical coupling factor. This border separates the two
ferroelectric phases, one is tetragonal, and the other is
rhombohedral [1]. The PZT are often modified by the
introduction of the doping agents into the sites A or/and
in the sites B of perovskite ABO; structure. The principal
role of the doping agents is generally the improvement of

the physical and mechanical properties of these materials.

Substitutions in the crystal lattice called doping are often
led with the aim to improve the specific properties of the
PZT or sometimes adapt them to specific applications.
These properties are generally improved by the additions
of one or more cations which will replace Pb*" in site A
and/or couple (Zr*'/Ti*") in site B of perovskite structure
(ABOs3) [2]. The work focuses, firstly, on the substitu-
tion of: Pb*" with Sm’", couple (Zr*"/Ti*") with (Fe’,
Nb’"); and, secondly, on their effect on the piezoelectric
properties of the solid solution:
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Pb17xsmx[(zryaTi17y)0498(F33+1/2,Nb5+1/2)0.02]03~

Pb(Zry,Ti; )O3 perovskite have been extensively stud-
ied with the objective to optimize their piezoelectric pro-
perties. The Zr/Ti ratio is known to strongly influence
properties, such as the elastic constant, the permittivity,
the coupling factor, etc. Near the morphotropic phase
boundary (MPB), all these properties take extreme values
when x corresponds to the composition of the mor-
photropic phase boundary (MPB) which separates the
tetragonal (T) and rhombohedral (R) phases towards Ti-
rich and Zr-rich sides, respectively [3,4]. Investigating
the Pb(Zr,,Ti;_4\)O; system has shown the existence of
an almost temperature-independent morphotropic phase
boundary at x = 0.535, which separates a rhombohedral
phase from a tetragonal one. By means of X-ray diffract-
tion, the co-existence of the two phases over a range of
compositions around MPB was demonstrated [5-11].

The present work aims, first, to synthesize new mate-
rials which represent interesting electric and mechanical
properties; and, second, to efficiently combine the di-
electric and electromechanical properties of this system.
The dielectric, ferroelectric, and the piezoelectric behav-
iors of the MPB system were examined and discussed.

2. Experimental Procedure

The specimens were manufactured by using a conven-
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tional mixed oxide process. The compositions used in
this study were as follows:

Pby Smy[(Zr,, Ti1 y)oss( Fej , N, )o02]Os (hereafter
named as PSZTFN). This study of this new system is
carried out while varying y (47% <y < 57% with a step
of y = 2%), by fixing x (x = 2%), and carrying out sub-
stitutions in site A and B of a perovskite structure by a
mixture of the doping agents: acceptors and donors
(Sm,03, Fe,0;, NbyOs). The starting materials were Pb;Oy4
(99.90%), ZrO, (99.90%), TiO, (99.90%), Fe,0; (98%),
Smy03 (99.90%) and Nb,Os (99.6%).

Raw materials were mixed in acetone medium by us-
ing a magnetic stirrer during two hours. The obtained
paste is being dried at 80°C in a drying oven for two
hours, and then crushed in a mortar out of glass during
six hours. After crushing, the obtained powder is com-
pacted in a form of pastilles with a pressure of 300
kg/cm?. Then, a preliminary calcination with 800°C is
carried out during two hours with a heating rate of 2
°C/mn. The calcined mixture is crushed for a second time
during four hours, and then was quickly crushed in a
form of pellets with a pressure of 1000 kg/cm®. These
pellets are agglomerated at various temperatures of sin-
tering (1100°C, 1150°C, 1180°C, 1200°C) during two
hours. It is important to note that a lead loss is possible
by evaporation of PbO which is very volatile in T >
900°C. To limit this effect; an atmosphere rich in PbO
was maintained with the powder of PbZrO; to the mini-
mum to reduce this loss during sintering. The pastilles
are metalized by using a thin layer of silver paste on the
two faces.

X-ray diffraction (XRD, Siemens D500) was used to
determine the crystalline phases present in the powder.
The compositions of the PZT phases were identified by
the analysis of the peaks [(002)T, (200)R, (200)T] in the
20 range 43° - 46°. The tetragonal (T), rhombohedral (R)
and tetragonal-rhombohedral phases were characterized
and their lattice parameters were calculated. The rthom-
bohedral lattice parameter was calculated on the assump-
tion that the rhombohedral distortion was constant (unit
cell angle ar = 89.9%) [6,7]. In order to ensure an accu-
rate determination of the lattice parameters, the X-ray
peaks were recorded gradually with 0.01° steps.

Electronic micrographs scanning (SEM) were taken
from fractured as well as chemically etched surfaces. A
section of the sintered sample was etched in a 5% HCI
solution for 3 minutes. The fractured surfaces were used
for grain size and morphology determination. The size
distribution of the grains was measured and the results
compared with each other. The size distribution of the
pores and the total value of porosity were determined on
a polished cross-section of the samples with an image
analyzer.

Copyright © 2012 SciRes.
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The specimens were polished for the dielectric and
piezoelectric studies. Silver paste was fired on both sides
of the samples at 750°C for forty five minutes as the
electrodes for the dielectric and piezoelectric measure-
ments. The dielectric response was measured at the fre-
quency of 1 kHz by using an automatic LCR meter at a
temperature ranging from 50°C to 450°C. Before meas-
uring the piezoelectric properties, the specimens were
poled in silicone oil at 110°C by applying a d.c. field of
3.6 kV/mm for forty five minutes. Twenty four hours
after poling, the piezoelectric properties: piezoelectric
constant (dj;), electromechanical planar coupling factor
(kp) and mechanical quality factor (Q,) were measured
by a method similar to that of the IRE standard. The
resonance and anti-resonance frequencies were obtained
by using the maximum and the minimum of spectra ad-
mittance.

3. Results and Discussion
3.1. Phase Analysis and Microstructure

Sintered powders were examined by X-ray diffractome-
try to ensure phase purity, and to identify the crystal
structure. It can be seen that all the samples show pure
perovskite structure, suggesting that Sm, Fe and Nb dif-
fuse into the PZT lattice to form a solid solution. Figure
1 shows the XRD patterns of (1-x)Pb (Zr,,Ti;_y)O3-xSm
(Fe),Nb,;)O; ceramics sintered at 1180°C for two
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Figure 1. X-ray diffraction patterns of (1-x)Pb (Zry,Ti,_,)O3
-xSm( FeZ , NbZ% )O3 ceramics sintered at 1180°C for 2 h: (a)
47/53; (b) 49/51; (c) 51/49; (d) 53/47; (e) 55/45; (f) 57/43 The
co-existence of tetragonal and rhombohedral splitting in the

((c), (d), (e)).
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hours. It was found that the (1-x)Pb (Zr,,Ti;_y)Os-xSm
(Fe)’;,Nby % )O; ceramics formed the tetragonal structure
in the case of y < 0.51. The more the Zr/Ti ratio increases,
the more the structure changes; and when the Zr/Ti was
0.51 <y < 0.55, morphotropic phase boundary (MPB),
coexisting rhombohedral and tetragonal phases were ob-
served.

At the sintering temperature of 1180°C, we have stud-
ied the evolution of lattice parameters of the solution
(1-x)Pb (Zr,,Ti; ,)Os-xSm( Fe; 5, Nby; )05 as a function
of the composition of y “Figure 2”. It is noted that these
parameters are very sensitive to the variation of the com-
position of y, and the distortion of the perovskite struc-
ture cr/at ratio decreases when the composition of y be-
lieves. The tetragonal phase shows that the parameter ar
increases and cr decreases when the composition of y
increases. The parameter ag of the rhombohedral phase
increases with the increase in the composition of y. The
influence of the substitution of Zr/Ti ratio on the struc-
ture of the parameters can be explained by the difference
between the ionic rays of Zr and Ti (0.68 and 0.79 A,
respectively). This cannot provide a total homogeneity in
the solid solutions containing both tetragonal and rhom-
bohedral phases.

The variation in the lattice parameters of the identified
phase composition shows that the values of the ct/ar ratio
have decreased. This can be explained by microscopic
compositional fluctuations occurring in these perovskite
materials, which cannot provide a real homogeneity in
the solid solutions that determine the co-existence of
tetragonal-rhombohedral phases. The increase of the sin-
tering temperature and the firing time enhanced the dif-

/2

fusion effects within these regions and led to a relative
homogenization of the local composition in the material.
The transition from tetragonal to rhombohedral phase as
a function of composition can be visualized to occur as
follows: 1) The tetragonal and rhombohedral distortions
decrease continuously as one approaches the MPB com-
position from either side; 2) If the tetragonal to rhombo-
hedral transition is first order, the two phases might co-
exist over some range of y around the MPB composition.
Figures 3(a)-(c) shows the SEM images of PSZTFN
(47/53), PSZTFN (49/51) and PSZTFN (53/47) ceramics
sintered at 1180°C. All the sintered ceramics appear to be
very dense and of a homogeneous granular structure. At
first sight, the three compositions seem homogeneous
and there do not seem to be grains of the pyrochlore
phase which are identifiable by their pyramidal form.
The ruptures with the grain boundaries are synonymous
with a good sintering. It is noticed that the average di-
ameter of the grains increases significantly with the in-
creases in the Zr/Ti ratio. The intermediate size of the
grains is 1,718 um for the sample “Figure 3(a)” with
Zr/Ti (47/53). For cons, the intermediate size of sample
“Figure 3(b)” of the grains is larger (2,167 um). In the
case of ceramics “Figure 3(c)” with Zr/Ti (53/47), the
intermediate size of the grains is larger than that of
“Figure 3(a)” and “Figure 3(b)” (of the order 2,605 pum);
and the broader the granulo-metric distribution “Figure
3(c)”, the more the size of the grains gets bigger [12].
The variation of the experimental density with Zr/Ti ratio
in the PSZTFN ceramics system is shown in Figure 4.
The density of the ceramics increases with the increase of
Zr/Ti ratio. The observed increase in density is in agree-
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Figure 2. Variation of: the unit cell dimensions and ratio c/ar of PSZTFN as a function of composition (y).
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Figure 3. Microstructure of Pby., Smy[(Zry, Tis.y)o.ss( Feff2 ,
Nb}, )0.02]O3 ceramics sintered at 1180°C for 2 h, (a) Zr/Ti =
47/53; (b) Zr/Ti = 49/51; (C) Zr/Ti = 53/47.

ment with the grain distribution observed in SEM micro-
structures.

3.2. Dielectric Properties

Figure 5 shows the variation of the dielectric constant as
a function: of composition and of temperature at sinter-

Copyright © 2012 SciRes.
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ing temperatures 1100°C, 1150°C and 1180°C. For the
three temperatures of sintering 1100°C, 1150°C and
1180°C, observed that the permittivity increases gradu-
ally with the increase in the composition of y and takes a
maximum of 1076 for the sample with Zr/Ti = 55/45
included in the morphotropic phase boundary (MPB) at
the temperature 1180°C and then decreases. This maxi-
mum of dielectric activity can be explained by the pres-
ence of several directions of spontaneous polarization
relating to the existence of the two structures rhombo-
hedral and tetragonal.

Figure 6 is a plot of the dissipation factor (at room
temperature, 1 kHz) versus composition of all samples
sintered at various temperatures (1100°C, 1150°C, and
1180°C). All the samples within the investigated compo-
sitional range (y = 0.47 - 0.57) have dissipation factors
<3%.

The diffuse phase transition (DPT) is one of the dis-
tinguishing features for the relaxor ferroelectrics. Various
models have been proposed for explaining the behavior
of relaxor ferroelectrics e.g. the composition fluctuation
model [13], the superparaelectric model [14], the dipolar
glass model [15], and the random field model [16]. For
PSZTFN type of relaxor ferroelectrics, the occurrence of
the diffuse phase transition is due to the presence of 1:1
short-range non-stoichiometric ordering between Fe'
and Nb*" ions. The chemically ordered domains destroy
the charge balance; however, the decrease of the free
energy in the system caused by forming ordered domains
is larger than the free energy increase by imbalance
charge so that ordered domains could actually exist in
spite of the inability to grow further because of the im-
balanced charge. In the present work, Sm*" ions substi-
tute for Pb>" ions on the A-site sublattice. Sm®* is a very
well-known donor dopant for the Pb”" ions in the A-site
sublattice in PZT systems and is reported earlier by other
researchers [17,18]. Donor doping like Sm**, could ef-
fectively compensate the imbalance charge resulting from
ordering so that 1:1 short-range ordering regions grow
larger. The growth increases the separation between dis-
ordered matrix. Thus the DPT behaviour can be consis-
tently enhanced [19,20].

3.3. Piezoelectric Properties

The electromechanical variation of the coupling factor kp
is very sensitive to the variation of the composition. The
Zr/Ti ratio varies from 47/53 to 57/43. Figure 7 illus-
trates the electromechanical coupling factors (kp) of Pb
Smy[(Zry, Ti;y)o.os( Fef/*2 , Nbf/*2 )0.02]O5 sintered at 1180°C.
One notes an increase in the coupling factor kp along
with an increase in the Zr rate until reaching a maximum
value with Zr/Ti = 51/49 (kp = 0.632). On this side of
Z1/Ti ratio value one also observed almost a stabilization
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Figure 4. Density according to the variation of y (Zr) in the composition and sintering temperature.

of the electromechanical coupling factor kp, with Zr/Ti =
53/47 the value of kp = 0.63; and as for the sample with
Zr/Ti = 55/45 the value of kp = 0.63. The kp value was
also reported to have correlation with the specimen den-
sity. Thus, in addition to the low sinterability, high grain
boundary density could also be observed in PSZTFN
ceramics; and when Zr/Ti ratio increased, it might result
in low kp value of the ceramics. Heywang [21] and Isu-
pov [22] have explained this increase by the following
opinion: during the polarization of material, the degree of
domain alignment increases and becomes higher in the
area of co-existence of the tetragonal and rhombohedral
phases. This idea was underlined and confirmed by Dant-
siger and Fesenko [23]. We can say that the zirconium
rate for the compositions belonging to the morphotropic
phase boundary (MPB), which combines two phases Tet-
ragonal-Rhombohedral, lies between 51% and 55%.

The piezoelectric properties variation (d;; and Q)
with Zr/Ti ratio in the Pb;  Smy[(Zry,Ti_y)o.0s( Feffz )
Nbf/*2 Y0.02]03 ceramic system is depicted in Figure 8.
The d;; and Q,, of the ceramic system are enhanced with
the increase of Zr/Ti ratio. It is observed in Figure 8 that
as the Zr/Ti ratio increases, the value of dj; represents a
peak of 122 at Zr/Ti ratio of 53/47; and when Zr/Ti ratio
is further increased, the value of d;; decreases. Q,, con-
tinues to increase, and finally it shows the maximum
value when Zr/Ti ratio goes to 55/45 and then decreases.
When the Pb1,Xsmx[(zry,Ti1,y)0A9g( Feffz . Nbf/; )002]03
system is doped with Sm™", it replaces the Pb*" ion at A-
site; and Pb vacancies are created in the lattice to main-
tain the electroneutrality. In a lattice having Pb vacancies,
transfer of atoms is easier than in a perfect lattice; and

Copyright © 2012 SciRes.

domain motion is easier. Such a mechanism is termed
ferroelectrics softening. If the domain reorientation is
enhanced, the ceramic will be easier to pole. If PZT is
softened by donor doping, the coercive field will be low-
ered, the remnant polarization will be increased, the di-
electric constant will be increased, and the piezoelectric
properties will be enhanced [8,14].

The piezoelectric properties of PZT ceramics are in-
fluenced by the type and content of dopants. The dopant
can improve the sintering process, produce ceramics with
high specific mass, reduce the lead oxide evaporation,
and prevent the formation of second phases [24]. Besides,
dopants also engender the substitution of A or B cations
of ABO; perovskite structure. Ions of higher valence,
such as Nb>", cause vacancies in the A cation called lead
vacancies; and the lower valence ions, as Fe**, result in
oxygen vacancies [25]. The additives that increase the
amount of oxygen vacancies cause a small reduction of
the unit cell dimensions, increase the internal stress; and,
consequently, increase the coercitive field. Therefore, the
additives that accept electrons are called hardener addi-
tives. The material doped with iron presents lower di-
electric constant, and loses constant when the mechanic
quality factor is increase [26]. Therefore, according to
Takahashi [27] the vacancies of oxygen generated by the
addition of iron are suppressed when there are niobium
and iron equimolar compositions. In a polycrystalline
system, dielectric and piezoelectric properties are de-
pendent on both intrinsic and extrinsic mechanisms [28,
29]. Intrinsic contributions are from the relative ion or
cation shift that protects the ferroelectric crystal structure.
The extrinsic contributions are from the domain wall
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Figure 5. Dielectric constant (g) according to the variation of y (Zr) in the composition and temperature.

motion. The extrinsic mechanisms are thermally activa-
ted processes, and can be frozen out at a very low tem-
perature. The intrinsic mechanisms are due to the lack of
MPB in the systems of Pb; Sm,[(Zry,Tii y)o.0s( Feffz ,
Nbf/*2 )0.02]03, and to the increase of the BF content.
Thus, the mechanical quality factor Q,, increases with the
increase of the ratio of Zr/Ti.

4. Conclusion

Investigations on the structure and properties of the Pb;
Smx[(Zry,Til,y)()‘gg( FG?/J; , Nbf/; )002]03 System over the

Copyright © 2012 SciRes.

range y = 0.47 - 0.57 have revealed an MPB between y =
0.51 and 0.55, which separates a tetragonal phase from a
rhombohedral phase. The effect of a sintering tempera-
ture on density and porosity was studied in order to reach
the optimal sintering temperature. This temperature (1180°C)
corresponds to the maximum value of density; conse-
quently, the minimum value of porosity corresponds to
the product of better quality. The lattice parameters of
the two structures tetragonal and rhombohedral vary with
the variation of the Zr/Ti ratio in the matrix. The compo-
sition that contains Zr/Ti ratio of 55/45 gave the desirable
piezoelectric properties, i.e. €= 2100, tand = 0.013, kp =

MSA



56

Figure 6. Dissipation factor according to the variation of y (Zr) in the composition and temperature.

Figure 7. Electromechanical coupling factor (kp) according to the variation of y (Zr) in the composition.
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sition.

0.63, Qm = 462 and d3; =122 pC/N, which makes this
material a good candidate for high-power multilayer pie-
zoelectric transformer applications.
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