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Abstract

The effects of ZnO addition on structure, microstructure and dielectric properties of (Ko 44Nag s0Lig.04)(Nbg 86 Tag.10Sbg.04)O3 ceramics (KNL-NTS)
are investigated. Doping provokes phase segregation, evidenced by the appearance of different types of grains and a tetragonal tungsten—bronze
secondary phase at high ZnO doping levels. A clear increase of ferroelectric—paraelectric and orthorhombic-to-tetragonal phase transition tem-
peratures with ZnO content is observed. This produces a reduction of the room temperature piezoelectric constants due to the reduction of the

tetragonality (c/a) ratio of the KNL-NTS structure.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead zirconate titanate (PZT) family ceramics are the most
widely used piezoelectric materials to date, due to their high
piezoelectric response, large scale production capability and the
tailoring of their properties through composition. Recently, the
European Union has published a health normative (ROHS)'
avoiding the use of lead on any manufactured item due to its
toxicity and environment risks. Nevertheless, piezoelectric PZT
ceramics are out of this normative due to the lack of an adequate
alternative. One promising alternative is the family formed by
materials based on potassium sodium niobate solid solutions
(KNN), due to their good electromechanical properties.>> High
attention is paid to find adequate compositions and processing
procedures to obtain competitive and reliable piezoelectric mate-
rials. There are currently some alternatives to PZT ceramics for
sensor applications, as for instance the PVDF, but there are no
feasible lead free piezoceramics for power applications up to
now.

KNN-based ceramics show sintering difficulties and exhibit
deliquescence when they are exposed to moisture.* In order to
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solve the densification problems, different advanced processes
such as spark plasma sintering® or hot pressing® were developed
to promote the sintering, which lead to the enhancement of both
the density and the related properties. However, these processes
are not suitable for massive production of piezoceramics with
different shapes. The sinterability of these materials can also be
improved by using different compounds as sintering promoters,
such as Cu0,”8 Sn0,° and MnO.!° The sintering promoters
usually enter in B position of the ABO3 perovskite structure
and produce A site vacancies that suppress the formation of the
hygroscopic secondary products.!!

Recently, Ochoa et al.!” studied the feasibility of the
(K,Na,Li)(Nb,Ta,Sb)O3 system for its use in transducers and
the results showed that the behaviour of the system was similar
to other perovskite-type piezoceramics. The higher contribution
to the dielectric, piezoelectric and elastic material responses
were fundamentally related to extrinsic effects. The dielectric
and mechanical losses at room temperature were similar to a
soft PZT ceramic and too high to be used in power devices.
Doping is usually recognized as a method to reduce the dielec-
tric and mechanical losses of piezoelectric ceramics and ZnO
has been successfully used to reduce the dielectric losses in
different materials.!>'# In particular, ZnO has been previously
used on KNN in an attempt to reduce the dielectric losses of
the material.'> It has been shown that addition of ZnO helps to
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increase the density of the material and avoids the deliquescence.
The purpose of this work is to investigate the effect of ZnO

doping on the structure, microstructure and electrical properties

of (K0.44Na0_52Li0404)(Nb0,36Ta()_1()Sb0_04)03 piezoceramics.

2. Experimental

(Ko.44Nag 52Lig.04)(Nbo 86 Tap.10Sb0.04) O3, KNL-NTS,
ceramics were synthesized by conventional solid-state sintering
processes. The raw materials used in this study are potassium
carbonate (Kp;CO3, 99.0%), sodium carbonate (NapCOs,
99.5%), lithium carbonate (Li;CO3, 99.5%), niobium oxide
(NbyOs5, 99.5%), tantalum oxide (TarOs, 99.0%), antimonium
oxide (Sby0s, 99.995%) and zinc oxide (ZnO, 99.7%). The
raw materials were milled individually, in order to obtain
an appropriate distribution of the particle size.!® The proper
amounts of milled powders were mixed and attrition-milled
using ZrO» balls in ethanol medium for 3 h, dried and calcined
at 700 °C for 2h. The materials obtained were composed of
particles with a narrow size distribution around 350 nm, formed
by agglomerated nanometer-size particles. This small particle
size was attributed to the low temperature process which
improves the reactivity of the powders. Recent studies on the
reactivity of the sodium potassium niobates reveal that the
perovskite structure is formed at temperatures near 700 °C,!”
although the regular synthesis process of KNN in the literature
uses higher temperatures.

The compositions with 0.1, 0.3, 0.5 and 1.0 wt% of ZnO were
prepared by incorporating the appropriate amounts of ZnO to a
dispersion of calcined KNL-NTS in ethanol by a high shear
mixing process at 6000 rpm. After the mixing step, the powders
were oven-dried and then sieved and pressed at 200 MPa into
disks of 10 mm in diameter and 0.7 mm in thickness. The pellets
were sintered in air at 1125 °C for 16 h. The density of the sin-
tered samples was measured using the Archimedes method. For
the electrical measurements, a fired silver paste was used for the
electric contacts. The samples were poled in a silicon oil bath at
25 °C by applying a direct current electric field of 4.0kV/mm
during 30 min.

The crystalline symmetry was examined by X-ray diffrac-
tion analysis (XRD, Siemens D5000, Munich, Germany, Cu
Ka radiation) using Si as internal standard. The lattice param-
eters were refined by a global simulation of the full diagram
using the fullprof program.'® Microstructure was evaluated on
polished and thermally etched samples (1000°C for 5min)
using a Field Emission Scanning Electron Microscope, FE-SEM
(Hitachi S-4700, Tokio, Japan), equipped with energy disper-
sive spectroscopy, EDS. The average grain size was determined
from FE-SEM micrographs by an image processing and analy-
sis program (Leica Qwin, Leica Microsystems Ltd., Cambridge,
England) considering more than 500 grains in each measure-
ment.

The temperature dependence of the ceramics permittivity
was measured using an impedance analyzer (HP4294A, Agi-
lent Technologies Inc., Santa Clara, CA) in the frequency range
of 100 Hz—1 MHz and the temperature range of 30-600 °C, at
2°C/min. P-E hysteresis loops were determined by a Radiant

Technologies Inc. hysteresis meter (RT 6000 HVS) at room tem-
perature. The piezoelectric constant d33 was measured using a
piezo-d33 meter (YE2730A d33 Meter, APC International, Ltd.,
USA). The electromechanical coupling factor kj, was determined
at room temperature by resonance and antiresonance methods
on the basis of IEEE standards.

3. Results and discussion
3.1. Structure and microstructure evolution

Fig. 1 shows the density variation of KNL-NTS as a
function of the ZnO content for samples sintered at 1125°C
for 16h. When increasing ZnO content, the bulk density
decreases from 4.69 4 0.01 g/cm? for samples without ZnO to
4.5740.02 g/cm? for 1 wt% of ZnO.

Fig. 2(a) shows the XRD patterns of the ceramics with dif-
ferent ZnO contents. In addition to the perovskite structure,
secondary phases were found in samples with ZnO content
higher than 0.3 wt%. All the ceramics possess a perovskite struc-
ture in which the tetragonal symmetry is dominant at room
temperature, though a slight increase of the orthorhombic sym-
metry is observed with increasing ZnO content. The secondary
crystalline phase could be assigned to K;LiNbgO171? (KLN)
or K¢NbioggO30 (PDF#87-1856), both with tungsten—bronze
type structure. KLN is a transparent oxide with space group
P4bm (point group: 4mm), and a ferroelectric—paraelectric
phase transition?” temperature of ~420 °C.

Fig. 2(b) shows a magnification of the (200) and (002)
peaks of the XRD patterns for KNL-NTS ceramics as a func-
tion of the ZnO content. It is clear that the perovskite structure
with tetragonal symmetry predominates in all samples. To cal-
culate the tetragonality ratio (c/a) and the unit cell volume,
the whole XRD pattern was refined with a fullprof program,'8
constraining the refinement to point group P4mm, a primitive
polar tetragonal unit cell. The samples show slight evolution of
the tetragonal (00 2) and (2 00) diffraction peaks with increas-
ing ZnO content. Fig. 2(c) shows the variation of the lattice
parameters as a function of the ZnO content. The lattice con-
stant ¢ decreases with ZnO content, while the lattice constant a
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Fig. 1. Density of KNL-NTS as a function of the ZnO content for the ceramics
sintered at 1125 °C for 16 h.
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Fig. 2. (a) XRD patterns of the KNL-NTS +xZnO (wt%) ceramics and (b) expansion of the 26 region from 44° to 47°. (c) Variation of lattice parameters and

tetragonality ratio, c¢/a (open triangles), as a function of the ZnO content.

increases. This kind of behaviour has also been reported when
CuO?! is added. The tetragonality ratio c/a, Fig. 2(c), of the
ceramics decreases linearly with ZnO content. This structural
evolution can be ascribed to three factors: (i) the incorpo-
ration of Zn%* cations into the perovskite structure, (ii) the
observed existence of a phase polymorphism on KNN-based
materials composed of a main tetragonal phase and traces of
a residual, low temperature orthorhombic phase*?%3 and (iii)
the presence of a secondary phase, in this case the tetragonal
tungsten—bronze phase observed in Fig. 2(a). The decrease in
bulk density observed at high values of x (x>0.3 wt%) may be
attributed to the formation of the secondary phase K3LiNbgO17,
which possesses a lower theoretical density (~4.376 g/cm?) than
the perovskite phase.

The microstructure of the KNL-NTS ceramics as a function
of the ZnO content sintered at 1125°C for 16 h was investi-
gated using FE-SEM. The FE-SEM micrographs, Fig. 3, showed
the typical KNL-NTS morphology consisting on faceted grains
with a bimodal grain size distribution. The microstructure of the
undoped sample showed equiaxed grains (matrix grains) and
some large, abnormal grains, square or rectangular in appear-
ance. The microstructure of the 0.1 wt% ZnO addition sample

remains nearly unaltered but for the increase of population and
size of the abnormal grains. For higher ZnO contents up to a max-
imum 0.3 wt%, the average grain size of matrix-grains decreases
significantly, while the number and size of the abnormal grains
increases. Moreover, the porosity of the ceramics shows appre-
ciable increase with the ZnO content, explaining the decrease of
the samples’ density as observed in Fig. 1.

The limited grain growth could be associated to two fac-
tors: (i) the existence of grains with very low curvature in spite
of their low size; the straight grain boundaries are characteris-
tic of this system in which the sintering occurs assisted by the
presence of a small amount of liquid phase,'® (ii) the effect of
ZnO dopant, since the dopant is distributed during the earliest
stage of sintering by vapour-phase transport and grain boundary
diffusion.'3->*

The matrix grains preserved the cubic—rectangular morphol-
ogy in all samples. In contrast, the abnormal grains exhibited
different morphologies. Moreover, as ZnO increases, segregated
phases appear within the abnormal grains. These segregated
phases increase with ZnO content. When ZnO addition reaches
>0.3 wt%, new phases begin to appear, that can be related to the
tetragonal tungsten—bronze structure seen by XRD (see Fig. 2).
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Fig. 3. Microstructure of polished and thermally etched surfaces of the
KNL-NTS +xZnO (wt%) ceramics sintered at 1125 °C for 16 h. (a) Undoped,
(b) x=0.1, (c) x=0.3, (d) x=0.5 and (e) x=1.0.

Fig. 4. Microphotographs of the KNL-NTS with the higher ZnO addition,
x=1.00, (a) morphology of the matrix grains, the abnormal grains and the
secondary phase. (b) Magnification of the interior of an abnormal grain.

Core—shell type structure appeared in these ceramics, espe-
cially in abnormally grown grains, as shown in Fig. 4(a).
This phenomenon was more relevant when the ZnO con-
tent increased. The energy dispersion spectrum analysis (EDS)
revealed that the atomic percentages of elements changed within
the different grain regions, as has been previously reported in
KNN and other systems.?> Table 1 lists the compositions mea-
sured by EDS on the sample with ZnO content of 1.0 wt%
at the locations marked in Fig. 4(a). The results show clear
differences between the different points, indicating a signifi-
cant compositional segregation of the ceramics. The abnormal
grains show three features that become more evident as the
ZnO content increases. The core of the abnormal grains is com-
posed of brilliant regions, with a size of ~1 wm (point A in
Fig. 4(a)) surrounded by a grey matrix (point B in same fig-
ure). The grain core is surrounded by a partial shell (point C
in Fig. 4(a)). This sample also shows grains with a different
morphology from that of the normal KNL-NTS and abnor-
mal grains, marked as D in Fig. 4(a). This D grain could be
associated to the tungsten—bronze secondary phase observed
by XRD, since the composition measured by EDS is similar
to that of Li, (Ko 78Nag.22)6(Nbo 86 Tap.10Sbo.04)10.0030 tungsten
bronze material?® (see Table 1). These grains show a high con-
tent of Zn>* (see Table 1), indicating that the TTB phase grains
are formed to accommodate the Zn>* excess that cannot be incor-
porated on the KNL-NTS lattice. In the case of Zn-added KNN,
a secondary phase corresponding to ZnQO is formed for high con-

centrations of Zn>*,! probably because there is no alternative
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Table 1
Composition on the points shown in Fig. 4(a) derived from EDS spectra.
(0] Na K Li Zn Nb Ta Sb Na/K

A 58.25 16.14 6.46 - 0.15 16.68 1.62 0.70 2.50
B 62.23 10.08 5.51 - 0.12 19.46 1.77 0.83 1.82
C 61.30 8.65 8.82 - 0.00 18.93 1.77 0.54 0.98
D 63.87 2.57 9.77 - 0.53 20.53 1.74 1.00 0.26
KNL-NTSy0minal composition 60.00 10.40 8.80 0.80 0.00 17.2 2.00 0.80 1.18
TTB?0Li, (Ko .78Nag 22)6(Nbg 86 Tao.10Sb0.04)10.9030 63.97 2.81 9.98 - - 19.99 2.32 0.92 0.28

crystal comprising the different components of the material that
can be formed at the sintering temperature.

The described microstructures show marked compositional
differences. EDS analysis of A and B regions (points A and B,
Fig. 4(a)) reveals that these features possess a composition sim-
ilar to the fine perovskite grains, but show a higher Na/K ratio
than the expected 1.18 ratio. The possible origin of this phe-
nomenon could be originated by the volatilization of alkali metal
elements, the major drawback of KNN systems. In addition, the
EDS analysis of these points revealed the presence of ZnO in the
structure, suggesting that the added Zn>* entered in solid solu-
tion in KNL-NTS ceramics. Fig. 4(b) shows a magnification of
the A and B regions. The EDS analysis (not shown) revealed that
the A-regions have a composition richer in Na* than B regions,
showing Na/K ratios of ~2.50 and ~1.82, respectively, and a
constant amount of Zn”* cations. The Na/K ratio on these two
regions is higher than the nominal 1.18 ratio of the undoped
KNL-NTS ceramics. This behaviour evidences coexistence of
two phases (related to a phase polymorphism): a main phase with
tetragonal symmetry and a secondary phase with orthorhombic
symmetry. The existence of a polymorphism in this system is
a matter of controversy.>> In this work, we show that the pres-
ence of Zn** cations stabilized the phases’ coexistence. The
possible origins of a polymorphism of such compounds are (i)
an evolution of the grain size, (ii) an evolution of the compo-
sition and (iii) a chemical inhomogenization of the A and B
perovskite ions, since the stoichiometry of these samples is very
complex.

The partial shell (point C, Fig. 4(a)) has the composition of
the matrix fine grains, with a Na/K concentration ratio around
0.98, similar to the characteristic ratio of the perovskite phase
measured on the matrix grains. No traces of Zn>* can be observed
on this partial shell by EDS.

The secondary phase (point D, Fig. 4(a)) showed a
Na/K concentration ratio around 0.26, much lower than
the nominal ratio of 1.18. This phase is a composi-
tional segregation previously reported in the literature.?®
The abnormally grown grain is therefore accompanied by
redistribution of the related elements (specially the A-site
cations) that eventually precipitate and crystallize as a sec-
ondary phase. The formation of the tungsten—bronze structure
requires a large diffusion of the atoms and therefore is
favoured if the samples contain ZnO. The composition of the
tungsten—bronze phase can be formulated as a complex solid
solution Li,(Kg 78Nag.22)6(Nbg .86 Tag,105b0.04)10.9030, as previ-
ously described.?

3.2. Dielectric properties

Fig. 5(a) shows the thermal evolution of the dielectric con-
stant (at 100 KHz) for the different compositions. As can be
seen on the inset, the Curie temperature (7;) increases almost
linearly with ZnO addition, in contrast to the situation found with
ZnO doped KNN.!> This result is consistent with the change of
the unit cell size indicating that the A-site replacement of Zn>*
increases T,.2! Moreover, the addition of ZnO produces a slight
broadening of the transition peak and the appearance of a dou-
ble peak when ZnO amount is >0.50. The second peak could be
attributed to the appearance of secondary phases.

In agreement with previous works,?? the temperature depen-
dence of the dielectric constant for the modified-KNN systems,
Fig. 5(b), shows a second transition at temperatures ranging
25-80 °C, corresponding to an orthorhombic to tetragonal phase
transition (To_t). The temperature at which this phase transition
occurs increases with the ZnO content. These shifts in the To_1
suggested the presence of a phase polymorphism,?>23 where the
ZnO incorporation produces a stabilization of the orthorhombic
symmetry at room temperature.

It is well known that the dielectric constant of a nor-
mal ferroelectric material should follow the Curie—Weiss law
when the temperature exceeds the Curie temperature. However,
the dielectric constant of KNL-NTS +xZnO (wt%) ceramics
obviously deviates from the Curie—Weiss law with increas-
ing addition of ZnO. Therefore, the diffuseness of the phase
transition can be determined from the modified Curie—Weiss
law, 1/e,— /g, =C~Y(T— T,,,)V,27 where y=2 corresponds
to a relaxor behaviour and y=1 corresponds to a classical
ferroelectric—paraelectric phase transition.?8 Fig. 5(c) shows the
plots of In(1/e, — 1/ey,) vs In(T — T,,) for the KNL-NTS ceram-
ics with different ZnO contents. All samples exhibit relative
good agreement with a linear relationship. The y value was
determined by least-squares fitting of the experimental data to
this modified Curie—Weiss law and the results are plotted on the
inset of Fig. 5(c).

For the undoped ceramics the calculated y value is 1.37.
As ZnO addition increases, y increases gradually, see inset in
Fig. 5(c), reaching a value of 1.59 for ZnO addition of 1.0 wt%,
indicating that the ceramic evolved from a “normal ferroelectric
state” towards a more relaxor state. The increase of y value indi-
cates the stabilization of a structure with local disorder and/or
clusters that could be the cause of this relaxor behaviour for
KNL-NTS. Therefore, the relaxor behaviour could be associated
to the high disorder in A position®® of the perovskite structure,
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Fig. 5. (a) Temperature dependence of the dielectric constant (g,) of the
KNL-NTS ceramics with different content of ZnO (wt%). The inset shows
the evolution of the 7¢. as a function of the ZnO content. (b) Phase transition
temperatures from orthorhombic to tetragonal phase (To-T) of the KNL-NTS
ceramics with different content in ZnO. (c) In(1/e, — 1/g,,;) vs In(T — Ty, for the
ceramics with ZnO contents of 0.0, 0.3 and 1.0 wt%. The symbols denote exper-
imental data, while the solid lines correspond to the least-square fitting of the
modified Curie—Weiss law. The inset shows the diffuseness, y, of the ceramics
as a function of the ZnO content.

as denoted by the increase in the diffusivity of the transition
phase.

Fig. 6(a) and (b) show the room temperature dielectric prop-
erties of KNL-NTS poled ceramics at different frequencies. The
ZnO addition provokes a linear decrease of the dielectric con-
stant, see inset of Fig. 6(a), accompanied by a dielectric losses
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Fig. 6. (a) Dielectric constants and (b) dielectric losses as function of the fre-
quency for KNL-NTS ceramics with different ZnO content. The inset of figure
(a) shows the evolution of the dielectric constant at 100 KHz in the poled ceram-
ics. The inset of figure (b) shows the evolution of the dielectric losses at 100 KHz
in the poled ceramics.

increase, especially at low frequencies. On the other hand, the
response at high frequencies is only slightly affected by ZnO
addition, as observed on the inset of Fig. 6(b). This reduction
of the dielectric constant is in contrast to the results found on
Zn-added KNN,!3 where an increase is observed for low ZnO
concentrations, whereas a reduction is observed for high con-
centrations (over 3 mol%). This difference can be understood if
we consider that the Zn>* solubility limit is highly reduced in
KNL-NTS in comparison to that in KNN. This different sol-
ubility limit would also explain the apparent divergences on
the evolution of dielectric losses between both materials. On
KNL-NTS an increase of dielectric losses is observed with the
7ZnO addition, whereas in KNN the dielectric losses remain unal-
tered for ZnO contents below the saturation point and increases
for higher concentrations.

The reduction on the dielectric constant is a favourable
result for power applications since it will reduce the capacitive
effect of the piezoceramic actuator. The microstructural features
observed seem to have a relevant role in the observed dielectric
response. The phase coexistence introduces phase boundaries or
defects that could be responsible for the increasing of the dielec-
tric losses. The presence of secondary phase also accounts for
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the decreasing of the dielectric constant and eventually changes
the conductivity of the materials.

3.3. Ferroelectric and piezoelectric properties

Fig. 7(a) shows the P-E hysteresis loops of the ceramics with
different ZnO content. The samples with ZnO content <0.3 wt%
show hysteresis loops that are very similar to those of the
undoped ceramics, whereas for higher ZnO contents an increase
of the remanent polarization is observed, as shown in Fig. 7(b),
where the remanent polarization (Pr) of the different samples is
plotted. The undoped ceramic shows a large Pr (~20 p.C/cm?)
and arelatively large coercitive field, Ec (~15.6 kV/cm). A small
decrease of Ec occurs for low ZnO content, probably due to a
decrease of the oxygen vacancies that pinned the domain wall
motion. When KNL-NTS is modified by Zn** donor ions (A-site
replacement), oxygen vacancies are reduced to keep the charge
neutrality.21 However, large ZnO contents (x > 0.5) produced a
clear increase of the Pr together with a change on the shape of the
hysteresis loops that could indicate the presence of conduction
polarization in the samples.

Fig. 8 shows the dependences of the piezoelectric proper-
ties of the KNL-NTS ceramics on the ZnO content. As shown
in Fig. 8, the d33 and kp values for the undoped ceramic were
255 pC/N and 0.47, respectively (in good agreement with Ref.
[22]). The d33 decreased gradually to a value of ~100 pC/N for
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Fig. 8. Variations of the piezoelectric constants, d33, d31, and the electromechan-
ical coupling factor (kp) with the amount of ZnO in the KNL-NTS ceramics.

1.0 wt% ZnO addition. It is widely known that the piezoelectric
constant, d33, is approximately proportional to £33. Therefore,
the decrease in d33 caused by ZnO-addition is considered to
be associated with the decrease of €Z33 shown in the inset of
Fig. 6(b). The same evolution with the ZnO content was observed
in the electromechanical coupling factor (kp) and piezoelectric
constant, d3].

Finally, Fig. 9 shows the evolution of the dz3 values vs
the tetragonality ratio for the different compositions studied in
this work. A linear relationship was previously established??
between the piezoelectric properties and the crystalline sym-
metry, represented by the tetragonality ratio. This linear
dependence, also shown in Fig. 9, is due to the stabiliza-
tion of the tetragonal phase at room temperature on behalf of
the orthorhombic phase, i.e., due to the decrease of the poly-
morphism phase transition temperature of the samples. The
piezoelectric constants of KNL-NTS ceramics doped with ZnO
also show a linear dependence with the tetragonality ratio, but
with a different slope regarding that of the undoped sample. The
different slope could be explained by the increase in porosity
and the generation of secondary phases, which would affect the
piezoelectric constants and show no specific dependence with
the tetragonality ratio.

300

1 = = Linear relationship [ref. 22]
2501 @ KNL-NTS- x wi% ZnO o.

200 -

150 7’
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\
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Fig. 9. Variations of the d33 as a function of the tetragonality ratio (c/a). The
linear relationship obtained in Ref. [22] for KNL-NTS system is included for
comparison.
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4. Conclusions

In this study, the effect of ZnO addition on the structure,
microstructure and electrical properties of KNL-NTS was inves-
tigated. At low ZnO doping levels (<0.3 wt%) the material
is slightly modified and shows normal grains together with
some abnormally grown grains. On the other hand, for ZnO
doping levels >0.3wt% a secondary phase with tetragonal
tungsten—bronze structure is observed by XRD, accompanied by
a great increase in the number and size of the abnormal grains.
These grains show a complex structure, with a core of KNL-NTS
subgrains showing different doping levels of Zn>* and a partial
shell of Zn-free material.

The ZnO doping produces an increase of the ferro-
paraelectric phase transition temperature and a linear reduction
of the room temperature dielectric constant of the material.
These changes are accompanied by an increase of the orthorhom-
bic to tetragonal morphotropic phase transition temperature.
Conduction polarization processes are observed in highly doped
samples.

A decrease of the piezoelectric coefficient is observed with
the added quantity of ZnO. This reduction is related to the reduc-
tion of the tetragonality c/a ratio, produced by the increase of
the morphotropic phase transition temperature.
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