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bstract

he effects of ZnO addition on structure, microstructure and dielectric properties of (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3 ceramics (KNL–NTS)
re investigated. Doping provokes phase segregation, evidenced by the appearance of different types of grains and a tetragonal tungsten–bronze

econdary phase at high ZnO doping levels. A clear increase of ferroelectric–paraelectric and orthorhombic-to-tetragonal phase transition tem-
eratures with ZnO content is observed. This produces a reduction of the room temperature piezoelectric constants due to the reduction of the
etragonality (c/a) ratio of the KNL–NTS structure.

2009 Elsevier Ltd. All rights reserved.

eywords: A. Grain growth; B. Microstructure-final; C. Piezoelectric properties; D. Perovskites; E. Actuators
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. Introduction

Lead zirconate titanate (PZT) family ceramics are the most
idely used piezoelectric materials to date, due to their high
iezoelectric response, large scale production capability and the
ailoring of their properties through composition. Recently, the
uropean Union has published a health normative (ROHS)1

voiding the use of lead on any manufactured item due to its
oxicity and environment risks. Nevertheless, piezoelectric PZT
eramics are out of this normative due to the lack of an adequate
lternative. One promising alternative is the family formed by
aterials based on potassium sodium niobate solid solutions

KNN), due to their good electromechanical properties.2,3 High
ttention is paid to find adequate compositions and processing
rocedures to obtain competitive and reliable piezoelectric mate-
ials. There are currently some alternatives to PZT ceramics for
ensor applications, as for instance the PVDF, but there are no
easible lead free piezoceramics for power applications up to

ow.

KNN-based ceramics show sintering difficulties and exhibit
eliquescence when they are exposed to moisture.4 In order to

∗ Corresponding author.
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olve the densification problems, different advanced processes
uch as spark plasma sintering5 or hot pressing6 were developed
o promote the sintering, which lead to the enhancement of both
he density and the related properties. However, these processes
re not suitable for massive production of piezoceramics with
ifferent shapes. The sinterability of these materials can also be
mproved by using different compounds as sintering promoters,
uch as CuO,7,8 SnO2

9 and MnO.10 The sintering promoters
sually enter in B position of the ABO3 perovskite structure
nd produce A site vacancies that suppress the formation of the
ygroscopic secondary products.11

Recently, Ochoa et al.12 studied the feasibility of the
K,Na,Li)(Nb,Ta,Sb)O3 system for its use in transducers and
he results showed that the behaviour of the system was similar
o other perovskite-type piezoceramics. The higher contribution
o the dielectric, piezoelectric and elastic material responses
ere fundamentally related to extrinsic effects. The dielectric

nd mechanical losses at room temperature were similar to a
oft PZT ceramic and too high to be used in power devices.
oping is usually recognized as a method to reduce the dielec-

ric and mechanical losses of piezoelectric ceramics and ZnO

as been successfully used to reduce the dielectric losses in
ifferent materials.13,14 In particular, ZnO has been previously
sed on KNN in an attempt to reduce the dielectric losses of
he material.15 It has been shown that addition of ZnO helps to

mailto:frmarcos@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.026
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the tetragonal (0 0 2) and (2 0 0) 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 c decreases with ZnO content, while the lattice constant a
046 F. Rubio-Marcos et al. / Journal of the Eu

ncrease the density of the material and avoids the deliquescence.
The purpose of this work is to investigate the effect of ZnO

oping on the structure, microstructure and electrical properties
f (K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3 piezoceramics.

. Experimental

(K0.44Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O3, KNL–NTS,
eramics were synthesized by conventional solid-state sintering
rocesses. The raw materials used in this study are potassium
arbonate (K2CO3, 99.0%), sodium carbonate (Na2CO3,
9.5%), lithium carbonate (Li2CO3, 99.5%), niobium oxide
Nb2O5, 99.5%), tantalum oxide (Ta2O5, 99.0%), antimonium
xide (Sb2O5, 99.995%) and zinc oxide (ZnO, 99.7%). The
aw materials were milled individually, in order to obtain
n appropriate distribution of the particle size.16 The proper
mounts of milled powders were mixed and attrition-milled
sing ZrO2 balls in ethanol medium for 3 h, dried and calcined
t 700 ◦C for 2 h. The materials obtained were composed of
articles with a narrow size distribution around 350 nm, formed
y agglomerated nanometer-size particles. This small particle
ize was attributed to the low temperature process which
mproves the reactivity of the powders. Recent studies on the
eactivity of the sodium potassium niobates reveal that the
erovskite structure is formed at temperatures near 700 ◦C,17

lthough the regular synthesis process of KNN in the literature
ses higher temperatures.

The compositions with 0.1, 0.3, 0.5 and 1.0 wt% of ZnO were
repared by incorporating the appropriate amounts of ZnO to a
ispersion of calcined KNL–NTS in ethanol by a high shear
ixing process at 6000 rpm. After the mixing step, the powders
ere oven-dried and then sieved and pressed at 200 MPa into
isks of 10 mm in diameter and 0.7 mm in thickness. The pellets
ere sintered in air at 1125 ◦C for 16 h. The density of the sin-

ered samples was measured using the Archimedes method. For
he electrical measurements, a fired silver paste was used for the
lectric contacts. The samples were poled in a silicon oil bath at
5 ◦C by applying a direct current electric field of 4.0 kV/mm
uring 30 min.

The crystalline symmetry was examined by X-ray diffrac-
ion analysis (XRD, Siemens D5000, Munich, Germany, Cu
� radiation) using Si as internal standard. The lattice param-

ters were refined by a global simulation of the full diagram
sing the fullprof program.18 Microstructure was evaluated on
olished and thermally etched samples (1000 ◦C for 5 min)
sing a Field Emission Scanning Electron Microscope, FE-SEM
Hitachi S-4700, Tokio, Japan), equipped with energy disper-
ive spectroscopy, EDS. The average grain size was determined
rom FE-SEM micrographs by an image processing and analy-
is program (Leica Qwin, Leica Microsystems Ltd., Cambridge,
ngland) considering more than 500 grains in each measure-
ent.
The temperature dependence of the ceramics permittivity
as measured using an impedance analyzer (HP4294A, Agi-
ent Technologies Inc., Santa Clara, CA) in the frequency range
f 100 Hz–1 MHz and the temperature range of 30–600 ◦C, at
◦C/min. P–E hysteresis loops were determined by a Radiant

F
s

n Ceramic Society 29 (2009) 3045–3052

echnologies Inc. hysteresis meter (RT 6000 HVS) at room tem-
erature. The piezoelectric constant d33 was measured using a
iezo-d33 meter (YE2730A d33 Meter, APC International, Ltd.,
SA). The electromechanical coupling factor kp was determined

t room temperature by resonance and antiresonance methods
n the basis of IEEE standards.

. Results and discussion

.1. Structure and microstructure evolution

Fig. 1 shows the density variation of KNL–NTS as a
unction of the ZnO content for samples sintered at 1125 ◦C
or 16 h. When increasing ZnO content, the bulk density
ecreases from 4.69 ± 0.01 g/cm3 for samples without ZnO to
.57 ± 0.02 g/cm3 for 1 wt% of ZnO.

Fig. 2(a) shows the XRD patterns of the ceramics with dif-
erent ZnO contents. In addition to the perovskite structure,
econdary phases were found in samples with ZnO content
igher than 0.3 wt%. All the ceramics possess a perovskite struc-
ure in which the tetragonal symmetry is dominant at room
emperature, though a slight increase of the orthorhombic sym-

etry is observed with increasing ZnO content. The secondary
rystalline phase could be assigned to K3LiNb6O17

19 (KLN)
r K6Nb10.88O30 (PDF#87-1856), both with tungsten–bronze
ype structure. KLN is a transparent oxide with space group
4bm (point group: 4 mm), and a ferroelectric–paraelectric
hase transition20 temperature of ∼420 ◦C.

Fig. 2(b) shows a magnification of the (2 0 0) and (0 0 2)
eaks of the XRD patterns for KNL–NTS ceramics as a func-
ion of the ZnO content. It is clear that the perovskite structure
ith tetragonal symmetry predominates in all samples. To cal-

ulate the tetragonality ratio (c/a) and the unit cell volume,
he whole XRD pattern was refined with a fullprof program,18

onstraining the refinement to point group P4mm, a primitive
olar tetragonal unit cell. The samples show slight evolution of
ig. 1. Density of KNL–NTS as a function of the ZnO content for the ceramics
intered at 1125 ◦C for 16 h.
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ig. 2. (a) XRD patterns of the KNL–NTS + xZnO (wt%) ceramics and (b) e
etragonality ratio, c/a (open triangles), as a function of the ZnO content.

ncreases. This kind of behaviour has also been reported when
uO21 is added. The tetragonality ratio c/a, Fig. 2(c), of the
eramics decreases linearly with ZnO content. This structural
volution can be ascribed to three factors: (i) the incorpo-
ation of Zn2+ cations into the perovskite structure, (ii) the
bserved existence of a phase polymorphism on KNN-based
aterials composed of a main tetragonal phase and traces of
residual, low temperature orthorhombic phase22,23 and (iii)

he presence of a secondary phase, in this case the tetragonal
ungsten–bronze phase observed in Fig. 2(a). The decrease in
ulk density observed at high values of x (x > 0.3 wt%) may be
ttributed to the formation of the secondary phase K3LiNb6O17,
hich possesses a lower theoretical density (∼4.376 g/cm3) than

he perovskite phase.
The microstructure of the KNL–NTS ceramics as a function

f the ZnO content sintered at 1125 ◦C for 16 h was investi-
ated using FE-SEM. The FE-SEM micrographs, Fig. 3, showed
he typical KNL–NTS morphology consisting on faceted grains

ith a bimodal grain size distribution. The microstructure of the
ndoped sample showed equiaxed grains (matrix grains) and
ome large, abnormal grains, square or rectangular in appear-
nce. The microstructure of the 0.1 wt% ZnO addition sample

p
p
≥
t

ion of the 2θ region from 44◦ to 47◦. (c) Variation of lattice parameters and

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

The limited grain growth could be associated to two fac-
ors: (i) the existence of grains with very low curvature in spite
f their low size; the straight grain boundaries are characteris-
ic of this system in which the sintering occurs assisted by the
resence of a small amount of liquid phase,16 (ii) the effect of
nO dopant, since the dopant is distributed during the earliest
tage of sintering by vapour-phase transport and grain boundary
iffusion.13,24

The matrix grains preserved the cubic–rectangular morphol-
gy in all samples. In contrast, the abnormal grains exhibited
ifferent morphologies. Moreover, as ZnO increases, segregated

hases appear within the abnormal grains. These segregated
hases increase with ZnO content. When ZnO addition reaches
0.3 wt%, new phases begin to appear, that can be related to the

etragonal 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
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= 1.00, (a) morphology of the matrix grains, the abnormal grains and the
econdary phase. (b) Magnification of the interior of an abnormal grain.

Core–shell type structure appeared in these ceramics, espe-
ially in abnormally grown grains, as shown in Fig. 4(a).
his phenomenon was more relevant when the ZnO con-

ent increased. The energy dispersion spectrum analysis (EDS)
evealed that the atomic percentages of elements changed within
he different grain regions, as has been previously reported in
NN and other systems.25 Table 1 lists the compositions mea-

ured by EDS on the sample with ZnO content of 1.0 wt%
t the locations marked in Fig. 4(a). The results show clear
ifferences between the different points, indicating a signifi-
ant compositional segregation of the ceramics. The abnormal
rains show three features that become more evident as the
nO content increases. The core of the abnormal grains is com-
osed of brilliant regions, with a size of ∼1 �m (point A in
ig. 4(a)) surrounded by a grey matrix (point B in same fig-
re). The grain core is surrounded by a partial shell (point C
n Fig. 4(a)). This sample also shows grains with a different

orphology from that of the normal KNL–NTS and abnor-
al grains, marked as D in Fig. 4(a). This D grain could be

ssociated to the tungsten–bronze secondary phase observed
y XRD, since the composition measured by EDS is similar
o that of Lix(K0.78Na0.22)6(Nb0.86Ta0.10Sb0.04)10.9O30 tungsten
ronze material26 (see Table 1). These grains show a high con-
ent of Zn2+ (see Table 1), indicating that the TTB phase grains
re formed to accommodate the Zn2+ excess that cannot be incor-

orated on the KNL–NTS lattice. In the case of Zn-added KNN,
secondary phase corresponding to ZnO is formed for high con-
entrations of Zn2+,15 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.

O 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
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NL–NTSnominal composition 60.00 10.40
TB26Lix(K0.78Na0.22)6(Nb0.86Ta0.10Sb0.04)10.9O30 63.97 2.81

rystal comprising the different components of the material that
an be formed at the sintering temperature.

The described microstructures show marked compositional
ifferences. EDS analysis of A and B regions (points A and B,
ig. 4(a)) reveals that these features possess a composition sim-

lar to the fine perovskite grains, but show a higher Na/K ratio
han the expected 1.18 ratio. The possible origin of this phe-
omenon could be originated by the volatilization of alkali metal
lements, the major drawback of KNN systems. In addition, the
DS analysis of these points revealed the presence of ZnO in the
tructure, suggesting that the added Zn2+ entered in solid solu-
ion in KNL–NTS ceramics. Fig. 4(b) shows a magnification of
he A and B regions. The EDS analysis (not shown) revealed that
he A-regions have a composition richer in Na+ than B regions,
howing Na/K ratios of ∼2.50 and ∼1.82, respectively, and a
onstant amount of Zn2+ cations. The Na/K ratio on these two
egions is higher than the nominal 1.18 ratio of the undoped
NL–NTS ceramics. This behaviour evidences coexistence of

wo phases (related to a phase polymorphism): a main phase with
etragonal symmetry and a secondary phase with orthorhombic
ymmetry. The existence of a polymorphism in this system is
matter of controversy.23 In this work, we show that the pres-

nce of Zn2+ cations stabilized the phases’ coexistence. The
ossible origins of a polymorphism of such compounds are (i)
n evolution of the grain size, (ii) an evolution of the compo-
ition and (iii) a chemical inhomogenization of the A and B
erovskite ions, since the stoichiometry of these samples is very
omplex.

The partial shell (point C, Fig. 4(a)) has the composition of
he matrix fine grains, with a Na/K concentration ratio around
.98, similar to the characteristic ratio of the perovskite phase
easured on the matrix grains. No traces of Zn2+ can be observed

n this partial shell by EDS.
The secondary phase (point D, Fig. 4(a)) showed a

a/K concentration ratio around 0.26, much lower than
he nominal ratio of 1.18. This phase is a composi-
ional segregation previously reported in the literature.26

he abnormally grown grain is therefore accompanied by
edistribution of the related elements (specially the A-site
ations) that eventually precipitate and crystallize as a sec-
ndary phase. The formation of the tungsten–bronze structure
equires a large diffusion of the atoms and therefore is

avoured if the samples contain ZnO. The composition of the
ungsten–bronze phase can be formulated as a complex solid
olution Lix(K0.78Na0.22)6(Nb0.86Ta0.10Sb0.04)10.9O30, as previ-
usly described.26

c
c
K
t

8.80 0.80 0.00 17.2 2.00 0.80 1.18
9.98 – – 19.99 2.32 0.92 0.28

.2. Dielectric properties

Fig. 5(a) shows the thermal evolution of the dielectric con-
tant (at 100 KHz) for the different compositions. As can be
een on the inset, the Curie temperature (Tc) increases almost
inearly with ZnO addition, in contrast to the situation found with
nO doped KNN.15 This result is consistent with the change of

he unit cell size indicating that the A-site replacement of Zn2+

ncreases Tc.21 Moreover, the addition of ZnO produces a slight
roadening of the transition peak and the appearance of a dou-
le peak when ZnO amount is >0.50. The second peak could be
ttributed to the appearance of secondary phases.

In agreement with previous works,22 the temperature depen-
ence of the dielectric constant for the modified-KNN systems,
ig. 5(b), shows a second transition at temperatures ranging
5–80 ◦C, corresponding to an orthorhombic to tetragonal phase
ransition (TO–T). The temperature at which this phase transition
ccurs increases with the ZnO content. These shifts in the TO–T
uggested the presence of a phase polymorphism,22,23 where the
nO incorporation produces a stabilization of the orthorhombic
ymmetry at room temperature.

It is well known that the dielectric constant of a nor-
al ferroelectric material should follow the Curie–Weiss law
hen the temperature exceeds the Curie temperature. However,

he dielectric constant of KNL–NTS + xZnO (wt%) ceramics
bviously deviates from the Curie–Weiss law with increas-
ng addition of ZnO. Therefore, the diffuseness of the phase
ransition can be determined from the modified Curie–Weiss
aw, 1/εr − 1/εm = C−1(T − Tm)γ ,27 where γ = 2 corresponds
o a relaxor behaviour and γ = 1 corresponds to a classical
erroelectric–paraelectric phase transition.28 Fig. 5(c) shows the
lots of ln(1/εr − 1/εm) vs ln(T − Tm) for the KNL–NTS ceram-
cs with different ZnO contents. All samples exhibit relative
ood agreement with a linear relationship. The γ value was
etermined by least-squares fitting of the experimental data to
his modified Curie–Weiss law and the results are plotted on the
nset of Fig. 5(c).

For the undoped ceramics the calculated γ value is 1.37.
s ZnO addition increases, γ increases gradually, see inset in
ig. 5(c), reaching a value of 1.59 for ZnO addition of 1.0 wt%,

ndicating that the ceramic evolved from a “normal ferroelectric
tate” towards a more relaxor state. The increase of γ value indi-

ates the stabilization of a structure with local disorder and/or
lusters that could be the cause of this relaxor behaviour for
NL–NTS. Therefore, the relaxor behaviour could be associated

o the high disorder in A position29 of the perovskite structure,
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Fig. 5. (a) Temperature dependence of the dielectric constant (εr) of the
KNL–NTS ceramics with different content of ZnO (wt%). The inset shows
the evolution of the Tc 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) ln(1/εr − 1/εm) vs ln(T − Tm) 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
m
a

a
p

e
Z
s

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
i

i
r
a
o
Z
c
c
w
K
u
t
K
Z
t
f

r
e

odified Curie–Weiss law. The inset shows the diffuseness, γ , of the ceramics
s a function of the ZnO content.

s denoted by the increase in the diffusivity of the transition
hase.
Fig. 6(a) and (b) show the room temperature dielectric prop-
rties of KNL–NTS poled ceramics at different frequencies. The
nO addition provokes a linear decrease of the dielectric con-
tant, see inset of Fig. 6(a), accompanied by a dielectric losses

o
r
d
t

n the poled ceramics.

ncrease, especially at low frequencies. On the other hand, the
esponse at high frequencies is only slightly affected by ZnO
ddition, as observed on the inset of Fig. 6(b). This reduction
f the dielectric constant is in contrast to the results found on
n-added KNN,15 where an increase is observed for low ZnO
oncentrations, whereas a reduction is observed for high con-
entrations (over 3 mol%). This difference can be understood if
e consider that the Zn2+ solubility limit is highly reduced in
NL–NTS in comparison to that in KNN. This different sol-
bility limit would also explain the apparent divergences on
he evolution of dielectric losses between both materials. On
NL–NTS an increase of dielectric losses is observed with the
nO addition, whereas in KNN the dielectric losses remain unal-

ered for ZnO contents below the saturation point and increases
or higher concentrations.

The reduction on the dielectric constant is a favourable
esult for power applications since it will reduce the capacitive
ffect of the piezoceramic actuator. The microstructural features
bserved seem to have a relevant role in the observed dielectric

esponse. The phase coexistence introduces phase boundaries or
efects that could be responsible for the increasing of the dielec-
ric losses. The presence of secondary phase also accounts for
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piezoelectric constants and show no specific dependence with
the tetragonality ratio.
ig. 7. (a) P–E hysteresis loops of KNL–NTS ceramics with different ZnO
ontent and (b) the remanent polarization (Pr) as function of the amount of ZnO.

he decreasing of the dielectric constant and eventually changes
he conductivity of the materials.

.3. Ferroelectric and piezoelectric properties

Fig. 7(a) shows the P–E hysteresis loops of the ceramics with
ifferent ZnO content. The samples with ZnO content ≤0.3 wt%
how hysteresis loops that are very similar to those of the
ndoped ceramics, whereas for higher ZnO contents an increase
f the remanent polarization is observed, as shown in Fig. 7(b),
here the remanent polarization (Pr) of the different samples is
lotted. The undoped ceramic shows a large Pr (∼20 �C/cm2)
nd a relatively large coercitive field, Ec (∼15.6 kV/cm). A small
ecrease of Ec occurs for low ZnO content, probably due to a
ecrease of the oxygen vacancies that pinned the domain wall
otion. When KNL–NTS is modified by Zn2+ donor ions (A-site

eplacement), oxygen vacancies are reduced to keep the charge
eutrality.21 However, large ZnO contents (x ≥ 0.5) produced a
lear increase of the Pr together with a change on the shape of the
ysteresis loops that could indicate the presence of conduction
olarization in the samples.

Fig. 8 shows the dependences of the piezoelectric proper-

ies of the KNL–NTS ceramics on the ZnO content. As shown
n Fig. 8, the d33 and kp values for the undoped ceramic were
55 pC/N and 0.47, respectively (in good agreement with Ref.
22]). The d33 decreased gradually to a value of ∼100 pC/N for

F
l
c

ig. 8. Variations of the piezoelectric constants, d33, d31, and the electromechan-
cal coupling factor (kp) with the amount of ZnO in the KNL–NTS ceramics.

.0 wt% ZnO addition. It is widely known that the piezoelectric
onstant, d33, is approximately proportional to εT

33. Therefore,
he decrease in d33 caused by ZnO-addition is considered to
e associated with the decrease of εT

33 shown in the inset of
ig. 6(b). The same evolution with the ZnO content was observed

n the electromechanical coupling factor (kp) and piezoelectric
onstant, d31.

Finally, Fig. 9 shows the evolution of the d33 values vs
he tetragonality ratio for the different compositions studied in
his work. A linear relationship was previously established22

etween the piezoelectric properties and the crystalline sym-
etry, represented by the tetragonality ratio. This linear

ependence, also shown in Fig. 9, is due to the stabiliza-
ion of the tetragonal phase at room temperature on behalf of
he orthorhombic phase, i.e., due to the decrease of the poly-

orphism phase transition temperature of the samples. The
iezoelectric constants of KNL–NTS ceramics doped with ZnO
lso show a linear dependence with the tetragonality ratio, but
ith a different slope regarding that of the undoped sample. The
ifferent slope could be explained by the increase in porosity
nd the generation of secondary phases, which would affect the
ig. 9. Variations of the d33 as a function of the tetragonality ratio (c/a). The
inear relationship obtained in Ref. [22] for KNL–NTS system is included for
omparison.
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In this study, the effect of ZnO addition on the structure,
icrostructure and electrical properties of KNL–NTS was inves-

igated. At low ZnO doping levels (<0.3 wt%) the material
s slightly modified and shows normal grains together with
ome abnormally grown grains. On the other hand, for ZnO
oping levels ≥0.3 wt% a secondary phase with tetragonal
ungsten–bronze structure is observed by XRD, accompanied by
great increase in the number and size of the abnormal grains.
hese grains show a complex structure, with a core of KNL–NTS
ubgrains showing different doping levels of Zn2+ and a partial
hell of Zn-free material.

The ZnO doping produces an increase of the ferro-
araelectric phase transition temperature and a linear reduction
f the room temperature dielectric constant of the material.
hese changes are accompanied by an increase of the orthorhom-
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he added quantity of ZnO. This reduction is related to the reduc-
ion of the tetragonality c/a ratio, produced by the increase of
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