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Lead-free piezoelectric ceramics with (K0.48Na0.52)0.96Li0.04Nb0.85Ta0.15O3 composition were sintered by
conventional pressureless (PLS) and spark plasma sintering (SPS) techniques. A comparative analysis of
the sintering effect on the piezoelectric and dielectric properties was conducted. The SPS treated specimen
revealed an enhancement in the piezoelectric properties as compared to the PLS counterpart. The piezo-
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electric and dielectric parameters of PLS sintered sample were k′
p = 0.41, s′E

11 = 11.80 × 10−12 m2/N, d′
31 =

−55.7 (pC/N), ε′T
33 = 464.5 and tan ı = 0.010 at 10 kHz, whereas these parameters for the SPS sintered

sample were k′
p = 0.50, s′E

11 = 12.20 × 10−12 m2/N, d′
31 = −66.17 (pC/N), ε′T

33 = 557.4 and tan ı = 0.024 at
10 kHz. The piezoelectric properties enhancement of the SPS treated sample is attributed to, both the
lower sintering temperature and the higher density achieved over the PLS sintered sample.

© 2010 Elsevier B.V. All rights reserved.

iezoelectricity

. Introduction

Piezoelectric materials of the lead zirconate–titanate (PZT)
amily have found a wide number of applications due to the
dvantages derived from their electrical properties. Since the pub-
ication of Saito et al. [1], great progress has been made in research
n lead-free compounds, such as bismuth–sodium titanates and
otassium–sodium niobates, with or without additions of dopants
hat form solid solutions. A significant part of the research con-
ucted on this subject seeks high-density products in order to
nhance their electric and piezoelectric properties.

The basic problem found when working with alkaline niobates
s the densification level achieved at high temperatures. That sit-
ation occurs since the alkaline elements undergo sublimation,
hich considerably changes the initial stoichiometry. This prob-

em has been addressed through different methods, one of these

nvolves densification improvement by the addition of some oxides,
amely CuO, ZnO, MnO2, CeO2 [2–5]. According to these investi-
ations, it is believed that these compounds form a liquid phase at
ow temperatures, thus promoting densification. Another approach

∗ Corresponding author. Tel.: +52 55 56 22 46 41x24646; fax: +52 55 56 16 13 71.
E-mail address: rigobertolj@yahoo.com.mx (R. López-Juárez).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.103
involves addition of A and B elements into the ABO3 structure of the
K0.5Na0.5NbO3 (KNN) solid solution. In the A-site, several cations
can be added, i.e. Li+, Ba2+, La3+, Bi3+, whereas for the B-site it is
possible to introduce Ti4+, Sb5+ or Ta5+ [4,6–9]. The ion substitu-
tion can induce phase transformation and consequently a better
performance of materials. A third way to improve densification is
by reducing the particle size of the synthesized powders; however,
since the conventional ceramic method does not achieve consider-
able reduction of particle size, only a few results have been reported
using sol–gel and mechanochemical methods [10,11]. Furthermore,
the chemical homogeneity of the KNN compound with Li+ and Ta5+

dopants synthesized by the conventional solid-state reaction route
has revealed an inhomogeneous distribution of Nb5+, Ta5+, K+ and
Na+ cations, which leads to a considerable detriment of the piezo-
electric properties, being one reason for the discrepancy among
the data reported by several authors for the same or similar com-
position [12]. These and other discrepancies on the piezoelectric
properties of these materials, reported by different authors can be
summarized in the following statements: (1) the inhomogeneous
distribution of cations occurs since ball milling does not provide

sufficient energy for reducing particle size, which consequently
enlarges the diffusion distances for cations, (2) the thermal treat-
ment for several hours, at temperatures higher than 800 ◦C during
the synthesis stage, could produce considerable losses of alkaline
elements, generating samples with very different compositions,

dx.doi.org/10.1016/j.jallcom.2010.12.103
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rigobertolj@yahoo.com.mx
dx.doi.org/10.1016/j.jallcom.2010.12.103
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calcination time of 1 h at 800 C. The reduction of calcination time
leads to powder formation, which undergoes a small deviation from
the initial stoichiometry and the small particle size of the powders
promotes sinterability.
838 R. López-Juárez et al. / Journal of Allo

nd (3) since the ball milling process partially reduces particle size,
he sintering step is not very effective. Thus, the aim of this work is
o study the sintering process of lithium–tantalum co-doped KNN
eramics, as well as the sintering effect on their piezoelectric prop-
rties.

. Experimental procedures

Lead-free piezoceramics with (K0.48Na0.52)0.96Li0.04Nb0.85Ta0.15O3 (KNLNT) com-
osition were synthesized using the following precursors: Nb2O5 (99.99%), Ta2O5

99.99%), K2CO3 (99.8%), Na2CO3 (99.9%), Li2CO3 (99.997%), HF (40 vol.%), NH4OH
30 vol.%) and C6H8O7·H2O (99.9%). Initially, niobium and tantalum oxides were
issolved with hydrofluoric acid at 70 ◦C for 8 h. Then, ammonium hydroxide was
dded until complete precipitation of niobium and tantalum hydrated oxides, was
bserved. This precipitate was filtered and washed three times with de-ionized
ater. Subsequently, it was dissolved in a 0.35 M citric acid solution to form the

orresponding citrate complex of niobium and tantalum, which is more stable and
an be handled with no special atmosphere. The alkaline metals solution was pre-
ared dissolving potassium, sodium and lithium carbonates into citric acid solution.
he two solutions containing cations and citric acid were mixed and fed into a spray
ryer (Yamato Mini Spray-Dryer ADL-31). The powder precursor was calcined from
00 to 900 ◦C to induce its crystallization [13].

In order to densify the powder, two sintering techniques were used. The first
ne is the common pressureless sintering (PLS), while the other is the spark plasma
intering (SPS) technique. With the PLS method, the previously calcined powder at
00 ◦C for 1 h was uniaxially pressed to form a disk shaped pellet before being sin-
ered in a conventional furnace at 1120 ◦C for 2 h in air (hereafter called KNLNT-SD
LS). With the aim of examining changes in piezoelectric properties as a function
f density, another powder-sample (named KNLNT-SD SPS) was densified with
commercial spark plasma sintering device (Sumitomo DR. Sinter 1050). In the

econd case, the powder was pre-loaded into a graphite-die set, axially pressed
70 MPa) and thermally treated up to 900 ◦C, setting a heating rate of 100 ◦C/min
nd a holding time no longer than 15 min, details of this technology can be found
lsewhere [14,15]. This sample was further annealed for 2 h at 900 ◦C to eliminate
xygen vacancies. The density of the sintered samples was measured through the
rchimedes method in distilled water. Powders and sintered samples were struc-

urally characterized by X-ray diffraction analysis at room temperature using Cu
� radiation in a Bruker Advanced D-8 diffractometer and morphologically ana-

yzed by scanning electron microscopy (SEM) with a Leica Cambridge Stereoscan
40 microscope at 20 kV.

In order to measure the dielectric and piezoelectric properties, the sintered cir-
ular specimens were thoroughly polished, and then a conductive silver paste was
eposited on both of their circular faces and annealed at 600 ◦C for 30 min. Dielec-
ric and piezoelectric characterization was conducted by impedance and admittance

easurements, respectively. The data were acquired by using an impedance ana-
yzer (Agilent 4294A); the measurements were carried out over the frequency range
f 102 to 107 Hz. The experiments were taken from 4 to 6 ◦C steps in proximity to
he transition temperature; otherwise, the steps were monitored at 10 ◦C. The rms
pplied voltage was 0.5 V. Samples were left at the preset temperature until thermal
quilibrium was reached. The experiments were performed from room temperature
p to 600 ◦C in open atmosphere. Concerning the piezoelectric characterization, sin-
ered specimens were placed into a silicone oil bath and poled under a dc electric
eld of 50 kV/cm at 130 ◦C for 30 min, and cooled down at room temperature while
eeping the applied field. The poled samples were aged for 24 h before measuring the
odulus of the admittance and its angle phase. Frequency sweeps were carried out

round the fundamental and first overtone resonance and anti-resonance modes.
he dielectric permittivity (εT

33), the compliances (sE
11 and sE

12), and the piezoelectric
oefficient (d31), as well as the planar coupling factor (k′

p) of a disk shaped piezoelec-
ric ceramic were calculated according to the method proposed by Alemany et al.
16,17], which makes it possible to obtain these parameters in complex form, and
o calculate their related losses.

. Results and discussion

A scanning electron microscopy image of KNLNT powder cal-
ined during 1 h at 800 ◦C is shown in Fig. 1. It can be seen that the
ynthesized powder consists of agglomerates with primary parti-
les of approximately 100 nm. It is worth noting that this size can-
ot be obtained by the conventional ceramic method. It is known
hat spray drying eliminates solvents in a very short time promoting
hemical homogeneity on the precursor powders [18,19]. Addi-

ionally, powder calcination induces chemical reactions, which can
roduce gas formation as well as fine particles agglomeration. The
mall particle size observed is attributed to the presence of tan-
alum, which might act as a grain growth inhibitor, as it has been
eported elsewhere to occur when added to KNN [20,21].
Fig. 1. SEM image of KNLNT powder calcined at 800 ◦C for 1 h.

The X-ray diffraction patterns obtained from the as-prepared
precursor and those from the thermally annealed powders between
600 and 900 ◦C are shown in Fig. 2. It can be observed that the as-
prepared dried powders are completely amorphous; this could be
attributed to the rapid solvent elimination and the interaction of
the different ions in solution with the citric acid. When the pow-
der was thermally treated at 600 ◦C, several new diffraction traces
appeared as small peaks, corresponding to the K3Li2Nb5O15 tetrag-
onal secondary phase (JCPDS-ICDD 52-0157). These Bragg-planes
coexist with the main reflections of the KNLNT phase. From Fig. 2, it
is also evident that the presence of the secondary phase diminishes
considerably for the sample calcined at 750 ◦C and at 800 ◦C, only
the reflections corresponding to the KNLNT phase can be observed.
These results are in good agreement with the fact that the synthe-
sis of the KNN and related compositions through the conventional
ceramic method [5,12,20–23] require ball-mill processing of pow-
der from 4 to 24 h and its calcination from 750 to 850 ◦C over a long
period of time. Higher temperatures cannot, in principle, guarantee
stoichiometry and homogeneous distribution of the ions involved,
as well as small particle size due to considerable sublimation of
alkali cations and grain growth. Therefore, the spray drying step, as
reported here, is important to crystallize powders, i.e. by setting a

◦

Fig. 2. X-ray diffraction pattern of KNLNT precursor powder and those obtained as
a function of heating temperature.
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ature, which confirms the XRD results. The inset shown in Fig. 5,
was included in order to clarify this point. For this composition,
TC ∼ 354 ◦C, this is comparable with data reported for samples syn-
thesized through conventional ceramic processing [34–37]. The
ig. 3. SEM surface images of (a) KNLNT-SD PLS 1120 ◦C and (b) KNLNT-SD SPS
00 ◦C.

Scanning electron microscopy images of specimens convention-
lly sintered by PLS at 1120 ◦C and SPS-treated at 900 ◦C are shown
n Fig. 3, respectively. It can be seen from Fig. 3(a) that the grains
ave developed a pseudo-cubic shape, which is a common fea-
ure of KNN compounds. This feature is typical in KNN compounds
ince they crystallize under orthorhombic or tetragonal structures
t room temperature, depending either on the amount or type of
opants added to form a polymorphic phase boundary (PPB). It is
ell known that internal structure dictates the crystal morphol-

gy of materials [24,25]; this is related to the type of faces, and the
nergy required for the attachment of a new layer. These faces are
ommonly of low index (i.e. 1 0 0, 0 1 0, 1 1 1). Therefore, materi-
ls with tetragonal, orthorhombic or cubic structures grow under
uboid morphology where {1 0 0} faces are present.

According to the literature, Li+ replaces K+ and/or Na+ in the
-site, whereas Ta5+ enters to the B-site in the perovskite struc-

ure. From Fig. 3(a) grains of 2 and 5 �m can also be observed. This
ehaviour in grain growth is attributed to the presence of tantalum,
s it inhibits growth and leads to samples with homogeneous size
istribution. The SPS-treated specimen (Fig. 3(b)) achieved consid-
rably smaller particles as the result of a shorter holding time. By
ontrast to its counterpart, this specimen was sintered 220 ◦C lower
han the PLS sintered specimen. The short sintering time set in SPS
iminished alkaline element losses and inhibited grain growth. It

s also evident that highest densification level was achieved in the
PS-treated sample. Such a difference on densification level has an
mportant effect on their piezoelectric performance, as it will be

hown next.

The X-ray diffraction patterns of the PLS-sintered sample at
120 ◦C for 2 h and its counterpart SPS-treated at 900 ◦C for 15 min
re shown in Fig. 4. In order to be taken as a reference, the represen-
Compounds 509 (2011) 3837–3842 3839

tative plotted pattern of the calcined powder at 800 ◦C for 1 h was
included in the same figure. In principle, both sintered specimens
have a perovskite structure without the evidence of secondary
phases. However, some studies suggest that both orthorhombic
and tetragonal crystalline structures coexist at room temperature,
which considerably enhances piezoelectricity due to the larger
number of possible polarizable directions [23,26,27]. In this case,
the tetragonal structure matched with the PLS-sintered sample and
the SPS-sintered sample apparently developed an orthorhombic
structure.

According to the corresponding phase diagram [20], for this
composition, the system is close to a phase transition somewhere
between the orthorhombic and tetragonal phases. Therefore, it is
expected that the crystalline structure must be sensitive to thermo-
dynamic variables such as pressure, temperature and composition.
Thus, it is probable that different sintering processes might have
induced the growth of different crystalline structures in the same
powder. It is thought that these results can be attributed to the
low alkaline elements loss during the process and to the axial pres-
sure applied in the SPS process while the sample was sintered. It is
worth mentioning that the latter has been studied in some mate-
rials [28–30] and it was observed that large enough mechanical
stresses can induce phase transitions.

Regarding the dielectric properties, frequency dependent values
of the real and imaginary parts of impedance constitute the total
experimental data obtained. By using impedance plots and mod-
eling those via equivalent circuits, it may allow the determination
of frequency independent parameters related to the bulk proper-
ties, as it has been reported previously [31–33]. However, in our
case, the experimental impedance data were only distributed on
the high frequency region. Thus, as an alternative procedure, it was
decided to use raw data in order to analyze the frequency depen-
dent physical features. Fig. 5 shows the real part of the dielectric
constant ε′(ω), plotted as a function of temperature. The mag-
nitude of ε′(ω) given by ε′(ω) = gZ′′/[ε0ω{(Z′)2 + (Z′′)2}], Z′ and Z′′

represent the real and imaginary parts of the impedance, respec-
tively, while g is a geometrical factor, ω the angular frequency and
ε0 = 8.854 × 10−12 F/m.

At selected frequencies, the curves exhibit characteristic tem-
peratures, indicated by the ε′(ω) peaks, which correspond to the
expected orthorhombic–tetragonal and ferro-paraelectric transi-
tions.

For the PLS sintered sample at 1120 ◦C, as shown in Fig. 5, there
is no appreciable dispersion of ε′(ω) even when T > TC at 10 kHz
and 100 kHz. This sample has TO–T transition near room temper-
Fig. 4. X-ray diffraction patterns of KNLNT sintered samples, PLS-sintered at 1120 ◦C
for 2 h, SPS-treated at 900 ◦C for 15 min and calcined powders at 800 ◦C for 1 h.
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Table 1
Coefficients and mechanical quality factors for KNLNT ceramics sintered by conven-
tional PLS and SPS methods.

Coefficient PLS 1120 ◦C SPS 900 ◦C

εT
33 464.5 − 3.0i 557.4 − 7.1i

�p 0.2360–3.9 × 10−5i 0.4215–4.9 × 10−5i

Qm(cp
11) 90.62 261.5

sE
11 (10−12 m2 N−1) 11.80 − 0.13i 12.24 − 0.05i

permittivity εT
33, Poissons’ planar ratio, �p, and cp

11. The last two
properties are related to the standard compliance constants sE

11 and
sE

12. In addition, �1(z) is defined in terms of Bessel functions and the

argument z = 2�fa(�/cp
11)

1/2
.

ig. 5. Variation of dielectric constant with temperature for KNLNT, PLS-sintered at
120 ◦C and SPS-treated 900 ◦C.

ample sintered at 900 ◦C by SPS has shown a trend similar to
he sample sintered at 1120 ◦C, with considerably higher values
f ε′(ω) at any temperature. As stated above, the possible existence
f orthorhombic structure can be seen in Fig. 5, where a transi-
ion TO–T may be assigned at around 80 ◦C, being highlighted in the
nset in Fig. 5. Moreover, TC has been shifted to a lower tempera-
ure (∼442 ◦C). A possible explanation of the observed increment
n the dielectric constant for the SPS sample could be attributed to
he smaller grains [38], the higher density and the low deviation
rom ideal composition, explaining also both transitions, TO–T and
C.

The values obtained from the equation tan ı = Z′(ω)/Z′ ′(ω) are
hown in Fig. 6 for both samples, PLS 1120 ◦C and SPS 900 ◦C. The
ielectric losses in both samples are considerably low at room
emperature and even near the Curie temperature (TC). At room
emperature (25 ◦C), the tan ı (%) at 10 kHz and 100 kHz in both
amples are 1.05, 1.24, and 2.37, 3.19, respectively. It was noticed
hat at low frequency, tan ı increases rather quickly than at higher
requencies and increasing rapidly only when T > TC at 10 kHz. It is
ell known that the charge transport is the major contribution to

he loss mechanisms. Thus, the tan ı behaviour can be explained by

he corresponding increment in the conductivity at higher temper-
tures.

ig. 6. Dielectric losses of KNLNT samples at 10 and 100 kHz, normal PLS-sintered
120 ◦C and SPS-Sintered 900 ◦C.
Qm(sE
11) 90.77 244.8

sE
12 (10−12 m2 N−1) −2.786 + 0.031i −5.158 + 0.020i

d31 (10−12 C N−1) −55.86 + 0.28i −66.15 + 0.58i

The electrical admittance of a poled disk in the direction of its
principal axis at the radial resonance is given by

Y = G + iB = i

(
2�2fa2

t

)

×
(

εT
33+2d2

31

(
cp

11

(1/(2−�1[2�fa
√

(�/cp
11)]))−(1/(1 + �p))

))

(3.1)

Parameters like � (density), a (radius), t (thickness), and the
oscillation frequency f are real numbers, but the rest of the vari-
ables are complex quantities, i.e. the piezoelectric constant d31, the
Fig. 7. Radial resonance and anti-resonance profiles of the KNLNT-SD PLS 1120 ◦C
sample: (a) real parts and (b) imaginary parts.
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mal sintered sample. It was observed that the orthorhombic phase
exhibited higher values of k′

p, piezoelectric constant d′
31, permittiv-

ity εT
33, elastic compliances sE

11 and sE
12, Poisson’s ratio �p and the

quality factor Qm, than the tetragonal one. According to references
[20,40,11], it is expected, for samples with similar composition,

Table 2
Piezoelectric properties for KNLNT ceramics.

◦ ◦
ig. 8. Radial resonance and anti-resonance profiles of the KNLNT-SD SPS 900 ◦C
ample: (a) real parts and (b) imaginary parts.

The aim of the aforementioned method [16,17] is to obtain the
oefficients in Eq. (3.1) by solving, via an iterative numerical pro-
edure, the set of nonlinear equations that result when complex
xperimental impedance or admittance are introduced into the
iezoelectric resonance analytical solutions. Once the coefficients
ave been obtained, the resonance profiles are reconstructed by
sing Eq. (3.1) and compared with the experimental data. This com-
arison is a good test of the reliability of the obtained coefficients.
or each parameter it is possible to define a quality factor, Q, as the
bsolute value of the ratio of the real to the imaginary component,
lthough in this paper we are only reporting Qm, i.e. the quality
actor associated with the mechanical constants.

For comparison, k′
p was also calculated with the well known for-

ula [39] that uses resonance and anti-resonance frequencies. This
ormula is generally used to find the value of the planar coupling
actor. Nevertheless, as it is stated by our results, this expression
verestimates its value.

In Fig. 7(a) and (b) the experimental results for the fundamen-
al resonance and anti-resonant modes of the sample KNLNT-SD
120 ◦C are shown, together with continuous curves for the real
arts (Fig. 7(a)) of the admittance and the impedance, i.e. G and R,
espectively; and the imaginary parts B and X (Fig. 7(b)). The con-
inuous curves were calculated using Eq. (3.1) with the values of the
onstants determined by the iterative method that was mentioned
arlier (Table 1).

Fig. 8(a) and (b) shows the curves of the same type as those
◦
epicted in Fig. 7, for the KNLNT-SD SPS 900 C sample.

The imaginary contribution of piezoelectric parameters appear-
ng in Eq. (3.1) is important in order to obtain good fitting
etween the experimental and the reconstructed resonance and
nti-resonance profiles.
Fig. 9. Frequency dependence of impedance and phase for (a) KNLNT-SD PLS 1120 ◦C
and (b) KNLNT-SD SPS 900 ◦C.

Fig. 9 shows the resonant (fr) and anti-resonant (fa) frequency
maxima in the impedance measurement for KNLNT-SD PLS 1120 ◦C
(a) and KNLNT-SD SPS (b). As it is clearly observed, the magnitude
of �f (fa − fr) is larger for the SPS sintered sample than for the PLS
specimen and considering the formula for k′

p calculation, the bigger
the �f, the higher the k′

p value. On the other hand, the change in
the planar mode of the electromechanical coupling factor will be
discussed further below.

Table 2 shows the values of k′
p, TC, tan ı and density for both

samples. The sample sintered at 1120 ◦C has a k′
p of 0.41, while for

the SPS sample is 0.50 with the iterative method considering losses,
but when calculated by the resonance anti-resonance formula these
values are 0.44 and 0.53. As it can be seen, the formula does not
consider the different type of losses (i.e. the imaginary parts of the
parameters) [16,17] and it can be assumed that the obtained val-
ues through this expression are overestimated. The increase of k′

p
is remarkably improved by around 25% with respect to the nor-
Parameter PLS 1120 C SPS 900 C

k′
p (%) 41 50

TC (◦C) 352 342
tan ı (%) 1.0 (10 kHz) 2.4 (10 kHz)
� (g/cm3) 4.58 4.77
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he outstanding performance of materials having tetragonal struc-
ure. The observed effect in this study can be attributed to the
igher density obtained in the SPS sample. Saito and Takao [20]
eported k′

p = 0.505 for similar composition but with higher Ta5+

ontent and with sintering conditions of 100% oxygen atmosphere.
i et al. [34] reported a k′

p of 0.40 for a similar composition
sing cold-isostatic pressing (CIP), while Rubio et al. [35] obtained

k′
p of 0.37 for the (K0.38Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O2.97

omposition also with CIP. Zhao et al. [36] found 0.394 for
he [(Na0.535K0.480)0.942Li0.058](Nb0.92Ta0.08)O3 composition with
ormal sintering process. For d′

31, the values of −55.86 and
66.15 (pC/N) were obtained for PLS 1120 ◦C and SPS 900 ◦C,

espectively. Rubio et al. [35] reported a value of −62.1 (pC/N)
n their study, while Ringgaard and Wurlitzer found −45 (pC/N)
or the K0.5Na0.5NbO3 compound [37]. In addition, both sam-
les have very high densities, 4.58 g/cm3 for PLS 1120 ◦C and
.77 g/cm3 for SPS 900 ◦C. As it is well known, it is difficult to
inter alkali niobates with a stoichiometric composition due to
he considerable alkaline cation losses. The composition variation
roduces the appearance of secondary phases with the decrease

n piezoelectric properties. On the other hand, the optimum sin-
ering temperature for KNN ceramics has a very narrow range
or producing materials with small variation in their piezoelectric
esponse [12].

. Conclusions

The synthesis of KNLNT high quality powder was conducted
n this study at relatively low temperature and short calcination
ime (800 ◦C for 1 h), with a particle size <0.2 �m. This result
emonstrates that spray drying is a feasible method for the synthe-
is of KNN-doped ferroelectric ceramics. The synthesized powder
as successfully sintered by conventional pressureless (PLS) sin-

ering at 1120 ◦C for 2 h in air, leading to a sample of high
ensity. However, the specimen sintered by the SPS technique
t 900 ◦C for 15 min showed a higher density and better piezo-
lectric properties than the sample sintered by the conventional
ethod. Notwithstanding the specimen sintered by SPS had an

rthorhombic structure, it showed an enhancement in the piezo-
lectric properties. Thus, it can be assumed that this improvement
s not only structural-related but sintering-dependant. It is impor-
ant to underline the low sintering temperature used with the SPS

ethod, which is 220 ◦C lower than the conventional PLS sintering,
s well as the improvement in densification. Finally, the electrome-
hanical coupling factor (k′

p), the piezoelectric parameter (d′
31), the

echanical quality factor Qm, and the loss tangent (tan ı) of the
ample sintered by SPS have shown an improvement as compared
ith those of the PLS sample.
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11] T. Rojac, A. Benčan, H. Uršič, B. Malič, M. Kosec, J. Am. Ceram. Soc. 91 (2008)

3789–3791.
12] Y. Wang, D. Damjanovic, N. Klein, E. Hollenstein, N. Setter, J. Am. Ceram. Soc.

90 (2007) 3485–3489.
13] R. López, F. González, M.P. Cruz, M.E. Villafuerte-Castrejon, Mater. Res. Bull. 46

(2011) 70–74.
14] M. Tokita, J. Soc. Powder Technol. Jpn. 30 (1993) 790–804.
15] N. Tamari, T. Tanaka, K. Tanaka, I. Kondoh, M. Kawahara, M. Tokita, J. Ceram.

Soc. Jpn. 103 (1998) 740–742.
16] M. Algueró, C. Alemany, L. Pardo, A.M. González, J. Am. Ceram. Soc. 87 (2004)

209–215.
17] M. Algueró, C. Alemany, L. Pardo, A.M. González, J. Phys. D: Appl. Phys. 28 (1995)

945–956.
18] R. López, J. Zárate, E.A. Aguilar, J. Muñoz-Saldaña, J. Rare Earths 26 (2008)
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