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Technical note
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bstract

he synthesis of lead-free ferroelectric materials with composition (K0.48Na0.52)0.96Li0.04Nb0.85Ta0.15O3 has been achieved by spray drying technique.
ure perovskite phase was obtained after calcination of as-prepared powders at 800 ◦C for 1 h. Crystallized powders have a particle size average of

00 nm. Well sintered samples were obtained at 1120 and 1130 ◦C for 2 h in air with densities of 4.58 and 4.49 g/cm3, respectively. We attributed
his improvement as the result of sintering process and the very small particle size in powders. Sintered samples have promising piezoelectric
arameters, kp 0.40–0.41, d31 50–55 pC/N and dielectric losses around 1%.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Ferroelectric materials of the PZT family have a great num-
er of applications due to their outstanding electrical properties.
owadays, a lot of work has been done over an important number
f lead-free materials in order to replace PZT-based piezoelec-
ric ceramics. The main motivation behind these efforts is the
nvironmental protection because of great quantity of disposed
lectronic products containing PZT. Since the publication of
aito et al.1 where they reported the synthesis and properties of
lead-free material based on niobium and alkaline cations, the

esearch on bismuth–sodium titanates and potassium–sodium
iobates, and their solid solutions with other ions has increased
n order to improve their electric and piezoelectric properties.
he key issue in alkaline niobates is how to reduce the sintering

emperatures, bearing in mind the considerable sublimation of
odium and potassium. This induces an unavoidable variation in

he starting stoichiometry and consequently in changes of elec-
rical properties. There are different approaches to achieve this
oal. The first way to improve the densification is by adding some
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xides such as, CuO, CdO, ZnO, Sc2O3, CeO2 and WO3.2–4

ccording to different works it is believed that these compounds
orm a liquid phase at relatively low temperature improving
ensification. Another possible solution to the problem is the
ncorporation of other ions in the A and B sites into ABO3-like
tructure of the KNN solid solution. In A site, several cations
an be added among them are Li+, Ca+2, Ba+2, while in B site
s possible to introduce Sb+4, Ti+4 or Ta+5. A third strategy to
mprove densification consists in reducing the particle size of the
ynthesized powders in order to diminish the activation energy
nvolved in the sintering process. Very few reports follow this
pproach5,6. The aim of this work is to present a new approach
or the synthesis and sintering of KNN compound in solid solu-
ion with lithium and tantalum, as well as their morphological
nd electrical characterization.

. Experimental

(K0.48Na0.52)0.96Li0.04Nb0.85Ta0.15O3 (KNLNT) composi-
ion was synthesized, using Nb2O5 (99.99%), Ta2O5 (99.99%),

2CO3 (99.8%), Na2CO3 (99.9%), Li2CO3 (99.997%) powders

s starting materials. For the solution preparation HF (40 vol.%),
H4OH (30 vol.%) and citric acid monohydrate (C6H8O7·H2O
9.9%) are used. First, a solution was prepared by dissolving
b2O5 and Ta2O5 in HF at 70 ◦C for 8 h. Then, NH4OH was

mailto:rigobertolj@yahoo.com.mx
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drying are completely amorphous. This is due to the rapid sol-
vent elimination and the interaction of the different ions in
solution with the citric acid, since citric acid plays the role
of coplexing and stabilizing niobium, tantalum as well as the
550 R. López et al. / Journal of the Europe

dded to this solution until complete precipitation of niobium
nd tantalum hydrated oxides.7 The precipitate was filtered and
ashed three times with de-ionized water. Subsequently, it was
issolved in a 0.35 molar citric acid solution to form the cor-
esponding citrate complex of niobium and tantalum which are
ore stable and can be handled without any special atmosphere.
n the other hand, the alkaline ions solution was prepared by
issolving potassium, sodium and lithium carbonates in citric
cid solution. The two solutions containing alkaline ions, nio-
ium and tantalum were mixed. The resulting solution was fed
nto a spray dryer (YAMATO Mini Spray-Dryer ADL-31). The
quipment can operate setting the inlet or outlet air temperature,
nd then the inlet air temperature and pressure were established
t 180 ◦C and 392 kPa. The flow rate of the sample was fixed
t 8.5 cm3/min. Thus precursor powders were obtained and they
ere subsequently calcined at temperatures between 600 and
00 ◦C in order to produce the crystalline powders. Finally, pow-
ers calcined at 800 ◦C during 1 h were uniaxially pressed to
orm disk shaped pellets (13 mm in diameter and 1.5 mm in
hickness) and sintered at 1120 and 1130 ◦C for 2 h in air with-
ut special processing or sintering. The powders and sintered
amples were characterized by X-ray powder diffraction at room
emperature with Cu K�1 radiation using a Bruker Advanced D-
diffractometer. Scanning electron microscopy (SEM) images
ere obtained using a Leica Cambridge Stereoscan 440 micro-

cope at 20 kV. With the aim of determining dielectric and
iezoelectric properties, the sintered pellets were polished and
ilver conductive paste was applied to the parallel faces and
nnealed at 600 ◦C for 30 min. Dielectric and piezoelectric mea-
urements were carried out using an Agilent 4294A Precision
mpedance Analyzer. For impedance measurements pellets were
ttached to platinum leads and placed in a furnace whose temper-
ture was controlled to ±2 ◦C. Impedance measurements were
ade over the frequency range 102 to 107 Hz. Runs were taken

n 2–5 ◦C steps in proximity to the transition temperature; oth-
rwise the steps were 10–15 ◦C. The rms applied voltage was
.5 V. In order to allow thermal equilibrium, samples were left
t the preset temperature for at least 30 min between measure-
ents. Experiments were performed from room temperature up

o 500 ◦C in a normal lab atmosphere.
For piezoelectric characterization the samples were poled at

30 ◦C in a silicone oil bath under an external dc electric field
f strength 50 kV cm−1. The field was kept 30 min and then
ach sample was slowly cooled to room temperature in the pres-
nce of the field in order to “freeze” the status of polarization.
he measurement technique for determining the piezoelectric
onstants consists of inducing the radial resonance at room tem-
erature by electrical stimulation with 0.5 V rms by means of the
mpedance Analyzer elsewhere mentioned. Frequency sweeps
ere carried out covering two intervals in which fundamental

nd first overtone resonance and anti-resonance appear. The data
as processed using an iterative automatic method described in
etail elsewhere.8 In the acquisition of experimental data, it is

ery important to be careful with the conditions under which
easurements are performed. Thus the samples must be free

rom external pressure, so the electrical contacts should be by
imple friction of a conducting wire with electrode.
Fig. 1. SEM image of KNLNT powders calcined at 800 ◦C for 1 h.

. Results and discussion

A scanning electron microscopy image of KNLNT powder
alcined at 800 ◦C for 1 h is shown in Fig. 1. It is observed
hat synthesized powders have a particle size average of 100 nm
ith a standard deviation of 30 nm. This result is not achiev-

ble through conventional ceramic technique. It is found that a
ossible explanation is due to that spray drying eliminates sol-
ent in very short times promoting chemical homogeneity on the
recursor powder,9,10 besides the fact that the calcination step
roduces escape of gases resulting in soft agglomerates of fine
articles on the calcined powders. On the other hand, it has been
eported that the addition of Ta+5 to KNN reduces considerably
he grain growth and can be also one reason of the small size
istribution.11,12

The X-rays diffraction patterns for the as-prepared powders
nd calcined between 600 and 900 ◦C are shown in Fig. 2.
t is possible to observe that the powders obtained by spray
Fig. 2. XRD evolution analysis of KNLNT precursor powders.



R. López et al. / Journal of the European Ceramic Society 30 (2010) 1549–1553 1551

F

a
b
m
a
r
K
a
s
p
p
p
t
a

t
r
t
g

1
t
t
a
s
p
r

F
t

i
t
a
I
b
i
l
d

a
h
p
t
w
p
h

Variation of dielectric constant with temperature for samples
sintered at 1120 ◦C (5a) and 1130 ◦C (5b) are plotted in Fig. 5.
For the sample sintered at 1120 ◦C it is noticeable that there
is no appreciable dispersion of dielectric constant even when
ig. 3. SEM images of KNLNT sintered pellets: (a) 1120 ◦C and (b) 1130 ◦C.

lkaline ions. Thus making possible their homogeneous distri-
ution along the solution.13 Then, the dried powders are the
ixture of different alkaline ions, niobium, tantalum and citric

cid. Once they were thermally treated at 600 ◦C several Bragg
eflections, corresponding to the tetragonal secondary phase

3Li2Nb5O15 (JCPDS-ICDD 52-0157) (marked with arrows)
nd those expected for the KNLNT phase were observed. The
econdary phase reflections diminish considerably for the sam-
le calcined at 750 and 800 ◦C only reflections of the KNLNT
hase can be observed. The synthesis of the KNLNT crystalline
hase with heat treatment as short as 1 h at 800 ◦C is possible due
o the homogeneous atomic distribution into precursor solution
s well as in dried powders.

Compared with the conventional ceramic method, the heat
reatment time of powders synthesized by spray drying is
educed, which allows to reduce considerably the deviation of
he initial stoichiometry. In addition, the decrease in the powder
rain size is expected to improve the sinterability.

Scanning electron microscopy images of samples sintered at
120 and 1130 ◦C for 2 h in air are shown in Fig. 3. It is observed
hat the grains have a pseudo-cubic shape, which is characteris-
ic of KNN-related compounds. Furthermore, depending on the

mount and kind of dopant (Li and Ta), orthorhombic–tetragonal
tructures coexist near room temperature making possible the
resence of morphotropic phase boundary (MPB). The Li+

eplaces K+/Na+ at the perovskite A site, while the Ta+5 enters
F
a

ig. 4. X-ray diffraction analysis of (K0.48Na0.52)0.96Li0.04Nb0.85Ta0.15O3 sin-
ered samples at 1120 and 1130 ◦C for 2 h.

nto the perovskite B site in the ABO3 perovkite-like struc-
ure. The grain size distribution is homogeneous with almost

bimodal grain growth having mean values of 2 and 5 �m.
n the synthesis of KNN materials there is an opposite effect
etween Li+ and Ta+5, Li+ promotes grain growth and develops
nhomogeneous grain size distribution; on the other hand tanta-
um inhibits growth and gives materials with narrow grain size
istribution.11,12,14

The X-rays diffraction patterns of sintered samples at 1120
nd 1130 ◦C for 2 h are shown in Fig. 4. Apparently, both samples
ave perovskite-like structure without the evidence of secondary
hases. Some studies claim that orthorhombic-tetragonal crys-
alline structures coexist near room temperature at the MPB,
hich enhances considerably the dielectric and piezoelectric
roperties.15–17 Based on this supposition it is expected that
igh values of these properties will be obtained at the MPB.
ig. 5. Variation of dielectric constant with temperature for: (a) sample 1120 ◦C
nd (b) sample 1130 ◦C.
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ig. 6. Dielectric losses of KNLNT samples: (a) 1120 ◦C and (b) 1130 ◦C.

> TC at 10 kHz, 100 kHz and 1 MHz. For this composition TC
s about 354 ◦C a comparable value for data reported for samples
ynthesized through conventional ceramic process. A similar
ehavior was observed for the sample sintered at 1130 ◦C, but
ower values of εr at any temperature and higher dispersion of
r when T > 400 ◦C for 10 kHz than sample sintered at 1120 ◦C
ere measured.
The values of tan δ (%) is presented in Fig. 6 for both samples

intered at 1120 ◦C (6a) and at 1130 ◦C (6b). Dielectric losses
n both samples are considerably low at room temperature and
ven near Curie temperature (TC). At room temperature (25 ◦C)
he value of tan δ (%) in both samples at 10 kHz, 100 kHz and
MHz are 1.0, 1.2, 2.1 and 1.0, 1.2, 2.0, respectively. Very near

he transition (T = 340 ◦C) the values are 3.1, 2.3, 3.2 and 4.2,
.6, 4.2, respectively. As it can be observed at low frequency
an δ increases faster than at higher frequencies, nevertheless this
ncrement is small and only when T > TC it increases rapidly for
0 kHz. For the other frequencies it increases in a slower manner,
his is a sign that samples have good thermal stability due to a
ell sintering.
In Table 1 the values of kp, d31, and tan δ are presented for

oth samples. kp for the sample sintered at 1120 ◦C has a value
f 0.41 while for the sample sintered at 1130 ◦C is 0.40. Li

t al.18 reported a kp of 0.40 for the same composition using
old-isostatic pressing (CIP) while Rubio et al.19 obtained a kp
f 0.37 for (K0.38Na0.52Li0.04)(Nb0.86Ta0.10Sb0.04)O2.97 com-

able 1
iezoelectric properties of KNLNT ceramics.

Sintering temperature (◦C)

1120 1130

p (%) 41 40

r 465 418

31 (pC/N) 55.73 50.55

c (◦C) 354 354
an δ (%) 1.0(10 kHz) 1.0(10 kHz)

(g/cm3) 4.58 4.49

M
a

R

eramic Society 30 (2010) 1549–1553

osition also with CIP. Zhao et al.20 found a kp of 0.394 for
(Na0.535K0.480)0.942Li0.058](Nb0.92Ta0.08)O3 composition with
ormal sintering. Regarding d31, values are of 55 and 50 pC/N,
espectively, for samples sintered at 1120 and 1130 ◦C. Rubio
t al. reported a value of 62.1 pC/N in their study while Ring-
aard and Wurlitzer found 45 pC/N for the K0.5Na0.5NbO3
ompound.19,21 As it is well known is difficult to sinter
hese compounds with stochiometric composition due to the
olatilization of sodium, potassium and lithium. The variation in
omposition promotes the apparition of secondary phases with
decrease in piezoelectric properties.17 On the other hand, the
ptimum sintering temperature for KNN ceramics has very nar-
ow window of around 50 ◦C for making materials with small
ariation in their properties.

. Conclusions

It was possible to synthesize KNLNT powders at relatively
ow temperature and short calcination time (800 ◦C at 1 h). The
ynthesized powders have a particle size average of 100 nm
hat demonstrated the effectiveness of Spray drying method
n the synthesis of KNN-doped piezoceramics and could be
n alternative to the conventional oxide method. The synthe-
ized powders were uniaxially pressed and successfully sintered
t 1120–1130 ◦C for 2 h in air with very high densities and
ithout CIP. The piezoelectric properties of sample sintered

t 1120 ◦C were kp 0.41, d31 55.7 pC/N and tan δ (%) 1.0.
t was found that sintered samples have a pure perovskite-
ike structure. The presence of a MPB near room temperature
ould be the reason of the improved piezoelectric properties,
lthough currently structural analysis are being conducted in
ur laboratory in order to get a better understanding of the crys-
alline structure of our compounds. The results presented here
how that lead-free piezoceramics based on KNN solid solu-
ion are very promising candidates for substituting PZT in some
pplications.
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