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a b s t r a c t

Because of the environmental concerns, the manufacture of ceramics based on lead titanate zirconate
[Pb(Zr1−xTix)O3 − PZT] has been condemned because of the lead toxicity. In this context, the
electromechanical properties of sodium, potassium and lithium niobate [(Na0.5−x/2K0.5−x/2Lix)NbO3 −
NKLN] at the morphotropic phase boundary granted these materials the position of most suitable
candidate to replace PZT. However, the production of these ceramics is rather critical mainly because
of a natural tendency of forming secondary phases. To help with the studies of the synthesis of this lead-
free piezoceramic, this work presents an evaluation of the crystallization of the (Na0.47K0.47Li0.06)NbO3
phase by solid-state reactions. TG-DTA, XRD, dilatometric and ferroelectric hysteresis analyses indicated
that a secondary phase (K3Li2Nb5O15) crystallizes at temperatures above 850 ◦C and also during the
sintering of the powders compacts at 1080 ◦C. To prevent the formation of this phase, the addition of
Na2Nb2O6.nH2O microfibers obtained through a microwave hydrothermal synthesis was performed in
the sintering process. After to this addition, the suppression of the K3Li2Nb5O15 phase occurred and an
increase of the NKLN electrical properties was then obtained.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Although lead titanate zirconate piezoceramics [Pb(Zr1−xTix)O3
−PZT] are still themostmanufactured in theworldmainly because
of their great piezoelectric properties [1,2], recent environmental
concerns regarding the lead toxicity make the use of this
element less attractive. However, the substitution of lead-based
materials is quite complex due to difficulties in producing ceramics
with similar piezoelectric responses. Basically, researchers have
been focusing their studies on alkali niobates, modified bismuth
titanates and others solid solutions with compositions at the
morphotropic phase boundaries (MPB) [3–9].
Among the studied lead-free piezoceramics, only sodium,

potassium and lithium niobate based materials [(Na0.5−x/2K0.5−x/2
Lix)NbO3−NKLN]were considered proper candidates to substitute
PZT [10–14]. In compositions next to the morphotropic phase
boundary, NKLN systems present a d33 coefficient (induced charge
per unit force applied) higher than 230 pC/N and a kp (planar
coupling coefficient) value of 0.42 [10], which were the best
piezoelectric properties reported for a normal sintered lead-
free piezoceramic [15]. Furthermore, the greatest advance was
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achieved via the texturization of these ceramics through a Reactive
Templated Grain Growth process (RTGG), wherein a promising
material with properties similar to PZT4 was obtained (d33 =
416 pC/N and kp = 0.61) [15].
Despite the important discoveries about NKLN materials, as far

as the authors know, the literature is lacking of studies reporting
on the stability of the (Na0.5−x/2K0.5−x/2Lix)NbO3 perovskite phase.
Considering the sodium instability at high temperatures, the
formation of this phase is very delicate inasmuch as there is a
natural tendency of forming the K3Li2Nb5O15 phase. In this work
we propose a study focused on the optimization of the NKLN lead-
free ceramic production at the morphotropic phase boundary. In
order to avoid the formation of secondary phases, the adequate
temperature and time for the formation of (Na0.47K0.47Li0.06)NbO3
were analyzed, and also the optimum sintering conditions were
determined. Furthermore, an attempt of suppression of the
K3Li2Nb5O15 phase was tried mixing Na2Nb2O6·nH2O microfibers,
obtained through a microwave hydrothermal synthesis, with the
NKLN powders produced by solid state reaction.

2. Experimental procedure

Na0.47K0.47Li0.06NbO3 ceramics were prepared by the conven-
tional mixed oxide method. The starting materials were Na2CO3
(Mallinckrodt, 99.9%), K2CO3 (Mallinckrodt, 99.9%), Li2CO3 (Vetec,
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Fig. 1. TG and DTA curves of the raw-materials in air.

99.9%) and Nb2O5 (Alfa Aesar, 99.95%). Initially, the raw-materials
were mixed for 24 h inside a polyethylene vessel with ZrO2 balls
and ethanol as the medium. After drying, the mixture was calci-
nated at 850, 900 and 950 ◦C for 10 h to evaluate the perovskite
phase formation. In order to prevent the secondary phase forma-
tion during the sintering, NKLN powders calcined at 850 ◦C for 10
h were ball-milled again in the same conditions described above,
dried and thenmixed toNa2Nb2O6·nH2Omicrofibers in 1.0, 3.0 and
5.0 wt.%. The microfibers production is described elsewhere [16].
Later, isobutyl methacrylate (IBMA) was added as a binder and
these mixed powders were pressed into disks of 12 mm (diam-
eter) by uniaxial pressing at 30 MPa, followed by cold isostatic-
pressing (CIP) at 200 MPa. The binder was burnt at 650 ◦C for
1 h, and then the sintering process was carried out on the best
conditions pointed by dilatometric studies (1080 ◦C for 4 h). The
final bulk densities of the pellets were measured by the
Archimedes method.
The crystalline structure was characterized by means of X-

ray diffraction (XRD) using a Rigaku equipment (Rotaflex, 50 kV,
100 m A, Cu Kα). The evolution of the solid state reaction
between Na2CO3, K2CO3, Li2CO3 and Nb2O5 was analyzed by
Differential Thermal Analysis (DTA) and Thermo-Gravimetric
analysis with a Netszch/Thermische Analyse equipment with a
TASC 414/2 controller, by using a heat rate of 10 ◦C/min and
a synthetic air flux of 30 cm3/min. A horizontal dilatometer
furnace (Netszch/ Thermische Analyse equipment with TASC
414/2 controller) with a heating rate of 5 ◦C/min was used to
assess the sintering behavior of the pellets and the consequences
of this process in the final ceramic density. The NKLN powder
and ceramic morphologies were visualized by means of scanning
electron microscopy (SEM) using a Topcon/ SM-300 microscope.
Measurements of capacitance and dissipation factor as a function
of the temperature were registered at 10 kHz using an HP 3457A
impedance analyzer coupled to a oven furnace (Maitec, Brazil). To
obtain the ferroelectric hysteresis loops, the ceramics were poled
under a high voltage (2.5–3.5 kV) at a frequency of 250 Hz during
4ms with a Radiant RT66A polarizer.

3. Results and discussion

The reaction between the alkaline carbonates and niobium
pentoxide towards the formation of (Na0.47K0.47Li0.06)NbO3 was
followed by Differential Thermal Analysis (DTA) and Thermo-
Gravimetric analysis (TG), and the results are represented in Fig. 1.
As sodium and potassium carbonates are rather hygroscopic salts,
the physically and chemically adsorbed waters are liberated at
115 and 170 ◦C, respectively. However, as observed in the TG
curve (Fig. 1), the complete dehydration and decomposition of
residual organics, both incorporated in the powders during the
milling step, occur at temperatures next to 400 ◦C. Discarding
this weight-loss related to the elimination of water and organics,
another loss is related only to the elimination of CO2 during
the decomposition of the carbonates, which represents a weight-
loss of 6.75%. Considering the complete decomposition of the
carbonates at 850 ◦C, where the TG curve achieves the minimum
value (80.2%), the beginning of the CO2 elimination would occur
exactly at 420 ◦C (∼86.9%). Among the carbonates, Na2CO3 is the
less stable and starts to lose CO2 at lower temperatures (400 ◦C)
than the others [17]. In this way, the weight loss observed just
after 400 ◦C could be associatedwith the decomposition of Na2CO3.
Indeed, the CO2 loss originated from the Na2CO3 decomposition
was previously identified by mass spectrometry measurements
which indicated the decomposition of this compound even at
temperatures lower than 400 ◦C [18].
Although the melting point of lithium carbonate is known to be

around 723 ◦C [17], the thermal decomposition of a small quantity
of Li2CO3 (13%-mol) into Li2O drops this temperature to 702 ◦C
due to the presence of an euthetic point in the Li2CO3– Li2O phase
diagram [19]. In this context, the endothermic events associated
with the lithium carbonate melting and decomposition of Na2CO3,
K2CO3 and Li2CO3 occur concomitantly with the exothermic
crystallization of the (Na0.47K0.47Li0.06)NbO3 perovskite phase.
However, as the crystallization reaction is energetically favored,
only the exothermic event related to the NKLN formation is seen
in the DTA curve at 675 ◦C. After this event (above 800 ◦C), another
exothermic peak with maximum at 1034 ◦C appears in the DTA
curve, which is related to the crystallization of a secondary phase
originated from the decomposition of (Na0.47K0.47Li0.06)NbO3, that
will be further discussed.
The NKLN perovskite phase formation was confirmed through

XRD analyses of the powders calcined at 850, 900 and 950 ◦C
for 10 h (Fig. 2a). The crystallographic indexing for the 850 and
950 ◦C productswas done according to the ABO3 perovskite subcell
of orthorhombic and tetragonal structures, respectively [20],
once a transition between these two phases according to the
calcination temperaturewas observed. The K3Li2Nb5O15 secondary
phase of tungsten bronze structure (ICDD 52-0157) is indexed
in Fig. 2a. Whereas the quantification of this secondary phase
through a relationship between the most intense peaks of the
(Na0.47K0.47Li0.06)NbO3 and K3Li2Nb5O15 patterns cannot be done
because of their overlapping at∼22.4◦, its presencewas confirmed
by analyzing its characteristic peaks from 23 to 31◦ (indicated by
arrows) [10,12]. Although no peaks related to the K3Li2Nb5O15
phase were found in powders produced at 850 ◦C, the absence
of this phase cannot be completely neglected basing on the XRD
results. A study on the calcination times at 850 ◦C indicated
that periods either shorter or longer than 10 h increased the
K3Li2Nb5O15 amount in the powders (Fig. 2b). The presence of
KNbO3 at 22.0◦ (1), LiNbO3 at 23.7◦ (2), Nb2O5 at 29.6◦ (3) and
NaNbO3 at 32.4◦ (4) was observed just in the powders calcined for
2.5 and 5.0 h (Fig. 2b). Consequently, NaNbO3, KNbO3 and LiNbO3
crystallize simultaneously with (Na,K, Li)NbO3 and, at a proper
temperature, react themselves to form the solid solution. Indeed,
the presence of these end-members was previously reported only
for powders calcined at lower temperatures than those established
as ideal for the formation of the NKLN solid solution [21].
The (Na0.47K0.47Li0.06)NbO3 powders produced at 850 ◦C for

10 h were pressed and underwent a dilatometric study in order
to evaluate the proper sintering conditions. The results are shown
based on the Linear Retraction Rate, which is the derivation of
dL/L0, where dL is the linear retraction (mm) and L0 is the initial
length of the pellet (mm). As seen in Fig. 3a, a differentiation
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Fig. 2. XRD patterns of the NKLN powders calcined (a) at different temperatures
for 10 h and (b) at 850 ◦C for different times. Phases are indicated as follows:
K3Li2Nb5O15 (arrows), KNbO3 (1), LiNbO3 (2), Nb2O5 (3) and NaNbO3 (4).

between the sintering of particles and agglomerates in the first
stage of the process (R1 region) was not observed because of the
narrow particle size distribution achieved after themilling process
(Fig. 3a inset). Furthermore, the sodium and potassium liquid
phase formation (represented by arrows) contribute significantly
to the sintering process. After ending the grain growth step (R2
region) at 1087 ◦C, there is a sudden decrease of the d(dL/L0)
values, which is associated with the ceramic degradation. This
result explains the higher d33 values observed in NKLN ceramics
sintered at 1090 ◦C [22]. As there is a very narrow temperature
range that separates the grain growth process and degradation,
a precise temperature control must be done to provide high
densifications without damaging the electrical properties. Besides,
by analyzing the dilatometric behavior of the ceramic pieces after
4 h of sintering at 1000, 1050 and 1080 ◦C (Fig. 3b), it is possible to
verify the compacts stability even during 4 h of isotherm. However,
only discs sintered at 1080 ◦C reached densities greater than
4.30 g/cm3 (∼96%). According to the ferroelectric–paraelectric
transition temperature (474 ◦C) observed in the Fig. 3b inset,which
is exactly the same pointed for (Na0.5−x/2K0.5−x/2Lix)NbO3 systems
at the morphotropic phase boundary (x = 0.06) [10], it is possible
to conclude that after 4 h of sintering at 1080 ◦C the stoichiometry
of the (Na0.47K0.47Li0.06)NbO3 solid solution is maintained.
K3Li2Nb5O15 peaks in the region from 21 to 31◦ which were

not observed in the powders produced at 850 ◦C for 10 h
(Fig. 2a and b) appeared in the XRD analyses of the sintered
a

b

Fig. 3. Dilatometric studies of the NKLN compacts calcined at 850 ◦C for 10 h:
(a) linear retraction rate as a function of the temperature (a SEM image of the
NKLN powder is inserted and the liquid phases are indicated by arrows). (b) linear
retraction rate and temperature as a function of the time forNKLN ceramics sintered
at three different isotherms during 4 h (permittivity values of the NKLN ceramic
sintered at 1080 ◦C for 4 h are inserted).

ceramics. By attempting to eliminate this secondary phase from the
ceramics, Na2Nb2O6·nH2O single crystalline microfibers produced
by hydrothermal synthesis were mixed to (Na0.47K0.47Li0.06)NbO3
powders. This material was chosen mainly because of the
metastable character of this phase, once it is an intermediary
product during the NaNbO3 crystallization. In this way, it would
react easier with K3Li2Nb5O15. Besides, the sub-micrometric
size of these particles (∼200 nm) and their low tendency of
agglomerating when produced under specific conditions [16]
would also favor the diffusion of this material during the sintering
process. As expected, a dilatometric study indicated that the
microfibers influence on the shrinkage of the NKLN compacts
is very low, considering that all the Na2Nb2O6·nH2O-added
samples presented the same behavior of the pure NKLN ceramic
sintered at 1080 ◦C for 4 h (Fig. 3b). Indeed, the Na2Nb2O6·nH2O
microfibers acted on the elimination of the characteristic peaks
of the K3Li2Nb5O15 phase (Fig. 4), and consequently, caused an
enhancement of the remaining polarization values (Pr ), being
these: 8.2 µC/cm2 for the pure NKLN ceramic, and 9.9, 14.9
and 18.9 µC/cm2 for ceramics with 1.0, 3.0 and 5.0 wt% of
Na2Nb2O6·nH2O, respectively (Fig. 4 inset). However, a NaNbO3
excess formed through the decomposition of the microfibers
did not diffuse into the matrix. This fact is confirmed by the
ferroelectric hysteresis curves (Fig. 4 inset), wherein ceramicswith
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Fig. 4. XRD patterns of pure and Na2Nb2O6·nH2O-added NKLN ceramics sintered
at 1080 ◦C for 4 h (K3Li2Nb5O15 is indicated by arrows and ferroelectric hystereses
of these samples are inserted).

5 wt% of Na2Nb2O6·nH2O (5% N) presented remnant polarization
values (Pr ) greater than the saturation polarization values (Ps).
As NaNbO3 is an anti-ferroelectric material, its individual dipoles
arrange antiparallelly to adjacent dipoles when under influence
of an electric field, so that the net spontaneous polarization is
zero. By quenching the electric field applied over the ceramic,
the NaNbO3 ferroelectric domains change their arrangement,
and consequently, part of the dipoles align parallelly to the
(Na0.47K0.47Li0.06)NbO3 oriented ferroelectric domains, resulting in
an increase of the polarization values (Fig. 4 inset).
The morphology of all NKLN ceramics was seen by analyzing

the fractures of the compact bodies through scanning electronic
microscopy (SEM). The addition of theNa2Nb2O6·nH2Omicrofibers
did not cause visible changes in the ceramic grains morphology
(Fig. 5a and b). As a natural characteristic, sodium and potassium
niobates have a broad grain size distribution and cubic shaped
grains. However, as seen in Fig. 5a, the bigger grains (>5 µm)
have a greater tendency of suffering intra-granular fracturing. This
fact is related to the liquid phase formation during the sintering
process, which induces the intra-granular fractures by binding the
grains after the solidification. As a consequence, a decrease of the
grain surface energy happens and the ceramic fracture occurs at
the grain defects and not on its surface.

4. Conclusions

A (Na0.5−x/2K0.5−x/2Lix)NbO3 (NKLN) solid solution at the mor-
photropic phase boundary (x = 0.06) was produced through
the reaction between alkaline carbonates (Na2CO3,K2CO3 and
Li2CO3) and niobium pentoxide (Nb2O5) at 850 ◦C, temperature
wherein a total decomposition of alkaline carbonates was identi-
fied by TG-DTA. By using higher temperatures (900 and 950 ◦C),
the K3Li2Nb5O15 secondary phase forms through the decomposi-
tion of (Na0.47K0.47Li0.06)NbO3. Furthermore, calcination times ei-
ther greater or lower than 10 h at 850 ◦C (2.5, 5.0 and 15.0 h)
also yielded powders with this secondary phase; however, only
for those calcined during 2.5 and 5.0 h, the presence of unre-
acted KNbO3, LiNbO3, NaNbO3 and Nb2O5 was observed with
K3Li2Nb5O15. Although no peaks related to K3Li2Nb5O15 were
found in the (Na0.47K0.47Li0.06)NbO3 powders produced at 850 ◦C
for 10 h, the ceramics sintered at 1080 ◦C for 4 h presented a
small quantity of this secondary phase. In order to avoid the forma-
tion of this undesired phase and consequently enhance the electri-
cal properties of the ceramic, a mixture between Na2Nb2O6·nH2O
microfibers and (Na0.47K0.47Li0.06)NbO3 powders was successfully
used during the sintering process.
a

b

Fig. 5. SEM images of NKLN ceramics sintered at 1080 ◦C for 4 h: (a) pure and
(b) 5% N.
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