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Abstract

Piezoelectric lead-free ceramics, K;,Na;,NbO3; (KNN) modified with alkaline-earth (AE) Ca’>* and Ba*, have been prepared by
the conventional solid-state reaction method. The effect of doping level on sinterability and functional response of KNN was studied. In
this way, discs doped with 0 to 2 mol% of Ba®* and Ca®* were sintered at 1125 °C for 2 h. It was observed that AE changed drastically
the microstructure and grain size of KNN when it was added in concentrations higher than 0.5 mol%. Addition of 0.5 mol% of Ba®*
and Ca®* produced a softening effect in the ferroelectric properties of the material, while samples prepared with higher contents than

0.5 mol% showed poor properties.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead zirconate titanate (PZT) ceramics are widely used
materials for piezoelectric applications due to their super-
ior ferroelectric and piezoelectric properties [1-3]. How-
ever, the toxicity of lead oxide and its high vapor pressure
during the sintering process are a serious threat to human
health and environment. Therefore, in recent years lead-
free piezoelectric ceramics have attracted a lot of attention.

Potassium sodium niobate (K;_,,Na,)NbOsz ceramics
were reported to show good electric properties for piezo-
electric application. These ceramics showed low dielectric
constant and high electromechanical coupling coefficient
[4]. Moreover, better electric properties were obtained
when x is 0.5. This composition is reported to be composed
of a virtual morphotropic phase boundary, where the total
polarization can be maximized due to the increased
possibility of domain orientation [5,6]. Nevertheless,
because of the high volatility of alkaline metals at high
temperature and its hydrophilic feature, it is very difficult
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to obtain dense and well-sintered KNN ceramics using
conventional sintering processes [7]. Since, a deviation
from stoichiometry results in the formation of extra
phases, a relatively low sintering temperature, and the
difficulty of obtaining a fine microstructure during sinter-
ing difficult the densification of KNN ceramics [8,9].

To solve this problem several options were studied. In
this way, hot pressing could be a good alternative for
solving this issue. Although this technique is able to obtain
high densities and better properties compared to conven-
tional air-sintered samples, it needs careful investigation
and optimization of sintering parameters to result in
reproducible and high quality ceramics [10]. Additionally,
it is a more expensive route compared to conventional
sintering process. Then, the study of different additives to
obtain KNN with low porosity and good electrical proper-
ties by conventional methods is extremely important.

In this work, the effect of the addition of Ca’" and
Ba’" to KNN (K;,Na,,NbO;) was investigated. It was
expected that both, Ca>™ (100 pm ionic radius) and Ba®*
(135 pm ionic radius) enter in positions “A” of the
perovskite structure producing cationic vacancies to equi-
librate the charge which would reduce local stress and
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consequently produce a “‘softening’ effect in its properties.
The ceramic powders were synthesized by the conventional
solid state reaction method. The obtained powders were
pressed into discs and sintered in air. A microstructural
and electrical characterization of powders as well as the
sintered samples was carried out.

2. Experimental

Lead-free potassium sodium niobate K,,Na;,NbO;
(KNN) modified with Ba and Ca was produced by the
conventional solid state reaction method from potassium
carbonate (Biopack 99.5%, Argentina), sodium carbonate
(Biopack 99.5%, Argentina), niobium oxide powder
(Aldrich  99.9%, USA), calcium carbonate (Cicarelli
99.7%, Argentina) and barium carbonate (Aldrich
99.9%, USA). Powders with K:Na=1:1 and different Ba
and Ca concentrations (x=0, 0.5, 1 and 2 mol%) were
mixed in 2-propanol and milled in a planetary laboratory
ball-mill (Fritsch, Pulverisette 5), with zirconium oxide
grinding jars and balls, for 6 h at 1000 rpm. Afterwards,
the resulting powders were calcined at 900 °C for 5 h in air.

The resulting powders were uniaxially pressed into discs
of 6 mm diameter and 0.5 mm in thickness. The obtained
discs were sintered at 1125 °C for 2h in a conventional
furnace using 5 °C/min heating and cooling rates.

The crystalline phases were assessed by X-ray diffraction
using a Philips PW1050/25 diffractometer running with
CukK,, radiation, at 40 KV and 30 mA. The microstructure
of the samples was examined by Scanning Electron
Microscopy (SEM), using a JEOL JSM-6460LV micro-
scope. Raman spectra were acquired at room temperature
with a Renishaw inVia Raman spectrometer by means of
the 514 nm Ar-ion laser line (10 mW nominal power).

For the electrical measurements, silver electrodes were
painted on both faces of the sintered samples. Dielectric
properties were measured using a frequency range of
0.10 Hz to 10 MHz employing both Hioki 3535 and
3522-50 LCR meters. Polarization versus electric field
hysteresis loops were obtained in a silicone oil bath at
room temperature by applying an electric field of sinusoi-
dal waveform at a frequency of 50 Hz by means of a
modified Sawyer-Tower bridge. For the measurement of
the piezoelectric constant the samples were first polarized
inside a silicone bath using 2.5 KV/mm for 30 min at
150 °C, and the piezoelectric coefficients d33 were recorded
using a quasi-static piezoelectric d3; meter (YE2730—
Sinoceramics Inc.).

3. Results and discussion

Fig. 1A shows the X-ray diffraction patterns of KNN
doped with different concentrations of Ba and Ca (0 to
2 mol%). The diffraction peaks could be clearly indexed to
a perovskite with orthorhombic structure of KNN [11-13].
Small peaks corresponding to secondary phases traces
were also detected. Secondary phases could be associated
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Fig. 1. XRD patterns of KNN undoped (0%) and Ba and Ca-doped
samples (0 to 2mol%). #% Secondary phases (K,NbgO,;) (JCPDS 031-
1060) and K3NbO, (JCPDS 014-0283) (A). The inset shows magnified
patterns in the 44.5 to 47° 20 range (B).

with K,NbgO,; (JCPDS 031-1060) and K;NbO,4 (JCPDS
014-0283), with tetragonal tungsten—bronze structure TTB
[14,15]. After analyzing the peaks located between
44.75° < 260 < 46.5° corresponding to the (022) and (200)
planes (Fig. 1B), the coexistence of a rich orthorhombic
phase and a poor tetragonal phase in all cases was
stablished.

The Raman spectra of the KNN samples doped with Ba
and Ca are shown in Fig. 2. This spectroscopic technique is
a very sensitive tool to study the structural deformations of
the ceramic unit cell at a local scale. In the KNN
structures, the main vibrations are associated with the
NbOg octahedron (BOg ) [16,17]. Therefore, the deforma-
tions are induced by the tilting of octahedral and the
cationic displacements [18]. These modifications induce
large changes in internal modes associated with NbOg
octahedron resulting in a modification of the Raman
spectra [18]. In this way, it can be seen in Fig. 2A and B
that the Raman spectrum peaks relate to the vibrations of
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Fig. 2. Raman spectra of KNN undoped (0%) and KNN-doped with (A)
Ba and (B) Ca as a function of additive concentration (0 to 2 mol%).

the NbOg octahedron, consisting of A, ,(v;)+Eg(vs)+
Fy u(v3, 04)+F5 (0s)+F5 (v6). Vibrations modes A 4(v;)+
E,o(v2)+F 4(vs3) are stretching modes and the rest of
them are bending modes. In particular, A;4(v;) and
F,4(vs) have been detected as being relatively strong
scatterings in similar systems to the one studied in this
paper due to a near-perfect equilateral octahedral symme-
try. Finally, the peaks in the region between 100 and
160 cm ' can be associated with translational models of
alkaline niobates K*/Na™ and rotational modes of the
octahedron NbOg [19-21].

Fig. 3A shows representative enlarged Raman spectra of
pure KNN between 450 and 760 cm ~'. Also, the fit to the
sum of two Gaussians ascribed to v, and v; Raman modes,
respectively is shown. In Fig. 3B it can be seen that the
value of v; decrease when the concentration of dopants
increase. This behavior is owe to a decrease in the strength
of the constant force that produces a lengthening of the
distance between B>T type ions and their coordinated
oxygen [22]. It can be attributed to the formation of
oxygen vacancies or to a relative increase of the orthor-
hombic phase. Since the probability of Ca®>" and Ba®™
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Fig. 3. (A) Representative Gaussian fit of the individual bands of A ; (v)

and E, (v,) Raman modes of pure KNN in the range of 450 to 760 cm ™!

(B) v; Raman modes values obtained after fit as a function of Ca and Ba
concentration.

ions replacing Nb>* jons (and consequently producing
oxygen vacancies) is very low, the observed behavior is
attributed to a relative increase in the orthorhombic phase.

In Table 1 it can be seen that the addition of higher
concentration than 0.5 mol% for both dopants produces a
drastic diminution of the samples density and, conse-
quently, increases the samples porosity. The evolution on
the morphology of the microstructure of KNN as a
function of Ba and Ca concentration is shown in the
Scanning Electron Microscopy images of Fig. 4. Undoped
and doped samples with 0.5 mol% of calcium exhibited
similar bimodal grain size (~3 um and ~1 um), inhomo-
geneous shape and porosity. The addition of 1 mol% of
calcium produces a growth in the cubic grains and a glassy
phase. With 2 mol% of Ca, grains grow even more and
develop a bimodal grain size (~9 um and ~3 pum). This
behavior might be related to the substitution effect of
Ca’" which it is more likely to enter in Na'™ position
producing cationic vacancies due to their similar ionic radii
(100 and 102 pm, respectively). Samples with 0.5 mol% of
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Table 1
Density and porosity values, dielectric and piezoelectric properties of KNN pure and Ba- and Ca-doped ceramics.
Sample Density Porosity 4 tand ds3
(g/em®) (%) (10 kHz) (10 kHz) (pC/N)
KNN pure 4.284+0.19 5.75+2.45 352 0.13 86
KNN 0.5%Ba 4.3340.07 4214+1.72 366 0.08 90
KNN 1.0%Ba 4.02+0.08 12.18 +2.31 332 0.10 -
KNN 2.0%Ba 4.01+0.07 12.62 +2.03 244 0.13 —
KNN 0.5%Ca 4.26 +0.08 6.01 +1.95 293 0.06 105
KNN 1.0%Ca 4.20 +0.06 7.37+ 1.66 225 0.08 -
KNN 2.0%Ca 4.02+0.15 12.24 +4.16 299 0.10 -

Fig. 4. SEM images of undoped (A); and 0.5 to 2 mol% of Ba-doped KNN ceramics (B, C and D, respectively), and 0.5 to 2 mol% of Ca-doped KNN
sample (E, F and G, respectively).
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barium present an increase in grain size (~3 pum in
average) and a small percentage of glassy phases. When
the barium amount is increased, grains grow, as well as,
the samples porosity. In both cases, changes in grain sizes
and shapes, caused by the addition of higher concentra-
tions than 0.5%mol of dopant, might be related to the
ability of segregated potassium ions to produce a glassy
secondary phase [23]. This secondary phase facilitates the
mass transport and, then, the grain growth. In this case,
this behavior might be related to the preferred substitution
effect of Ba’t in K'"™ position, producing cationic
vacancies and a high amount of secondary phase, due to
their similar ionic radii (135 and 138 pm, respectively).
When Ca®" is added, the secondary phase formation is
delayed due to the Ca®* tends to replace Na'* at first.
The diminution in samples density might be related also to
the sodium volatilization.

The real and imaginary parts of permittivity as function
of frequency and AE content are shown in Fig. 5. In all
cases, it can be seen, at the low frequency range, that real
and imaginary permittivity decrease drastically with
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Fig. 5. Variation of (A) real part of permittivity and (B) imaginary
permittivity as a function of frequency and Ba and Ca-doped concentra-
tion (at room temperature).

frequency due to a space charge relaxation process char-
acteristic of polycrystalline samples. In addition it is
observed in the high frequency range a relaxation process
(at ~5 MHz) associated to dipolar relaxation events [24].
In the Table 1 the values of real permittivity (¢),
dielectric loss (tand) and piezoelectric constant (d;3) are
shown. The addition of low content dopants produces a
decrease in the loss factors and an increase in the piezo-
electric constants. In the case of KNN-0.5mol% Ba the
dielectric constant increase, could be related to an increase
in the density. This also helps to improve the piezoelectric
constant but the formation of a non ferroelectric second-
ary phase suppresses this effect. Samples with a higher
amount of barium presented a diminution in the permit-
tivity values. This behavior could be related to the
increment in the porosity values, the secondary phases
amount and the orthorrombic/tetragonal ratio. In the case
of Ca permittivity values decrease systematically with Ca
content, with the exception of the sample with the higher
Ca concentration. The diminution in the permittivity
values could be related to the reduction in the density
values and increment in the secondary phases. The increase
in the permittivity value with the highest calcium addition
could be associated with a diminution in the orthorhom-
bic/tetragonal ratio and, also, the presence of chemical
inhomogeneities should be considered. These inhomogene-
ities are generally present as polar nanoregions, typical of
relaxor systems, or as phase diffusion, characteristic of a
polymorphism [23]. On the other hand, an increase in the
piezoelectric constant related to the formation of cationic
vacancies in samples with 0.5%mol of Ca is observed.
With higher concentration of both, Ca and Ba, the
porosity of the samples increases and their polarization,
previous to piezoelectric measurements, was impeded.
Finally, specimens with low porosity (pure KNN and
doped with 0.5 mol% of Ba and Ca), were analyzed under
an external strong electric field, exhibiting in all cases
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Fig. 6. Hysteresis loops of 0 and 0.5% mol% of Ba and Ca-doped KNN

at room temperature. Measuring conditions: ac field, electric field of
35kV/em and frequency of 50 Hz.
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Table 2
Remnant (Pr) and saturation (Ps) polarizations, and coercive field (Ec)
of 0 and 0.5% mol% of Ba and Ca-doped KNN at room temperature.

P. (nC/em?) Ec (KV/cm) Py(nC/cm?)
KNN 13.75 17.3 18.25
KNN 0.5%mol Ca 16 12.4 24.14
KNN 0.5%mol Ba 14.3 12.8 20.08

ferroelectric behavior due to spontaneous polarization.
Hysteresis loops of pure and doped KNN at room
temperature under an ac electric field of E,=35kV/cm at
50 Hz are shown in Fig. 6 and Table 2. The coercive field
(Ec) for pure KNN is higher (17.3 KV/cm) than the one
doped with Ca (12.4 KV/cm) and the one doped with Ba
(12.8 KV/cm). The area of hysteresis cycle for pure KNN
is slightly greater than the others. These behaviors are
related to the softening effect of Ca and Ba when they are
added in low concentration.

4. Conclusions

The solid solution based on K;,Na;,NbO; (KNN)
ceramics was prepared by the conventional solid-state
reaction method. KNN ceramics with the aid of 0.5 to
2mol% of two kind of alkaline-earth, Ba and Ca, were
obtained. There was a tendency of Ca®* and Ba>™ to enter
in “A” sites (Na™ and K respectively) of the perovskite
structure producing cationic vacancies and consequently
“softening” the properties of the system. With the increase
of dopant addition to the system, Na® and K* were
segregated. Sodium tended to volatilize and to increase the
porosity while potassium tended to form a glassy phase.
Because of the increase in porosity and secondary phases,
properties get deteriorated with the incorporation of high
dopant amounts. Samples with the low dopant content
(0.5 mol%) showed the best microstructural and electrical
properties.
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