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bstract

ead free ferroelectric ceramics of the KNN–LiTaO3–LiSbO3 system were prepared using the mixed oxide route. This work reports the effect of
oping (K0.44Na0.52Li0.04)(Nb0.86Ta0.1Sb0.04)O3 produced through the conventional solid state sintering method with different amounts of MnO2.
ith 1 mol% of the dopant, ∼96.5% of the theoretical density of the ceramics was achieved while grain growth inhibition was attained through

inning of the grain boundary movement. A polymorphic phase transition (PPT) was induced in the ceramic from the orthorhombic crystal structure
o the tetragonal structure with increasing dopant amount. At lower temperatures, the doped samples had higher epsilon values but there was a
ecrease in both Tc (from 333 ◦C to 249 ◦C) and epsilon value at Tc (from ≈9500 to <6000). At temperatures below 300 ◦C however, the loss

angent in the doped samples (≈2.5 mol%) was much lower and steady when compared to the undoped one. The ferroelectric properties were
lightly lowered with the addition of MnO2. The remnant polarisation (Pr) was lowered from ∼18 �C/cm2 to ∼9 �C/cm2, the coercive field (Ec)
rom ∼8.5 kV/cm to ∼6.2 kV/cm and the piezoelectric charge coefficient (d33) decreased as well.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT) based piezoceramics have been
idely used in the manufacture of actuators, sensors, transducers

nd in other electromechanical devices because of their excellent
iezoelectric properties. However lead in most cases constitutes
t least 60% of the composition of these piezoceramics. Lead as
n element is highly toxic and because of its volatility and high
apour pressure, is released to the atmosphere during sintering
ausing serious environmental and health problems. Another
ause for concern is its disposal at the end of the life cycle of
hese products.

Considering all these health concerns posed by lead, multina-

ional governments like the European Union have enacted laws
hat ban the use of lead in the manufacture of many products.1

n the field of electro-ceramics, concessions were allowed con-
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erovskites; Lead free

idering the fact that many of the lead free ferroelectric ceramics
ave piezoelectric properties that are inferior when compared to
hose of lead based piezoceramics.

Lead free piezoceramics are classified into categories based
n their crystal structure. The bismuth layered type (e.g.
i4Ti3O12)), the tungsten bronze type (e.g. BaNaNb5O15) and
erovskite structures (e.g. KNN) are the most important ones. A
ot of research has been carried out on lead free piezoceramics
n the last 50 years but in the last 7 years, the momentum has
remendously increased accounting for more than 75% of all
ublished works. KNbO3,2 (Ba,Sr)TiO3 (BST), Bi0.5K0.5TiO3

3

BKT), (Bi0.5Na0.5)TiO3
4 (BNT) and (K,Na)NbO3

5 based
eramics have been well investigated. Among these materials,
xNa1−xNbO3 (KNN) which is a solid solution of ferroelectric
NbO3 and antiferroelectric NaNbO3 appears to be the most
romising because of its comparably higher piezoelectric prop-
rties, large electromechanical coupling coefficients and high

urie temperature (≈420 ◦C).6

However the sinterability of this KNN ceramics has been
ifficult without the use of special techniques like hot pressing
ecause of the high volatility of the alkaline element components
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Table 1
Data showing the density, dielectric and piezoelectric properties of KNN–LiTaO3–LiSbO3 with different amounts of MnO2 at room temperature.

Composition 0 mol% 0.5 mol% 1 mol% 2.5 mol%

Theoretical density (g/cm3) 4.79 4.8 4.81 4.83
Relative density (%) 94.3 95.7 96.4 94.4
Coercive field (Ec) (kV/mm) 8.6 5.6 5.8 6.2
Remanent polarisation (Pr) (�C/cm2) 18.3 8.6 8.3 8.9
Relative permittivity (εr) @ 1 kHz 1305 1440 1528 1680
Tan δ @ 1 kHz 0.146 0.028 0.018 0.026
Piezoelectric constant (d33) (pm/V) (small signal) 220 171 171 176
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iezoelectric constant (d33) (pm/V) (large signal) 362.9

a The d33 values from large signal measurements were obtained from the slop

t high temperature. There is a degradation of the properties
d33 = 80 pC/N, Kp = 0.36, ρ = 4.25 g/cm3)5 when they are sin-
ered in air whereas hot pressing leads to better properties
d33 = 160 pC/N, Kp = 0.45, ρ = 4.46 g/cm3).6

To improve the sinterability and piezoelectric properties of
NN ceramics, a lot of different additives either as elements
r compounds and synthesis techniques have been used. Some
f these include: KNN–Ba,7 KNN–SrTiO3,8,9 KNN–LiNbO3,10

NN–LiTaO3,11 KNN–LiSbO3,12 (K,Na,Li)(Nb,Ta,Sb)O3
13

nd pure KNN with sintering aids like CuO,14 ZnO,15 MnO2
16

nd Bi2O3.17

The KNN–LiTaO3–LiSbO3 composition which was first
eported by Saito et al.13 remains one of the best so far in terms of
iezoelectric properties. The electronegativity of Sb5+ and Ta5+

s higher than for Nb5+ and this increases the degree of covalency
n the bonds formed. The covalent bonds have sp3 hybridisa-
ion and this leads to further improvement in the piezoelectric
roperties of KNN–LiTaO3–LiSbO3 system.18 The increment
as initially attributed to the existence of a morphotropic phase
oundary (MPB) at the proposed composition later reports show
owever, that the tetragonal to orthorhombic phase transition
emperature is lowered to near room temperature and is therefore
ather considered as a PPT.19–21

In this work we study the effect of adding MnO2 on
he densification, piezoelectric and dielectric properties of the
NN–LiTaO3–LiSbO3 system. Manganese was used because it
as been reported to improve the densification of pure KNN.16

urthermore it is reported to suppress grain growth and helps to
ncrease the electrical resistivity of the piezoceramic.

. Experimental

The ceramics were synthesized through the mixed oxide route
sing the following powders; K2CO3 (99%), Na2CO3 (99%),
i2CO3 (99%), Sb2O3 (99.9%), Nb2O5 (99.9%), Ta2O5 (99%)

Chempur Feinchemikalien und Forschungs GmbH, Karlsruhe,
ermany) and MnO2 (99%) (Alfa Aesar, Karlsruhe, Germany).
Stoichiometric compositions of the powders were first

eighed and dried at 220 ◦C for 4 h. They were then mixed and

ttrition milled for 4 h using ethanol as solvent and zirconia balls
s the milling media. Calcination was carried out at 750 ◦C for
h after which the same attrition mill and calcination process
ere repeated.

m
o
f
g

261.5 331.4 209.1

he uniaxial strain hysteresis graphs.

The powders were pressed into discs of 12.5 mm diameter
rst using a uniaxial press at 170 MPa and later using a cold

sostatic press at 500 MPa for 2 min. The pellets were sintered
n air atmosphere at 1075 ◦C for 1 h.

The density of the samples was determined using the
rchimedes method while pattern: 00-032-022 from ICDD was
sed as a reference structure to calculate the theoretical density.
he crystalline structure of the sintered samples was exam-

ned using X-ray diffraction analysis with Cu K� radiation (D8
iscover, Bruker AXS, Karlsruhe, Germany).
The samples were polished and thermally etched at 925 ◦C

or 30 min. The microstructure was observed using a scan-
ing electron microscope (LEO 1530 FESEM, Gemini/Zeiss,
berkochen, Germany). Grain size measurements were carried
ut using the mean intercept length method from at least six
ifferent areas of the SEM image.

Silver paint acting as electrodes was applied on both surfaces
f the sample. The temperature dependence of the dielectric
roperties of the ceramics was measured from 20 Hz to 1 MHz
sing an LCR meter (HP 4284A, Agilent Technologies, Inc.,
alo Alto, USA) attached to a programmable furnace. The polar-

sation hysteresis curves were obtained using a Sawyer–Tower
ircuit while unipolar and bipolar strain hysteresis curves were
btained using an inductive transducer device. A complete
ysteresis loop was performed in 3 min. The piezoelectric coef-
cient (d33) was measured using a low signal displacement

ransducer connected to a lock-in amplifier which measures
he amplitude. Approximately 65 V was applied on the sam-
les while the amplitude value from the lock-in amplifier was
sed to calculate the charge coefficient.

. Result and discussion

The density values for the KNN–LiTaO3–LiSbO3 ceramics
oped with MnO2 are as shown in Table 1. The theoretical den-
ity for the undoped sample is 4.79 g/cm3 while the relative
ensity was calculated to be 94.3%. Densification is improved
p to 96.4% when an amount of 1 mol% MnO2 is added. This
s accompanied by a decrease in grain growth which is in agree-
ent with other reports for pure KNN.22,23 The SEM images
f the thermally etched samples in both the undoped and doped
orm are shown in Fig. 1. For both compositions, cornered cubic
rains were observed in the surfaces of the polished samples.
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Fig. 2. XRD patterns of the polished surfaces of KNN–LiTaO3–LiSbO3 samples
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ig. 1. SEM micrographs of the thermally etched KNN–LiTaO3–LiSbO3 sam-
les that were sintered at 1075 ◦C for 1 h (a) undoped, (b) 0.5 mol% MnO2.

The microstructures of the samples have some smooth and
ough grains. This may be due to the different crystallographic
lanes, which behave differently during thermal etching. The
igher energetic planes try to revert to the lower energetic planes
nd the result is a steeped/rough surface.

For the undoped sample (Fig. 1a), there is an inhomoge-
eous grain size distribution such that the grains have a bimodal
rain size distribution with big grains being surrounded by small
rains. The calculated average grain sizes are 7.3 ± 0.1 �m and
.1 ± 0.1 �m for the big and small grains, respectively. Unevenly
istributed relatively large pores can be seen at the grain bound-
ries. The shapes of the pores show that some of them may have
een formed due to grain pull-out during polishing process than
ue to sintering.

In Fig. 1b, the sample doped with 0.5 mol% of MnO2 shows
unimodal grain size distribution with an average grain size

f approximately 2.1 ± 0.1 �m showing that the grain growth
nomaly in the undoped sample is suppressed here because man-
anese is known to create oxygen vacancies thereby pinning the
ovement of the grain boundaries. Some researchers24,25 have

ttributed this to the fact that Mn ions occupy both the A and B-
ites of the perovskite structure. It is said that when PZT is doped
ith MnO2, the site occupancy is determined by the amount of

he dopant in the ceramic. Below 0.5 mol%, MnO2 is believed

o act as a donor and above that as an acceptor by occupying A-
ites and B-sites, respectively. It is believed that this behaviour
xtends to the KNN solid solution.23

d
a
i

a) doped with different amounts of MnO2, (b) zoomed pattern from 44.5◦ to
7◦ showing the change from orthorhombic to tetragonal structure.

The XRD pattern of polished samples doped with differ-
nt amounts of MnO2 is shown in Fig. 2a. All the ceramics
ave a perovskite structure and in the undoped sample, the
rthorhombic structure is the dominant phase at room tem-
erature and changes to a predominantly tetragonal structure
ith increasing the amount of the dopant showing that the

etragonal-orthorhombic phase transition (TT–O) is shifted to
ower temperatures with addition of MnO2.

Fig. 2b shows the change in the structure at 2θ angle of
etween 45◦ and 47◦ with increasing amount of MnO2. The
ontribution of the different peak shapes to orthorhombic and
etragonal structures was shown by Wang and Li.26

Extra peaks (marked with a square) that appear with increas-
ng amounts of the additive show that the solubility of MnO2 in
he KNN–LiTaO3–LiSbO3 solid solution is limited. The excess
s believed to accumulate at the grain boundaries.22 Peak search
nd match analysis was carried out using the ICDD, but due to
heir size these extra peaks could not be conclusively attributed
o any structure.27

Fig. 3a shows the temperature dependent values of dielec-
ric constant while Fig. 3b shows the loss tangent for the MnO2

oped samples measured at 1 kHz. The addition of the Li1+, Ta5+

nd Sb5+ to pure KNN leads to the formation of a PPT reduc-
ng the first order phase transition to around room temperature.26
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Fig. 3. (a) High temperature dielectric constant (εr) values for MnO2 doped
KNN–LiTaO3–LiSbO3 ceramics as a function of temperature. The inset shows
εr values at lower temperatures on an enlarged scale. (b) High temperature
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for the samples as shown in Table 1 is from the undoped sample.
The amount of MnO2 added did not significantly change the d33
values. The reason for the reduction could be attributed to the fact
ielectric loss (tan δ) values for MnO2 doped KNN–LiTaO3–LiSbO3 ceramics
s a function of temperature. The inset shows tan δ values at lower temperatures
n an enlarged scale.

he KNN–LiTaO3–LiSbO3 system exhibits two phase transition
eaks: The first is associated with TT–O near room temperature
hile the second is with the tetragonal to cubic phase transition at
33 ◦C and a dielectric peak of approximately 9500. These val-
es are high when compared to the results by other researchers.13

his could be a result of the difference in the sintering atmo-
phere used, powder processing methods and parameters used or
ven from the starting raw materials. Addition of MnO2 reduces
he Tc to about 249 ◦C which did not decrease much further
ith increased doping amount. Addition of dopants is known to

hange microstructures substantially and affect crystalline phase
f samples.18 The doped samples have rounded peaks which
s an indication of a decrease in ferroelectricity. The dielec-
ric loss values in Fig. 3b show that the addition of the dopants
educed the dielectric loss in the samples to approximately 2.5%
t temperatures below 300 ◦C. The loss in the undoped sample
s however higher than those obtained by other researchers.18,28
or the manufacturing of devices like transformers that require
ery low dielectric loss values even at elevated temperatures, the
oped composition could be explored as has been done in some
eports.29

F
K

ig. 4. Variation of P–E hysteresis loops for MnO2 doped
NN–LiTaO3–LiSbO3 ceramics.

The polarisation hysteresis curves for the undoped and doped
amples are shown in Fig. 4. The entire curves show saturation
olarisation when an electric field ∼20 kV/cm is applied. The
ddition of manganese lowered the coercive field (Ec) and the
emanent polarisation values. This is interesting because lower
oercive fields are usually attributed to donor doped piezoce-
amics while lower remnant polarisations are commonly found
n acceptor doped ceramics. Additionally the doped ceramics
xhibit a lower area of the hysteresis loop and as a result hys-
eretic losses are lower too. However, there is no significant
ifference with increasing amount of dopant.

In Fig. 5, the strain hysteresis loops of the undoped and man-
anese doped ceramics are shown. All compositions had the
ypical butterfly shape which shows that they are ferroelectric.
he doped ceramics all exhibited a smaller hysteretic behaviour

han the undoped ceramic. This may be explained by the acceptor
oping effect of the dopant on KNN–LiTaO3–LiSbO3 ceram-
cs.

The highest value of the piezoelectric charge coefficient (d33)
ig. 5. Variation of strain-field hysteresis loops for MnO2 doped
NN–LiTaO3–LiSbO3 ceramics.
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hat addition of the dopants led to a decrease in the distortion of
he crystal structure as can be seen in the reduced peak splitting
n Fig. 2.

. Conclusion

Addition of MnO2 to the KNN–LiTaO3–LiSbO3 improved
he density of the sintered ceramics by inhibiting grain growth.
he addition of MnO2 induced a phase transformation from
rthorhombic to the tetragonal structure at room temperature,
decrease in the Tc and a slight shift in the TT–O phase tran-

ition. The dielectric loss values were reduced by doping with
nO2 even at higher temperatures. Adding MnO2 led to a reduc-

ion in the piezoelectric charge coefficient (d33), the remanent
olarisation, coercive field and strain hysteresis loops, respec-
ively. Increasing amounts of dopants result in the formation of
xtra phases and do not significantly change the piezoelectric
roperties.
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