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Abstract

Lead free ferroelectric ceramics of the KNN-LiTaOISbO; system were prepared using the
mixed oxide route. This work reports the effect of doping
(Ko.44Nag 5211 0.04)(Nbo 86T 20.1Skn .09 O3 produced through the conventional solid stateesimg
method with different amounts of MaOWith 1 mol% of the dopant, ~ 96.5% of the
theoretical density of the ceramics was achievedewdgrain growth inhibition was attained
through pinning of the grain boundary movement.odymorphic phase transition (PPT) was
induced in the ceramic from the orthorhombic crystaicture to the tetragonal structure with
increasing dopant amount. At lower temperatures, dbped samples had higher epsilon
values but there was a decrease in Qattffrom 333-C to 249-C) and epsilon value &dic
(from =~9500 to <6000). At temperatures below 3@however, the loss tangent in the doped
samples£2.5 mol%) was much lower and steady when compardtie undoped one. The
ferroelectric properties were slightly lowered withe addition of MnO2. The remnant
polarisation Pr) was lowered from ~18uC/cm2 to ~9uC/cm2, the cwerfield €. from ~

8.5 kV/cm to ~ 6.2 kV/cm and the piezoelectric geacoefficient ds3) decreased as well.
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l. Introduction

Lead zirconate titanate (PZT) based piezo-cerah@aes been widely used in the manufacture
of actuators, sensors, transducers and in othetremeechanical devices because of their
excellent piezoelectric properties. However leathwst cases constitutes more than 60 % of
the composition of these piezo-ceramics. Lead mstarial is highly toxic and because of its
volatility and high vapour pressure, is releasedhi® atmosphere during sintering causing
serious environmental and health problems. Anotlagise for concern is its disposal at the
end of the life cycle of these products. Considg@ah these health concerns posed by lead,
multinational governments like the European Uni@venenacted laws that ban the use of
lead in the manufacture of many productse the field of electro-ceramics, concessionsewer
allowed considering the fact that many of the I|dagle ferroelectric ceramics have
piezoelectric properties that are very inferior wheompared to those of lead based
piezoceramics. There is a need to replace ledtkifigld of piezoelectric ceramics.

A lot of research has been carried out on leagl fiiezoceramics in the last fifty years but in
the last five years, the momentum has tremendonstgased accounting for about 75% of all
published works. Some of these include KNh@Ba,Sr)TiQ (BST), BiosKosTiOs*(BKT),
(Bio.sNa0.5)TiOs(BNT) and (K,Na)Nb@ based ceramics. Among thesmterials, KNai-
xNbOs (KNN) which is a solid solution of ferroelectric KiDs andantiferroelectric NaNb&®
appears to be the most promising because dafoitgparably high piezoelectric properties,
large electromechanical couplimpefficients and high Curie temperature 420 °CJ.
However the sinterability of this product has bedifficult without the use of special
techniques like hot pressing because of the hidgutility of the alkaline element components
at high temperature. There is a degradation optbeerties (et = 80 pC/N,Kp = 0.36,p =
4.25 g/cm)®when they are sintered in air whereas hot predsamp to better propertiessge
160 pC/N Kp= 0.45,p = 4.46 g/cm)°.

To improve the sinterability and piezoelectric pedes of KNN ceramics, a lot of different
materials have been used to either dope it or bstgute the main elements. Some of these
combinations include: KNN-Ba KNN-SrTiO;>® KNN-LiNbO3™, KNN-LiTaO;", KNN—
LiSbOs™%, (K,Na,Li)(Nb,Ta,Sb)@2 and pure KNN with sintering aids like Ct Zn0O",
MnO,*® and BkOs'". The KNN-LiTaG-LiSbOs composition which was reported by Saito et

al*® remains one of the best so far in terms of piendéteproperties. This was initially



attributed to the existence of a morphotropic phbasendary (MPB) at the proposed
composition. Later reports show however that thditexh of dopants lowers the tetragonal to
orthorhombic phase transition in the KNN systemadtom temperature and is therefore rather
considered as a polymorphic phase transition (BRd)Efforts are still being made to see if

and how the system can be further improved.

In this work we study the effect of adding MnGn the densification, piezoelectric and
dielectric properties of the KNN-LiTaLiSbOs system. Manganese was used because it has
been reported to improve the densification of pkiféN®®. Furthermore it is reported to

suppress grain growth and helps to increase tlotriel resistivity of the piezoceramic.

II. Experimental

The ceramics were synthesized through the mixedeosoute using the following powders;
K2COs (99%), NaCOs (99%), LeCOs (99%), ShOs (99.9%), NhOs (99.9%), TaOs (99%)
(Chempur Feinchemikalien und Forschungs GmbH, Kaiks Germany.) and Mn99%)
(Alfa Aesar, Karlsruhe, Germany). Stoichiometriamgsitions of the powders were first
weighed and dried at 220 °C for 4h. They were tiered and attrition milled for four hours
using ethanol as solvent and zirconia balls asnileng media. Calcination was carried out at
750 °C for 4 hours after which the same attritiatl and calcination process was repeated.
The powders were pressed into discs of 12.5 mm etemfirst using a uni-axial press and
later using a cold isostatic press at 200 bars2fenin. The pellets were sintered in air
atmosphere at 1075 °C for 1h. The density of thepsess was determined using the
Archimedes method while pattern: 00-032-022 froICwas used as a reference structure
to calculate the theoretical density. The crysiallstructure of the sintered samples was
examined using X-ray diffraction analysis with Gukadiation (D8 Discover, Bruker AXS,
Karlsruhe, Germany). The samples were polishedttaenally etched at 925 °C for 30 min.
The microstructure was observed using a scannegjreh microscope (LEO 1530 FESEM,
Gemini/Zeiss, Oberkochen, Germany). Grain size oreasents were carried out using the
mean intercept length method from at least siedzffit areas of the SEM image. Silver paint
acting as electrodes was applied on both surfacdseesample. The temperature dependence
of the dielectric properties of the ceramics wassoeed from 20 Hz to 1 MHz using an LCR
meter (HP 4284A, Agilent Technologies, Inc., PaltoAUSA) attached to a programmable
furnace. The polarisation hysteresis curves wetaioéd using a Sawyer-Tower circuit while

unipolar and dipolar strain hysteresis curves wasained using an inductive transducer



device. A complete hysteresis loop was performe®inmn. The piezoelectric coefficients@l
was measured using a low signal displacement tieesdconnected to a lock-in amplifier
which measures the amplitude.

I1. Result and discussion

The density values for the KNN-LiTa€LiSbO; ceramics doped with MnCare as shown in
Table 1 The theoretical density for the undoped sampld.®® g/cmg while the relative
density was calculated to be 94.3%. Densificat®mmproved up to 96.4% when an amount
of 1 mol% MnQ is added. This is accompanied by a decrease in grawth which is in
agreement with other reports for pure KRAN? The SEM images of the thermally etched
samples in both the undoped and doped form are rshowig. 1. For both compositions,
cornered cubic grains were observed in the surfameshe polished samples. The
microstructures of the samples have some smoothramgh grains. This may be due to the
different crystallographic planes, which behavéedéntly during thermal etching. The higher
energetic planes try to revert to the lower enézgaines and the result is a steeped/rough
surface. For the undoped sampgtéy( 1a), there is an inhomogeneous grain size distohuti
such that the grains have a bimodal grain sizeiloligion with big grains being surrounded by
small grains. The calculated average grain sizeg &+0.1um and 2.1+0.1umfor the big and
small grains, respectively. Unevenly distributelatigely large pores can be seen at the grain
boundaries.

The shapes of the pores show that some of themhianag been formed due to grain pull-out
during polishing process than due to sintering=itn 1b, the sample doped with 0.5 mol% of
MnO, shows a unimodal grain size distribution with arerage grain size of approximately
2.1+0.1um showing that the grain growth anomalthm undoped sample is suppressed here
because manganese is known to create oxygen vasdhereby pinning the movement of the
grain boundaries. Some researcfietshave attributed this to the fact that Mn ions ogcup
both the A and B sites of the perovskite structlirés said that when PZT is doped with
MnO?, the site occupancy is determined by the amouthefdopant in the ceramic. Below
0.5 mol%, MnQ is believed to act as a donor and above that ase@aeptor by occupying A-
sites and B-sites, respectively. It is believed tihés behaviour extends to the KNN solid

solution®®



The XRD pattern of polished samples doped withedéht amounts of Mn{s shown inFig.

2a. All the ceramics have a perovskite structureiartle undoped sample, the orthorhombic
structure is the dominant phase at room temperatimeé changes to a predominantly
tetragonal structure with increasing the amounthef dopant showing that the tetragonal-
orthorhombic phase transition+(F) is shifted to lower temperatures with additionMriO,.
Fig. 20 shows the change in the structuretfgle of between 45° and 47° with increasing
amount of MnQ@. The contribution of the different peak shapesotthorhombic and
tetragonal structures was shown by Wang antf Eixtra peaks (marked with a square) that
appear with increasing amounts of the additive stimwthe solubility of Mn@in the KNN-
LiTaOs-LiSbO; solid solution is limited. The excess is beliewedaccumulate at the grain
boundarie$? Peak search and match analysis was carried oug trenCDD, but due to their
size these extra peaks could not be conclusiveétipated to any structuré.Fig. 3a shows
the temperature dependent values of dielectrictaahsvhileFig. 3 shows the loss tangent
for the MnQ doped samples measured at 1 kHz. The additioheoL, Ta* and SB' to
pure KNN l|eads to the formation of a PPT reducimg first order phase transition to around

room temperaturé®

The KNN-LiTaGQ—LiSbG; system exhibits two phase transition peaks: Tis¢ i associated
with T1_o near room temperature while the second is withtdteagonal to cubic phase
transition at 333 °C and a dielectric peak of agpnately 9500. These values are high when
compared to the results by other researc¢feFhis could be a result of the difference in the
sintering atmosphere used, powder processing metwod parameters used or even from the
starting raw materials. Addition of MnQreduces thel. to about 249 °C which did not
decrease much further with increased doping amdudition of dopants is known to change
microstructures substantially and affect crystallphase of samplt¥s The doped samples
have rounded peaks which is an indication of aedes® in ferroelectricity. The dielectric loss
values inFig. 3 show that the addition of the dopants reduceddibkctric loss in the
samples to approximately 2.5% at temperatures b&o@ °C. The loss in the undoped
sample is however higher than those obtained bgra#searcher$:?® For the manufacturing
of devices like transformers that require very Idielectric loss values even at elevated

temperatures, the doped composition could be esglas has been done in some regorts.

The polarisation hysteresis curves for the undogredi doped samples are showrFig. 4.

The entire curves show saturation polarisation wéwerelectric field ~20 kV/cm is applied.



The addition of manganese lowered the coerciveal f{El) and the remnant polarisation
values. This is interesting because lower coerfields are usually attributed to donor doped
piezoceramics while lower remnant polarisations @enmonly found in acceptor doped
ceramics. Additionally the doped ceramics exhildiwer area of the hysteresis loop and as a
result hysteretic losses are lower too. Howeveerehis no significant difference with
increasing amount of dopant. Fg. 5 the strain hysteresis loops of the undoped and
manganese doped ceramics are shown. All compaositiad the typical butterfly shape which
shows that they are ferroelectric. The doped caranall exhibited a smaller hysteretic
behaviour than the undoped ceramic. This may bé&gqgu by the acceptor doping effect of
the dopant on KNN-LiTa@-LiSbO; ceramics. The highest value of the piezoelectiarge
coefficient (lz3) for the samples as shownTable 1lis from the undoped sample. The amount
of MnO, added did not significantly change titg values. The reason for the reduction could
be attributed to the fact that addition of the dudpded to a decrease in the distortion of the

crystal structure as can be seen in the reducddgpditting inFig. 2

V. Conclusion

Addition of MnG; to the KNN-LiTaQ-LiSbO; improved the density of the sintered ceramics
by inhibiting grain growth. The addition of MaQnduced a phase transformation from
orthorhombic to the tetragonal structure at roomgerature, a decrease in theand a slight
shift in the T_o phase transition. The dielectric loss values weduced by doping with
MnO, even at higher temperatures. Adding Mri€d to a reduction in the piezoelectric
charge coefficientdss), the remanent polarisation, coercive field andisthysteresis loops,
respectively. Increasing amounts of dopants resulie formation of extra phases and do not

significantly change the piezoelectric properties.
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Figure Captions
Fig. 1

(a)
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—

Fig. 1 SEM micrographs of the thermally etched KNiNlaOz-LiSbOs samples that
were sintered at 1075 °C for 1 hour (a) undoped) ® mol % MnQ
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Fig. 2 XRD patterns of the KNN-LiTa£LiSbOs samples (a) doped with different
amounts of Mn@, (b) zoomed pattern from 44.5° to 47° showingadhange from
orthorhombic to tetragonal structure.
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Fig. 3 High temperature dielectric constagi} &nd dielectric loss (taé) values for
MnO2doped KNN-LiTa@-LiSbOs ceramics as a function of temperature.
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Fig. 4 Variation of P-E hysteresis loops for Mrddped KNN-LiTaG-LiSbCs
ceramics.
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Table 1: Data showing the density, dielectric and piezctele properties of KNN-LiTa®
LiSbOs with different amounts of Mngat room temperature.

Table 1
Composition 0mol % | 0.5mol % | 1 mol % | 2.5 mol %
Theoretical density

4.79 4.8 4.81 4.83
[g/cm®]
Relative density

94.3 95.7 96.4 94.4
[%]
Coercive field (E¢)

8.6 5.6 5.8 6.2
[kV/mm]
Remanent Polarisation (P,)

18.3 8.6 8.3 8.9
[uC/cm?]
Relative Permittivity(&,) @

1146 1387 1486 1117
10kHz
Tan 0 @ 10kHz 0.1515 0.0284 0.0215 0.0212
Piezoelectric constant (d;;3)

220 171 171 176
[pm/V] (small signal)
Piezoelectric constant (d;;)*

362.9 261.5 331.4 2091
[pm/V](large signal)

*The das; values from large signal measurements were obtained from the slope of the uniaxial strain
hysteresis graphs.
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