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ABSTRACT: Lead-free piezoelectric ceramics have attracted considerable attention as new piezoelectric materials for
replacing Pb(ZTi)O5 (PZT)-based ceramics because of environmental protection reasons. Among lead-free piezoelectric
systems, the ternary system of NK, sNbO;-LiTaO;-LiSbO; has proven to be an outstanding lead-free piezoceramic
with properties almost comparable to undoped PZT. In this study, addition of LiSth@he 0.95NgsK,sNbOs-

0.05 LiTaQ, lead-free piezoceramic composition showed a change from an orthorhombic to a tetragonal crystal system in
samples prepared by reaction-sintering. The limit of solid solution along the compositional join; QN sK o sNbO;-
0.05LiTaQ;-z LiSbO;, occurred atr ~ 0.06. Differential scanning calorimetry analysis and measurements of dielectric
constant as a function of temperature indicated broad Curie peaks from which it was inferred that the samples were not
chemically homogeneous. Curie temperatures decreased~#th °C forz = 0, to ~345 °C for the limitingz = 0.06
composition. Improvement of dielectric properties was obtained for LiSh@dified samples. Microstructures exhibited
secondary recrystallization, with LiSR@ddition giving rise to a small reduction in average grain size.

KEYWORDS: solid-solution, DSC analysis, reaction sintering, Curie temperature measurement

INTRODUCTION [Nay Ko eNbO3], _ ,-[LiTaOs] , (NKN-LT) has been
reported to exhibit a polymorphic phase boundary
Lead oxide-based piezoelectric ceramics such as lef@@PB) between orthorhombic and tetragonal phase-
zirconate titanate (Pb(ZFi)O5, PZT) are widely used fields near room temperature @05 < = < 0.061%
for piezoelectric actuators, sensors, and transducadslike that of the PZT system, this crystal structure
due to their excellent piezoelectric propertids It transition from orthorhombic to tetragonal symmetry
is believed that their high piezoelectric response is ravith doping is not due to the MPB in the NKN-
lated to the morphotropic phase boundary (MPB) bd-T system but compositionally shifting polymorphic
tween rhombohedral and tetragonal ph4SesHow- phase transitions downward to near or at room tem-
ever, the toxicity of lead oxide and its high vapourmperaturé®™*. The PPB is quite similar to the fre-
pressure during processing has led to a demand fquently used MPB to enable phase coexistence but
alternative piezoelectric materials. the crystal structure of the compositions near a PPB
Ceramics based on sodium potassium niobag=ems more sensitive to temperature. Compositions
((Nay 5K 5)NbO;, NKN) were considered as promis-close to the PPB give the highest values dak
ing candidates due to attractive piezoelectric progpiezoelectric charge coefficients (the induced charge
erties and Curie temperature. However, it is verper unit force applied in the same direction) in the
difficult to obtain dense and well-sintered NKNsystem, reaching a value 0200 pC/N atz =
ceramics by an ordinary sintering process. New.05 with a corresponding Curie temperatufg ) of
solid solutions of NKN with other AB@type com- ~420 °C. Saito et dP studied a wider range of related
pounds, e.g., LiTaQ LiSbQO;, and special fab- solid solutions, corresponding to the general formula
rication techniques, e.g., spark plasma sinterin@KqsNays); — ,Li Nb; _,Ta O;. The composition
have been used to improve sintering behaviour = 0.03 andy = 0.2, close to the PPB of this system,
and electrical properti€st®.  Among them, the gavedss; = 230 pC/N with ar’, of 323 °C.
mixed alkali niobate-tantalates solid solution system The NKN-LT-LiSbO; composition was first syn-
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thesized by Saito et #. The reactive template grain and grinding media. Ball-milling was carried out for
growth method resulted in enhancement of piezoele@4 h, followed by drying at 120 °C, prior to grinding
tric properties, giving a high value df,; = 416 pC/N  with an alumina mortar and pestle to break up large
for (001) grain-oriented ceramics. The improvementgglomerates formed during drying. The mixtures
was attributed to the existence of a PPB gfdl) were calcined in alumina crucibles with loosely fitting
orientation. lids at 800°C for 2 h. For reaction sintering, the
Although the highest piezoelectric coefficientdNKN powders were ground, weighed, and ball-milled
were demonstrated for textured ceramics fabricateabain for 24 h with TsO; and the volatile LjiCO,
using reactive template grain growth, these fabriceand SHO; components to obtain the compositions
tion procedures are rather complicated and woulf).95 — x)Na, 5K sNbO;-0.05 LiTaOg-z LiSbO,
be costly for commercial production. Hence it(NKN-LT-LS) for = 0.0, 0.02, 0.04, 0.06, and0.10.
is important to optimize properties in conventionalNo second powder calcination stage was employed
randomly orientated ceramic samples. For exprior to sintering. The mixed powders were dried,
ample, Fu et &' have used conventional ce-ground, and pressed at 100 MPa into 1.5 cm diameter
ramic processing techniques to fabricate ceramiafiscs and sintered in air at temperatures of 1075 °C
of the (Ng 5.Kq 44 (NBp 965k 09)03-0.04 LiTaQ, sys-  for 2 h in closed crucibles.
tem, and a higlds; of ~335 pC/N was obtained. The polished ceramic samples were examined
In this study, LiSbQ was added td).95NKN- at room temperature using X-ray powder diffraction
0.05 LT. The base for achieving intrinsically enhanced XRD, Philips X Pert MPD, Ni-filtered Cuk radia-
properties is on the formation of a PPB between thon) to identify the phase(s) formed. The microstruc-
orthorhombic and tetragonal phases. It is believetlires of the as-sintered surfaces of the samples were
that more spontaneous polarization states are availalimeaged directly using scanning electron microscopy
owing to the coexistence of two kinds of ferroelectriqd SEM, Jeol JISM-5800LV). The average grain size was
phases. The PPB can be expected with changing thelculated by the mean linear intercept method. Dif-
content of LiSbQ. The phase transition behaviourferential scanning calorimetry (DSC7, PerkinElmer)
and various dielectric properties of NKN-LT ceramicswas carried out in a Natmosphere at a heating rate
as a function of the LiSbQcontent were investigated of 10 °C/min. To investigate dielectric properties, a
in detail. Ceramic samples were fabricated usingilver electrode (Metech, Elverson, PA) was painted
a reaction-sintering method, which was employedn both sides of the surfaces of the disc samples
because of the particularly high volatility of lithium and fired at 600 °C for 10 min. The capacitance and
and antimony oxides. dissipation factor D) of the samples were measured
as a function of temperature with a heating rate of
MATERIALS AND METHODS 3°C/min using a high precision LCR meter (LCR
Samples with a composition of 821, Gw INSTEK) at 1 kHz from which the dielectric
(0.95 — x)Nay 5K sNbO;-0.05 LiTaOz-x LiSbO; constant was calculated.
were fabricated by the conventional mixed-oxide
process using KCO;, Ta0; (>99.0% purity, RESULTS AND DISCUSSION
Aldrich), Na,CO;, Nb,O5 (99.9+% purity, Aldrich), XRD  patterns  of (0.95 — 2)Nay 5Ky sNbO;-
Li,CO; (>99.0% purity, Fluka), and S5 (99.995% 0.05 LiTaO;-z LiSbO; ceramics sintered at 1075°C
purity, Aldrich) as starting powders. First, thefor compositionsr = 0-0.1 are displayed irFig. 1
Nay sKo sNbO; was prepared. The two carbonatéSamples with0 < = < 0.06 showed a perovskite
powders are moisture-sensitive; thermogravimetristructure, indicating that Liand SB* had completely
analysis indicates that dehydration is completed aliffused into the NKN-LT lattice to form solid
~200°C. In order to avoid compositional errorssolutions. The intensity ratio of the pair of peaks at
when weighing out the NaK,sNbO; precursor 20 = 45-46.5° in each pattern is used as an indication
mixture, the starting reagents were dried in an oveof the tetragonal/orthorhombic phase conténtThe
for 24 h before use. Dried powders were cooletbwer angle peak in the pair corresponds to e
to room temperature and stored in the dessicatpeak of an orthorhombic NKN-LT phase, whereas
until immediately before weighing in the correctit is the 002 peak for tetragonal NKN-L¥%20, The
proportions. The starting materials were transferredeighbouring higher angle peak is the orthorhombic
to a 100 mm-diameter cylindrical plastic jar, partially002 peak and the00 peak of tetragonal NKN-LT.
filled with 10 mm-diameter alumina grinding balls.Hence the orthorhombic phase is the expected phase
Sufficient ethanol was added to just cover the powddor the z = 0 composition, andlpas/Ipo2 ~ 1.7.

www.scienceasia.org


http://www.scienceasia.org/2009.html
www.scienceasia.org

ScienceAsi&5 (2009) 263

111
002
200
102
01
210
112
F. I} ot

x=0.10

x=0.06

x=0.04

Intensity (a.u.)
c - [ & 10

S G

1M1

s b L
o S ; 2

x=0.02

131/311
22/202

IF

112

5
S

25 30 35 40 45 50 5!
20 (degree)

Fig. 1 XRD patterns of NKN-LT-LS samples sintered at

1075 °C for 2 h (* = KsLi ;Nb; 03022 M = LiShO; 2Y).
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The phase boundary at room temperature between
orthorhombic and tetragonal phases on the NKN-LT
binary join occurs around 6 mol % [*f. However,

the values of peak intensity ratio of all the Sb-modified
samples were much lower0.5-0.8. This change
suggests that the LiShGsolid solutions are mainly
tetragonal with some co-existing orthorhombic phase,
thus giving intensity ratios slightly higher than
expected for single-phase tetragonal samiSles

Second-phase LiSbQOwas detected in the =
0.1 samples Fig. 1). This indicated a limit of the
LKN-LT-LS tetragonal solid solution at or around=
0.062%. All samples showed faint XRD peaks due to a
tungsten bronze phase which has also been reported
for various compositions along the binary NKN-LT
join1%22_ Its proportion did not appear to change with
LiSbO; content.

Ceramic microstructures were also studied. It can
be seen that all samples were well densified, showing
a significantly improved sinterability compared to
pure NKN ceramics. However, all compositions with
x = 0.02-0.1 showed secondary recrystallization
(secondary grain growtRj after reaction-sintering at
1075°C Fig. 2. In the higherz samples there was a Fig. 2 SEM micrographs 0f(0.95 — 2)Ngy 5K sNbOs-
reduction in the fraction of secondary grains. Changes05 LiTaO;-z LiSbO; samples where: is: (a) 0 (b) 0.02
in secondary grain growth characteristics gave a sm4#l) 0.04 (d) 0.10.
decrease in measured average grain size fréghum
for . = 0to ~3.7 um forz = 0.06. In other
perovskites such as BaTiOsecondary grain growth sample at a temperature of 425 °C. This temperature is
is often associated with liquid phase formation. Aconsistent with the reported Curie temperature for the
similar mechanism leading to bimodal grain size disferroelectric-paraelectric phase transition for binary
tributions is probable in the NKN-LT-LS system. NKN-LT compositions®. At x = 0.02 there was a

The DSC heating curves of samples were meanuch broader endotherm, the transition temperature
sured to reveal the phase transition temperaturedecreased from 425 °C to 403 °C, and an overlapping,
Fig. 3 shows an endothermic peak for the = 0 much more diffuse peak centred around 385 °C (onset

PSU 3800 20kyY 5um x5,000
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Fig. 3 DSC results of NKN-LT-LS samples. Temperature ( °C)
Fig. 4 Effect of NKN-LT-LS sample temperature on (a) di-
electric constant (b) dissipation factor.
~365°C) Fig. 3. At z = 0.04 the DSC profile had
similarities to ther = 0.02 sample, but the broader
endotherm was more pronounced and occurred at aso
lower temperature~360 °C, onset 340 °C) than for
thez = 0.02 sample. A decrease in the temperature_“*°]
of the more distinct peak, from 403°C to 378°C,‘% 400
also occurred between the two compositions. For thé f\
x = 0.06 composition, only the broad endotherm & 381
was observed, centred at 346 °C (onset 328 °C). Thg 200 ]
DSC plot forz = 0.1 was very similar tar = 0.06, 3
consistent withz = 0.1 lying beyond the limit of 340 - .
solid solution,z ~ 0.06. DSC peak temperatures
are plotted inFig. 5. However, the orthorhombic-  *~— r—— —— =— =~ = — ™
tetragonal transition temperature from DSC analysis is LiSbo, content (mol.)

difficult to determine exactly above room temperaturq;ig_ 5 Curie (peak) temperature from DSC analysis and

The temperature dependence of the dielectric CO/electric constant measurement for NKN-LT-LS samples.
stant for comparable samples to those analysed by

DSC is shown irFig. 4. Dielectric Curie temperatures

are also included ifrig. 5to compare to DSC peak LT system does not possess a true morphotropic phase
temperatures. The: = 0 Curie temperature of boundary. The orthorhombic to tetragonal transition
~422°C from the dielectric data is similar to theoccurs in NgsK,sNbO; at ~200 °C; the incorpora-
DSC peak temperature (425°C). A low-temperaturdon of LiTaO; progressively reduces the transition
discontinuity occurred in the dielectric plotab5°C temperature until it reaches a value 865°C at
(onset), consistent with transformation of the orNKN-5% LiTaQs.

thorhombic NKN-LT to the tetragonal phase. This  The dielectric data for the = 0.02 samples again
low-temperature transition is evidence that the NKNshowed a Curie peak at temperatures consistent with

—&— DSC analysis
—e— Dielectric measurement
A second peak (broad) for DSC analysis

7
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those inferred from the DSC data. Foe 0.02thedi- 0.02. Forz = 0.06, only the latter type of phase
electric peak maximum occurreda#05 °C but with appears to be present. Compositional variations in
a slight shoulder at 360-390 °Ei¢J. 4a). The tem- each sample may contribute to the characteristic Curie
perature range of the low temperature orthorhombigeak profile abové., which was very different from
tetragonal discontinuity for = 0.02, 55-100 °C was that of a normal ferroelectric that follows the Curie-
similar to that forz = 0. The changes in XRD Weiss law.
peak intensity ratiosHig. 1) indicated that the LiSbQ The possible explanation for the phase hetero-
solid solutions were composed mainly of a tetragonaeneity inferred from the DSC and dielectric data is
phase; the dielectric anomaly at low-temperaturethat samples have not reached chemical equilibrium
(Fig. 4a) presumably arises from the co-existing orafter sintering for 2 h at 1075°C. This seems to be
thorhombic phase transforming to tetragonal phase guarticularly true forr = 0.02 andx = 0.04. The
heating above 55°C. The reasons for an additionabmewhat narrower temperature range of the DSC
faint irregularity at~300 °C in the dielectric plot of peak profile for ther = 0.06 sample is consistent
x = 0.02 are uncertain (there was no evidence of aith an improved reactivity during reaction sintering.
corresponding DSC effect). The = 0.04 dielectric Liquid formation during reaction sintering is plausible
data showed a reduction in the dielectric constant pegjven the low melting point of the S5 component
temperature te-380 °C; the peak was broader than fo(380 °C), and the lack of full powder calcination prior
thex = 0 orz = 0.02 samples. The = 0.06 sample to sintering. The formation of a narrower range of
continued the trend of decreasing Curie temperatusslid solution compositions im = 0.06 than inx <
and increased peak broadening; peak temperature wag samples could be due to more liquid phase being
~340 °C similar to the DSC value, 346 °C. The low-formed inz = 0.06 samples during sintering. This
temperature region of the = 0.06 dielectric plot would increase the rates of mass transport and inter-
displayed a weak broad dielectric peak, rather thandiffusion reactions, and hence increase component
step increment as observed for= 0.0-0.04 samples. reactivity!®. However, a degree of compositional
The dielectric data for an = 0.1 sample were similar heterogeneity persists in = 0.06 samples, as Curie
to that forz = 0.06. The room temperature dielectric peaks are still relatively broad. Regions in the ceramic
constant increased from690 in thex = 0 sample sample with slightly different compositions (ratios of
to ~1290 in ther = 0.06-0.10. Values of maximum constituent ions) would give rise to variations in Curie
peak dielectric constant increased fresB000 in the temperatures, with the net effect of producing a diffuse
x = 0 sample to~10000 in thex = 0.06-0.10 Curie peak.
LiSbO; solid solution Fig. 4a). The dissipation factor The similarity in DSC and dielectric data for
of modified samples reduced4e).05 at temperatures x = 0.06 and0.1 samples indicate the limit of solid
below 200 °C and reached a peak at nearffheafter solution lies close to the = 0.06 composition. The
which it increased rapidly owing to conductive losseXRD data Fig. 1) showed little evidence of peak
(Fig. 4b). broadening, but a previous study into phase devel-
The trends in dielectric constant as a functioopment during conventional powder calcination of
of temperature are generally consistent with a fe™NKN-LT € indicated that d-spacings were insensitive
roelectric material, and confirm that the DSC ento small changes in phase composition, and hence no
dotherms were due to ferroelectric—paraelectric tramoticeable XRD peak broadening would be observed.
sitions. Forxz = 0.02 and 0.04, the combined Although the reaction sintering method adopted
results suggest there are two different compositionalvoids powder calcination of lithium and antimony
ranges of solid-solution present in each sample. Orxides, some volatilization losses may occur during
of these may be closely related to the NKN-LTsintering. Some of the differences in local composi-
end-member, but with minor LiSbOmodification- tion may arise due to evaporation of volatile antimony
giving rise to the distinct peak towards the higheand alkali-metal oxides, in addition to sluggish inter-
temperature range of the DSC endothermzin=  diffusion reactions. Therefore, the surface may differ
0.02 and 0.04. The second type of phase presenin composition from the interior of the pellet.
in z = 0.02 and 0.04 may have higher levels of Severe phase inhomogeneity in binary NKN-
Li*/Sb>* substitution (giving lower Curie tempera- LT ceramics made by conventional calcination of
tures) and represent a more advanced stage of intaft powder components prior to sintering has been
diffusion reactions. Hence this phase more closely ajdentified by others using SEM-ED’X.  The in-
proaches the desired target solid solution formula, i.ehomogeneity could not be eliminated by prolonged
(Nay 464K 46510 07) (NDg 935k 05T30, 0505 for = = high-temperature annealify Therefore, problems
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Table 1 Comparison of typical reported properties of NKN-LT-LS compositions.

Compositions Density (g/chh Er tand T. (°C) Reference
(Ko.4aNag 55Li6.04)(Nag 84T3.10510.09) O3 - 665 0.029 264 Ref26
(Nag 52K 48— 2)(NDg g3 Shy 07)O5-x LiTaO4 - 2165 - 271 Ref27
(x = 0.0375)

(NagsKoas— 2 )(Nb; _ , _ ,Sb,)O3-z LiTaO; - 750-2500 - 230-430 Rel4
(0 <z <0.07:0<y< 0.16)

(Nay52Ko.48 — 2)(Nbg g5 — Sk 04)O3- LiTaOs - 1644 - 340 Ref28
(z = 0.0375-0.0575)

(Ko.4aNag 55Li0.04)(N3y g5T30.10510.04) O3 451 1305 0.146 - ReR9
(Ko.44N&g 5211 0.04)(Nap g0 — , Tp.205h;) O3 - 1258-1591 0.015-0.025 280-355 Red.
(z = 0-0.04)

(1 — z)KqosNag 5(Nbg g25T8 075) O3~ LiSbO, - ~1200 ~0.04 354 Ref31
(z = 0.035)

(0.95 — 2)Nay sKo sNDO3-0.05 LiTaOs-z LiSbO,  4.32-4.44 849-1290  0.05-0.09  340-425 This work
(x = 0.02-0.10)

in attaining compositional uniformity in NKN-LT- full extent of the compositional area of solid solution
LS are not restricted to the reaction-sintering routérmation in this region, and to confirm the extent to
employed. The refractory nature of,{& and NBO;  which tetragonal/orthorhombic phase-content is due
in conjunction with the volatility of the other oxide to difficulties in achieving compositional equilibrium.
components makes this system very challenging in

terms of ceramic fabrication.

Rubio-Marcos et &P reported that the formation CONCLUSIONS
of a solid solution between (N&)NbO,-LiTaO;- Lead-free piezoelectric ceramics prepared by reaction
LiSbO; is extremely difficult to achieve due to sintering of pre-calcined powders of Ni#qsNbO;
the crystal structural differences between KNbOwith Li,CO;, TaOg and ShOs;, according to
and NaNbQ, with perovskite crystal structures,the formula (0.95 — x)Nay 5Kq sNbO;-0.05 LiTaOs-
and LiTaQ, with a hexagonal pseudo-ilmenitex LiSbO; displayed a change from orthorhombic to
crystal structure. However, several researchetstragonal crystal structure and broad Curie peaks
have examined solid solution formation of relatednferring that the samples were not chemically homo-
compositional series to the one presented hergeneous. Chemical modification of the end-member
involving different NKN-LT binary compositions and 0.95 Na, 5K, sNbO;-0.05 LiTaO3 by LiSbO; reduced
extending along the join to LiSb{QQTable )14263L;  the Curie temperature from-425°C to ~345°C
e.g., (—z)[(KysNags)(Nbggo5Tay g7905]-z LiISbO;  for a compositionz = 0.06, which lies close to
with 2z between 0 and 0.1, and alsothe estimated limit of th€0.95 — x)Nay 5K sNbO;-
(N&y 50K 48 — LI, )(Nb, _, ,Sb Ta, )O3 (0 <z < 0.05LiTaOz-z LiSbO; solid solution. Microstructures
0.07,0 < y < 0.16)1*3%, The results of conventional showed secondary grain growth; a slight decrease in
mixed oxide reactions for these compositions revedlrain-size with increasing LiSbOmodification was
that Li* and SB* diffuse into the parent lattices to Observed. The increment of dielectric properties was
form a solid solution with a perovskite structdte obtained for LiSbQ modified-samples. The room
but this seems to reduce its orthorhombicity becaugemperature dielectric constant increased fre680
of the coexistence of orthorhombic and tetragondh the z = 0 sample t0~1290 in thex = 0.06—
phase$*. Also, the 7. decreased gradually with 0.10 LiSbO; solid solution. Due to the good dielectric
increasing Sb content. For this work, it is reported t@roperties and sintering behaviour, the studied ceram-
be an orthorhombic phase at= 0 and tetragonal at iCS have a potential as a candidate for the application
x > 0.02. Therefore, coexistence of the orthorhombid0 lead-free piezoelectric ceramics.
and tetragonal phases is observed at = < 0.02.

Evidence for the alternative compositional joinAcknowledgements This work was financially sup-
studied here also infers co-existence of orthorhombjgorted by Thailand Research Fund and Commission on
and tetragonal phases at room-temperature.  Wigher Education. The project was partly sponsored by
comprehensive study of the NKN-LT-LS section ofNANOTEC Centre of Excellence at Prince of Songkla
the phase diagram would be required to determine théniversity, Thailand.

www.scienceasia.org


http://www.scienceasia.org/2009.html
www.scienceasia.org

ScienceAsi&5 (2009)

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Heartling GH (1999) Ferroelectric Ceramics: History
and Technology Am Ceram So82, 797-818.

Uchino K (2000) Ferroelectric Devices Marcel
Dekker, New York.

. Khaenamkaew P, Bdikin IK, Kholkin AL, Muensit S
(2008) Local piezoresponse and ferroelectric domair20.

of sol-gel Pb(ZrTi;1—.)Os film. Songklanakarin J Sci
Tech30, 59-63.

. Zhang S, Xia R, Shrout TR (2007) Lead-free piezoelec21.

tric ceramics vs. PZT2 Electroceranil9, 251-7.

. Jaffe B, Cook W, Jaffe H (197 Biezoelectric Ceram-

ics, Academic, New York.

. Zuo R, Rodel J, Chen R, Li L (2006) Sintering and

electrical properties of lead-free haKosNbOs piezo-
electric ceramics] Am Ceram So89, 2010-5.

. Hollenstein E, Davis M, Damjanovic D, Setter N

(2005) Piezoelectric properties of Li- and Ta- modified
(Ko.sNao.s)NbO; ceramicsAppl Phys LetB7, 182905.

. Li JF, Wang K, Zhang BP, Zhang LM (2006) Fer- 24.

roelectric and piezoelectric properties of fine-grained
Nay sKosNbO; lead-free piezoelectric ceramics pre-
pared by spark plasma sinterinpAm Ceram So89,
706-9.

. Zhang BP, Li JF, Wang K, Zhang H (2006) Com-

positional dependence of piezoelectric properties in

Na.K;i_.NbO; lead-free ceramics prepared by spark26.

plasma sintering] Am Ceram So89, 1605-9.
Zang GZ, Wang JF, Chen HC, Su WB, Wang CM, Qi P,

Ming BQ, Du J, Zheng LM, Zhang S, Shrout TR (2006) 27.

Perovskite (NasKo.5)1—(LiSb).Nb;_. O3 lead-free
piezoceramicsAppl Phys LetB8, 212908.
Guo Y, Kakimoto K, Ohsato H
(Nag sKo5)NbOs-LiTaO;  lead-free
ceramicsMater Lett59, 241—4.
Zhang S, Xia R, Shrout TR, Zang G, Wang J
(2006) Piezoelectric properties in  perovskite
0.948(K.sNap s)NbO3-0.052LiSbQ lead-free
ceramicsJ Appl Physl00 104108.

Skidmore TA, Comyn TP, Milne SJ (2009) Temper-
ature stability of ([NgsKgsNbOslo.gs- [LiTaOs]o.07)
lead-free piezoelectric ceramicAppl Phys Lett94,
222902.

Zuo R, Fu J, Lv D (2009) Phase transforma-
tion and tunable piezoelectric properties of lead-free
(Nao52Ko.48—Liz)(Nb1 -, Sh, Ta,)Os systemJ Am
Ceram So0®2, 283-5.

Saito Y, Takao H (2006) High performance lead-
free piezoelectric ceramics in the (K,Na)NbOTaO;
solid solution systenferroelectrics338 17-32.

Saito Y, Takao H, Tani I, Nonoyama T, Takatori K,
Homma T, Nagaya T, Nakamura M (2004) Lead-free
piezoceramicsNature432, 84-7.

Fu J, Zuo R, Fang X, Liu K (2009) Lead-free ceramics
based on alkaline niobate tantalite antimonate with
excellent dielectric and piezoelectric propertigkater

(2005)

19.

22.

23.

25.

piezoelectric 28.

29.

30.

31.

267

Res Bull44, 1188-90.

Skidmore TA, Milne SJ (2007) Phase development dur-
ing mixed-oxide processing of a [lgK sNbO;]1 — z-
[LiTaO;], powder.J Mater Re2, 2265-72.

ICDD (2001) Powder Diffraction File No. 32-0822,
International Centre for Diffraction Data, Newton
Square, PA.

ICDD (2001) Powder Diffraction File No. 71-0945,
International Centre for Diffraction Data, Newton
Square, PA.

ICDD (2001) Powder Diffraction File No. 84-2003,
International Centre for Diffraction Data, Newton
Square, PA.

ICDD (2001) Powder Diffraction File No. 48-0997,
International Centre for Diffraction Data, Newton
Square, PA.

Bomlai P, Sinsap P, Muensit S, Milne SJ (2008) Ef-
fect of MnO on the phase development, microstruc-
tures, and dielectric properties of 0.95NKsNbOs-
0.05LiTaQ ceramicsJ Am Ceram So81, 624-7.

Wang Y, Damjanovic D, Klein N, Hollenstein E, Setter
N (2007) Compositional inhomogeneity in Li- and Ta-
modified (K, Na)NbQ@ ceramicsJ Am Ceram So080,
3485-9.

Rubio-Marcos F, Ochoa P, Fernandez JF (2007) Sinter-
ing and properties of lead-free (K,Na,Li) (Nb,Ta,Sk)O
ceramicsJ Eur Ceram So@7, 4125-9.

Hagh NM, Jadidian B, Safari A (2007) Property-
processing relationship in lead-free (K, Na, Li)NBO
solid solution system] Electroceraml8, 339-46.

Fu J, Zuo R, Wang X, Li L (2009) Polymorphic
phase transition and enhanced piezoelectric properties
of LiT303—m0difi9d (N@,52Ko_43)(Nb0,938tb,o7)03 lead-
free ceramics] Phys D42, 012006.

Fu J, Zuo R, Wu Y, Xu Z, Li L (2008) Phase tran-
sition and electrical properties of Li-and Ta- substi-
tuted (Na 52K o.48)(Nbo 96Shy.04) O3 piezoelectric ceram-
ics.J Am Ceram So81, 3771-3.

Mgbemere HE, Herber R-P, Schneider GA (2009) Ef-
fect of MnQ;, on the dielectric and piezoelectric prop-
erties of alkaline niobate based lead free piezoelectric
ceramicsJ Eur Ceram So@9, 1729-33.

Chang Y, Yang Z, Xiong L, Liu Z, Wang Z (2008)
Phase structure, microstructure, and electrical proper-
ties of Sb-modified (K, Na, Li)(Nb, Ta)¢piezoelectric
ceramicsJ Am Ceram So81, 2211-6.

Lin D, Kwok KW, Chan HLW (2007) Phase structures
and electrical properties ofgéNag s(No.925Ta0,075)Os-
LiSbO; lead-free piezoelectric ceramicsPhys D40,
6060-5.

www.scienceasia.org


http://www.scienceasia.org/2009.html
http://dx.doi.org/10.1111/j.1151-2916.1999.tb01840.x
http://dx.doi.org/10.1111/j.1151-2916.1999.tb01840.x
http://dx.doi.org/10.1007/s10832-007-9056-z
http://dx.doi.org/10.1007/s10832-007-9056-z
http://dx.doi.org/10.1111/j.1551-2916.2006.00991.x
http://dx.doi.org/10.1111/j.1551-2916.2006.00991.x
http://dx.doi.org/10.1111/j.1551-2916.2006.00991.x
http://dx.doi.org/10.1063/1.2123387
http://dx.doi.org/10.1063/1.2123387
http://dx.doi.org/10.1063/1.2123387
http://dx.doi.org/10.1111/j.1551-2916.2005.00743.x
http://dx.doi.org/10.1111/j.1551-2916.2005.00743.x
http://dx.doi.org/10.1111/j.1551-2916.2005.00743.x
http://dx.doi.org/10.1111/j.1551-2916.2005.00743.x
http://dx.doi.org/10.1111/j.1551-2916.2005.00743.x
http://dx.doi.org/10.1111/j.1551-2916.2006.00960.x
http://dx.doi.org/10.1111/j.1551-2916.2006.00960.x
http://dx.doi.org/10.1111/j.1551-2916.2006.00960.x
http://dx.doi.org/10.1111/j.1551-2916.2006.00960.x
http://dx.doi.org/10.1063/1.2206554
http://dx.doi.org/10.1063/1.2206554
http://dx.doi.org/10.1063/1.2206554
http://dx.doi.org/10.1063/1.2206554
http://dx.doi.org/10.1016/j.matlet.2004.07.057
http://dx.doi.org/10.1016/j.matlet.2004.07.057
http://dx.doi.org/10.1016/j.matlet.2004.07.057
http://dx.doi.org/10.1063/1.2382348
http://dx.doi.org/10.1063/1.2382348
http://dx.doi.org/10.1063/1.2382348
http://dx.doi.org/10.1063/1.2382348
http://dx.doi.org/10.1063/1.3153157
http://dx.doi.org/10.1063/1.3153157
http://dx.doi.org/10.1063/1.3153157
http://dx.doi.org/10.1063/1.3153157
http://dx.doi.org/10.1111/j.1551-2916.2008.02871.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02871.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02871.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02871.x
http://dx.doi.org/10.1080/00150190600732512
http://dx.doi.org/10.1080/00150190600732512
http://dx.doi.org/10.1080/00150190600732512
http://dx.doi.org/10.1038/nature03028
http://dx.doi.org/10.1038/nature03028
http://dx.doi.org/10.1038/nature03028
http://dx.doi.org/10.1016/j.materresbull.2008.11.009
http://dx.doi.org/10.1016/j.materresbull.2008.11.009
http://dx.doi.org/10.1016/j.materresbull.2008.11.009
http://dx.doi.org/10.1016/j.materresbull.2008.11.009
http://dx.doi.org/10.1557/JMR.2007.0281
http://dx.doi.org/10.1557/JMR.2007.0281
http://dx.doi.org/10.1557/JMR.2007.0281
http://dx.doi.org/10.1111/j.1551-2916.2007.02130.x
http://dx.doi.org/10.1111/j.1551-2916.2007.02130.x
http://dx.doi.org/10.1111/j.1551-2916.2007.02130.x
http://dx.doi.org/10.1111/j.1551-2916.2007.02130.x
http://dx.doi.org/10.1111/j.1551-2916.2007.01962.x
http://dx.doi.org/10.1111/j.1551-2916.2007.01962.x
http://dx.doi.org/10.1111/j.1551-2916.2007.01962.x
http://dx.doi.org/10.1111/j.1551-2916.2007.01962.x
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.02.110
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.02.110
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.02.110
http://dx.doi.org/10.1007/s10832-007-9171-x
http://dx.doi.org/10.1007/s10832-007-9171-x
http://dx.doi.org/10.1007/s10832-007-9171-x
http://dx.doi.org/10.1088/0022-3727/42/1/012006
http://dx.doi.org/10.1088/0022-3727/42/1/012006
http://dx.doi.org/10.1088/0022-3727/42/1/012006
http://dx.doi.org/10.1088/0022-3727/42/1/012006
http://dx.doi.org/10.1111/j.1551-2916.2008.02699.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02699.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02699.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02699.x
http://dx.doi.org/10.1016/j.jeurceramsoc.2008.10.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2008.10.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2008.10.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2008.10.012
http://dx.doi.org/10.1111/j.1551-2916.2008.02444.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02444.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02444.x
http://dx.doi.org/10.1111/j.1551-2916.2008.02444.x
http://dx.doi.org/10.1088/0022-3727/40/19/044
http://dx.doi.org/10.1088/0022-3727/40/19/044
http://dx.doi.org/10.1088/0022-3727/40/19/044
http://dx.doi.org/10.1088/0022-3727/40/19/044
www.scienceasia.org

