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Phase transitional behavior and piezoelectric properties
of (NagsKg5)NbO;—LiINbO 5 ceramics

Yiping Guo,? Ken-ichi Kakimoto, and Hitoshi Ohsato
Materials Science and Engineering, Graduate School of Engineering, Nagoya Institute of Technology,
Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan

(Received 1 March 2004; accepted 4 September 004

Lead-free piezoelectric ceramidd —x)(Nay gK5)NbO3;—XLINbO; {[Li(Nay Ko 51 JNbO3} (x
=0.04-0.20 have been synthesized by an ordinary sintering technique. The materials with
perovskite structure is orthorhombic phasex&t0.05 and becomes tetragonal phasg&=a0.07, a

phase KLi,NbsO;5 with tetragonal tungsten bronze structure begins to appear=@at08 and
becomes dominant with increasing the content of LiNb®morphotropic phase boundary between
orthorhombic and tetragonal phases is found in the composition range 2:09.07. Analogous to

Ph(Zr, Ti)O,, the piezoelectric and electromechanical properties are enhanced for compositions near
the morphotropic phase boundary. Piezoelectric consthgtvalues reach 200-235 pC/N.
Electromechanical coefficients of the planar mode and the thickness mode reach 38%—-44% and
44%-—-48%, respectively. The Curie temperatuf€s) of [Li(NaysKg 51 JNbO; (x=0.04—-0.20

are in the range of 452—-510 °C, at least 100 °C higher than that of conventidZal PiHO;. Our

results show thafLi,(NaysKp51-<JNbO; is a good lead-free high-temperature piezoelectric
ceramic. ©2004 American Institute of Physid®Ol: 10.1063/1.1813636

Very high piezoelectric and electromechanical propertiesjecreasea‘."lsln this work, the structure and electrical prop-
have been achieved in a series of lead-based ferrerties of NKN—LiNbG, ceramics were studied. The results
electric  solid solution single crystals, such asshow that by adding an appropriate amount of LiNbén-
P(Mg;,3Nby,3)O3—PbTiG;, Ph(Zn,5Nb,5)O3—PbTiO;  hanced piezoelectric and electromechanical properties can be
(PZNT), and BiScQ-PbTiQ, (BSPT).1 2 It is believed that accessed in NKN-LiNb@ceramics due to the formation of
in these systems the high piezoelectric response is related &MPB between the orthorhombic and tetragonal phases.
the morphotropic phase boundaiylPB) between rhombo- Ceramics ~ with ~ the  normal  composition
hedral, tetragonal, or monoclinic phases. The existence di-ix(N& sKo5)1-NbO; (x=0, 0.04, 0.05, 0.06, 0.07, 0.08,
these thermodynamically equivalent phases permits almo$:10, 0.15, and 0.20were synthesized by the mixed oxide
continuous rotation of the polarization vector under the ex-
ternal electric field, exhibiting enhanced dielectric, piezo- 60004
electric, and electromechanical respo?‘lgeHowever, the *g' ;
toxicity of lead oxide and its high vapor pressure during B 5000
processing has led to a demand for alternative lead-free pi- 8 4000
ezoelectric materials. The search for alternative piezoelectric © 1
materials is now focused on alkali noibates, modified bis- § 3°°°'_
muth titanates, and systems in which a MPB ocfis. g 2000
Among them(Nay 5K 5)NbO; (NKN) has been considered a o
good candidate for lead-free piezoelectric ceramics because
of its strong piezoelectricity and ferroelectricity. The hot 0

1000 -

pressed NKN ceramicé~99% of the theoretical density 100

have been reported to possess a high Curie temperature __ 80_'

(Tc~420 °0, a large piezoelectric longitudinal response & ]

(d33~160 pC/N, and a high planar coupling coefficient E 60 -

(k,~45%)."°*> However, NKN ceramics sintered by ordi- =) ]

nary sintering show relatively lower electrical properties & 40

(d33~80 pC/N k,~36%) due to difficulty in the process- § 1

ing of dense ceramics by ordinary sinteriffg? Highly a4 204

dense NKN-SrTiQand NKN—-BaTiQ ceramicy~98% of T

the theoretical densijyhave been studied for dielectric and 01

piezoelectric applications, and all exhibit a crossover from 6 ) 160 ) 260 ) 360 ) 460 ) 560 ) 600
typical ferroelectric to ferroelectric relaxor behavior at a

higher concentration of substitution. Unfortunately, the Temperature (°C)

piezoelectric and electromechanical properties all
FIG. 1. (Color onling Temperature dependence of dielectric constant and

loss of the(1-x)NKN—xLiNbO5 ceramics withx=0, 0.04, 0.06, and 0.07 at
¥Electronic mail: guo.yiping@nitech.ac.jp 10 kHz.
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FIG. 2. (Color onling X-ay diffraction patterns of the (1 FIG. 4. The variation of the lattices parameters of the NKN—LiN@®-

) ’ ) ) ! ramics as a function of LiNbQconcentratiorx.
—-X)NKN—xXLiINbO5 ceramics. The vertical lines in the bottom are ICDD o

data of KsLi,NbsO,5 with tetragonal tungsten bronze structure.

cooled to room temperature in the electric field. The piezo-
eelectric constantly; was measured using Berlincourt-type
quasi-static meter at approximately 55 Hz. The electrome-
o chanical coupling coefficients were determined by a reso-
ance and antiresonance method performed on the basis of
EEE standards using an impedance analyzAgilent

method. The starting materials used in this study wer
K,CO;3, Na,COs, and NBOg of 99.9% purity, and LiCO; of
98% purity. They were milled in polyethylene with Zj
balls for 24 h using ethanol as a medium. After calcination ai
850 °C for 10 h, the calcined powders were ball milled
again for 24 h, dried, and then p@lnylalcohol) was added 4294A. . .

as a binder. The granulated powders were subsequently The temperature dependence of the dielectric constant

granulated and pressed into disks of 12 mm diameter und%?t) and loss at 10kHz for some unpoled
98 MPa, followed by a cold-isostatic pressing underllix(N@o=Kos)1JNDO; samples with 6=x<0.07 is shown
200 MPa. These powder compacts were fired in air at sel! Fig. 1. For pure NKN, phase transitions are observed at
lected temperatures, depending on theiin the range be- 420 and 200 °C, corresponding to the phase transitions of
tween 1100 °C and 1040 °C. The bulk densities were obgubic—orthorhombigat Tc) and orthorhombic—tetragonet
tained by Archimedes method. Their crystal structures werd o-7), espectively. In the samples witk=0.04 and 0.06,
determined by x-ray powder diffraction analysis obtained usSimilar to that of pure NKN, the two phase transitions are
ing a CuK« filter through Ni foil (Rigaku; RAD-B system observed, however the phase transition temperatures are

For electrical characterization, samples were polished

and painted with silver paste on the sample surfaces. Their 50 =]
dielectric properties were measured using an Agilent 4294A e -od hu
precision impedance analyzer in the temperature range from - 404 O
30 to 550 °C. For piezoelectric and electromechanical mea- S ) = P L -0
surements, the samples were immersed in silicon oil and 30
poled in a 30 kV/cm field. The electric field was applied at a 20_'
temperature of 150 °C for 30 min, and the specimens were T
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FIG. 3. Concentration dependence of the Curie temperdfTge for (1

—X)NKN—xLiNbO5 ceramics.

FIG. 5. Electrical properties ofl —x)NKN—xLiNbO5 ceramics as a func-

tion of the LiINbO; content.
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TABLE I. The electrical and physical properties of the sintefgex) NKN—xLINbO5 ceramics.

LiNbO, content(x) 0 0.04 0.05 0.06 0.07 0.08 0.10 0.15 0.20
Density (g/cn?) 4.34 4.35 4.36 4.35 433 4.29 4.28 4.28 4.24
dgs (PC/N) 97 140 230 235 200 164 126 84 82
K, (%) 29 38 44 42 38 35 31 21 23
k, (%) 41 45 46 48 44 42 35 32 33

shifted: T¢ to higher temperatures, arich_r to lower tem-  show a strong compositional dependence near the MPB re-
peratures. When the LiNbQOcontent is greater than 0.07, gion. Poled samples show peak values of piezoelectric con-
only the cubic—tetragonal phase transition is observed. lstantd;;=235 pC/N, and electromechanical coupling coeffi-

should be noted that all the samples still show classic ferrogients,k,=44% andk,=48% for samples with compositions

electric behavior after the addition of LINROON the other near the orthorhombic side of the orthorhombic—tetragonal
hand, it is found that, fox=0.07, £, is nearly temperature phase boundary. So it is evident that the MPB between the
independent in the range from room temperature to 400 ° Corthorhombic and tetragonal phases plays a very important

indicating thermal stability associated with a higbpiezo-  role in the enhancement of piezoelectric properties of
electrics. The dielectric loss is lower than 4% in the range ofykN-LiNbO, ceramics.

room temperature to 2_00 C and reaches_a peak_ at the Curie |, conclusion, NKN—LiNbQ ceramics(x=0.04—0.20
temperature, after which it increases rapidly owing to con
ductive losses.

Figure 2 shows the x-ray diffraction patterns of
g\ﬂﬂ:g:ﬁuﬁzrggﬁtxﬁ ?A;%?Haosgﬁgﬁga(s)es (\Ilv(l:tgg.er- bronze structure begins to appear after the Li content reaches
52-015% with a tetragonal tungsten bronze structure beginétS solubility I|m|t in the A sites of NKN ceram|c$x—0.0€$_.
to appear ak=0.08. Although both NKN and LiNb@have A morphotropic phz?lse boundary between orthorhomblc_and
octahedral Nb@basic structure units, they belong to differ- ©€ragonal phases is found at 0:0%<0.07. Enhanced pi-
ent structures. NKN has the perovskite structure with spacgzoelectric  and eleoctromgchamcal roespon?edgg
group Amm2(CL%). LiNbO, however has the lithium niobate =200-235 pC/N,k,=38% —44%, andq=44%-48% are
structure, which can be described as a heavily distorted peRPtained for samples with composition near the MPB. The
ovskite or an ordered phase derived from the corundungXcellent piezoelectric and electromechanical properties with
structure with space groupsR (CS,). So it is evident that & high Curie temperature indicate that this system may be a
two effects on the structure of NKN ceramics have beerPromising lead-free material for a wide range of electrome-
observed in NKN—LiNbQ@ ceramics. At lower LiNb@Qcon- ~ chanical transducer applications. Growth Li-doped NKN
centrations, Li mainly replaces Na and K in thesites of ~ films will be also interesting for applications in nonvolatile
ABOj; perovskite structuré.e. form a solid solutiop lead- ~memory, microwave technique, surface acoustic wave de-
ing to a linear shift of Curie poinfTc) to higher temperature Vices, and microsensors.

(Fig. 3). However, the structure of solid solution transforms
from orthorhombic to tetragonal symmetry due to the larg
distortion caused by Li The variation of lattice parameters
as a function of the LiNb@ content is shown in Fig. 4. A
MPB between orthorhombic and tetragonal phase should ex .
ist at 0.05<x<0.07. Thec/a ratio of gNKN—pLiNb03 ce- 1J. Kuwata, K. Uchino, and S. Nomura, Jpn. J. Appl. Phys., P&1,21298
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