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Abstract

The effect of a small amount Fe,O3 (0.1-2mol%) doping on the electrical properties of (Nag 5K 5)0.06L.10.04Nbg g6 Tag.1Sbg.0403
(NKLNTS) ceramics was investigated. It was found that the B-site substitution of Fe® does not change the crystal structure within the
studied doping level and all modified ceramics have a pure tetragonal perovskite structure at room temperature. The addition of Fe,O3
can promote the sintering of NKLNTS ceramics, and simultancously cause the grain growth so that Fe*'-doped NKLNTS
compositions show degraded densification at higher doping level. Furthermore, the dielectric properties of the NKLNTS ceramics do not
show a significant change by Fe,O; doping. However, the addition of Fe,O3 was found to have a significant influence on the electric
fatigue resistance and the durability against water. The presence of oxygen vacancies caused by the replacement of Fe*™ for B-site ions

makes the NKLNTS ceramics harder.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead-containing piezoelectric  ceramics such as
Pb(Zr,Ti)O; (PZT) have been widely used for almost a
half century due to their excellent dielectric, piezoelectric
and electromechanical properties [1]. However, concerns
from lead pollution have been attracting more and more
attention in the past few years. These conventional lead-
based piezoelectric materials usually contain about 60 wt%
lead oxide. Therefore, research on lead-free and/or low-
lead-content piezoelectric compositions has become more
and more active in recent years. The big obstacle currently
is the lack of potential candidate materials with electrical
properties comparable to those of PZT systems.

Many lead-free compositions have been studied as
alternatives to conventional lead-based piezoelectric mate-
rials. Since Saito et al. reported on Li, Ta and Sb-modified
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(Nag 5K 5s)NbO; (NKN) compositions, the NKN-based
piezoelectric systems have been a focus of this field [2—13].
Compared to BigsNaysTiOs-based lead-free systems,
which have been considered as another important group
of candidate materials [14-16], the NKN systems have
merits such as higher Curie temperatures and better
piezoelectric properties. Many compositions that possess
different Curie temperatures, a broad range of electrical
properties and have their own morphotropic phase
boundaries (MPB), can be produced by changing the
ratio of Li to Ta or Sb within the NKN systems.
Particularly, the textured (Li, Ta, Sb)-modified NKN
ceramics exhibit piezoelectric properties comparable to
those of a hard PZT [5]. However, NKN-based material
systems tend to have a few drawbacks, for example,
difficulty in processing and poling, short electrical fatigue
lifetime, heterogencous microstructure, low durability
against water and stability of piezoelectric properties.
Additionally, their electrical properties need to be further
improved in order to replace lead-containing PZT materials.
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(No.5Ko.5)0.96Li0.04Nbg g6 Tag.1Sbg 0403  (NKLNTS) is a
composition near MPB in the NKN-LiTaO;-LiSbO;—
LiNbO; system, which has a tetragonal structure at
room temperature and good piezoelectric properties [5].
However, it is found that the material exhibits low
durability against water, complex processing procedures
and a relatively high loss tangent, etc.

The purpose of this study is to investigate the influence
of a small amount of Fe,O3 doping on the densification,
microstructure, dielectric, piezoelectric properties and
electric fatigue behavior of the NKLNTS ceramics. Fe®*
ions are considered as an acceptor to replace B-site ions.
The modification of various properties was correlated with
the generation of oxygen vacancies and the change in
densification by doping.

2. Experimental

Lead-free
[(No.5Ko.5)0.96L10.04[(Nbg 86 Tag.1Sbg.04)1 —xFe]O3_ (x = 0,
0.001, 0.0025, 0.005, 0.01, and 0.02) piezoelectric ceramics
were synthesized by a traditional mixed oxide route.
Oxygen vacancies were considered as a mechanism for
the charge equilibrium. The starting powders used in this
study were potassium carbonate (K,CO3, 99.0%), sodium
carbonate (Na,CO3, 99.8%), lithium carbonate (Li,COs,
99.9%), tantalum oxide (Ta,0s, 99.9%), antimony oxide
(Sb,03, >99.9%), niobium oxide (Nb,Os, 99.9%) and iron
oxide (Fe,03, 99.5%). The details of powder processing
were described previously [9]. The powder mixtures were
calcined at 950 °C for 4h. To improve homogeneity, the
powder mixtures were carefully milled and calcined several
times under the same conditions. Before compaction, the
calcined powder was milled again for 24h and sieved
through 230 meshes. Sintering was carried out in air in the
temperature range 1050-1140°C for 2—4h. The samples
were put on a platinum foil and covered with the powder of
the same composition during sintering.

The Archimedes method was used to measure the density
of the specimens sintered at different temperatures.
The microstructure was observed by a scanning electron
microscope (SEM, JEOLG6301F, Tokyo, Japan). The
crystal structure of the specimens was examined by a
powder X-ray diffractometer (XRD, Rigatu, Tokyo,
Japan) on crushed pellets using a Cu Ko radiation.

Electrodes were made on two polished sides of the
specimens by screen-printing a silver paste and firing it at
500 °C for 30 min. Dielectric property of the samples was
measured as a function of temperature and frequency by an
LCR meter (HP 4284A, Hewlett-Packard, Palo Alto, CA).
Polarization and strain versus electric field hysteresis loops
were measured in a silicone oil bath by applying an ac field
with a frequency of 300mHz with a modified Sawyer-
Tower bridge and an inductive displacement gauge. The
same measurement was performed to record the electric
fatigue behavior for 20 cycles on virgin samples. After the
samples were poled in a silicone oil bath at 3kV/mm for

25 min, piezoelectric strain constant ds; was measured by a
Belincourt-meter (YE2730, Sinocera, Shanghai, China),
and the planar electromechanical coupling factor k, was
determined by a resonance—antiresonance method with an
impedance analyzer (HP 4192A, Hewlett-Packard, Palo
Alto, CA) based on IEEE standards.

3. Results and discussion

Fig. 1 shows the XRD patterns of NKLNTS ceramics
with different Fe,O5; doping levels sintered at 1100 °C for
2 h. All compositions have a pure perovskite structure with
a tetragonal symmetry, indicating that a small amount of
Fe,O5 doping does not have any significant effect on the
crystal structure of the NKLNTS ceramics. In addition, the
addition of Fe,O5; does not cause any detectable second
phases. Therefore, the solubility limit of Fe’" in the
perovskite lattice of NKLNTS compositions should be
beyond the studied doping levels. The replacement of Fe* "
ions for B-site Nb>  (or Sb>*, Ta’") leads to the formation
of oxygen vacancies. As a result, the lattice may have a
small shrinkage. However, this can be compensated by the
lattice expansion due to different ionic sizes (ionic
radii:0.65, 0.61, 0.64 and 0.64A for Fe**, Sb>*, Ta’"
and Nb>", respectively, CN =6) [17]. Therefore, no
obvious change in the position of diffraction peaks in
Fig. 1 can be detected.

The SEM photographs of the NKLNTS ceramics with
different Fe,O3 doping levels sintered at 1100 °C for 2h are
shown in Fig. 2. All ceramics exhibit a dense microstruc-
ture with a uniform grain size. The grain size increases with
increase in Fe,O3 content, from ~1.5um for undoped to
~42um for 1mol% doped ceramics. The addition of a
small amount of Fe,O5 also promoted the densification, as
illustrated in Table 1. In addition, it was found that the
0.25mol% Fe*"-doped NKLNTS ceramics sintered at
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Fig. 1. X-ray diffraction patterns of [(Ny 5Ko.5)0.06L10.04][(Nbg g6

Tay 1Sbg 4)1—Fe,]JO3_ ceramics.
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Fig. 2. Surface morphology of [(Ng 5K 5)0.96L10.04][(Nbg.gsTa0.1Sbg.04)1 —xFeJO;_ ceramics: (a) x = 0, (b) x = 0.0025, (¢c) x = 0.01 and (d) x = 0.02.

Table 1

Room-temperature electric properties of [(No.sKo.5)0.96L10.04][(Nbo g6 Tag.1Sbo.04)1—xFe,]O3_ ceramics

Fe,O5 content, 100 x 0 0.1 0.25 0.5 1 2
Relative density (%) 96.2 97.5 98.1 97.4 96.5 95.6
Dielectric permittivity at 100 kHz 1017 975 971 952 911 910
Loss tangent at 100 kHz 0.044 0.042 0.041 0.039 0.038 0.038
Remanent polarization (P,)* (uC/cmz) 21.1 20.0 19.5 19.8 18.5 17.5
Coercive field (E.) (kV/mm)?* 1.39 1.39 1.40 1.40 1.42 1.43
Piezoelectric constant, ds3 (pC/N) 212 228 241 238 210 195
Coupling factor k, (%) 42 44 46 44 43 39
Mechanical quality factor, Oy, 30 33 37 39 46 57

#Determined from the first cycle, at the frequency of 300 mHz.

1060 °C can reach the same density as undoped NKLNTS
ceramics sintered at 1100 °C. However, when the doping
content of Fe*" is above 1mol%, the densification was
slightly degraded because of a significant grain growth
(see Fig. 2d). The influence of Fe,O3; doping on the
densification behavior is considered to be correlated to the
oxygen vacancies caused by doping. The formation of
oxygen vacancies may speed up the mass transportation,
promoting the densification and grain growth simulta-
neously. However, grain growth will certainly decrease the
sintering potential of the material.

Fig. 3 shows the dielectric properties of the Fe* " -doped
NKLNTS ceramics. The dielectric constant versus tem-
perature curves are not apparently influenced by Fe,O;
doping. Particularly, the Curie temperature of the Fe’™-
doped NKLNTS ceramics shows the same value (~293 °C).
The dielectric maxima of the ceramics are slightly reduced
when Fe,03 doping is more than 1 mol%, probably due to
a relatively low density, which probably also leads to a

slight increase of loss tangent at high temperatures.
However, the loss tangent of NKLNTS ceramics between
room temperature and ~200°C was slightly reduced by
adding Fe®". Table 1 also shows a slightly improved
mechanical quality factor Q,, with Fe,O; doping. There-
fore, Fe*" seems to play a role like an acceptor. However,
these values are still high compared to those of a hard PZT.

The fatigue behavior of Fe®'-doped NKLNTS
ceramics under a number of cycles is shown in Fig. 4.
Pure NKLNTS ceramics show rapidly reduced remanent
polarization (P;,) and strain (S;), and asymmetric hysteresis
loops, typical of a fast electric fatigue behavior. After
20 cycles, both P. and S, averagely decreased from
20.0 pC/em? and 0.09% to 7.2 puC/ecm? and 0.01%, respec-
tively. In addition, the fatigued samples cannot be
recovered by a heat treatment. On the other hand, the
0.25mol% Fe*"-doped NKLNTS ceramics show a
significant improvement of the fatigue behavior. After the
doped ceramics were cycled for 20 times, both the values of
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Fig. 3. Dielectric constants (a) and losses (b) at 100kHz of

[(No.5Ko.5)0.96Li0.04][(Nbg g6 Tag.1Sbg.04)1 —xFe,]O3_ ceramics.

P, and S; and the shape of hysteresis loops did not alter
evidently. Therefore, the resistance to the electric fatigue is
significantly improved due to a small amount of Fe,Oj3
doping, although the fatigue measurement under more
cycles still needs to be done. It is well known that pure
alkaline niobate, tantalum and antimonate ceramics
usually exhibit a low durability against water or moisture.
The reason for this is that secondary phases rich in alkaline
elements, which make the grain boundaries rather weak
after the water or moisture is absorbed, tend to form
during processing [18]. These secondary phases are easily
dissolved in water although the amount dissolved might be
little. Moreover, the volatilization of A-site alkaline
elements causes a deviation from the stoichiometry,
generating atomic vacancies. Some kinds of free charges
may also stay at the grain boundaries. These charged
species are driven to domain walls by electric cycling.
Pining of domain walls due to the congregation of the
charged species is usually considered as another mechanism
of electric fatigue [19,20]. However, this kind of electric

fatigue can be recovered after heat treatment. By compar-
ison, the mechanical weakness in NKLNTS ceramics is
considered as the main reason for the failure of ceramics
because continuous switching of the domains induces the
propagation of micro-cracks [21,22], causing the failure
and/or the reduction in P, and S;. It was found that
another obvious effect of Fe’' doping on NKLNTS
ceramics is an increase in their durability against water.
The microstructure and loss tangent of the Fe®*-doped
NKLNTS ceramics did not show any visible change after
the ceramics had been immersed in water for 2 weeks. It
seems that the addition of Fe,Oj5 inhibits the formation of
unstable second phases. On the contrary, undoped
NKLNTS ceramics tend to disintegrate after the same
treatment.

Additionally, the ferroelectricity of NKLNTS ceramics
is also affected by a small amount of Fe,Oz; doping.
Remanent polarization and coercive field (E.) measured
from the first cycle were used to characterize the
ferroelectricity of the materials, irrespective of how their
electric fatigue behavior looks like, as seen in Table 1. With
increasing the doping content of Fe*", the NKLNTS
ceramics exhibit a slight increase in E, and a slight decrease
in P, typical of an acceptor doping. Moreover, both the
room-temperature dielectric constant and loss tangent
slightly decrease with doping Fe’". The NKLNTS
ceramics become somewhat hard in ferroelectric properties
due to the addition of Fe,Os3. It can be seen from Table 1
that the piezoelectric and electromechanical properties of
the NKLNTS ceramics are improved by Fe’" doping
except for the 1 and 2mol% Fe,Os-doped ceramics.
Piezoelectric constant ds3 and electromechanical coupling
factor k,, firstly increase with Fe’" doping level, which is
probably due to an increase in density. As the doping level
further increases, both of them slightly decrease due to the
hardening effect from an acceptor doping. A small
reduction in density at higher doping levels may also
contribute to the decrease in piezoelectric and electro-
mechanical properties.

4. Conclusion

Lead-free NKLNTS piezoelectric ceramics modified
with a small amount of Fe,O3; were prepared by conven-
tional sintering. It was found that the addition of a small
amount of Fe,Os3 has an obvious effect on densification,
microstructure and various electrical properties. Densifica-
tion is improved by a small amount of Fe,Oz doping.
Oxygen vacancies generated by substitution of Fe*" jons
for B-site cations make the NKLNTS ceramics harder. An
important contribution of Fe* " doping is the improvement
of electric fatigue behavior of the NKLNTS ceramics
studied, which is attributed to the enhancement of
mechanical properties, particularly the strengthening of
grain boundaries.
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Fig. 4. Polarization (a) and strain (b) of [(No.5Ko.5)0.96L10.04][(Nbg g6 Tag.1Sbg.04)1—Fe,]O3_, ceramics under an ac field of 300 mHz for the first 20 cycles

and at different x.

Acknowledgments

This work was financially supported by HFUT RenCai
Foundation (No. 103-035006) and a special Program for
Excellence Selection “R & D of Novel Lead Free Piezo-
electric Ceramics™ (No. 103-035034).

References

[1] B. Jaffe, W.R. Cook, H. Jaffe, Piezoelectric Ceramics, Academic
Press, New York, 1971.

[2] R.P. Wang, RJ. Xie, T. Sekiya, Y. Shimojo, Y. Akimune,
N. Hirosaki, M. Itoh, Jpn. J. Appl. Phys. 41 (2002) 7119.

[3] Y.P. Guo, K.I. Kakimoto, H. Ohsato, Jpn. J. Appl. Phys. 43 (2004)
6662.

[4] Y.P. Guo, K.I. Kakimoto, H. Ohsato, Solid State Commun. 129
(2004) 279.

[5] Y. Saito, H. Takao, I. Tani, T. Nonoyama, K. Takatori, T. Homma,
T. Nagaya, M. Nakamura, Nature 432 (2004) 84.

[6] Y. Guo, K.I. Kakimoto, H. Ohsato, Appl. Phys. Lett. 85 (2004) 4121.

[7]1 E. Hollenstein, M. Davis, D. Damjanovic, N. Setter, Appl. Phys.
Lett. 87 (2005) 182905.

[8] S.J. Zhang, R. Xia, T.R. Shrout, G.Z. Zang, J.F. Wang, J. Appl.
Phys. 100 (2006) 104108.

[9]1 R.Z. Zuo, X.S. Fang, C. Ye, Appl. Phys. Lett. 90 (2005) 092904.

[10] D.M. Lin, K.W. Kwok, H.Y. Tian, H. Chan, J. Am. Ceram. Soc. 90
(2007) 1458.
[11] Y.F. Chang, Z.P. Yang, L.L. Wei, J. Am. Ceram. Soc. 90 (2007)

1656.

[12] R.Z. Zuo, X.S. Fang, C. Ye, L.T. Li, J. Am. Ceram. Soc. 90 (2007)
2424,

[13] P. Zhao, B.P. Zhang, J.F. Li, Appl. Phys. Lett. 90 (2007) 242909.

[14] T. Takenaka, K. Maruyama, K. Sakata, Jpn. J. Appl. Phys. 30 (1991)
2236.

[15] A. Sasaki, T. Chiba, Y. Mamiya, E. Otsuki, Jpn. J. Appl. Phys. 38
(1999) 5564.

[16] D.Q. Xiao, D.M. Lin, J.G. Zhu, P. Yu, J. Electroceram. 16 (2006)
271.

[17] R.D. Shannon, Acta Cryst. A 32 (1976) 751.

[18] S.H. Park, C.W. Ahn, S. Nahm, J.S. Song, Jpn. J. Appl. Phys. 43
(2004) L1072.

[19] U. Robels, L. Schneider-Stérmann, G. Arlt, Ferroelectrics 168 (1995)
301.

[20] A.K. Tagantsev, I.A. Stolichnov, Appl. Phys. Lett. 74 (1999) 1326.

[21] Q.Y. Jiang, W.W. Cao, L.E. Cross, J. Am. Ceram. Soc. 77 (1994)
211.

[22] H.M. Duiker, P.D. Beale, J.F. Scott, C.A. Paz de Araujo, B.M.
Milnick, J.D. Cuchiaro, L.D. Mcmillan, J. Appl. Phys. 68 (1990)
5783.

Further Reading

[23] R.P. Wang, R.J. Xie, T. Sekiya, Y. Shimojo, Y. Akimune,
N. Hirosaki, M. Itoh, Jpn. J. Appl. Phys. 41 (2002) 7119.

[24] Y.P. Guo, K.I. Kakimoto, H. Ohsato, Jpn. J. Appl. Phys. 43 (2004)
6662.

[25] Y.P. Guo, K.I. Kakimoto, H. Ohsato, Solid State Commun. 129
(2004) 279.



	Dielectric and piezoelectric properties of Fe2O3-doped (Na0.5K0.5)0.96Li0.04Nb0.86Ta0.1Sb0.04O3 lead-free ceramics
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgments
	References

	bm_fur

