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a b s t r a c t

MnO-doped 0.97K0.5Na0.5NbO3–0.03(Bi0.5K0.5)TiO3 lead-free piezoelectric ceramics have been fabricated
by solid state reaction. The MnO-doped KNN-BKT samples show tetragonal perovskite structure and
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the grain size increases obviously. With an addition of the optimal doping of MnO, all the electrical
properties of the samples, especially the piezoelectric and pyroelectric performance, have been enhanced
significantly. The KNN-BKT ceramics, with 0.8 wt% MnO doping, exhibits optimal electrical properties:
d33 = 221 pC/N, kp = 44.7%, tgı = 1.4%, εr = 1229, Qm = 143, � = 4.464 g/cm3 and p = 221 �C/m2 K.

© 2010 Elsevier B.V. All rights reserved.
nO doping
lectric properties

. Introduction

In recent years, the most widely used piezoelectric materials are
ead-based PZT ceramics due to their excellent electric properties.
owever, the application of the lead-based ceramics would cause

erious environment problems, for example, the wasting products
ontaining Pb in the earth lead to contaminate the ground water
y acid rain. Therefore, the investigation of the lead-free piezo-
lectric ceramics has been attracted much attention, especially for
he perovskite structure (K0.5Na0.5)NbO3 (KNN)-based piezoelec-
ric ceramics due to their excellent piezoelectric properties and
igh Curie temperature [1]. Nevertheless, it is extremely difficult

or pure KNN to achieve high density by using an ordinary sinter-
ng method [2,3]. Thus, extensive studies have been carried out to
mprove the sintering performance and properties of KNN ceram-
cs. Oxide dopants, such as ZnO [4], CuO [4,5], MnO2 [4–7], MnO [8],

ere used to improve the properties of KNN. Besides, Li0.5Bi0.5TiO3
9] BiScO3 [10], Ba(Zr0.05Ti0.95)O3 [11], CaTiO3 [12], LiNbO3 [13],
i(Zn0.5Ti0.5)O3 [14], BiAlO3 [15], and (Bi0.5K0.5)TiO3 [16] have been
tudied to add into the KNN to form new solid solutions. Among
hese, (Bi0.5K0.5)TiO3 (BKT) is a well known tetragonal ferroelectric
aterial with high Curie temperature (Tc = 380 ◦C), which has been
idely used in ceramic technology [17,18]. By hot pressing sinter-

ng method, the coercive field Ec and remnant polarization Pr of the
KT were reported to be 20.7 kV/cm and 5.4 �C/cm2, respectively.
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The electromechanical planar coupling coefficient kp was 15.2, and
the piezoelectric constant d33 was 69.8 pC/N [19]. With the addition
of BKT, KNN-(Bi0.5K0.5)TiO3 [16] (KNN-BKT) ceramics possess a high
piezoelectric d33 constant of 192 pC/N which was obtained by high-
energy attrition milling. In order to further improve the properties
of KNN-BKT ceramics, Mn was doped by solid state reactions. The
microstructural and electrical properties of the Mn-doped ceramics
are investigated in this paper.

2. Experimental

The samples were prepared according to the formula:
0.97K0.5Na0.5NbO3–0.03(Bi0.5K0.5)TiO3 + x wt% MnO (0 ≤ x ≤ 2) (abbreviated as
KNN-BKT + xMnO), where x = 0, 0.4, 0.8, 1, 1.5, and 2, respectively. Reagent-grade
oxide and carbonate powders of K2CO3, Na2CO3, Nb2O5, Bi2O3, TiO2 and MnCO3

were used as starting materials. The powders were weighed and mixed by
ball-milling in alcohol for 6–8 h. After drying, the powders were calcined at 850 ◦C
for 2 h. The calcined powders were mixed again and pressed into discs. The disc
samples were then sintered in air in the temperature range of 1050–1100 ◦C for
2 h, depending on x. Both surfaces of the sample were coated with silver paste as
electrodes and polarized under a DC field of 4 kV/mm at 80 ◦C in silicone oil for
15–20 min. The crystalline structure of sintered samples was identified by an X-ray
diffractometer (D8 Advanced, Bruker). The scan step is 0.02◦ and the time interval
is 1 s. The lattice parameters were calculated according to the Bragg diffraction
[20]. The microstructure was observed using a scanning electron microscopy (SEM)
(JSM-6700F, JEOL). The bulk density � was measured by the Archimedes method.
The piezoelectric constant d33 was measured using a piezo-d33 meter (ZJ-3A, Insti-
tute of Acoustics, Chinese Academy of Sciences, Beijing). The mechanical quality

factor and the electromechanical coupling factor of the samples were determined
following the IEEE standard on piezoelectricity [21] by measuring the resonant and
anti-resonant frequencies using an impedance analyzer (Agilent 4294A, Agilent
Technology Inc.). Dielectric properties as a function of temperature were also
measured by an impedance analyzer (Agilent 4294A). The room temperature
polarization–electric field (P–E) hysteresis loops were measured using a modified

dx.doi.org/10.1016/j.jallcom.2010.06.200
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Table 1
Lattice parameters of KNN-KBT + xMnO ceramics.

x (wt%) a = b (Å) c (Å)

0 4.002 3.948
0.4 4.002 3.941
0.8 4.012 3.956
1 4.009 3.951
1.5 4.004 3.951
2 4.004 3.951

ceramics is sensitive to the doping amount. The properties degrade
Fig. 1. XRD patterns of KNN ceramics and KNN-BKT + xMnO ceramics.

awyer Tower circuit at 10 Hz. The pyroelectric coefficient p was measured by the
ynamic method [22].

. Results and discussion

The XRD patterns of all the KNN-BKT + xMnO samples with dif-
erent x are shown in Fig. 1. Compared with the orthorhombic
erovskite structure of the pure KNN ceramic [11], the KNN-
KT + xMnO samples possess a pure tetragonal perovskite structure
ithout showing any other secondary phase. This indicates that
nO has diffused into the KNN-BKT lattices and the crystal struc-

ure of the KNN-BKT + xMnO samples would not change obviously
y doping a small amount of MnO [23]. Since the ionic radius of
n2+ (0.83 Å) and Mn3+ (0.645 Å) is much smaller than that of A-site

ons (K+: 1.38 Å, Na+: 1.02 Å, Bi3+: 1.03 Å), Mn ions are more likely
o substitute into B-site ions (Ti4+: 0.605 Å, Nb5+: 0.64 Å, CN = 6)
24]. Mn2+ or Mn3+ ions substituting for B-site Ti4+ or Nb5+ causes
he formation of oxygen vacancies so that the lattice may have a
mall shrinkage. Nevertheless, the lattice still grows because of
ifferent ionic sizes which can compensate the shrinkage of the

attice. Therefore, there is no obvious change on the XRD patterns
f the samples with different x (Fig. 1) [23]. The lattice parame-
ers of the KNN-KBT ceramics are given in Table 1 to show the
symmetric characteristics of the unit cell. It is shown that the unit
ell increases with Mn doping, while x ≥ 1.5, the lattice parameters
emain unchanged which indicates that the solubilization limit has
lready reached.
Fig. 2 shows the relative density of the sintered KNN-
KT + xMnO ceramics as a function of x. High relative density
>97%) of the ceramics was obtained. After MnO doping, the
ensity increases slightly. Fig. 3 shows SEM micrographs of the

Fig. 3. SEM micrographs of KNN-BKT + xMnO cer
Fig. 2. Relative density of KNN-BKT + xMnO ceramics.

KNN-BKT + xMnO samples. For the pure KNN-BKT ceramic (x = 0),
the grain size is in the range of 0.3–1 �m. With increasing x,
the grain size is about 2 �m in average. It can be seen that the
grain growth becomes inhomogeneous when the amount of x
exceeds 0.8. Similar phenomenon was observed in MnO doped
0.95Na0.5K0.5NbO3–0.05LiTaO3 ceramics [8].

Besides the microstructure, MnO doping also affects the piezo-
electric properties of KNN-BKT + xMnO ceramics significantly. It
was reported that after MnO doping, the enhancement of density
and grain size can improve the piezoelectric performance [25]. Fig. 4
shows the MnO dependence on the piezoelectric and dielectric
properties of the KNN-BKT + xMnO ceramics. Piezoelectric constant
(d33), electromechanical planar coupling coefficient (kp) and the
relative permittivity (εr) (1 kHz) increase firstly for x up to 0.8
and then decrease with further increasing MnO amount. It may be
due to the inhomogeneous grain growth when the doping amount
exceeds 0.8 wt%. The results show that the performance of the
when the doping amount of MnO exceeds 0.8 wt%.
Due to the B-site substitution of Mn ions, oxygen vacancies exist

to enhance the mechanical quality factor (Qm) and decrease the loss
tangent (tgı), which indicates that the doping of MnO causes “hard

amics with (a) x = 0, (b) x = 0.8 and (c) x = 2.
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major figures of merit (FOMs) are listed in the table: current respon-
sivity Fi = p/Cv, voltage responsivity Fv = p/(Cvε0εr), and detectivity
Fd = p/[Cv(ε0εrtgı)1/2], where p, Cv = �Cp, Cp, ε0, εr, and tgı are the
pyroelectric coefficient, volume specific heat, mass specific heat,
Fig. 4. Electrical properties of KNN-BKT + xMnO ceramics.

oping” effect in the KNN-BKT + xMnO ceramics. As shown in the
EM micrographs, the grain size of the ceramics increases after MnO
oping so that the relative permittivity (εr) would also increase as
ell [25].

The temperature dependence of relative permittivity and loss
angent at 10 kHz for KNN-BKT + xMnO is shown in Fig. 5. All
amples show only one dielectric peak at about 350 ◦C, which corre-
ponds to the Curie temperature (TC). The loss tangent of all samples
s smaller than 5% from room temperature to 200 ◦C and with a
eak at the Curie temperature. The further rapid increase of the
oss beyond the Curie temperature is due to the conductive losses
13].

In order to study the effect of MnO content on the ferroelectric
roperties, the room temperature P–E hysteresis loops of the KNN-
KT + xMnO ceramics as a function of x were measured at 10 Hz as
Fig. 5. Temperature dependence of the relative permittivity and loss tangent for the
unpoled KNN-BKT + xMnO ceramics at 10 kHz.

shown in Fig. 6. When x = 0.8, there is no obvious effect on Ec and Pr

when comparing with the ceramics of x = 0. For further increasing
x, poor ferroelectric performance is observed as Pr decreases and Ec

increases.
Table 2 compares the pyroelectric coefficient, dielectric prop-

erties and the figures of merit of KNN-BKT + xMnO ceramics. Three
Fig. 6. P–E hysteresis loops of KNN-BKT + xMnO ceramics.
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Table 2
List of pyroelectric coefficient, dielectric properties, and figures of merits for KNN-BKT + xMnO ceramics.

x (wt%) εr (at 100 Hz) tgı (at 100 Hz) � (kg/m3) Cp (J/kg K) p (�C/m2 K) Fi (pm/V) Fv (m2/C) FD (�Pa1/2)

0 1159 0.033 4440 545.69 101 41.6 0.0041 2.26
45.33
49.65
22
88.95
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0.4 1176 0.037 4462 5
0.8 1277 0.031 4464 5
1 1144 0.034 4470 5
2 980 0.035 4484 4

he permittivity of free space (=8.85 × 10−12 F/m), relative permit-
ivity, loss tangent, respectively [21]. As shown in the table, the p
oefficient and the FOMs of KNN-BKT ceramics have been improved
fter MnO doping. Similar to the piezoelectric properties, the sam-
le with x = 0.8 has the best pyroelectric performance among the
oped samples, which doubles the p coefficient compared to pure
NN-BKT ceramics. Hence, Mn doping is suggested as an effective
ay to enhance both the pyroelectric and piezoelectric properties

f KNN-BKT ceramics.

. Conclusions

Lead-free piezoelectric KNN-BKT + xMnO ceramics have been
ynthesized by solid state reaction. The effect of MnO content on
he piezoelectric, dielectric, ferroelectric and pyroelectric prop-
rties of the KNN-BKT ceramics has been studied. With the
ddition of MnO, no significant improvement on ferroelectric per-
ormance is observed. Nevertheless, the piezoelectric, dielectric
nd pyroelectric properties have been enhanced greatly with MnO
oping. It was also found that the performance of the ceram-

cs is sensitive to the MnOdoping amount. The KNN-BKT + xMnO
eramic with x = 0.8 exhibits the optimal properties: d33 = 221 pC/N,
p = 44.7%, tgı = 1.4%, εr = 1229, QM = 143, � = 4.464 g/cm3 and
= 221 �C/m2 K.
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