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Phase structure and electrical properties of
0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3 lead-free perovskite
ceramics#
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Abstract: 0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3 [0.96KNNSx-0.04LT] lead-free piezoelectric
ceramics were synthesized by conventional solid-state method. The effects of Sb content on the phase
structure and electric properties were system studied. The results show that the orthorhombic and
tetragonal phases coexist in the 0.96KNNSx-0.04LT ceramics. The increase of Sb content induces a
rapid decrease of the Curie temperature (Tc) and the orthorhombic-tetragonal polymorphic phase
transition temperature (To-t). The 0.96KNNSx-0.04LT ceramics with x=0.05 exhibit excellent
properties (d33~270 pC/N, kp~0.435, εr~1125, tan δ~0.05, Tc~328 ℃, To-t~54 ℃, Pr~20.5 μ
C/cm2 and Ec~1.07 kV/mm respectively). Enhanced electrical properties of the 0.96KNNSx-0.04LT
ceramics should be attributed to the polymorphic phase transition near room temperature. The
0.96KNNSx-0.04LT ceramics is considered to be a promising candidate material for lead-free
piezoelectric ceramics because of its excellent properties.
Keywords: Niobates KNN; Electrical properties; Polymorphic phase transition; Lead-free piezoelectric
ceramics
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Lead -based ceramics with perovskite structure were widely used for various applications,
such as piezoelectric transformers, ultrasonic motors, and other applications, owing to their
excellent piezoelectric and dielectric properties. Though these ceramics possess high properties,
they cause serious problems for environmental and human health due to containing lead to about
70 wt%. Therefore, it is urgent to develop lead-free piezoelectric ceramics with excellent electrical
properties [1- 4].
Among several lead-free piezoelectric materials under investigation, (K0.5Na0.5)NbO3 (KNN),
a compound of the morphotropic phase boundary (MPB) composition in the (1-x)
KNbO3-xNaNbO3 solid solution, was considered as one of the promising materials for lead-free
ceramics after Saito et al [1, 4-6]. Nevertheless, because of the piezoelectric coefficient (d33) of
pure KNN is considerably low, compositional modification can enhance the ferroelectric and
piezoelectric properties with other compounds, such as AgSbO3 [5], CaTiO3 [7], LiNbO3 [8, 9],
LiTaO3 [11], LiSbO3 [12-14], BiMeO3 [15], and SrTiO3 [16, 17]. It is generally believed that the
MPB of the piezoelectric ceramics is an important factor to affect the electrical properties. But for
KNN-based ceramics, the electrical properties depend not only on the compositions but also on the
temperature [11, 18-20]. The coexistence of orthorhombic and tetragonal phases is responsible for
the improvement of properties of the ceramics, it is polymorphic phase transition (PPT) near room
temperature but not MPB plays an important role for KNN-based ceramics [11, 18-19]. A PPT
near room temperature will be helpful to obtain enhanced electrical properties, so it is necessary to
shift a PPT of the KNN-based ceramics to near room temperature.
(1-y)(K0.5Na0.5)(Nb0.96Sb0.04)O3-yLiTaO3 [(1-y)KNNS-yLT] lead-free piezoelectric ceramics
have been studied and the values of the maximum piezoelectric properties (d33=225pC/N and
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kp=0.40) were obtained at the MPB(y=0.04) in authors’ group [20]. In order to improve the
piezoelectric properties and investigate the effect of temperature and composition on the
properties, the lead-free piezoelectric ceramics 0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3
[0.96KNNSx-0.04LT] were prepared by normal sintering, and the effects of Sb content on the
phase structure and electrical properties of the ceramics were studied in present study.

1 Experimental
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The 0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3 [0.96KNNSx-0.04LT] ceramics were prepared
by the conventional mixed oxide method. Na2CO3 (99.8%), K2CO3 (99%), Li2CO3 (99.99%),
Nb2O5 (99.5%), Ta2O5 (99.99%) and Sb2O3 (98%) were used as starting raw materials. They were
ball milled for 24 h with agate ball media and alcohol. After calcinations at 850 ℃ for 6 h, the
powder was then pressed into disks of 1.5 cm diameter and 0.7 mm thickness under 20 MPa using
polyvinyl acetate (PVA) as a binder. After burning off PVA, the pellets were sintered at
1090-1115 ℃ for 3 h in air. Silver paste was fired on both sides of the samples at 700 ℃ for 10
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min to form the electrodes for the electrical measurements. The samples were poled in a 120 ℃
silicone oil bath by applying a direct current electric field of 4.0 kV/mm for 20 minutes.
X-ray diffraction (XRD) characterization of the ceramics was performed using Cu Kα
radiation (λ=1.54178 Å) in the θ-2θ scan mode (DX1000, Dandong, China). The surface
morphologies of the sintered specimens were observed by a scanning electron microscope (SEM)
(JSM-5900, Japan). The temperature dependence of the dielectric constant of the ceramics was
examined using a programmable furnace with an Agilent 4980A (USA). The piezoelectric
constant d33 was measured using a piezo-d33 meter (ZJ-3A, China). The polarization versus electric
field (P-E) hysteresis loops of the ceramics were measured using a Radiant Precision Workstation
at 100 Hz.

2 Results and Discussion
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Figure 1(a) shows the XRD patterns of 0.96KNNSx-0.04LT lead-free piezoelectric ceramics
as a function of x. As shown in Fig. 1(a), all the specimens are single-phase perovskite structure,
and there is no secondary phase to be obtained. It suggests that Sb5+ has diffused into the lattices,
with occupying the B sites, to form a homogeneous solid solution. In order to further analyze the
effect of Sb content on the phase structure of 0.96KNNSx-0.04LT lead-free ceramics, the
corresponding expanded XRD patterns of 0.96KNNSx-0.04LT ceramics in the range of 2θ from
44° to 47° is shown in Fig. 1(b). It can be seen that orthorhombic and tetragonal phases coexist in
the 0.96KNNSx-0.04LT ceramics, similarly to (1-y)(K0.5Na0.5)(Nb0.96Sb0.04)O3-yLiTaO3 (y=0.04)
lead-free ceramics which is near the MPB composition [20]. It can be seen that the
crystallographic structure is almost unchanged with increasing x. Besides, it also could be found
that the diffraction peaks shift towards high diffraction angles with the increase of x, which may
be attributed to the smaller ionic radii of Sb5+ than Nb5+.
Figure 2 presents the scanning electron microscopy (SEM) micrographs of the
0.96KNNSx-0.04LT ceramics with (a) x=0.03; (b) x=0.05; (c) x=0.06 and (d) x= 0.08, where the
testing voltage is 20 kV and magnify 2000 times. For ceramics at x=0.03, there are many large
grains with the size of about 10 μm, while some small grains are emerged in it with the size of
about 2 μm, together with a small amount of pores. For ceramics at x=0.05, the grains become to
be smaller, the grains have a diameter in the range of 2～3 μm, and the ceramic is denser and
almost no pores. With the increase of x from 0.06 to 0.08, the grains grow smaller and more
uniform. It indicates that with the increase of Sb content, the grain growth was inhibited, causing
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the grain to be smaller. The result is similar to that reported by other authors [21].
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Fig. 1 XRD patterns of 0.96KNNSx-0.04LT ceramics. (a) XRD patterns of 0.96KNNSx-0.04LT ceramics as a
function of x; and (b) Corresponding expanded XRD patterns of the 0.96KNNSx-0.04LT ceramics in the ranges of
2θ from 44° to 47°.
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Fig. 2 SEM micrographs of 0.96KNNSx-0.04LT ceramics as a function of x; (a) x=0.03; (b) x=0.05; (c) x=0.06;
and (d) x=0.08
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The compositional dependence of the piezoelectric constant (d33) and planar
electromechanical coefficient (kp) of the 0.96KNNSx-0.04LT ceramics is shown in Fig. 3. It could
be found that the d33 increases with the increase of Sb content, reaching a maximum value of 270
pC/N at x=0.05, and then decreases. Similarly to the change of d33, the kp increases at first, and
then decreases, giving a maximum value of 0.435 at x=0.05. These results clearly indicate that the
0.96KNNSx-0.04LT ceramics obtain their optimum piezoelectric properties at x=0.05. The
excellent properties may be attributed to the orthorhombic and tetragonal phase transition
temperature (To-t) shift near room temperature, as discussed in the next paragraph.

Fig. 3 Piezoelectric properties of 0.96KNNSx-0.04LT ceramics as a function of x.
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The temperature dependence of the dielectric constant of 0.96KNNSx-0.04LT ceramics at
100 kHz as a function of x is shown in Fig. 4(a). It is clearly seen that the tetragonal-cubic phase
transition peaks shift to lower temperature with the increasing Sb content. This denotes that the
Curie temperature (Tc) of 0.96KNNSx-0.04LT decreases with increasing x, which can also be seen
from Fig 4(b). As well known, there is an important relation between the Curie temperature and
the tolerance factor. The tolerance factor of perovskite structure K0.5Na0.5NbO3 ceramic is about
0.88, the radii of Sb5+ is larger than those of Nb5+ and the radii of Ta5+ is close to those of Nb5+, so
the tolerance factor of 0.96KNNSx-0.04LT ceramic is larger than 0.88. It could be found that the
tolerance factor of the ceramics increases with the increase of Sb content, while the Tc of the
ceramics decreases. Figure 4(b) also shows orthorhombic-tetragonal polymorphic phase transition
temperature To-t of 0.96KNNSx-0.04LT as a function of x. As shown in Fig. 4(b), the To-t almost
decreases at 0<x<0.06, and then slightly increases with further increasing x. It indicates that To-t of
the 0.96KNNSx-0.04LT almost shifts to near room temperature (54 ℃), that is, the ceramic shows
PPT near room temperature at x=0.05, which strongly affects the electrical properties of the
0.96KNNSx-0.04LT ceramics, showing the enhanced electrical properties as mentioned in
previous paragraph. Therefore, the 0.96KNNSx-0.04LT ceramics have enhanced electric
properties at x=0.05.
Figure 4(c) shows the dielectric constant (εr) and dielectric loss (tan δ) of 0.96KNNSx-0.04LT
ceramics as a function of x. The dielectric constant (εr) increases with increasing x, reaches the
maximum value as 1397, and then decreases with the further increasing x. On the other hand, the
dielectric loss (tan δ) almost keeps unchanged with increasing x. The 0.96KNNSx-0.04LT
ceramics has εr value of 1125 and tan δ value of 0.05 with x=0.05.
Figure 5(a) shows the compositional dependence of the P-E hysteresis loops of
0.96KNNSx-0.04LT ceramics with x=0.01, 0.03, 0.05, and 0.07 respectively. Large leakage
current can be seen from Fig. 5(a), and become larger with the addition of Sb. Figure 5(b) shows
the remnant polarization and the coercive field of the 0.96KNNSx-0.04LT ceramics as a function
of x. It was found that the Pr and the Ec increase with the increasing x and then decrease with the
further increase of x.
As discussion above, the electrical properties of 0.96KNNSx-0.04LT ceramics are very
sensitive to the compositions, with the increase of x, the properties increase and reach to their
maximum values at x=0.05, and then decrease with further increase of x. The enhanced electrical
properties of the 0.96KNNSx-0.04LT ceramics with x=0.05 may be attributed to optimum Sb
substitution and the PPT near room temperature.
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Fig. 4 Dielectric properties of 0.96KNNSx-0.04LT ceramics. (a) The temperature dependence of dielectric constant
(εr) of 0.96KNNSx-0.04LT ceramics as a function of x; (b) The Curie temperature Tc and the
orthorhombic-tetragonal polymorphic phase transition temperature To-t of 0.96KNNSx-0.04LT ceramics as a
function of x; and (c) The dielectric constant (εr) and dielectric dissipation (tan δ) of 0.96KNNSx-0.04LT ceramics
as a function of x

Fig. 5 Ferroelectric properties of 0.96KNNSx-0.04LT ceramics. (a) P–E hysteresis loops of 0.96KNNSx-0.04LT
ceramics with x=0.01, 0.03, 0.05 and 0.07 respectively; and (b) The remnant polarization and coercive field of the
0.96KNNSx-0.04LT ceramics as a function of x.
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0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3 [0.96KNNSx-0.04LT] lead-free piezoelectric
ceramics with excellent electrical properties have been prepared by using the conventional
ceramic sintering technique. All the ceramics possess a single-phase perovskite structure with the
coexistence of orthorhombic and tetragonal phases at room temperature. The increase of Sb
content results in the decrease in Tc. The orthorhombic–tetragonal polymorphic phase transition
To-t of the 0.96KNNS0.05-0.04LT ceramics is the closest to room temperature, so it shows optimum
electrical properties of d33~270 pC/N, kp~0.435, To-t~54 ℃, Tc~328 ℃, εr~1125, tan δ~0.05,
Pr~20.5 μC/cm2 and Ec~1.07 kV/mm.
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0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3 无铅压
电陶瓷相结构和电学性能研究
张斌，吴文娟，肖定全，黄小磊，李婧
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（四川大学材料科学与工程学院，成都 610064）
摘要：采用传统固相发合成了 0.96(K0.5Na0.5)(Nb1-xSbx)O3-0.04LiTaO3 [0.96KNNSx-0.04LT] 无
铅压电陶瓷，研究了 Sb 含量对陶瓷相结构和电学性能的影响。结果表明：0.96KNNSx-0.04LT
陶瓷在室温呈现正交-四方的共存相。随着 Sb 含量的增加，居里温度 Tc 和正交-四方多晶型
相转变 To-t 快速降低。当 x=0.05 时，0.96KNNSx-0.04LT 陶瓷具有较优异的性能：d33~270
pC/N, kp~0.435, εr~1125, tan δ~0.05, Tc~328 ℃, To-t~54 ℃, Pr~20.5 μC/cm2 和
Ec~1.07 kV/mm。0.96KNNSx-0.04LT 陶瓷增强的电学性能是由于正交-四方多晶型相转变靠近
室温。因此，0.96KNNSx-0.04LT 陶瓷是一种有前途的无铅压电陶瓷。
关键词：铌酸盐 KNN；电学性能；多晶型相转变；无铅压电陶瓷
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