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H I G H L I G H T S

• Fabricating the ternary (1-x)K0.5Na0.5Nb1-
ySbyO3-zSrZrO3-xBi0.5Na0.5HfO3 ceramics
by the conventional solid-state reaction
method;

• Constructing R-O-T multiphase coexis-
tence in the range of 0.03£x£0.05, 0.04
£y£0.06, 0.01£z£0.025;

• Attaining the high d33 (470 ± 5 pC/N)
and a relatively high TC (244 °C).

G R A P H I C A L A B S T R A C T

Enhanced piezoelectric properties (d33 = 470 ± 5 pC/N, kp = 0.51 ± 0.02, TC = 244 °C) were obtained in the
KNN-based ceramics with an R-O-T phase boundary driven by Sb5+, Bi0.5Na0.5HfO3 and SrZrO3.
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(1 − x)K0.5Na0.5Nb1 − ySbyO3-zSrZrO3-xBi0.5Na0.5HfO3 (KNNS-SZ-BNH) lead-free ceramics were developed by
the conventional solid-state reaction method. Effects of the additives (Bi0.5Na0.5HfO3, SrZrO3 and Sb5+) on
their phase structure, microstructure, and electrical properties were investigated. The rhombohedral-ortho-
rhombic-tetragonal (R-O-T) phase boundary can be established in the ceramics with 0.03 ≤ x ≤ 0.05,
0.04 ≤ y ≤ 0.06, and 0.01 ≤ z ≤ 0.025, and then their piezoelectric properties were improved. The ceramics with
x = 0.03, y = 0.04 and z = 0.01 possess the optimum piezoelectric properties (d33 = 470 ± 5 pC/N, kp =
0.51 ± 0.02, and TC = 244 °C). We believe that R-O-T multiphase coexistence is mainly responsible for the en-
hancement of piezoelectric properties.

© 2016 Elsevier Ltd. All rights reserved.

Keywords:
(K,Na)NbO3

Ternary system
Phase boundary
Electrical properties

1. Introduction

Currently, lead zirconate titanate (PZT) and other lead-based coun-
terparts play a predominant role in the electronic devices market be-
cause of their excellent electrical properties. However, high
concentration lead over 60% in these materials harms people's health
and contaminates the environment during fabrication process.

Therefore, it is urgent to develop high-performance lead-free
piezoceramics which are comparable to the lead-based ones [1–5].

Pure potassium-sodium niobate (KNN) ceramic possesses a high TC
of 415 °C, which is considered as one of the most promising lead-free
materials to replace the lead-based ones. Unfortunately there is an infe-
rior d33 (80–160 pC/N), which still cannot meet the demand of practical
applications [2–5]. According to the previous reports, the excellent pie-
zoelectric properties of lead-based ceramics were mainly attributed to
the formation of morphotropic phase boundary (MPB), where multi-
phases (i.e., rhombohedral and tetragonal) can easily coexist [6–8].
Therefore, most researchers improved the piezoelectric properties of
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lead-free ceramics by designing and constructing multi-phases coexis-
tence [2–5,9–11]. It is well known that a pure KNN ceramic often un-
dergoes a paraelectric-ferroelectric phase transition and two
ferroelectric-ferroelectric phase transitions with the decrease of ambi-
ent temperature, that is, cubic to tetragonal (TC ~415 °C), tetragonal to
orthorhombic (TO-T ~210 °C), and orthorhombic to rhombohedral (TR-
O ~−150 °C) [2,4,5]. Thus, in order to obtain multiphases coexistence
in KNN ceramics at room temperature, it is necessary to shift their TT-O
and/or TO-R to room temperature.

In the past decades, numerous efforts have been used to construct
phase boundaries in KNN-based ceramics [2,4,5,11–19]. These results
show that TT-O and/or TO-R of KNN ceramics can be effectively shifted
to room temperature by doping some additives (i. e., Li+, Sb5+, Ta5+,
Bi0·5Na0.5ZrO3 and so on) [3,12–15]. Previous results indicated the addi-
tion of Sb5+ can strongly affect the phase structure and electrical prop-
erties of KNN ceramics [13,14], that is, the addition of Sb5+ can
effectively increase their TR-O and decrease TO-T. However, the improve-
ment of piezoelectric properties is limited due to the finite solid solubil-
ity between KNN and Sb5+. Therefore, new phase boundaries of KNN
ceramics cannot be realized by only doping Sb5+, and other additives
must be doped if new phase boundaries are wanted. Recently, phase
boundaries (i.e., orthorhombic-tetragonal (O-T) phase boundary,
rhombohedral-tetragonal (R-T) phase boundary) of KNN ceramics
have been established by doping SrZrO3 or Bi0·5Na0.5HfO3 or
Bi0.5(Na0.82K0.18)0.5ZrO3 [16–21]. Then, a series of d33 values (250–
460 pC/N) were observed when the compositions locate at the region
of phase boundaries. For example, a high d33 value of 419 pC/N was
found in the region of R-T phase boundary through with the addition
of both Sb5+ and Bi0·5Na0.5HfO3 [20]. A large d33 value of 460 pC/N
was also observed in the KNN ceramics modified by Sb5+ and
Bi0.5(Na0.82K0.18)0.5ZrO3 because of an R-T phase boundary [21]. In addi-
tion, the addition of SrZrO3 improved the piezoelectric performance of
KNN-based ceramics by constructing phase boundaries [16–19].

In this work, Sb5+, SrZrO3, and Bi0.5Na0.5HfO3were chosen as the ad-
ditives, and then the (1 − x)K0.5Na0.5Nb1 − ySbyO3-zSrZrO3-
xBi0.5Na0.5HfO3 ceramics were fabricated by the conventional solid-
state reaction method. Effects of Bi0.5Na0.5HfO3, SrZrO3 and Sb5+ on
their phase structure, microstructure, and electrical properties were in-
vestigated. The results demonstrate that the electrical properties of KNN
ceramics can be well improved by developing ternary material system.

2. Experimental procedure

In this work, (1− x)K0.5Na0.5Nb1 − ySbyO3-zSrZrO3-xBi0·5Na0.5HfO3

{(x = 0–0.06 with y = 0.04, z = 0.01), (y = 0–0.08 with x = 0.03,
z=0.01) and (z=0–0.03with x=0.03, y=0.04)} ceramicswere fab-
ricated by the conventional solid-state reaction method. Rawmaterials
were K2CO3 (99%), Na2CO3 (99.8%), Nb2O5 (99.5%), Sb2O3 (99.99%),
SrCO3 (99%), HfO2 (99%), Bi2O3 (99.999%), and ZrO2 (99%). The detailed
fabrication processes can be easily found in our previous work [13,20].
In addition, the detailed measurement procedures for properties (e.g.,
crystal structure, dielectric, ferroelectric, and piezoelectric) can be also
found in our previous references [13,20].

3. Results and discussions

Fig. 1(a), (c) and (e) show the composition dependence of phase
structure of the ceramics. All ceramics display a pure perovskite struc-
ture without secondary phases, and the phase structure is also strongly
dependent on thedoping content. The expandedXRDpatterns of the ce-
ramics in the range of 44–47° were also depicted [Fig. 1(b), (d) and (f)].
As shown in Fig. 1(b), the intensity ratio (2:1) between the left peak and
the right onewas observed in the ceramicswith x=0, indicating the in-
volvement of an orthorhombic symmetry [14–19]. With an increase of
x, the intensity of the left peak gradually reduces and the intensity of
the right one increases, then a tetragonal-like symmetry was observed

in the composition range of 0.02 ≤ x ≤ 0.05. However, only one diffrac-
tion peak was observed in the ceramics with x = 0.06, suggesting a
rhombohedral phase [16,19]. There is a similar changing tendency in
the ceramics with different y and z values, as shown in Fig. 1(d) and
(f). In addition, an obvious peak shift (marked by the arrows) was ob-
served in Fig. 1(f). After the addition of SrZrO3, the characteristic
peaks are shifted to a lower angle. According to the Bragg's law, 2dsin
θ = nλ, where d is the interplanar spacing, θ is the angle of diffraction
and λ is the wavelength of incident ray. Thus, this phenomenon could
be caused by replacing A site (K: 0.138 nm, Na: 0.102 nm) with Sr2+

(0.118 nm). The difference of ion radius between Na+ and Sr2+

(~0.016 nm) is inferior to the one between K+ and Sr2+ (~0.02 nm),
which means that Sr2+ prefers to replace Na+. After replacing Na+

with Sr2+, d increases, leading to the decrease of sin θ or θ.
The temperature dependence of dielectric constant (εr-T) curves of

the samples were conducted to judge their phase structure (Fig. 2). As
shown in Figs. 2(a)–(d), there are two obvious abnormal dielectric
peaks in the ceramics with x = 0, which respectively correspond to
their TR-O and TO-T [14–19]. With an increase of x, TR-O increases and
TO-T decreases. Then, only one abnormal dielectric peak was observed
in the ceramics with x = 0.03, suggesting that both TR-O and TO-T were
shifted to the same temperature. With the further increase of x, there

Fig. 1. XRD patterns of the ceramics as a function of (a) (x, y = 0.04, z = 0.01), (c) (x =
0.03, y, z = 0.01), and (e) (x = 0.03, y = 0.04, z); amplified patterns in the range of 44–
47o as a function of (b) (x, y = 0.04, z = 0.01), (d) (x = 0.03, y, z = 0.01) and (f) (x =
0.03, y = 0.04, z).
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