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Abstract
A new lead-free piezoelectric solid solution system with the formula of
(1−x)(K0.45Na0.55)(Nb0.965Sb0.035)O3−xBi0.5(K0.91Li0.09)0.5(Hf0.3Zr0.7)O3 were prepared using a
conventional solid-phase sintering method, and we investigated the relationship between the
composition, microstructure, phase structure and electrical properties of the ceramics. It was
found that adding Bi0.5(K0.91Li0.09)0.5(Hf0.3Zr0.7)O3 induced the ceramics transition from a
single orthorhombic structure to a coexistence of multiple phases, and a three-phase coexistence
of rhombohedral, orthorhombic and tetragonal phases was present in the composition range
x=0.03 to 0.035. Enhanced piezoelectric properties were obtained for the ceramics near the
three-phase coexistence region, with the largest piezoelectric constant d33 of 253 pC/N and the
highest planar electromechanical coupling coefficient of 0.36. Additionally, a rough phase
diagram for the solid solution system was established by using the critical temperatures
determined by the temperature-dependent dielectric properties. The authors believe that these
results can provide a useful reference for the development of (K,Na)NbO3-based lead-free
piezoelectric ceramics.

Keywords: lead-free ceramics, piezoelectric properties, multiphase coexistence, perovskites,
dielectric properties
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1. Introduction

Traditional lead-based piezoelectric ceramics, represented by
Pb(Zr,Ti)O3 (PZT)-based ceramics, have been used in many
electronic devices, such as actuators, resonators and trans-
ducers [1, 2]. Unfortunately, lead-based piezoelectric cera-
mics can cause a huge damage to both the environment and
human health, because of the toxic lead oxide constituting

over 60 wt% of their raw materials [3–5]. Therefore, devel-
oping lead-free piezoelectric materials with high perfor-
mances has been an urgent duty. The (K,Na)NbO3 (KNN)-
based ceramics are widely considered to be among the most
promising lead-free piezoelectric materials for the replace-
ment of lead-based ones, due to their excellent piezoelectric
properties and relatively high Curie temperature (TC) [6–10].
However, although some KNN-based ceramics have exhib-
ited piezoelectric properties comparable to that of some
commercial PZT-based ones [11–13], there still exist some
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issues that hinder their practical use, such as a very narrow
sintering interval and an extremely strong composition
dependence of piezoelectric activity [10, 14].

Over the past many years, a large number of researchers
have committed to improving the piezoelectric performances
of KNN-based ceramics by the way of chemical modifications
and/or using new preparation methods [3–20]. For example,
Saito et al [20] in 2004 reported a giant piezoelectric constant
(d33=416 pC/N) obtained in the Li+, Ta5+ and Sb5+

modified KNN-based ceramics fabricated by the reactive
templated grain growth technique (RTGG). However, the
high cost of RTGG is a main limitation for its widespread use.
By contrast, the chemical modification is a more economical
method and thus is more likely suitable for large-scale com-
mercial production. Especially, the chemical modification can
readily result in the formation of a phase boundary (i.e., a
coexistence of multiple phases), which may usually bring
about an enhanced piezoelectric activity [15–19].

There are three types of phase boundaries in KNN-based
ceramics, including rhombohedral-orthorhombic (R–O),
orthorhombic-tetragonal (O–T) and rhombohedral-tetragonal
(R–T) phase boundaries [21–23]. The ceramics with an R–T
phase boundary generally possess higher piezoelectric prop-
erties than that of the ceramics with an R–O or an O–T phase
boundary, and therefore have been a research hotspot [11–13,
21–23]. It is through modifying the temperature of R–O phase
transition (TR−O) and/or the temperature of O–T phase
transition (TO−T) to room temperature that a phase boundary
is constructed in KNN-based ceramics [21–23]. Many addi-
tives can modify the TR−O or TO−T to room temperature after
adding appropriate amount of them into KNN, including ion
substitutions such as Li+, Sb5+ and Ta5+ ions [24–26], as
well as ABO3-type compounds such as BaZrO3 and BiScO3

[27, 28]. Particularly, some additives [e.g., Bi0.5Na0.5ZrO3

(BNZ)] [29] can make the TR–O and TO–T simultaneously
move towards room temperature and thereby have attracted
wide attention, as they are able to provide a great help for the
construction of R-T phase boundary. It is worth mentioning
that the R-T phase boundary identified in many references is
actually a three-phase coexistence region of rhombohedral,
orthorhombic and tetragonal phases (R–O–T) [30, 31], so it is
perhaps more accurate to call it R–O–T phase boundary.

In this study, we designed the (1−x)(K0.45Na0.55)(Nb0.965
Sb0.035)O3−xBi0.5(K0.91Li0.09)0.5(Hf0.3Zr0.7)O3 [abbreviated
as (1−x)KNNS-xBKLHZ] system piezoelectric ceramics
through adding Sb5+ ions and ABO3-type compound BKLHZ
into KNN. The added Sb5+ can increase the TR–O [32], while
the Li+ contained in BKLHZ is able to reduce the TO–T [24].
As for BKLHZ, it should have similar effects on the two
temperatures as BNZ, because elements contained in both of
them respectively belong to the three same groups of periodic
table. Therefore, an R–O–T phase boundary predictably can
be built up in the new solid solution system via adding sui-
table amount of it. An investigation was performed on the
relationship between composition, phase structure and elec-
trical properties of the (1−x)KNNS-xBKLHZ ceramics, and
enhance piezoelectric properties were found to be achieved

for the ceramics with compositions near the R–O–T phase
boundary.

2. Experimental details

Lead-free (1−x)KNNS-xBKLHZ piezoelectric ceramics were
prepared by a conventional ceramic synthetic route. High
purity carbonates and oxides powder including K2CO3

(99.0%), Na2CO3 (99.8%), Nb2O5 (99.5%), Sb2O3 (99.5%),
Bi2O3 (99.0%), Li2CO3 (98.0%), HfO2 (99.99%) and ZrO2

(99.0%) were used as raw materials. After accurately
weighing, the raw materials powders were ball-milled in
absolute ethanol for 24 h. The slurry was dried and then
calcined at 850 °C for 6 h. After grinding again, the calcined
powders were granulated into granules using 3–5 wt% poly-
vinyl alcohol (PVA) as an adhesive. Afterwards, the granules
were pressed into disc pellets with a diameter of ∼10 mm and
a thickness of ∼1 mm in a die using a unidirectional pressure
of 10MPa. Following the burnout of the PVA at 500 °C for
2 h, the pellets were air-sintered at 1100–1150 °C (determined
on the composition) for 3 h and then cooled to room temp-
erature in the furnace. For the measurement of electrical
properties, both the surfaces of the pellets were coated with a
silver paste and subsequently were fired at 600 °C for 10 min
to form electrodes.

An x-ray diffractometer (XRD-7000, Shimadzu, Japan)
was employed to identify the phase structures of the (1−x)
KNNS-xBKLHZ ceramic samples using Cu Kα1 irradiation
(λ=0.154056 nm), and their surface morphologies were
observed by a scanning electron microscopy (SEM). The
temperature-dependent dielectric properties were measured in
the temperature range from around −100 °C to 150 °C as well
as from room temperature to 450 °C by using a computer-
controlled LCR analyzer (E4980A, Keysight Technologies,
USA) together with a specially designed multi-sample fur-
nace. For the measurement of piezoelectric properties, the
silver-coated ceramic samples were immersed in a room-
temperature silicone oil bath, applying a dc electric field of
4 kV/mm on the two surfaces of the ceramic pellets for
30 min. After aging the poled ceramic samples for 24 h, their
piezoelectric constant d33 and planar electromechanical cou-
pling coefficient (kp) were determined with a quasi-static d33
meter (YE2730A, Wuxi Yutian, China) and a resonance-
antiresonance method using an impedance analyzer (ZX70A,
Changzhou Zhixin, China), respectively.

3. Results and discussion

Figure 1 shows the SEM surface microstructures of the (1−x)
KNNS-xBKLHZ ceramics. It can be found that all the grains
are in a cuboidal shape, implying that no liquid phase
appeared during the sintering step. Additionally, one can note
that all the compositions exhibit an obviously bimodal dis-
tribution in grain sizes that both large and small grains exist
simultaneously, and this is a phenomenon frequently occurred
in KNN-based ceramics with Sb5+ or Zr4+ ions [33]. This
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phenomenon is usually considered to be caused by the
accumulation of these added ions at the grain boundaries [33].
Furthermore, a few pores can be seen in the microstructures of
all compositions, which may lead to a low breakdown voltage

and thus is adverse to the polarization of the ceramics. The
pores are difficult to eliminate for the KNN-based ceramics
prepared by a traditional solid-state preparation method,
especially for the ones containing Sb5+ ions [25]. Many new

Figure 1. SEM surface micrographs of the (1−x)KNNS-xBKLHZ ceramics with (a) x=0; (b) x=0.01; (c) x=0.02; (d) x=0.025; (e)
x=0.03; (f) x=0.035; (g) x=0.04; (h) x=0.05.
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ceramic preparation methods, such as citrate sol-gel method
[34], have been found to result in a highly dense micro-
structure with few flaws, therefore may be tried to be used in
the fabrication of KNN-based ceramics in future researches.

Figure 2(a) depicts the room-temperature XRD patterns
of the (1−x)KNNS-xBKLHZ ceramics, measured in the 2θ
range of 20–60°. All the ceramics should have a pure per-
ovskite structure because none of the XRD peaks in the
patterns can be identified as belonging to any other phases,
which suggests that the added BKLHZ has diffused into the
lattice of KNNS completely. For better observation on the
structural evolution of the ceramics, the enlarged views of
their XRD patterns between 2θ=44° and 48° are exhibited
in figure 2(b). One can notice an obvious decrease in the
relative intensity of (002) and (200) peaks (I002/I200) with the
increase of x, implying that there is a structural variation in
the studied composition range.

Dielectric-temperature measurements from about −100
to 150 °C were carried out to further determine the phase
structures of the (1-x)KNNS-xBKLHZ ceramics, as illustrated
in figure 3. There are two dielectric anomalies existing on the
curves for the compositions x=0 to 0.035, which respec-
tively correspond to the TR−O and TO−T, as indicated in the
figure. The ceramics with compositions x=0 to 0.02 should
possess a single orthorhombic structure as the two tempera-
tures of them both are far from room temperature, while the
composition x=0.025 has a two-phase coexistence of R-O
phases, because its TR−O is at around room temperature. For
compositions x=0.03 to 0.035, both the TR−O and TO−T are
near the room temperature, so they can be identified as pos-
sessing a coexistence of three phase including rhombohedral,
orthorhombic and tetragonal phases, as suggested by [30, 31].
The TR–O and TO−T merge into each other at x=0.04, which
is an indication of the formation of R–T phase coexistence.

The temperatures of the R–T phase coexistence (TR−T) are all
a little above room temperature for the ceramics with com-
positions x=0.04 to 0.05, so they have the possibility of
possessing a pure rhombohedral structure at room temper-
ature. But this is negated by the fact that the shape of their
XRD peaks at about 45° is obviously asymmetric as observed
in figure 2(b), indicating that they are not a real single peak
like that of pure rhombohedral KNN-based ceramics [17–19].
Therefore, they should have a two-phase coexistence of R–T
phases at room temperature. Figure 2(b) presents all the
identification results of the phase structures of the ceramics.

In order to study the effects of BKLHZ content on the
ferroelectric-paraelectric phase transition of the (1–x)KNNS-
xBKLHZ ceramics, the dielectric-temperature measurements
were as well conducted in the temperature range form room
temperature to 450 °C, as shown in figure 4. It can be seen
that as the temperature rises, the relative dielectric constant εr
of all the compositions experience a trend of increasing first
and then decreasing, accompanying with the appearance of an
obvious dielectric peak, which is related to the ferroelectric-
paraelectric phase transition. The temperature of the dielectric
peak can be approximately determined as the Curie temper-
ature TC (also known as the Curie point), and one can note
that the TC undergoes a gradual declination with the addition
of BKLHZ. In addition, it is found that the dielectric peak has
a sharp shape for compositions x�0.035, indicating that
they should be normal ferroelectrics. Nevertheless, the peak
tends to broaden with the further increase of BKLHZ content,
showing the characteristics of diffusion phase transition. The
broadening phenomena in the Curie peak is generally related
to the atomic and field disorders, as pointed out by Shvarts-
man et al [35]. In this study, it is the added BKLHZ, which
consists of many cations different from those of KNNS, that
leads to these disorders.

Figure 2. Room-temperature XRD patterns of the (1-x)KNNS-xBKLHZ ceramics in the 2θ range of (a) 20–60° and (b) 44–48°.
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A rough phase diagram is established for the (1–x)
KNNS-xBKLHZ system in figure 5, whose critical tempera-
tures are obtained from figures 3 and 4. It is noted that the
orthorhombic phase region, which lies between the R–O and
O–T phase boundaries, tends to shrink with increasing
BKLHZ content until at x=0.03, where the R–O and O–T
phase boundaries are so close to each other that a three-phase
region of R–O–T phases can be considered to be formed in

here, just as discussed in previous paragraphs. With the fur-
ther increase of BKLHZ content, a two-phase region of R–T
phases (i.e., the R–T phase boundary) is observed to locate
between the rhombohedral and tetragonal single-phase
regions.

Figure 6 illustrates the composition-dependent electrical
properties of the poled (1−x)KNNS-xBKLHZ ceramics,
measured at room temperature. It can be seen that both the d33

Figure 3. Dielectric-temperature curves of the (1−x)KNNS-xBKLHZ ceramics in the temperature range from −100 to 150 °C, measured at
100 kHz, with (a) x=0; (b) x=0.02; (c) x=0.025; (d) x=0.03; (e) x=0.035; (f) x=0.04.
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and kp have a same variation tendency that they firstly
increase and then decrease with the addition of BKLHZ, and
their maximum values both appear at x=0.03, with
d33=253 pC/N and kp=0.36. Obviously, it is the three-
phase coexistence of R–O–T phases that contributes to the
enhanced piezoelectric properties. There are two usual
explanations on the origin of the enhancing effect for the
piezoelectric ceramics with compositions near a phase

boundary: (i) the existence of more spontaneous polarization
directions facilitate the switching of domains during poling
[1, 2]; (ii) the mobility of domain walls can be enhanced in
compositions around a phase boundary [36]. Nevertheless,
the relative dielectric constant εr, which were measured at
10 kHz, remains an almost gradual increasing trend with x
within the studied composition range. Hollenstein et al [37]
found that an appropriate addition of Li+ ions into the KNN-
based ceramics could increase the dielectric constant at near
room temperature. Therefore, we believe that it also might be
the added Li+ ions, which are contained in the end-member
compound BKLHZ, that lead to the continuous growing in
the εr in this work.

Thermal stability is one of the key factors for practical
application of piezoelectric materials. In the present work, the
thermal-depoling behavior of the piezoelectric constant d33
was investigated for the (1−x)KNNS-xBKLHZ ceramics with
compositions near the R–O–T phase coexistence region, as
shown in figure 7. The d33 was measured at room temperature
after the poled ceramic samples were annealed at each
annealing temperature (TA) for 30 min. One can note that the
d33 gradually decreases with the increase of TA, and as the TA
closes to the TC, it then experiences a sharp reduction until
complete depolarization is achieved, just as observed in other
KNN-based ceramics [18].

Figure 4. Temperature dependence of the dielectric constant and loss for the (1−x)KNNS-xBKLHZ ceramics measured in the temperature
range from room temperature to 450 °C: (a) x=0; (b) x=0.02; (c) x=0.035; (d) x=0.04.

Figure 5. Phase diagram of the (1−x)KNNS-xBKLHZ solid solution.
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4. Conclusion

The new lead-free piezoelectric ceramic system of (1−x)
KNNS-xBKLHZ were prepared by a traditional solid-state
sintering method. All the ceramics possess a pure perovskite
structure, and their phase structure transition from a single
orthorhombic structure to a coexistence of multiple phases
with the addition of BKLHZ. Three types of phase bound-
aries, including the R–O, R–O–T, R–T phase boundaries, are
found to be respectively formed in different composition
ranges of the ceramic system. The ceramics exhibit enhanced
piezoelectric properties for compositions near the R–O–T
phase boundary, with the largest piezoelectric constant d33 of
253 pC/N and the highest planar electromechanical coupling
coefficient of 0.36. These experiment results can provide a
useful reference for the development of KNN-based lead-free
piezoelectric ceramics.
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