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(1 � x)[(K0.44Na0.52Li0.04)(Nb0.91Ta0.05Sb0.04)O3]-xBi0.25Na0.25NbO3 (KNLNTS-
xBNN) lead-free piezoelectric ceramics have been prepared using a conven-
tional solid-state reaction method and the effects of BNN on their phase
structure, microstructure, and electrical properties systematically studied.
X-ray diffraction analysis suggested that BNN substitution into KNLNTS
induced coexistence of orthorhombic–tetragonal mixed phase and thus
improved the ferroelectric and piezoelectric properties. The surface mor-
phologies indicated that different amounts of BNN had two different effects on
grain growth. Good electrical properties (d33 = 256 pC N�1, Tc = 354.27�C,
kp = 43.43%, Pr = 26.85 lC cm�2, Ec = 24.47 kV cm�1) were simultaneously
obtained at x = 0.0025, suggesting that our research could benefit develop-
ment of (K,Na)NbO3-based ceramics and widen their application range.
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INTRODUCTION

Piezoelectric materials have been widely used in
the field of energy conversion, e.g., in actuators,
transducers, and sensors, and related studies lie at
the forefront of high-technology advanced materials
research.1 Over the last five decades, lead zirconate
titanate (PZT) has dominated most piezoelectric
applications due to its high piezoelectric response,
large-scale production capability, and the possibility
of adjusting the composition to tailor its properties,
which are closely related to the chemical structure
of Pb.2 Meanwhile, lead 6s and O 2p states are
strongly hybridized, leading to large strain that
stabilizes the tetragonal phase, playing an impor-
tant role in the piezoresponse of PZT ceramics.3

However, PZT has high lead content of �60%, which
may cause serious damage to the environment or

humans during preparation, processing, and even
disposal.4–8 Therefore, it is necessary to develop
lead-free piezoelectric ceramics with excellent prop-
erties as substitutes for lead-based ceramics in
various devices.9

(K0.5Na0.5)NbO3 (KNN) ceramics have received
much attention because of their high Curie temper-
ature and good piezoelectric and mechanical prop-
erties.10–16 They have now become some of the most
promising candidates to replace PZT-based ceram-
ics.17–20 However, a few drawbacks still prevent
wide-scale industrial use of KNN ceramics, owing to
their poor sintered density due to the volatility of
alkaline elements at high temperatures and the
hygroscopic nature of the reactant powders. Much
research work has been carried out to improve the
sintering performance and electrical properties of
KNN ceramics; For example, high piezoelectric
constant d33 (�416 pC N�1) was achieved in 2004
in KNN ceramics doped with Ta, Sb, and Li using a
complicated reaction template grain growth (RTGG)
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method.5 This achievement indicated that high d33

is attainable in the KNN system. Since then, some
researchers have begun to explore various
approaches to optimize the properties of KNN
materials. These approaches include substitution
modification such as adding a second component or
sintering additives, and novel preparation technol-
ogy.4–6,21–25 Recently, the relationships between
their phase boundary and electric properties have
been investigated to realize further break-
throughs.4,5,21–23 The research group at Sichuan
University made a significant breakthrough in
KNN-based ceramics using a conventional solid-
state method, achieving giant piezoelectricity with
extremely high piezoelectric constant
d33 > 360 pC N�1,26–29 indicating that there is
plenty of room for improvement of KNN-based
ceramics.

It is also known that shifting the orthorhombic–
tetragonal phase-transition temperature (To–t) to
near room temperature is a common way to improve
the electrical properties of KNN ceramics.30 In
previous reports, Bi0.5K0.5ZrO3 was selected to shift
To–t to near room temperature.31,32 (Bi0.5Na0.5)TiO3

(BNT) is also considered an excellent candidate
lead-free piezoelectric ceramic because of its strong
ferroelectricity at room temperature and high Curie
temperature; due to the similar ionic radii of Ti4+

(0.74 Å, CN = 8) and Nb5+ (0.74 Å, CN = 8), Nb5+

can substitute at B-site of BNT. Many recent
research studies have also focused on development
of Bi-based piezoelectrics9 as environmentally com-
patible alternatives to PZT, since Bi3+, like the Pb2+

ion, is highly polarizable due to a lone electron
pair.33 For the reasons mentioned above,
Bi0.25Na0.25NbO3 (BNN) theoretically has the ability
to improve the electrical properties of KNN ceram-
ics. Study of KNN ceramics partially substituted
with Li+, Ta5+, and Sb5+ has revealed that the
composition (Na0.52K0.44Li0.04)(Nb0.87Sb0.08Ta0.05)O3

(KNLNTS) possesses the highest values.8 This was
therefore chosen as our base composition for this
work. To obtain KNN-doped ceramics with good
electrical properties, ceramics with a series of
compositions KNLNTS-xBNN were prepared by a
conventional solid-state method, and the effects of
the BNN content on their phase structure,
microstructure, and electrical properties were
investigated.

EXPERIMENTAL PROCEDURES

KNLNTS-xBNN (x = 0 to 0.008) piezoelectric
ceramics were synthesized by a conventional solid-
state reaction method using Na2CO3 (99.8%),
K2CO3 (99%), Ta2O5 (99.99%), Li2CO3 (98%),
Nb2O5 (99.5%), Sb2O3 (99%), and Bi2O3 (99.99%)
as starting materials. These powder mixtures were
ball-milled for 12 h in ethanol with zirconia balls as
milling medium. The slurries were dried and cal-
cined at 850�C for 2 h. After calcination, the

mixtures were milled again for 12 h. The obtained
powders were then mixed with an appropriate
amount of polyvinyl butyral (PVB) binder, and
pressed into pellets with diameter of 12 mm and
thickness of 1.0 mm under pressure of about
200 MPa. After burning off PVB, the ceramics were
sintered at 1130�C, 1120�C, 1115�C, and 1110�C for
2 h in air.

The crystal structure of the sintered ceramics was
determined by x-ray powder diffraction (XRD) anal-
ysis (D8 Advance, Bruker Inc., Germany). The
surface morphology of the ceramics was studied by
scanning electron microscopy (SEM; JSM-6380,
Japan). For electrical measurements, silver paste
was coated on both sides of the sintered samples and
fired at 740�C for 20 min to produce electrodes. The
temperature-dependent dielectric properties were
measured using a broadband dielectric spectrome-
ter (Novocontrol, Germany). The electric-field-in-
duced polarization (P–E) was measured using a
TF2000FE-HV ferroelectric test unit (aix-ACCT Inc.
Germany). Piezoelectric measurements were car-
ried out using a quasistatic d33-meter (YE2730;
SINOCERA, China). Before measurements, the
samples were poled in silicone oil at room temper-
ature under 50 kV cm�1 to 70 kV cm�1 for 20 min.
The planar electromechanical coupling factor kp was
calculated using the following equations based on
measurements with an impedance analyzer (Agilent
4294A)34:

1

k2
p

¼ 0:395
fr

fa � fr
þ 0:574; ð1Þ

where fr and fa are the resonance and antiresonance
frequency, respectively.

RESULTS AND DISCUSSION

Figure 1a shows the XRD patterns of the
KNLNTS-xBNN ceramics in the 2h range from 20�
to 70�. All the ceramics possessed pure perovskite
structure without any secondary phases, suggesting
that BNN diffused into the KNLNTS lattice to form
a homogeneous solid solution for the present doping
concentrations. The ceramics with x< 0.0025 pos-
sessed tetragonal structure with splitting of the
(001)/(100) and (002)/(200) characteristic peaks.35

Ceramics with 0.0025 £ x £ 0.003 exhibited coexis-
tence of orthorhombic and tetragonal phase struc-
tures, because their To–t value is about 70�C;36–39

furthermore, the samples with x> 0.003 exhibited
dominant tetragonal structure.

To clearly analyze the effects of BNN on the phase
structure of all samples, expanded XRD patterns of
the KNLNTS-xBNN ceramics in the 2h ranges of 30�
to 34� and 47� to 56� are shown in Fig. 1b and c,
respectively. It can be noted that the diffraction
peaks shift slightly to lower angle for x< 0.0025,
suggesting that the volume of the crystal cell
enlarges with an increase of the BNN content. This
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variation is attributed to substitution of Li+ (0.76 Å,
CN = 6) cations by Na+ ions (1.02 Å, CN = 6).39

Also, the diffraction peaks shift slightly to higher
diffraction angle for x ‡ 0.0025, illustrating
decreased lattice spacing owing to the relatively
smaller ionic radius of Bi3+ (1.03 Å, CN = 6) and its
higher ion valence compared with K+ (1.38 Å,
CN = 6) or Na+ ion (1.02 Å, CN = 6), resulting in
lattice contraction.40 These results indicate that
Bi3+ entered A-site of KNLNTS to substitute K+ or
Na+ based on radius matching, while the differences
in ionic radius resulted in lattice deformation at the
same time.

Figure 2 shows the surface morphology of the
ceramics as a function of x. It is seen that all
ceramics were well sintered and considerably dense.
Moreover, it was also found that the grain size of the
ceramics increased for x< 0.004, then gradually
decreased for x ‡ 0.004. This phenomenon indicates
that different amounts of BNN had two different
effects on grain growth. With less BNN, promotion
of grain growth was the main effect. The grain
distribution may be due to addition of Bi3+, which
can improve the migration rate of grain boundaries,
thus accelerating the grain growth of the KNLNTS
ceramics owing to the involved liquid phases.30

However, the grain size reduced slightly with
further increase of the BNN content. This can
probably be explained by the following two reasons:
(1) Large BNN addition could cause precipitation of
excess Bi2O3 at grain boundaries, hindering their
movement and inhibiting grain growth.41 (2)
Another reason may be the lower sintering temper-
ature.42 Stable solid solutions together with dense
microstructure can then be formed, as smaller
grains gather into the gaps among larger ones.
Therefore, the amount of BNN doping had a signif-
icant influence on the grain growth.

Figure 3a shows the temperature dependence of
the dielectric permittivity er and dielectric loss tan d
for the KNLNTS-xBNN samples, obtained at mea-
suring frequency of 1 kHz. It can be seen that all the
samples exhibited two dielectric peaks, at about
70�C and 350�C, corresponding to the orthorhom-
bic–tetragonal (at To–t) and tetragonal–cubic (at Tc)
phase transition, respectively. The variations in To–t

and Tc with x for the ceramics are shown in Fig. 3b.
Tc was observed to increase from 351�C to 354�C as
x was increased from 0.002 to 0.0025, then to
decrease to 330�C for x = 0.004. To–t decreased from
109�C to 57�C as x was increased from 0.002 to
0.004. These slight changes in To–t and Tc should be
attributed to valence mismatch.43–45 In this work,
addition of Bi3+ easily resulted in valence mismatch
at A-site of KNLNTS ceramic. Therefore, the phase
transition shifts to lower temperature with increas-
ing BNN content.39 Although the KNLNTS-xBNN
ceramics exhibited To–t values above room temper-
ature, the transition from the tetragonal to
orthorhombic phase was gradual, hence the ceram-
ics should contain a small fraction of tetragonal as
well as orthorhombic phase at room temperature.
The dielectric loss was relatively lower from room
temperature up to 300�C, reaching a peak at around
Tc, after which it increased rapidly as a result of
conductive losses. The dielectric permittivity er of
the studied ceramics measured at 1 kHz, 10 kHz,
and 100 kHz as functions of temperature in the
range from 25�C to 550�C are shown in Fig. 4.
Strong frequency dispersion of the dielectric per-
mittivity is clearly found. The maximum dielectric
permittivity er decreased while the transition tem-
perature increased slightly with increasing fre-
quency. The nature of the diffuse phase transition
and the frequency dispersion indicate that the
diffuseness was enhanced by introducing Bi, and

Fig. 1. XRD patterns of KNLNTS-xBNN ceramics in the 2h range of (a) 20� to 70�, (b) 30� to 34�, and (c) 47� to 56�.
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furthermore that the KNLNTS-xBNN ceramics
underwent a change from a normal to a relaxor-like
ferroelectric as the Bi content was increased.37

Hysteresis loops (P–E) of the KNLNTS-xBNN
ceramics measured at 10 Hz and room temperature
are depicted in Fig. 5a. All samples showed typical
P–E hysteresis loops. To further understand their
ferroelectric properties, we plot the composition

dependence of the remanent polarization (Pr) and
coercive field (Ec) in Fig. 5b. Both Pr and Ec were
found to show the same trend with composition. Pr

changed little for different x values. The composi-
tion with x = 0.003 showed the optimum ferroelec-
tric properties, with low value of Ec, as follows:
Pr = 26.85 lC cm�2 and Ec = 24.47 kV cm�1. In
general, the piezoelectric properties of a

Fig. 2. SEM micrographs of KNLNTS-xBNN ceramics with different BNN contents sintered at 1130�C for 2 h.

Fig. 3. (a) Dielectric permittivity er and dielectric loss tan d as functions of temperature for KNLNTS-x BNN ceramics at 1 kHz. (b) Variations of Tc

and To–t with x for the KNLNTS-xBNN ceramics.
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ferroelectric material are related to two factors: Pr

and Ec. Piezoelectric ceramics with higher Pr pos-
sess higher piezoelectric properties, because higher
Pr indicates a higher degree of ferroelectric domain
orientation. On the other hand, lower Ec can
facilitate domain movement, resulting in improved
piezoelectric properties. Consequently, piezoelectric
ceramics with higher Pr and lower Ec generally
possess higher piezoelectric properties.46 The cera-
mic with x = 0.003 showed the optimum piezoelec-
tric properties owing to the coexistence of the
orthorhombic and tetragonal phases in this system,
as discussed in Fig. 6.

Figure 6 shows the composition dependence of the
piezoelectric coefficient (d33) and electromechanical
coupling factor (kp) for the KNLNTS-xBNN

ceramics. It is observed that both d33 and kp show
a similar tendency. The ceramics reach the highest
d33 value of 256 pC N�1 and kp of 43.43% at
x = 0.0025. These values are much higher than
those (d33 � 80 pC N�1 and kp � 23.2%) of pure
KNN.47 As mentioned above, the composition with
x = 0.0025 lies near the tetragonal–orthorhombic
region. Therefore, its enhanced electrical properties
can be attributed to the phase transition from
tetragonal to orthorhombic symmetry, where polar-
ization rotation occurs among many more polariza-
tion states.25 However, d33 and kp dwindled rapidly
with excess BNN content. This may because a large
amount of BNN addition would lead to drastic
worsening of the sintering behavior as well as pore
formation in the ceramic bulk. Moreover, the

Fig. 4. Temperature dependence of dielectric permittivity and loss tangent for KNLNTS-xBNN samples with (a) x = 0.0025 and (b) x = 0.0035, at
measuring frequency from 1 kHz to 100 kHz.

Fig. 5. (a) P–E hysteresis loops of KNLNTS-xBNN samples measured at 10 Hz and room temperature. (b) Variations of Pr and Ec of the
KNLNTS-xBNN ceramics as functions of x.
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decrease of the grain size with excess BNN may lead
to deterioration of the piezoelectric properties.48,49

As a result, moderate addition of BNN could
enhance the piezoelectric properties of the KNN
material.

CONCLUSIONS

KNLNTS-xBNN lead-free piezoelectric ceramics
were prepared using a conventional solid-state
sintering method, and the effects of BNN on their
phase structure, microstructure, and electrical
properties systematically studied. All compositions
had pure perovskite structure. Both orthorhombic
and tetragonal ferroelectric phases coexisted in the
crystal structure of the ceramics with
0.0025 £ x £ 0.003. The BNN-modified ceramics
showed clear grain boundaries and uniformly dis-
tributed grain size. The dielectric, ferroelectric, and
piezoelectric properties were correspondingly
improved in the range of mixed phases. The compo-
sition with x = 0.0025 showed the optimum electric
properties: d33 = 256 pC N�1, Tc = 354.27�C,
kp = 43.43%, Pr = 26.85 lC cm�2,
Ec = 24.47 kV cm�1, demonstrating the potential
of this new method to obtain high-performance
potassium–sodium niobate materials.
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