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Abstract
To greatly enhance the mechanical quality factor (Qm) of piezoceramic materials,
B2O3–CuO mixed oxides were added to a K0.48Na0.52NbO3-based lead-free piezoceramic (abbreviated as BC-KNN). The results suggest that the B2O3–CuO additives effectively improved the sinterability and Qm value of the piezoceramic. An
optimal Qm value as high as 2128 was obtained, which is 35 times higher than
that of pure KNN ceramic. Interestingly, we found that the Qm value was sensitive to humidity of the surrounding environment. As the relative humidity (RH)
increased from 25% RH to 78% RH, the Qm value of the BC-KNN ceramics
decreased from 2128 to 267. We found that the dependence of the Qm value on
humidity was closely related to the instability of the relative dielectric constant
(ɛr). Our results show that a dense microstructure is critical for maintaining a
stable high Qm performance in a humid environment.
KEYWORDS
(K, Na)NbO3 (KNN), humidity effect, lead-free piezoceramics, mechanical quality factor Qm

1

| INTRODUCTION

Lead-based piezoelectric ceramics (PZT) have extensively
dominated the market due to their excellent properties.1
However, the damage to human health and the environment
resulting from toxic PbO is unavoidable. Therefore, it is
necessary to develop high-performance and environmentally friendly lead-free materials to replace Pb-based materials.2 There are three predominant lead-free piezoceramics
systems that are considered promising candidates: BaTiO3,3
Na0.5Bi0.5TiO3,4 and (K, Na)NbO3.5 Currently, (K, Na)
NbO3 (abbreviated as KNN) ceramics have attracted more
attention because of their high piezoelectric properties and
high Curie temperature.6-10 In 2004, Saito et al. reported
results of Li, Ta, and Sb-modiﬁed K0.5Na0.5NbO3-based
ceramics showing a high piezoelectric constant (d33) of
416 pC/N and an electromechanical coupling coefﬁcient
(kp) of 62%, which was a great breakthrough.11 Since then,
many academic studies have emerged purporting the
J Am Ceram Soc. 2017;100:1561–1569.

development of enhanced properties of KNN-based ceramics.12-15
Piezoelectric devices are widely used for actuators,
transducers, and sensors in the commercial market. At present, a lot of research is devoted to promoting the high
piezoelectric constant d33 and electromechanical coupling
coefﬁcient kp of KNN-based ceramics. Very little attention
has been directed toward enhancing Qm its indispensable
nature as a parameter for frequency and powder piezoelectric devices such as ultrasonic motors and transformers.16,17
Actually, the Qm value for commercial middle frequency
(455 kHz) resonators is at least 800.16,18-20 A high Qm for
piezoelectric ceramics is essentially required. For typical
KNN ceramics, with a piezoelectric constant d33~80 pC/N,
a mechanical quality factor of Qm ~ 130 is needed for
commercial applications.21 As we know, it is difﬁcult to
obtain a sufﬁciently dense structure for pure KNN by conventional sintering techniques in air.22 Based on KNN
ceramics, adding sintering aids, such as K4CuNb8O23
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(KCN), K5.4Cu1.3Ta10O29 (KCT), and CuO23 is considered
suitable for improving Qm values, where Cu2+ substitutes
for Nb5+ site as an acceptor.24-26 Lin et al. reported that
the addition of CuO and BaTiO3 into KNN, the Qm could
reach up to 1940.27 Lim et al. found that the Qm could
reach up to 1500 when K4CuNb8O23 exists in KNN.28
Matsubara et al. reported that the Qm could reach up to
1300 when K5.4Cu1.3Ta10O29 exists in KNN as a secondary
phase.29 In addition, due to the uncertainty in the mechanisms of KNN ceramics, the properties, including the Qm,
of lead-free ceramics are still inferior compared with those
of PZT ceramics.18,29-32 It is generally considered to be
domain stabilization that contributes to a hardening effect
in piezoelectric ceramics producing a higher Qm.31 Various
domain structure stabilization theories, such as the grainboundary theory, surface-layer model, domain-wall theory
and volume theory, have been discussed.33,34
The ratio of K to Na in KxNa1xNbO3 has also been
deemed to play an important role in good piezoelectric and
electric properties.28 Tennery et al. reported that the presence of a phase boundary between two orthorhombic
phases at 52.5 mol% Na content in NaxK1-xNbO3 system.35 Dai et al. investigated the inﬂuence of the morphotropic phase boundary of K1xNaxNbO3 ceramics with
x=0.48-0.54 prepared by a conventional solid-state reaction
method.36 They found that a typical morphotropic phase
boundary exists at x=0.52-0.525, separating the monoclinic
and orthorhombic phases. More importantly, the sample
with the composition x=0.52 showed the maximum value
of the piezoelectric constant.
In this work, we present an experimental study of
K0.48Na0.52NbO3 + x mol% (B2O3 + CuO) (x=0, 0.5, 2, 5,
10) (abbreviated as x mol% BC-KNN) ceramics with ultrahigh Qm values. The effects of B2O3–CuO additives on
crystallinity, microstructure, Qm, and the dielectric and
piezoelectric properties of BC-KNN ceramics were investigated separately in low and high relative humidity conditions. Meanwhile, we focused on the impact of humidity
on the Qm and dielectric properties of BC-KNN ceramics
and discussed the mechanism in details.

2

| EXPERIMENTAL PROCEDURE

The ceramics were prepared using a conventional fabrication technology. The compositions used in this work were
as follows: K0.48Na0.52NbO3 + x mol% (B2O3–CuO) (x=0,
0.5, 2, 5, 10). The raw materials, such as Na2CO3 (99.0%),
K2CO3 (99.0%), Nb2O5 (99.99%), B2O3 (98.0%), and CuO
(99.0%), for the given composition were weighed according
to the stoichiometric molecular formula, and the powders
were mixed using ball milling in an anhydrous ethanol
solution for 4 hour. Mixtures were then dried and calcined
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at 800°C for 4 hour to form the desired perovskite phase.
Thereafter, B2O3 and CuO were added as sintering aids.
The powders were re-milled in an anhydrous ethanol solution for 4 hour. The resulting mixtures were dried again
and further mixed with a polyvinyl alcohol (PVA) binder
solution and then pressed into sample disks with a diameter
of ~13 mm. After burning off the PVA, the samples were
sintered at 1020°C-1110°C for 2 hour. Silver slurries were
coated on the top and bottom surface of the samples and
then ﬁred at 700°C for 10 minute to form electrodes. Polarization processing was carried out in silicone oil at room
temperature under a DC electric ﬁeld of 3 kV/mm for
30 minute.
The phase composition was conﬁrmed using X-ray
diffraction (XRD) with CuKa radiation (X’Pert PRO MPD,
PANalytical, Almelo, Holland). The percentage of the secondary phase was obtained by Rietveld reﬁnement according to XRD analyses. The surface microstructure of the
samples was polished and thermally etched (900°C for
30 minute), and then, these samples were examined using
scanning electron microscopy (JSM-7001F, JEOL Ltd.,
Tokyo, Japan) with backscattered electron mode. The composition of the ceramics was estimated using energy dispersive spectroscopy (EDS). The bulk densities were
measured using the Archimedes method. To investigate the
dielectric properties, the dielectric constant (ɛr) as well as
the dielectric loss (tand) were measured and calculated at
1 kHz using an LCR meter (HP 4194A, Agilent Technologies, Santa Clara, CA). The piezoelectric coefﬁcient d33
was recorded using a quasi-static piezoelectric d33 meter
(ZJ-3A, The Institute of Acoustics of the Chinese Academy
of Sciences, Beijing, China). The polarization vs the electric ﬁeld (P-E) behavior was determined using a modiﬁed
Sawyer-Tower circuit. For investigating the mechanical
quality properties, Qm, the resonant and anti-resonant frequencies were measured using an impedance-gain phase
analyzer (HP 4194A) according to the IEEE Standard. The
dielectric properties and Qm values for different relative
humidity were measured by placing the impedance-gain
phase analyzer (HP 4194A) into an appropriate and airtight
container, the humidity of which was controlled using a
humidiﬁer and a humidity tester. (The Standard tolerances
in Electrical properties are 10% and in Electromechanical
Properties are 5%).

3
3.1

| RESULTS AND DISCUSSION
| Phase structure characterizations

The room-temperature phase structure of x mol% BC-KNN
ceramics sintered at 1020°C-1110°C was shown in Figure 1. The XRD patterns of all BC-KNN ceramics exhibited a signiﬁcant orthorhombic symmetry. As shown in
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F I G U R E 1 X-ray diffraction patterns of x mol% BC-KNN when
sintered at 1020oϹ and sintering temperature effect for a ﬁxed
composition of 10 mol% BC-KNN [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

Figure 1, the phase structures of the BC-KNN ceramics
were perovskite phase. In addition to the perovskite phase,
a secondary phase was detected in all doped samples,
which was probably due to the solid solution limitations
even for the lowest BC content of 0.5%. Cu ions diffused
into the KNN lattices to capture the alkali ions of the KNN
lattices and form a new homogeneous solid solution.37 The
occurrence of the secondary phase was usually deemed as
a tendency for CuO doping.26 The secondary phase was
marked as K4CuNb8O23 in the Figure 1. The sintering temperature of KNN ceramics can be reduced by B2O3
because of its low melting point. Figure 1 also showed the
XRD patterns of 10 mol% BC-KNN ceramics sintered at
1020°C-1110°C in the 2h range from 20 to 60° at room
temperature. A homogeneous KNN phase was well developed with a secondary phase (K4CuNb8O23) even at relatively low temperature of 1020°C. In addition, when the
temperature increased, some foreign peaks appear stronger
in the range from 25 to 30°. The evolution of the secondary phase concentration as a function of B2O3–CuO
content of x mol% BC-KNN was plotted in Figure 2. It
can be observed that the K4CuNb8O23 phase amount
increased with B2O3–CuO content as well as temperature.
In some studies on Cu-doped KNN ceramics,18,38-40 the
secondary phase was a signiﬁcant factor for enhancing the
density and the Qm.

3.2

| Sintering behavior

Figure 3A-D showed the microstructure of the BC-KNN
ceramics sintered at 1110°C with different B2O3–CuO
additives, where (E) and (F) correspond to the pure KNN
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F I G U R E 2 Evolution of the secondary phase concentration
obtained from X-ray diffraction as a function of B2O3–CuO content
of x mol% BC-KNN

and the 5 mol% BC-KNN sintered at 1020°C. From the
Figure 3, we observe that the B2O3–CuO additives promoted grain growth during sintering when compared with
pure KNN ceramic. With an increase in the B2O3–CuO
content, the grain size of the BC-KNN ceramics increased.
The grain growth was often accompanied with the formation of a liquid phase during the sintering process.41 We
can also clearly see that the grain growth increased with
the content of B2O3–CuO; it could generate the liquid
phase during the sintering process. It is worth noting that
the liquid phase was an amorphous phase, not a crystalline
secondary phase, and was surrounded by perovskite grains.
The liquid phase, which is hard to detect, is generated in
the early stages of the sintering process and could be a
transient phase with the appropriate sintering time or temperature.42,43 In addition, we can see that the secondary
phase grains, which were not the same as the main KNN
grains, are clearly identiﬁed in Figure 3C,D. Obviously, the
secondary phase (K4CuNb8O23), ﬁlling around the main
KNN grains, had irregular edges instead of regular edges.
And with the increase in the B2O3–CuO content, the content of the secondary phase increased. The energy dispersion spectrum analysis (EDS) revealed that the atomic
percentages of the elements change over the different grain
regions. Table 1 lists the compositions, measured by EDS,
of the samples with x=0.5, 2, 5, 10 sintered at 1110°C.
The results show a clear difference between the different
points and the BC-KNN ceramics of different compositions. The EDS analysis shows that the Na/K ratio of the
matrix in the BC-KNN ceramics was close to 1, but the
Na/K ratios of the secondary phases of the ceramics was
far below 1. This indicates that the formation of a secondary phase could inﬂuence the alkaline element ratio. In
addition, these secondary phases had a Cu-rich and Na-
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F I G U R E 3 Microstructure of x mol% BC-KNN (A) 0.5, (B) 2, (C) 5, (D) 10 at 1110°Ϲ, and (E) pure KNN, (F) 5 mol% BC-KNN at
1020°Ϲ. (red circle zones showed the secondary phase) [Color ﬁgure can be viewed at wileyonlinelibrary.com]

scanty composition, indicating that the excess Cu was consumed during the formation the secondary phase. The presence of the secondary phase grains and normal matrix
grains of 5 and 10 mol% BC-KNN at 1110°C, corresponding to points 1 and 2, respectively, are shown in Figure 4A-D show the EDS spectra corresponding to the
points marked as 1 and 2 in Figure 4A.
Figure 5 shows the relative densities of x mol% BCKNN (x=0.5-10) sintered at 1020°C-1110°C. As the B2O3–
CuO modiﬁcations increased, the relative density improved
markedly, and the optimal density approached ~92% when
the B2O3–CuO content x was 2 mol% sintered at 1110°C.
When the B2O3–CuO content exceeded 5 mol%, the relative densities of the BC-KNN ceramics slightly ﬂuctuated.
It can be inferred that a liquid phase induced by the B2O3–
CuO additives formed inside the samples during sintering.
The formation of a liquid phase had a signiﬁcant impact on
the densiﬁcation, which indicates that the B2O3–CuO

additive was an effective sintering aid. Furthermore, the
relative densities of the BC-KNN ceramics were closely
related to the microstructure, which correlates well with the
relative density variations.

3.3

| Humidity effect on electrical properties

Figure 6 shows the mechanical quality factor (Qm) of the
BC-KNN ceramics at low relative humidity (25% RH) and
high relative humidity (78% RH) at room temperature,
respectively. As seen in Figure 6, the Qm of the BC-KNN
ceramics in 25% RH increased rapidly with the addition of
B2O3–CuO. It reached a maximum value of 2128 for x=10
sintered at 1110°C, which is 35 times higher than the Qm
of pure KNN ceramics (the Qm of pure KNN ceramics in
our study is only 60). Qm is well-known to correlate with
the domain wall motion, microstructure, and electrical conductivity.31,44 Takahashi reported that Qm in PZTs was
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T A B L E 1 Composition of BC-KNN ceramics sintered at 1110°C
derived from EDS spectra. This table represents the atomic
percentages of elements
O

Na

K

Nb

Cu

Na/K

65.95

8.35

7.13

18.57

/

1.17

65.79

8.31

6.92

18.95

/

1.20

Matrix

65.44

8.48

7.05

19.04

/

1.20

Secondary phase

65.18

1.90

8.25

22.93

1.81

0.23

Matrix

66.23

9.19

5.64

18.92

/

1.62

Secondary phase

73.57

2.39

6.15

16.85

1.00

0.39

0.5% BC-KNN
Matrix
2% BC-KNN
Matrix
5% BC-KNN

10% BC-KNN

F I G U R E 5 Relative densities of x mol% BC-KNN [Color ﬁgure
can be viewed at wileyonlinelibrary.com]

EDS, energy dispersive spectroscopy; BC-KNN, K0.48Na0.52NbO3-based leadfree piezoceramic.

affected by the internal bias ﬁeld (Ei), which was inﬂuenced by the defect complex formed by the acceptor and
the oxygen vacancies. Furthermore, the Ei can reduce the
domain wall motions.45 The P-E loops of the BC-KNN
ceramics at 1110°C as a function of the composition is
shown in Figure 7. With an increase in the B2O3–CuO
additives, the loops became more asymmetric, especially
for the x=10 sample. For the low composition samples
(x≤5), the same spontaneous polarization and remnant
polarization was present. But, when x=10, the polarization
become smaller, which indicates that the electric ﬁeld was

not maintained, owing to excessive Cu2+ doping. The
occurrence of an electric ﬁeld can hinder the long-range
dipole alignment and the domain wall motions.37,46 That is
to say, in this work, dipole defects were formed by Cu
atoms associating with oxygen vacancies, as in the PZT,
which would prevent domain wall motions and keep the
domain steady. Furthermore, the ionic radius of Cu2+ was
close to that of Nb5+. Therefore, the Cu2+ was favorable
for replacing Nb5+ in the crystal structure. In addition, copper, as a transition metal, has more than one stable oxide
valence state; therefore, copper easily combines with oxygen vacancies to produce a dipole defect. As a result, it is

(A)

(B)

(C)

(D)

F I G U R E 4 Microstructure of 5 mol% BC-KNN (A) and 10 mol% BC-KNN (B) at 1110°Ϲ. The presence of the secondary phase grains and
normal matrix grains corresponds to points 1 and 2, respectively. EDS spectra corresponding to the points marked as 1 (C) and 2 (D) in (A)
[Color ﬁgure can be viewed at wileyonlinelibrary.com]
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F I G U R E 6 Mechanical quality factor (Qm) for x mol% BC-KNN
tested at different RH: 25%RH and 78% RH. (The standard tolerances
in electromechanical properties are 5%) [Color ﬁgure can be viewed
at wileyonlinelibrary.com]

clear that the B2O3–CuO additives can assist in enhancing
the Qm of BC-KNN ceramics.
However, in the high relative humidity (78% RH) of
Figure 6, the Qm increased slightly when the B2O3–CuO
additives increased, with the exception of the 5 mol% BCKNN at 1020°C. Therefore, it is inferred that the Qm value
is sensitive to changes in the humidity. Furthermore, this
work emphasized the humidity effects on the Qm value as
well as other electrical properties. According to the formula
of the mechanical quality factor:47
Qm ¼

1
;
4pðfa  fr ÞR1 ðC0 þ C1 Þ

where fa and fr are antiresonance and resonance frequency,
respectively. R1 is the minimum impedance at resonance.
C0 and C1 are the mean static and dynamic capacities. In
our previous studies, we found that capacitance changed
with the diversity of the humidity in KNN-based system
ceramics.48,49 Therefore, the changing of the value of Qm
on humidity could be directly affected by the change in
capacitance with above formula. As mentioned in Figure 6,
the Qm reduced when the humidity increased; but, the characteristics of the 5 mol% BC-KNN ceramic sintered at
1020°C were distinctly different when the humidity changed a lot. The Qm value of 5 mol% BC-KNN ceramic
increased from 381 to 826 when the humidity increased
from 25% RH to 78% RH. We have mentioned that the liquid phase can contribute to the dense structure. The liquid
phase can also reduce the porosity and prevent the ceramic
from reacting further with water molecules. That is the reason why the Qm of the 5 mol% BC-KNN ceramic sintered
at 1020°C remained steady with humidity increasing.

ET AL.

F I G U R E 7 Ferroelectric behaviors for x mol% BC-KNN at
1110°Ϲ [Color ﬁgure can be viewed at wileyonlinelibrary.com]

Figure 8A,B showed the relative dielectric constant (ɛr)
and dielectric losses (tand) of the BC-KNN ceramics measured at 1 kHz at low relative humidity (25% RH) and high
relative humidity (78% RH) at room temperature. As
shown in Figure 8A, the dielectric constant (ɛr) at 78% RH
was higher than at 25% RH. Moreover, as seen from Figure 8B, the dielectric loss (tand) was also unstable as the
humidity increased.
The sensitivity of the dielectric properties to humidity is
related to water molecules adsorbed on porous subjects,
including physical and chemical adsorption. Water is a
strong polar molecule and these BC-KNN ceramics porous
mediums have large surface areas. When a porous medium
is exposed to the humidity environment, free ﬁeld force,
and the adsorption of water molecules are stronger because
more holes in the porous medium have a larger surface
area; this is physical adsorption. On the other hand, K+
and Na+ tend to interact with water molecules. In some
studies published in the literature,48 K+ and Na+ reduced
the internal resistance of the investigated ceramics and
increased the number of water adsorption sites; this is
chemical adsorption. At a low relative humidity, water
molecules primarily follow the chemical adsorption mechanism. The number of adsorbed water molecules and the
dissolution of the ions are both small because of the strong
binding forces. Therefore, the degree of polarization of the
ceramic is low, and the relative dielectric constant is small.
In contrast, at a high relative humidity, water molecules
follow the physical adsorption mechanism. The number of
adsorbed water molecules and the dissolution of the ions
both increase when the binding force lessens. Therefore,
the degree of polarization of the ceramic is high and the
relative dielectric constant increases as the humidity
increases. Obviously, as shown in Figure 3 and 5, the BC-
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F I G U R E 8 Relative dielectric constant (ɛr) (A) and Dielectric loss (tand) (B) at 25% RH and 78% RH for x mol% BC-KNN. (The standard
tolerances in electrical properties are 10%) [Color ﬁgure can be viewed at wileyonlinelibrary.com]

KNN ceramics did not become completely dense, indicating that slow grain growth led to the formation of a number of pores during sintering; the pores are able to absorb a
huge number of water molecules, which enhances the relative dielectric constant with the humidity rising. Based on
the above investigations, the dielectric properties of the
BC-KNN ceramics were sensitive to changes in the humidity. As shown in Figure 8, the ɛr and CO of the 5 mol%
BC-KNN ceramic sintered at 1020°C were almost
unchanged. It also indicated that the dense microstructure
of the BC-KNN ceramics was essential to improving the
humidity sensitivity of the dielectric properties.
Therefore, in summary, the sensitivity of the dielectric
properties and Qm to humidity correlates to the water molecules adsorbed in a porous medium. The BC-KNN ceramics, as a porous medium with a large surface area, can
adsorb a huge number of water molecules in high humidity
environment. In the case of dense ceramics, the dielectric
properties and the Qm would hold relative steady because
the dense microstructure and lower porosity prevent the
ceramic from reacting with water molecules. Therefore, the
measured Qm might be an effective value rather than an
intrinsic property of the ceramics.
Figure 9 showed the piezoelectric constant (d33) of the
BC-KNN ceramics as a function of the B2O3–CuO additives. As the B2O3–CuO additives increased, the piezoelectric constant (d33) decreased signiﬁcantly. This can be
explained with the microstructure evolution of the BCKNN ceramics because a high amount of B2O3–CuO additives would lead to an excessive liquid phase remaining at
the crystal boundary, resulting in a decrease in the piezoelectric properties. In addition, the tendency of d33 was
contrary to the mechanical quality factor (Qm). In accordance with the mechanism of the high Qm mentioned
above, B and Cu atoms combined with oxygen vacancies
to form a dipole defect, which developed along the polarization direction. The migration rate of the defect dipole
was relatively slow, such that, in the process of

F I G U R E 9 Piezoelectric constant (d33) for x mol% BC-KNN.
(The Standard tolerances in Electromechanical Properties are 5%)
[Color ﬁgure can be viewed at wileyonlinelibrary.com]

polarization, a restoring force could be produced to prevent
the polarization. That is the reason the piezoelectric constant decreased with the increase in B2O3–CuO additives.
Therefore, it is generally difﬁcult to obtain both a high d33
and a high Qm.

4

| CONCLUSIONS

Lead-free
piezoelectric
ceramics
x
mol%
BCK0.48Na0.52NbO3 were synthesized by the conventional
solid-state reaction method. The BC-KNN ceramics had
higher Qm values compared to pure KNN ceramics. A
maximum Qm value of 2128 was achieved with 10 mol%
of B2O3–CuO additives when sintered at 1110°C. The
ultrahigh Qm value was attributed to the B3+/Cu2+ substitutions at the Nb5+ sites as an acceptor to form a dipole
defect and to prevent domain wall motions. However, we
found that humidity changes inﬂuenced the Qm values
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greatly. A similar tendency was observed for the relative
dielectric constant (ɛr). The sensitivity of the dielectric
properties and the Qm to humidity is believed to be related
to the adsorption of water molecules in porous mediums.
BC-KNN ceramics, as a porous medium, can adsorb a
large number of water molecules, which can enhance the
relative dielectric constant with an increase in humidity.
Meanwhile, we also found that a dense microstructure
(reduced the porosity) improves the humidity stability of
the dielectric properties as well as the Qm. Therefore, a
high stable Qm of the KNN system can be achieved if the
density of the microstructure as well as the appropriate
composition are further considered.
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