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Abstract In this work, (1 — )C)(K0‘48N30‘52)Nb03—
x(Bip5Ag05)ZrO; [(1 — x)KNN-xBAZ] lead-free piez-
oceramics was prepared by the conventional solid-state
method, and a new phase boundary consisting of three
phases [e.g., thombohedral, orthorhombic, and tetragonal
(R-O-T) phases] has been constructed by adding both
(BigsAgos)>" and Zr*'. The ceramic with x = 0.05 pos-
sesses an R—O-T phase coexistence. A large ds; of ~347
pC/N and a high T¢ of ~318 °C have been shown in the
ceramic with x = 0.05. In addition, such a ceramic also
possesses enhanced thermal and temperature stability of
piezoelectricity and ferroelectricity. Both the phase
boundary and the grain size play a critical role in large
piezoelectricity and good stability. We think that this
material belongs to be one of the promising candidates for
the high-temperature piezoelectric devices.

1 Introduction

Lead-based ceramics widely used in some electronic
devices are harmful to the environmental and human health
during their processing and applications [1, 2]. So, it is
urgent to find one kind of new lead-free piezoceramics for
replacing lead-based ones. Over the past years, the perov-
skite-type lead-free piezoceramics have attracted much
attention because of their good electrical properties [3—10,
12, 13, 15-25], such as (K,Na)NbO; [4-13, 15-19, 21-25],
(Bigp sNag 5)TiO3 [3], and BaTiO; [20].
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In 2004, Satio et al. [4] reported a new ceramics
based on Li, Ta, and Sb-modified KNN with a giant
piezoelectric constant (ds3) 416 pC/N by the reactive-
templated grain growth, and since then, KNN ceramics
have intrigued the enthusiasm of most researchers [5-10,
12, 13, 15-25]. In order to further enhance piezoelectric
properties of KNN-based ceramics, lots of attention has
been given to the design of their phase boundaries by
finely tailoring its compositions [5-7, 9, 10, 12, 18].
Recently, we have reported new material systems con-
sisting of KNN by constructing the R-T phase boundary,
and a giant dz3 ~490 pC/N has been attained by tai-
loring their compositions [5]. However, those material
systems containing Sb may be also harmful to the human
health during their processing because of its light tox-
icity, and adding Sb>" could also drop the curie tem-
perature (7c) rapidly and result in a relatively poor
temperature stability of the KNN, limiting their practical
applications [5-7, 9, 12, 22, 24, 25]. So, it is urgent to
find some new material systems with a large piezoelec-
tricity and good temperature stability in the road of
replacing lead-based ones.

In this work, (I — x)(Ko48Nag 52)NbO3—=x(BigsAgo s)-
7103 [(1 — x)KNN-xBAZ] lead-free piezoceramics were
prepared by the conventional solid-state method. Here,the
addition of both (BiOISAgOAS)2+ and Zr*" not only modifies
the phase transition temperature (i.e., To_t and Tgr_o) but
also changes the grain size of the ceramics. Finally, a phase
boundary consisting of rhombohedral, orthorhombic, and
tetragonal phases (R—O-T) could be found in the compo-
sitions of around x = 0.05, and a dense structure could be
also detected. In addition, the underlying physical mecha-
nisms for composition-induced phase boundary and the
relationship between grain size and electrical properties
were importantly addressed.
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2 Experimental procedure

(l — x)(K0.48Na0.52)NbO3—x(Bio_5Ag0.5)Zr03 lead-free
piezoceramics were prepared by the conventional mixed
oxide method. Na,COj3 (99.8 %), K,CO;5 (99.0 %), Nb,O5
(99.5 %), ZrO, (99.0 %), Ag,O (99 %), and Bi,O3
(99.999 %) were used as starting raw materials, and ball
milled for 24 h with agate ball media and alcohol. After
calcination at 850 °C for 6 h, these powders were pressed
into disks of ~ 1.0 cm diameter and ~ 1.0 mm thickness at
10 MPa using PVA as a binder. After burning off PVA, the
green pellets with x = 0, 0.02, 0.03, 0.04, 0.045, 0.05,
0.055, 0.06, and 0.07 were sintered at 1,070, 1,070, 1,070,
1,080, 1,080, 1,080, 1,090, 1,090, and 1,090 °C, respec-
tively. The silver paste was fired on both sides of the
samples at 700 °C for 10 min to form the electrodes for
electrical measurements. These samples were poled in a
silicon oil bath under different temperature by applying a
direct current electric field of 3—4 kV/mm for 15 min.

X-ray diffraction (XRD) characterization of these sin-
tered samples was performed using Cu k, radiation in the
0-20 scan mode (Bruker D8 Advanced XRD, Bruker AXS
Inc., Madison, WI, CuKa). Their microstructure (i.e., sur-
face and cross section) and element mapping were mea-
sured and recorded by a field-emission scanning electron
microscope (FE-SEM) (JSM-7500, Japan). The capaci-
tance and dissipation factors of the sintered samples were
measured using a programmable furnace with an LCR
analyzer (HP 4980, Agilent, USA) with a varied tempera-
ture —150-200, and 30-450 °C. Thedsszvalue was mea-
sured using a piezo-dsz meter (ZJ-3A, China). The planar
electromechanical coupling factor k, were measured by
using an impedance analyzer (HP 4294 A). The polarization
versus electric field (P—E) hysteresis loops of the unpoled
cylindrical pellets were measured at 10 Hz with a ferro-
electric tester (radiant Technologies, Inc. Albuquerque,
NM, USA).

3 Results and discussion

As shown in Fig. 1a, the XRD patterns of (I — x)KNN-
xBAZ ceramics as a function of BAZ content were measured
at room temperature, and it can be found that all the ceramics
show a typical pervskite structure, and no second phases
were found. These results indicated that both (BiO.SAgO_5)2+
and Zr*" have completely diffused into the KNN matrix
forming a new solid solution. The expended XRD analysis
was made in the range of 20 = 43°-48°, as shown in Fig. 1b.
It could be observed that all the ceramics showed different
peak shapes, dependent on the BAZ content, and it can be
only affirmed that the pure KNN owns an orthorhombic
phase [9-11, 17, 19, 24]. The capacitance of (1 — x)KNN-
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Fig. 1 a XRD patterns and b expended XRD patterns of (1 — x)KNN-x
BAZ ceramics as a function of BAZ content

xBAZ ceramics withx = 0.02,0.03,0.04,0.045, 0.05, 0.055,
and 0.06 were measured at 10 kHz and in the temperature
from —150 to 200 °C in order to analyze the evolution of the
phase structure of ceramics deeply, as seen in Fig. 2. It could
be found that, with the increase of BAZ content, the To_t is
shifted to a lower temperature, while the peak of Tg_.o phase
boundary almost keeps unchanged and becomes broader, and
even disappears when x = 0.05. Figure 3 plots the temper-
ature dependence of the dielectric constant of the ceramics,
measured at 10 kHz. As seen in Fig. 3, the dielectric peak
(Tc) slightly changes from 358 to 320 °C with the increase of
BAZ content (x < 0.05), and the maximum dielectric con-
stant located at T reaches maximum when x = 0.05 because
of the involved phase boundary. In addition, the ¢~T curves
become broadened for the ceramics with x > 0.055 owing to
the dramatic decrease in grain size [20]. Figure 4 showed the
phase diagram of the (1 — x)KNN-xBAZ ceramics deter-
mined by the XRD patterns and ¢—T curves. It could be found
in Fig. 4 that both the To_t and T are very sensitive to the
changes of their composition, while the Tr_o almost keeps
the same. In this material system, the addition of the BAZ
content could shift the peak of To_t close to the room tem-
perature, and “weakened” the peak of the phase transition
from rhombohedral to orthorhombic phase, or that the
rhombohedral and orthormbic phase coexistence range
become border. Thus, a new phase boundary consisting of
rhombohedral, orthorhombic and tetragonal phases could be
constructed around the composition of x = 0.05 in the room
temperature. In addition, a high 7 of about 318 °C could be
found in the composition of x = 0.05 in this work. Both an
excellent d35 and a higher T mean that this kind of ceramics
could be more easily used in the practical applications,
especially for high-temperature applications.

In Pb(Zr,T1)O5 and BaTiO; ceramics, the grain size plays
an important in the enhancement in electric properties [11,
14, 20], and it was reported that the grain size of KNN also
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Fig. 2 Capacitance of (1 — x)KNN-xBAZ ceramics in the temperature from 220 to —150 °C, measured at 10 kHz: a x = 0.02, b 0.03, ¢ 0.04,

d 0.045, e 0.05, £ 0.055, and g 0.06
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Fig. 3 Temperature dependence of dielectric constant of (I — x)
KNN-xBAZ ceramics as a function of BAZ content. The inset shows
the peak of the 7 changed as a function of BAZ content

has a very close relationship with the stability of the ceramics
[8, 24, 25]. Figures 5a—b showed the SEM images of the
surface microstructure deriving from the (1 — x)KNN-
xBAZ ceramics. As shown in Fig. 5, the grain size first
dropped, then increased (reaching the maximum at
x = 0.05), and at last became much smaller with further
increasing BAZ content. The decrease in grain size may be
caused by the limit of the Zr element with the addition of the
BAZ [12]. In addition, it can be also found that the ceramics
withx = 0,0.03, and 0.06 show a more loose structure, while
the ceramics with x = 0.05 possess a denser structure
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Fig. 4 Phase diagram of the (I — x) KNN-xBAZ ceramics

without observable pores. Generally speaking, the domain
variants were likely to be limited, and the density of the
domain was relatively increased with the decrease of the
grain size, which would make the saturation polarization
more difficult and have a negative influence on the pizo-
electric properties and the stability of the ceramics [8, 11,
14]. In addition, the decrease of the grain size also
“strengthened” the coupling between grain boundaries and
domain walls, which would make the reorientation more
difficult and constrain the domain wall motion in some
content [8, 11]. Therefore, this may be a significant reason to
the degradation in piezoelectric properties and stability [24,
25]. To avoid the deviation of the surface microscopy caused
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Fig. 5 SEM patterns of the
surface (1-x)KNN-xBAZ
ceramics with a x = 0,

b x = 0.03, ¢ x = 0.05,

d x = 0.06

Fig. 6 SEM patterns of the
surface (a) and fracture surface
(b) of 0.95KNN-0.05BAZ
ceramics; (¢, d) Elemental
mapping of the 0.95KNN-
0.05BAZ ceramics

by the volatilization of the element or other factors, the SEM
image of its fracture was also done, as shown in Fig. 6b. It
can be seen that, similarity to its surface, the interface also
presents the similar grain size and owns a relative dense
structure. For further analyzing the distribution of Ag in the

@ Springer

ceramic matrix, the element mapping of Ag was made in
Fig. 6d. As shownin Fig. 6¢ and d, one can see that the Ag is
homogenously distribution in the whole ceramics.

Herbiet et al. [26] believe that the electric properties are
dependent on the intrinsic and extrinsic portions and it could
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be by simply expressing the physical properties in terms of
SUM: & = €y + &y d = doy + din: Where ¢ stands for the
dielectric permittivity, d the piezoelectric coefficient.
Figure 7a plotted theg,and tan ¢ values of (1 — x)KNN-
XBAZ ceramics measured at 10 kHz. As shown in Fig. 7a,
the ¢, value of the ceramics increased with the increase of
BAZ content (x < 0.05), became flat for 0.05 < x<0.06, and
finally dropped for x > 0.06. The trend of the permittivity
could be explained by two aspects (e.g., the intrinsic and
extrinsic factors), and both the phase structure and the grain
size had a critical effect on the dielectric constant [26].
Unlike the ¢, values, the curves of the tan ¢ presented another
trend. The tan 6 values of these ceramics fluctuate with the
increase of the BAZ content, reaching minimum (~ 3.3 %)
for the ceramic with x = 0.05. Interestingly, the varying of
the dielectric loss presented the opposite trends to the grain
size. Both Herbiet and Damjanovic thought that the extrinsic
contribution was related to the dielectric loss [26, 27]. With
the decrease of grain size, the density of the domains
increased, the domain wall mobility decreased, and the
strength between the domain wall and the grain boundaries
increased, finally leading to the increase of the tan ¢ value.
Figure 7b showed the P—E hysteresis loops of the ceramics
as a function of x, measured at 10 Hz and room temperature.
As can be seen in Fig. 7b, all the ceramics exhibited a well-
saturated hysteresis loop. In addition, it could be shown in
Fig. 7c that the remanent polarization (P,) presented the
trend of increase with the increase of BAZ, reaching a
maximum whenx = 0.05. Enhanced ferroelectric properties
should be assigned to the coexistence of the R-O-T phases
and the increase of the grain size. At the same time, the
coercive field (E.) changes slightly with varying BAZ con-
tent. Figure 7d showed the d33 and k;, of the (1 — x)KNN-—
XxBAZ ceramics as a function of BAZ content. It could be
seen that both the d33 and kj, almost have the same trend with
the increase of BAZ content, that was, reaching the maxi-
mum (d33 ~347pC/Nandk, ~48 %) atx = 0.05. Asfor the
intrinsic structure, the formation of R—O-T phase boundary
played an important role in the piezoelectric properties of the
ceramics. Generally, it could be found that the relatively
large d;; of most KNN systems is related to the construction
of the phase boundary, which are assigned to be Tr_o, To_T,
Tr_t and Tr_o_t1 [5-7, 9, 10, 12, 18]. In the other hand, the
grain size of this work also had significant effects on the
piezoelectric properties. With the decrease of the grain size,
the domain itself variants was limited, and the coupling
strength between the grain boundaries and the domain wall
increased, resulting in the lower piezoelectric properties [8,
11, 14]. Therefore, the increase of grain size should be partly
attributed to the enhancement in the piezoelectricity.
Figure 7e plots the dz3 values of the 0.95KNN-0.05BAZ
ceramics under different sintering temperatures (75). As
shown in Fig. 7e, the optimum 75 of this ceramic was

1,080 °C according to the evaluation of their piezoelectric-
ity, and too low T's would make this material difficult to turn
ceramics, while too high 7's could result in the deviation of
composition in the ceramics, thus worsened the piezoelectric
properties of the ceramics [8]. In addition, with the increase
of the Ts, the piezoelectric properties of the ceramics just
decreased slightly when 7s >1,080 °C, showing that the
0.95KNN-0.05BAZ ceramics was easily to be sintered in a
wide Ts of 1,080-1,100 °C. To illuminate the relationship
among their ferroelectric, dielectric, and piezoelectric
properties, we plotted both ¢,P, and ds3 of the (1 — x)KNN-
xBAZ ceramics as a function of the BAZ content, as shown in
Fig. 7f. Generally, a much higher ¢.P; corresponded to a
much larger ds;, where ¢.P; was often used to illuminate the
physical mechanism for the enhancement in ds3 of piezo-
electric materials [5, 6, 8, 12]. As shown in Fig. 7f, similarity
to the trend of the d33, the &P, reaches maximum for the
ceramics with x = 0.05, showing that the enhanced dielec-
tric and ferroelectric properties are also responsible for the
improved piezoelectricity.

The stability of the piezoceramics was a very important
factor for practical applications in electronic devices. And,
the thermal-depoling behavior of d;; and temperature-
dependent P—E loops of the ceramics were studied in this
work. As shown in Fig. 8a, the ceramics with
0.03 < x < 0.05 kept a rather good thermal stability in a
wide range of 30-300 °C. To analysis the stability as a
function of the BAZ content accurately, the annealing
temperature (Adss/dzz ~20 %) T4 changed with the BAZ
content was made in Fig. 8b. As shown in Fig. 8b, with the
increase of the BAZ content, T4 increased, reaching the
maximum 310 °C, when x = 0.05, and then decreased. This
result indicated that 0.95KNN-0.05BAZ ceramics possessed
a good stability. The good temperature stability may be also
caused by the intrinsic and extrinsic factors. In terms of the
phase structure, with increasing temperatures, the crystal
lattice parameters were easily to be changed, and the te-
tragonality (c/a) decreased rapidly, while the orthorhombic
lattice parameters changed little with temperatures, or in
other words, the orthorhombic phase presents much better
piezoelectric temperature stabilities than in the tetragonal
phase [24, 25]. On the other hand, the domain wall mobility
and contribution caused by the changes of grain size and
phase structure also affected the stability of the piezoelectric
properties [8, 14]. The stability of the ferroelectric phase
was another aspect to characterize the stability of the
ceramics, and it was mainly determined by the additional
composition [20]. Figure 8(c) plotted the temperature-
dependent P—E loops of the ceramics with x = 0.05, mea-
sured at 30-180 °C and f~10 Hz. It could be found that all
P-E loops exhibite similar hysteretic behavior, regardless of
the measurement temperatures. In addition, it can be also
observed from Fig. 8d, which was obtained from the
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Fig. 7 a ¢ and tan J values of
(I — x)KNN-xBAZ ceramics
measured at 10 kHz; b, ¢

P—E hysteresis loops of the
ceramics as a function of

x measured at room temperature
at 10 Hz; d d33 and k, of the
ceramics as a function of BAZ
content; e ds3 values of the
0.95KNN-0.05BAZ ceramics in
different sintering temperature;
f ds5 and &P, of the ceramics
with different BAZ contents

Fig. 8 a, b Thermal-depoling
behaviour of ds3 and k, values
of the ceramics; c,

d Temperature-dependence
P-E loops of the 0.95SKNN-
0.05BAZ ceramics

P-E loops shown in Fig. 8c, the P, slightly decreased and
the E. gradually dropped with the increase of the tempera-
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tures. It was noted that the P, decreases from 17.74 to
1471 puC/em® when the measurement temperatures

increased from 30 °C up to 180 °C, and AP,/P(30 °C) was

27 % when the temperature reached 180 °C, which almost

matched the change in thermal stability of d3;. As a result,
the ceramic with x = 0.05 showed an improved thermal
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stability of piezoelectric properties and an enhanced tem-
perature stability of ferroelectric properties.

(1 — x)KNN-xBAZ lead-free piezoceramics have been
prepared by the conventional solid-state method. The
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R-O-T phase boundary could be designed and the dense
structure with a large grain size could be developed with
the addition of BAZ (x ~0.05), thus their electrical prop-
erties could be greatly enhanced. The ceramic with
x = 0.05 has a piezoelectric behavior of d3; ~347 pC/N,
together with a high 7, ~318 °C. We believe that both the
intrinsic and extrinsic factors should be considered in the
explanation of the enhanced electrical properties and good
temperature stability. The intrinsic properties are mainly
dependent on the phase structure, while the relative role of
extrinsic contribution is deduced to be influence strongly
by the grain size [11]. The doping of BAZ gives an
effective way to enhance the electrical properties and
temperature stability of the KNN-based ceramics.
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