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Abstract

Lead-free perovskite piezoelectric (1 —x)(K; 45Nag sLig 05)Nbg 9550 0505 — X(Cag 95Bag 05)(Zrg sSng ;)05 ceramics were fabri-
cated via a conventional sintering process. A microstructural study was conducted for the ceramics through a scanning
electron microscope, whose grain sizes were found to gradually reduce with increasing x. The phase structure of the
studied ceramics was identified by the combined analysis of X-ray diffraction data and dielectric-temperature measure-
ments, and a rhombohedral-orthorhombic-tetragonal phase coexistence was observed to exist in the wide composition
range of 0 <x<0.05. The ceramics exhibited the optimal piezoelectric properties at x=0.01, which had a piezoelectric
constant d;; of 290 pC/N and a planar electromechanical coupling coefficient of 0.43. A diffuse phase transition was
induced with x increased to a relatively high value, featuring the broadening of Curie peak. In addition, the variations
of ferroelectric properties with composition were investigated in this work as well. The authors believe that adding the
calcium barium zirconate stannate compound (Ca 45Bag 35)(Zrg oSng 1)O5 into (K,Na)NbO,-based ceramics is a valid way

for the improvement of their piezoelectric properties.
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1 Introduction

(K,Na)NbO; (KNN)-based ceramics are extensively
regarded to be among the most potential lead-free can-
didates for the replacement of toxic Pb(Zr,_,Ti,)O; (PZT)-
based piezoelectric materials, due to their prominent
electrical properties and high Curie temperature (T;)
of ~410 °C [1-4]. Many commercial PZT-based ceramics
lie at a composition near the morphotropic phase bound-
ary (MPB) separating the rhombohedral and tetragonal
phases [5], as the two-phase coexistence in the MPB is
able to make the domains reorient easier during pol-
ing and thereby results in a significant enhancement of

piezoelectric activity. There also exist phase boundaries
in KNN-based solid solutions, which exhibit a similar
enhancing effect on the piezoelectric activity like the MPB
in PZT [6-9]. The earliest constructed phase boundary in
KNN-based ceramics was orthorhombic-tetragonal (O-T)
phase boundary, following by rhombohedral-orthorhom-
bic (R-0) phase boundary [10]. The two kinds of phase
boundaries correspond to the R-O and O-T phase transi-
tions of pure KNN, respectively, and the formation of an
R-0O or O-T phase boundary is through shifting the tem-
perature of the corresponding phase transition (i.e., the
Tp_o Of To_1) to room temperature [10-12]. Unfortunately,
the KNN-based ceramics with one of such two kinds of
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phase boundaries are far inferior in piezoelectric proper-
ties to the PZT-based ceramics near the MPB.

Over recent years, piezoelectric properties compara-
ble to that of practical PZT-based materials have been
achieved in KNN-based ceramics by constructing arhom-
bohedral to tetragonal (R-T) phase boundary [13-17],
which consists of the same two phases as the MPB of PZT.
It is by merging the T_g and T_; of KNN into one tem-
perature, usually room temperature, that the R-T phase
boundary is constructed [13-17]. However, it is recently
found that the so-called R-T phase boundary in many
ceramic systems actually possesses a three-phase coex-
istence of R-O-T phases [18]. It is reported that adding
the right amount of Li* ions into KNN will move the T, ¢
to room temperature [9], while the Sb>* ions substitution
can increase the T_q [19]. Therefore, the Li* and Sb>* ions
as dopants are both very useful for the construction of
R-O-T phase boundary. Some ABO;-type compounds,
such as AZrO; (A=Ba, Ca and Sr, etc.), are capable of simul-
taneously shifting the Tg_g and T_; to room temperature
[20-23], and thus can greatly benefit the establishment
of R-O-T phase boundary. For example, an R-O-T phase
boundary was successfully formed in our previously
studied KNN-based ceramics modified with CaZrO; [24].
However, the R-O-T phase boundary usually exists in an
extremely narrow composition range, which makes the
piezoelectric activity of the corresponding ceramic sys-
tem exhibit a strong compositional dependence, and this
is very disadvantageous for large-scale production.

It is found that the R-O-T phases can coexist within a
relatively wide composition range after adding a suitable
amount of BaZrO; into KNN-based ceramics [25]. Addi-
tionally, Sn** substitution for partial Zr** in Zr-containing
KNN-based ceramics reportedly can effectively improve
the piezoelectric properties [26]. Therefore, a novel lead-
free piezoelectric system, with the formula of (1 — x)
(Ko .a5Nag sLig,05)ND 9550 0503 — X(Cag 95Bag 05) (219,95N0,1)03
[abbreviated as: (1 — x)KNLNS-xCBZS], was developed in
this current work. Dense microstructures were obtained by
preparing the ceramics using a conventional sintering pro-
cess. The effect of CBZS content on the phase structure of
the solid solution system was investigated, and an R—-O-T
phase boundary was found to exist in a wide composition
range of 0 <x<0.05, which is very positive for practical use.

2 Experimental procedure
2.1 Preparation process

In this study, the (1 — x)KNLNS-xCBZS ceramic samples
with x=0 to 0.07 were fabricated by a conventional
solid-oxide technique. The used raw materials consisted
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of K,CO; (99%), Na,CO; (99.8%), Li,CO; (98%), Nb,O5
(99.5%), Sb,05 (99.5%), CaCO; (99%), BaCO; (99%), ZrO,
(99%) and Sn0, (99.8%) powders. All the raw materials
were weighed stoichiometrically except for alkali metal
carbonates, which were added in an excess of 0.5 wt%
over the stoichiometric quantity to compensate the vola-
tilization during sintering. These starting powders were
then poured into a nylon jar with a moderate amount
of ethanol. The jar rolled on a ball mill for 24 h to well
mix the raw materials, using ZrO, balls as medium. The
slurry was dried and then pre-sintered at 850 °C for 6 h.
The pre-sintered powders were ground and crushed
again, and subsequently were compacted into pellets
of ~1 mm in thickness and ~ 10 mm in diameter after
granulation using a polyvinyl alcohol (PVA) binder. Fol-
lowing a removal of the PVA at 500 °C for 2 h, the green
body pellets of each composition were air-sintered at,
at least, three different temperatures for 3 h, and only
the ceramic samples sintered at the optimal sintering
temperature were used for subsequent characterization.
The optimal sintering temperatures of the compositions
x=0, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.07 were 1080,
1065, 1080, 1120, 1120, 1150 and 1150 °C, respectively.
The samples for electrical characterization were firstly
polished to obtain parallel surfaces, and subsequently
were coated with a post-fired silver paste on both sides
of them to act as electrodes, and finally were fired at
600 °C to ensure a good bonding between the electrode
and the ceramic surface.

2.2 Characterization techniques

The surface micrographs of the ceramic samples were
observed via a scanning electron microscope (SEM),
and their phase structures were identified by an X-ray
diffraction (XRD) method in a continuous scan mode. A
computer-controlled precision LCR meter was employed
to test the relative dielectric constants (g,) of the ceram-
ics in the temperature range from about — 100 to 150 °C
and from room temperature to 450 °C, which were before-
hand placed in a specially designed heating chamber.
For the characterization of piezoelectric properties, a
dc field of around 4 kV/mm was applied on the ceramic
samples immersed in a room-temperature silicon oil bath
for 30 min. After aging the polarized ceramic samples in
air for at least 24 h, their piezoelectric constants ds; were
measured on a quasi-static d;; meter, and the planar elec-
tromechanical coupling coefficients (kp) were determined
by a resonance-antiresonance method. A ferroelectric test
system was employed to measure the polarization versus
electric field (P-E) hysteresis loops of the ceramic samples
placed in silicone oil.
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3 Results and discussion
3.1 Surface morphology

Figure 1 shows the SEM surface micrographs of (1 — x)
KNLNS-xCBZS ceramics with different CBZS contents, all
of which exhibit a dense morphology with few pores.
In addition, the grains of all the compositions can be

found mainly in the shape of a cuboid, which is a typi-
cal microstructure of KNN-based ceramics fabricated
by conventional sintering method [8, 25, 26]. The pure
KNLNS ceramic sample shows a relatively uniform distri-
bution in grain size, while the CBZS-modified ceramics
present a bimodal distribution that the small grains are
randomly distributed between the large ones, just like
frequently observed in many other Zr-containing KNN-
based ceramics [21, 22, 27].

Fig. 1 SEM surface microstructures of (1 — x)KNLNS-xCBZS ceramics with a x=0, b x=0.01, c x=0.02, d x=0.03, e x=0.04 and f x=0.05
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It is well-known that grain size plays an important
role in the electrical properties of KNN-based ceramics,
and hence the grain size statistics of (1 — x)KNLNS-xCBZS
ceramics are calculated, adopting the method described
in Ref.[28], and summarized in Fig. 2. Additionally, each
panel in Fig. 2 also presents the average grain size of each
corresponding ceramic sample, estimated in the light of
the Heyn Lineal Intercept Procedure proposed in ASTM
E112-96 standard. One can note a decreasing trend of
the grain size with increase in the CBZS content, and the
average grain size decreases from ~ 4.2 um of pure KNLNS
to ~ 0.8 um of the composition x=0.05. This indicates that
CBZS incorporation suppresses the growth of grains dur-
ing sintering, which can be explained as follows: the ions
contained in CBZS have a finite ability to diffuse into the
grain interior, due to the large differences between them
and the cations of KNLNS in not only valence but also ionic
radius, and hence these ions are liable to accumulate at
the grain boundaries, thereby forming a barrier to the
movement of grain boundary at high temperatures.

The density (or porosity) also has a critical impact on
the electrical properties of piezoelectric ceramics. In this
work, the porosities of (1 — x)KNLNS-xCBZS ceramics were
determined based on the SEM images using the Image-
Pro plus 6.0 software, as shown in Fig. 3. It is found that all
the compositions have a porosity of around 4% except for
x=0.07, whose porosity is up to 8%.

3.2 Phase structure analysis

Figure 4a displays the XRD images from 26=20° to 60° of
(1T —x)KNLNS-xCBZS ceramics, measured at room temper-
ature. All the XRD peaks can be attributed to perovskite
structure, implying that the CBZS has diffused into the
lattice of KNLNS within the studied composition range.
The regions between 43° and 47° of the XRD patterns are
enlarged and shown in Fig. 4b, for better observation of
the structural variations of the ceramics. It can be viewed
that there obviously are two divided peaks at around 45°
for the ceramics with a low CBZS content, which can be
indexed as (002) and (200) reflections, respectively. The
two divided peaks tend to approach to each other upon
increasing x and finally merge into a single one at x=0.07.
The complete merging of the (002) and (200) peaks is an
indication that the composition x=0.07 possesses a pure
rhombohedral structure, as suggested by Refs.[29, 30]. It
is to be noted that the shape of the (200) peak is distinctly
asymmetrical for the compositions x=0.04 and 0.05,
indicating that the peak is actually not a real single peak.
Therefore, a multiphase structure containing the rhombo-
hedral phase can be expected to exist below x=0.07.
The temperature-dependent dielectric constants (g,)
have been measured from about — 100 °C to 150 °C for
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further identification of the phase structure of (1 — x)
KNLNS-xCBZS ceramics, as illustrated in Fig. 5. It is
extensively known that there exist two phase transitions
below T in pure KNN, namely, the R-O and O-T phase
transitions, as introduced in Sect. 1. Therefore, there are
usually two dielectric anomalies on the dielectric-tem-
perature curves of KNN-based ceramics in addition to
the Curie peak, which correspond to the R-O and O-T
phase transitions, respectively. However, only one anom-
aly can be seen on the dielectric-temperature curves
of the ceramics with x=0 to 0.05, and this implies that
their R-O and O-T phase transitions have merged into
an R-O-T phase coexistence, as indicated by many Refs
[13-17]. The temperatures of the R-O-T phase coexist-
ence (Tg_g_7) are all near the room temperature, suggest-
ing that these above-mentioned compositions possess
a structure of R-O-T phase coexistence at room tem-
perature. The R-O-T phase coexistence, also known as
R-O-T phase boundary, has played an important role in
the improvement of piezoelectric activity in KNN-based
ceramics [13-18], and therefore it is highly positive that
the R-O-T phases coexist in such a wide composition
range as in this work. The R-O-T dielectric anomaly
finally disappears at x=0.07, owing to the formation of
a pure rhombohedral structure.

3.3 Characteristics of ferroelectric-paraelectric
phase transition

Figure 6 demonstrates the dielectric-temperature curves
of the unpolarized (1 — x)KNLNS-xCBZS ceramics from
room temperature to 450 °C, in order to study their
ferroelectric-paraelectric phase transition. The peaks
on these curves are widely known to be associated with
the ferroelectric-paraelectric phase transition, and their
temperatures are generally determined as the T.. The T,
together with the T;_5_; obtained from Fig. 5, is plotted
in Fig. 7 as a function of CBZS content. One can notice
that the g, at the Curie peak (i.e., the maximum permit-
tivity) and the T both tend to decline with the increase
of CBZS content. Nevertheless, the T¢ is still much above
room temperature even for x=0.07. This verifies the pre-
vious deduction that the composition x=0.07 belongs
to a ferroelectric rhombohedral structure rather than a
paraelectric cubic structure.

The addition of CBZS is also found to result in an obvi-
ous broadening of the Curie peak from Fig. 6, especially
for the ceramics with a relatively high CBZS content, which
clearly show the characteristics of diffusion phase transi-
tion. A modified Curie-Weiss law, proposed by Uchino and
Nomura [31], can be used to empirically determine the
degree of diffuseness:
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Fig. 2 Grain size distributions of (1 — x)KNLNS-xCBZS ceramics with a x=0, b x=0.01, cx=0.02, d x=0.03, e x=0.04 and f x=0.05
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Fig. 3 Porosity of (1 — x)KNLNS-xCBZS ceramics as a function of x
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where g, and T, are the maximum dielectric constant and
the corresponding temperature, and C refers to the Curie-
like constant, while the notation y is an exponent that
highly correlates with the degree of diffuseness. The y
value ranges from 1 of a normal ferroelectric to 2 of an

ideal relaxor ferroelectric. Figure 8 plots the In(% -1 > as

m

a function of In(T— T, for (1 — x)KNLNS-xCBZS ceramics.
The y value, which is determined from the slope of the

fitting straight lines, can be found tending to increase with
the addition of CBZS. It is the polar nano regions (PNRs)
created by chemically inhomogeneous micro-regions [32]
that lead to the diffuseness of the Curie transition, as sug-
gested by Refs.[33, 34]. In this study, adding CBZS will
inevitably cause a large compositional inhomogeneity in
the ceramics, owing to the large differences between CBZS
and KNLNS as mentioned in Sect. 3.1, and consequently
the diffusion phase transition is induced as the CBZS addi-
tion rises to a relatively high amount.

3.4 Room-temperature electrical properties

Figure 9a illustrates the piezoelectric constant d5; and
planar electromechanical coupling coefficient (kp) of the
poled (1 — x)KNLNS-xCBZS ceramics as functions of x.
One can note that the d;3 and k, exhibit the same trend
with increasing x, and both of them maintain relatively
high values in the wide composition range 0 < x < 0.05.
It is the R-O-T phase boundary formed in these com-
positions that contributes to the excellent piezoelec-
tric properties, as the phase boundary can bring about
more possible polarization states [35]. The maximum
d33 and k,, values both occur at x=0.01, with d33=290
pC/N and k,=0.43.The d;3 and k,, then incline to slightly
decrease with increasing x within the composition range
0.02 <x<0.05, though these compositions still have a
structure of R-O-T phase coexistence. The slight declina-
tion in their piezoelectric properties may be ascribed to
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Fig.4 XRD images of (1 — x)KNLNS-xCBZS ceramics in the 20 range a 20-60° and b 43-47°
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Fig. 5 Temperature dependence of dielectric constant of the (1 — x)KNLNS-xCBZS ceramics with a x=0, b x=0.01, ¢ x=0.02, d x=0.03, e
x=0.04, f x=0.05 and g x=0.07, measured in the temperature range from about - 100 °C to 150 °C and at 10 kHz

the inhibited grain growth during sintering, as discussed
in Sect. 3.1. In addition, the T;_g_; raised to somewhat
above room temperature, as demonstrated in Fig. 7, are
partly responsible for the reduced piezoelectric activity
of these compositions as well. With the structure trans-
forming from an R-O-T phase coexistence to a single
rhombohedral phase at x=0.07, both the d;; and k,
experience a dramatic reduction.

Figure 9b shows the dependences of dielectric constant
& and loss tgd (both measured at 10 kHz) on the composi-
tion. The ¢, is seen to show a nearly continuous increase
with CBZS content, which is similar to its variation with
BaZrO; content as observed in BaZrO;-modified KNN-
based ceramics [22]. Furthermore, it is noticed that the
tgé of the composition x=0.07 is much larger than that

of other compositions, and this can be attributed to its
high porosity.

3.5 Ferroelectric properties

The P-E hysteresis loops of (1 — x) KNLNS-xCBZS ceram-
ics were measured at 10 Hz to investigate their ferroelec-
tric properties, as illustrated in Fig. 10. The pure KNLNS is
observed to exhibit a roundish hysteresis loop, indicating
that a large leakage current was generated during the
measuring cycle. This should mainly be ascribed to the vol-
atilization of alkali metal cations, which leads to the pro-
duction of many vacancies in the lattice [10]. In addition,
the pores in the ceramics are also responsible for the gen-
eration of leakage current, as there are generally a lot of
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Fig. 6 Temperature dependence of dielectric constant of the (1 —x)
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space charges around the pores. Relatively square hyster-
esis loops are observed for these CBZS-modified ceramics,
implying that the addition of CBZS into the ceramics can
give rise to a substantial reduction in leakage current den-
sity. Moreover, one can notice that there are little changes
in the remanent polarization (P,) for all the R-O-T phase
coexistence compositions, except for the pure KNLNS,
whose P, value cannot be accurately estimated owing to
its irregular loop shape.

4 Conclusions

The lead-free perovskite piezoelectric (1 — x)KNLNS-
xCBZS ceramics have been successfully prepared utiliz-
ing a conventional sintering technique. The addition of
CBZS into the ceramics causes a reduction in grain size
on account of its inhibiting impact on the grain growth
during sintering. A rhombohedral-orthorhombic-tetrag-
onal phase boundary has been formed in a wide com-
position range 0 < x<0.05 for the studied ceramic sys-
tem. As x increases to 0.07, the three-phase coexistence
structure is then transformed into a single rhombohe-
dral structure. The optimal piezoelectric properties are
achieved at x=0.01, whose d;; and kp are 290 pC/N and
0.43, respectively. To sum up, adding a suitable amount
of CBZS into KNN-based ceramics is a valid way for the
construction of rhombohedral-orthorhombic-tetragonal
phase boundary, and accordingly can bring about the
considerable enhancement of piezoelectric properties.
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