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Abstract

Lead-free (0.99 —x)K,, sNa, sNb 46Sb( 0405-0.01BaZrO5-xBi, sNa, sZrO,; (KNNS-BZ-BNZ) piezoelectric ceramics were
fabricated by the conventional solid-state reaction method. The effects of the addition of Bi, sNa, sZrO; on phase structure,
microstructure, and electrical properties were studied in detail. The rhombohedral—tetragonal (R-T) phase boundary was
established in the ceramics with 0.03 <x <0.04. Owing to the both R—T phase boundary and the enhancement of dielectric
and ferroelectric properties, an optimal electrical property (e.g., d33=450+5 pC/N, k,=0.50+0.02, and T =252 °C) was
attained in the ceramics with x=0.03. As a result, constructing phase boundary is proved to be a good way to improve the

electrical properties in KNN-based ceramics.

1 Introduction

Piezoelectric materials are widely used in kinds of electron
devices, such as sensors, actuators and so on, because of
their unique properties which can convert mechanical energy
into electrical energy and vice versa [1, 2]. Lead zirconate
titanate (PZT) family is governing the piezoelectric market
due to their superior piezoelectric properties [3]. However,
in order to achieve the sustainable development, it is impera-
tive to develop high-performance Pb-free piezoceramics to
replace the Pb-based ones because of the high toxicity of Pb
element [4-35].

Potassium-sodium niobate (KNN) ceramics, which are
the most promising among the Pb-free piezoceramics, have
received considerable attentions due to their good peizoelec-
tric properties and high Curie temperature (7) [5-7, 29].
In the past decades, numerous efforts have been carried out
to enhance the electrical properties of KNN-based ceram-
ics with the purpose of replacing the Pb-based piezoceram-
ics [5-7, 29]. Some approaches are currently employed to
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improve the electrical properties in KNN-based ceramics,
such as constructing phase boundary [5, 9], new sintering
methods [8], new preparation method [10]. Constructing
phase boundary is the most promising one among these
approaches [5, 9, 12-15, 29, 34]. In particular, a large d;;
of 416 pC/N as well as a high T of 250 °C was obtained
in a well-designed textured ceramics [(K 44Nag s,Lig g4)
(Nbg g6Ta 1oSbg 04)O3, (LF4T)] possessing an orthorhom-
bic—tetragonal (O-T) phase boundary by Saito et al. who
adopted the reactive templated grain growth (RTGG)
method [10]. Very recently, Wu’s group observed two large
ds; values of 490 pC/N and 570 pC/N in (1 —x)(Kl_yNay)
(Nb;_,Sb,)O3-xBij 5(Na;_, K, ) 5ZrO; ceramics and
(1 -x—-y)(K;_,Na,Nb,_Sb 0;-yBaZrO;-Bi, sK, sHfO,)
ceramics, respectively [14, 15]. They attributed the supe-
rior piezoelectric properties to the appearance of R-T phase
boundary. In spite of the high cost of RTGG method and the
relatively low T values (<250 °C) at the optimal piezoelec-
tric properties in Wu’s ceramics, constructing phase bound-
ary shows a crucial role in the improvement of electrical
properties in KNN ceramics. According to previous works,
Sb>*, BaZrOs, and Bi, sNa, sZrO; can effectively affect the
phase structure and electrical properties of KNN ceramics
[16-19, 29]. Therefore, these additives are good candidates
for constructing phase boundary.

In this work, with the purpose of constructing phase
boundary and obtaining high piezoelectric properties, we
designed a new formula, (0.99 —x)K, sNa, sNby, 6Sbg 0405~
0.01BaZrO;-xBij sNaj sZrO; (KNNS-BZ-BNZ) and then
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prepared the KNNS-BZ-BNZ ceramics by using the con-
ventional solid-state reaction method. Effects of the addition
of Bij sNa, 5ZrO; on the phase structure and electrical prop-
erties were systematically studied. Both XRD patterns and
the temperature dependence of dielectric constant curves
attested the formation of R-T phase boundary in the ceram-
ics with 0.03 <x <0.04, and their electrical properties were
improved. The related physical mechanisms were addressed.

2 Experimental procedure

Lead-free KNNS-BZ-BNZ (0.03 <x <0.04) piezoelectric
ceramics were synthesized by the conventional solid-state
reaction method. The raw materials were K,CO; (99%),
Na,COj; (99.8%), Nb,O5 (99.5%), Sb,05 (99.99%), BaCO,
(99%), Bi,05 (99.999%), and ZrO, (99%). All these raw
materials were accurately weighed according to the formula
by using a high precise electronic balance, and then were
ball milled for 20 h with the ethyl alcohol. After drying,
the powders were calcined at 850 °C for 6 h, and then were
mixed with a binder of 8 wt% polyvinyl alcohol (PVA) and
pressed into pellets with a diameter of 10 mm and a thick-
ness of 1 mm. After evaporating PVA, the green disks were
sintered at 1080-1125 °C for 3 h. In order to measure the
electrical properties, the as-sintered samples were printed
with silver paste on the both sides, and then heated at 650 °C
for 20 min to form the electrode. Finally, the samples were
poled at room temperature for 30 min in a silicon oil bath,
by applying a direct current (dc) electric field of 3 kV/mm.

The crystal structure was collected by the X-ray diffrac-
tion patterns (Bruker D8 Advanced XRD, Bruker AXS
Inc., Madison, WI, CuKa). The surface morphology of the
as-sintered samples and their elements distribution were

measured by a filed-emission scanning electron microscope
(FE-SEM, JSM-7500, Japan) accompanied by Energy
Dispersive X-ray (EDX) spectroscopy. The dielectric con-
stant (e,) varying with temperature (— 150 to 200 °C and
25-400 °C) was measured by using an LCR analyzer (HP
4980, Agilent, USA) in connection with a temperature-
controlled instrument. The ferroelectric loops of the ceram-
ics were measured by using a ferroelectric tester (Radiant
Technologies, Inc., Albuquerque, NM) at 10 Hz. The planar
electromechanical coupling coefficient (k,) was measured
by a resonance-antiresonance method with an impedance
analyzer (Impedance Analyzer, PV70A, Beijing). The piezo-
electric constant (ds3) of the poled samples was measured
by using a quasi-static ds; meter (ZJ-3A, China). In order to
measure the thermal stability, the poled samples were heated
for 30 min at the scheduled temperatures and then their ds;
values were measured.

3 Results and discussion

Figure 1a shows the XRD patterns of the KNNS-BZ-BNZ
ceramics as a function of x. All samples display a pure
perovskite structure without the occurrence of secondary
phases, indicating that Bi, sNa, sZrO; can effectively dif-
fused into KNN ceramics. Figure 1b shows the enlarged
XRD patterns of the samples in the 2 theta range of 44°—47°.
The phase structure of the samples is strongly dependent on
the content of Bi, sNa, 5ZrO5. For the ceramics with x=0
and 0.01, a typical orthorhombic (O) phase structure with
Lo/l near to 2:1 [1,, and Iy, represent the intensity of
diffraction peak (202) and (020), respectively] was observed
[20]. As the content of BijsNajsZrO5 increased, I5,,
decreased and /,, increased. A ratio of 1:1 and 1:2 between

Fig.1 XRD patterns of t.he (a) (b) o
KNNS-BZ-BNZ ceramics =
in the two theta range of a . 5
20°-60°, and b 44°-47° “ x=0.05 A N N N . .8
_——— 3
—— 7]
| o0a k N DN DN B
c . G | 1 I
E R R
£ | x=0.03 j\ A R A g i =
z ‘\ x=0.02 A . A 21 AL F
i 20 o
| com N yil
i k: 8§ 8 5oz e
Slle x=0 v QMo NA2 :/\:) :)V\.l .
20 25 30 40 45 50 55 60 44 45 46 47

@ Springer

2 theta (degree)

2 theta (degree)



Journal of Materials Science: Materials in Electronics (2018) 29:12323-12329

12325

Iy, and I,, were observed in the ceramics with x=0.02
and 0.03, respectively, indicating that a tetragonal (T) phase
structure was involved [21]. As the content of Bi,, sNa, 5ZrO;
was further increased, a single diffraction peak was observed
in the ceramics with x=0.05, which was regarded as rhom-
bohedral (R) or pseudo-cubic phase [20, 21].

In order to further analyze the phase structure of
KNNS-BZ-BNZ ceramics, the temperature (— 150 to
200 °C) dependence of dielectric constant (e,~T) curves
were measured, as shown in Fig. 2a—f. From Fig. 2a, two
abnormal dielectric peaks were observed, which corre-
sponded to the R-O phase transition (Tx_o=—"75 °C) and
O-T phase transition (T_r =127 °C), respectively. With an
increase of x, Ty _q increased and T,,_r dropped. Then, only
one abnormal dielectric peak was observed in the ceramics
with x=0.03 (see Fig. 2d), indicating that both T _, and
To_p were shifted to the same temperature leading to the
formation of R-T phase boundary. As x further increased,
Tx_t vanished and only one abnormal dielectric peak cor-
responding to Curie temperature (7) was observed in the
ceramics with x=0.05 (see Fig. 2f), which can be explained
by the small grains (see Fig. 4d), and the similar phenom-
enon was observed in other lead-free ceramics [31-33].
Therefore, combined with XRD patterns and -7 curves,
a conclusion on phase structure can be obtained, that is, the
ceramics with x=0 and 0.01 have an O phase, the ceramics

with x=0.02 possess an O-T coexistence phase, the ceram-
ics with x=0.03 and 0.04 own a R-T coexistence phase and
the ceramics with x=0.05 are pseudo-cubic phase.

Figure 3a depicts the ¢,—T curves measured at the tem-
perature range of 25-400 °C. It is found that 7~ gradually
dropped as the content of Bi, sNa, sZrO; increased. In addi-
tion, a relatively high 7~ value of 252 °C was obtained in the
ceramics with x=0.03 which possessed the optimal piezo-
electric properties, as discussed later. After deriving Ty_g,
To_1» Tgr_r» and T from Figs. 2 and 3a, the phase diagram
of the KNNS-BZ-BNZ ceramics was established, as shown
in Fig. 3b. According to previous references [19], the addi-
tion of Bij sNa, 5ZrO; can elevate T_, and drop T_p and
T, which is also attested in this work. As the content of
Bi, sNaj sZrO; increased, both T,_t and T decreased and
Tx_o increased. Increasing T _ and decreasing T(,_t com-
pressed and even vanished the zone of O phase, leading to
the formation of R—T phase boundary.

Figure 4 shows the SEM surface morphology of the
KNNS-BZ-BNZ ceramics as a function of x. For the
ceramic with x=0, an inhomogeneous grain size distribu-
tion, which was that the large grains were surrounded by
the small ones, was observed. As the x increased from 0
to 0.03, the grain size gradually increased, suggesting that
an appropriate content of Bi, sNaj sZrO; can promote the
grain growth [22]. As the x was further increased from 0.03
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Fig.4 Surface morphology images of the KNNS-BZ-BNZ ceramics with a x=0, b x=0.01, ¢ x=0.03, and d x=0.05

to 0.05, the grain size sharply dropped, indicating that high
doping content of Bi, sNa, sZrO; greatly inhibits the grain
growth. When the content of Bij sNa, 5ZrOj is high, a small
amount of BijsNa, sZrO; aggregates at the grain bound-
ary and then inhibits the grain growth [22]. Considering
that eight elements (i.e., K, Na, Nb, Sb, O, Zr, Bi, Ba) are
involved in this work, therefore it is necessary to figure out
the distribution of these elements. Figure 5 shows the ele-
ments mappings of the ceramics with x=0.03. It is found
that a homogeneous distribution is observed for all elements,
indicating a good chemical homogeneity.

@ Springer

Figure 6a shows the ferroelectric loops of the
KNNS-BZ-BNZ ceramics as a function of x. All ceram-
ics, except for x=0.05, display a classical ferroelectric
loops. The deteriorative ferroelectric loop of the ceramics
with x=0.05 mainly attributed to the pseudo-cubic phase.
As we know, a material with high symmetry possesses a
poor ferroelectricity and vice vers [23]. Therefore, the high
symmetry of pseudo-cubic phase is responsible for the dete-
riorative ferroelectricity in the ceramics x=0.05. Figure 6b
shows P, and E values of the KNNS-BZ-BNZ ceramics as
a function of x. As the x increased, P, first increased and then
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Fig.5 a An selected area and b—i its corresponding elements (K, Na, Nb, O, Sb, Zr, Bi, Ba) mappings of the KNNS-BZ-BNZ ceramics with
x=0.03
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ferroelectricity [23]. For all frequencies, ¢, first increased
and then decreased as the x increased, reaching the opti-
mal value in the ceramics with x=0.03 possessing an R-T
coexistence phase. As for tand, a sostenuto increasing ten-
dency was observed in all frequencies.

decreased, while E sostenuto decreased, which was consist

with the previous study [24].

Figure 7 shows the dielectric constant (¢,) and dielec-
tric loss (tand) of the KNNS—-BZ-BNZ ceramics varying
with x values. For all ceramics, ¢, decreased and tan &
increased as the frequency increased, indicating a typical

@ Springer
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Fig. 7 Dielectric constant and dielectric loss of the KNNS-BZ-BNZ
ceramics varying with x values, measured at 1, 10, 100 kHz and room
temperature

In order to investigate the effect of Bi, sNa, sZrO; on
the piezoelectric properties of KNN ceramics, both dj;
and kp were measured, as shown in Fig. 8a. It is found
that both ds5 and k,, first increased and then dropped as the
x increased, with the optimal value of 450+ 5 pC/N and
0.50+0.02 reached at x=0.03 possessing an R-T phase

boundary. According to previous work, both polarization
rotation and domain wall motion are facilitated in the
vicinity of R-T phase boundary during poling [25, 26,
34], which leads to the improved piezoelectric properties.
Therefore, the enhanced piezoelectric property in this work
is mainly attributed to the R-T phase boundary. In addi-
tion, the piezoelectric properties of a ferroelectric material
can be evaluated by the following equation, d3; ~ae P, [23,
27, 28]. Where a is the electrostrictive coefficient. Fig-
ure 8b plots ds; and ¢ P, of the KNNS-BZ-BNZ ceramics
as a function of x. It is found that both d5; and & P should
display a similar change tendency, which is well consist-
ent with the equation. Therefore, except for the R-T phase
boundary, the enhancement of ¢, and P, plays a part role in
the improved piezoelectric properties [23, 27, 28].

For practical applications, the thermal stability is an
important factor. Figure 9a, b show d;; and normalized
dj3 values of the KNNS—-BZ-BNZ ceramics against the
annealing temperature (7). It was found that d5; and nor-
malized dj; values of all ceramics first decreased slightly
before T, reached to T, and then dropped sharply when
T, exceeded T. Despite the decreasing ds; values, a rela-
tively high d5; of 362 pC/N was still observed when T,
reached to 180 °C in the ceramic with x=0.03, indicating
a well thermal stability.
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4 Conclusions

In the present work, the KNNS-BZ-BNZ lead-free piezo-
electric ceramics were prepared by the conventional solid-
state reaction method. The effects of Bi, sNaj sZrO; on the
phase structure, microstructure and electrical properties were
systematically investigated. The results show that the addi-
tion of Bij sNa,, sZrO; can elevate Ty_g and drop T,_r, lead-
ing to the formation of R—T phase boundary in the ceramics
with x=0.03 and 0.04. The ceramics with x=0.03 show the
optimal piezoelectric properties, that is, d3; =450+5 pC/N,
k,=0.50+0.02. Both R-T phase boundary and the enhance-
ment of dielectric and ferroelectric properties are attributed
to the improvement of piezoelectric properties in this work.
In addition, a well thermal stability is observed in the ceram-
ics with x=0.03, with a high d;; value of 362 pC/N as T,
reached to 180 °C. Therefore, we believe that the material
system is promising for applications.
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