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Abstract

Lead-free 0.955K;_Na,NbOs-0.045Biy sNay sZrOs+0.4% mol MnO ceramics
(Abbreviated as K;,N,N-0.045BNZ+0.4Mn) were prepared by a conventional
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solid-state sintering method in a reducing atmosphere (oxygen partial pressure

0,0 1 X 107" MPa). All K, N,N-0.045BNZ+0.4Mn samples show a pure per-
ovskite structure with a polymorphic phase boundary (PPB) composed of rhombo-
hedral (R) and tetragonal (T) phases. A high Na/K ratio and a low Na/K ratio can
both induce an increase in the rhombohedral phase. The reverse piezoelectric
coefficient d3; and its temperature stability in K, N,N-0.045BNZ+0.4Mn ceram-
ics can be improved by controlling the Na/K ratio. The increase in the Na/K ratio
from x = 0.46 to x = 0.56 can decrease the A-site cation vacancies. The activa-
tion energy of the grain is higher than that of the grain boundary due to the accu-
mulation of oxygen vacancies at the grain boundary. K;_ N.N-0.045BNZ+0.4Mn
ceramics with excellent piezoelectric properties (quasi-static piezoelectric coeffi-
cient dsz3 = 326 pC/N, and d3; = 472 pm/V at En,x = 25 kV/cm) were obtained

at x = 0.52.

1 | INTRODUCTION

Piezoelectric ceramics are widely used in various devices,
such as sensors, actuators, and transducers. Pb(Zr;_Ti)
O3(PZT)-based ceramics have dominated the whole piezo-
electric market for many years. However, the application of
lead-based ceramics has been restricted because of the high
toxicity of lead oxide." Thus, it is urgent to develop lead-
free piezoelectric devices to replace lead-based devices. At
present, KNN-based ceramics are studied by many investi-
gators and have been considered a promising lead-free sys-
tem to replace lead-based ceramics because of their
environmental friendliness, excellent piezoelectric proper-
ties and high Curie temperature.”™*

Multilayer piezoelectric actuators have been widely used
in precision equipment. In the current market, the internal
electrode of the multilayer actuator is a silver palladium

electrode.” As these actuators are an engineering solution,
we must pay attention to the manufacturing cost. The mar-
ket price of silver palladium electrodes as the inner elec-
trode is very expensive, which is not conducive to the
reduction in the material costs. The use of precious metal
electrodes dramatically improves the cost of piezoelectric
devices. Nickel electrodes have a significant cost advantage
compared with precious metals.

In addition to the greater cost effectiveness, nickel elec-
trodes have a high electromigration resistance and a high
interfacial strength with ceramics. To reach cost reduction
and environmental conservation goals, we consider that
Ko sNag sNbO3z-based multilayer piezoelectric
with nickel electrodes should be adopted. However, ceram-
ics with nickel electrodes must be sintered in a reducing
atmosphere due to their weak oxidation resistance.®’ Thus,
the design and preparation of KNN-based ceramics with

actuators
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excellent reduction-resistant and piezoelectric properties is
the most important task at present.

To date, few studies on K sNysNbOs-based ceramics
sintered in a reducing atmosphere have been reported. We
successfully prepared 0.955K, sNagsNbO3-0.045Big sNag s
7r03+0.4% mol MnO (KNN-0.045BNZ+0.4Mn) ceramics
sintered in a reducing atmosphere (oxygen partial pressure
po,: 1 X 10" MPa) with excellent piezoelectric properties
(dj; = 430 pm/V at E = 25 kV/em and d33 = 300 pC/N).®
Meanwhile, the temperature stability (~60°C) of the reverse
piezoelectric coefficient (dj;) of KNN-0.045BNZ+0.4Mn
ceramics is not suitable for application. After that,
0.955K.sNag sNbg 9sTag 0203-0.045Big sNag sZrO5+0.4%
mol MnO show a higher temperature stability (~80°C) of d3;,
and a better d3; (475 pm/V at E =25 kV/cm) due to the
complexity of smaller nanodomains (~70 nm) that formed
inside larger submicron domains (~200 nm).” After consid-
ering the cost of materials, we hope to achieve good proper-
ties in a simple manner due to the price of Ta;Os. There is a
close relationship between the temperature stability of piezo-
electric properties and the polycrystalline phase transition
(PPT). In the literatures, the piezoelectric properties and PPT
of KNN-based ceramics are very strongly dependent on their
K/Na ratios.'®"* Thus, we expect that the piezoelectric prop-
erties and the temperature stability of KNN-0.045BNZ
+0.4Mn ceramics can be improved by controlling the K/Na
ratio. In this research, the evolutionary mechanism of the
phase structure, piezoelectric properties and temperature sta-
bility of d3, for 0.955K,; Na,NbOs-0.045Bij sNaj sZrOs+
0.4% mol MnO ceramics sintered in a reducing atmosphere
were investigated.

2 | EXPERIMENTAL PROCEDURES

0.955K,_,Na,NbO3-0.045Bij sNag sZrO3+0.4% mol MnO
(K;.xN,N-0.045BNZ+0.4Mn) (x=0.46, 0.48, 0.50, 0.52,
0.54 and 0.56) piezoelectric ceramics sintered in a reduc-
ing atmosphere (H,/N,/H,O, oxygen partial pressure:
pPo, =1 X 107'" MPa) were prepared by conventional
solid-state reaction methods, as described elsewhere.®

Crystal structures of K;_,N,N-0.045BNZ+0.4Mn ceramic
were detected using x-ray diffraction (XRD) equipment
(Rigaku 2500, Rigaku, Tokyo, Japan). The samples were
polished and were treated by hot corrosion at 1060°C for
30 minutes. A scanning electron microscopy (SEM) (MER-
LIN VP Compact, Zeiss Ltd, Germany) was used to observe
the surface microstructures of the ceramics. The domain mor-
phology of ceramics was observed on transmission electron
microscope (Tecnai G2 F20 S-TWIN, FEI, America).

The ion sputtering equipment (SBC-12, KYKY Tech-
nology Co, Beijing, China) was used to sputter gold elec-
trodes on the samples. The samples were poled under a dc
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field of 35 kV/cm for 20 minutes in a silicone oil bath at
room temperature. The poled samples were placed for
3 days and its ds; was measured using a Berlincourt ds;
meter (ZJ-6A, Institute of Acoustics, Chinese Academy of
Sciences, Beijing, China). Piezoelectric and dielectric prop-
erties at room temperature were tested using an impedance
analyzer (Agilent 4294A, Agilent, Santa Clara, CA). The
temperature dependence of electric-field-induced strain (S-
E) curves was measured in situ using the ferroelectric ana-
lyzer (aixACCT Systems GmbH, Aachen, Germany) in the
temperature range from 25 to 110°C. Impedance measure-
ments above 300°C at a frequency range from 20 Hz to
2 MHz with an AC measurement voltage of 0.1 V were
measured using a capacitance meter (HP4980A, Hewlett-
Packard) with an automated temperature controller
(HDMS-1000, Partulab Technology, Wuhan, China).

3 | RESULTS AND DISCUSSION

Figure 1A shows XRD patterns of K, ,N,N-0.045B
NZ+0.4Mn ceramics at a 20 range of 10°-120°. We find
that all ceramics show a pure perovskite structure, which
suggests that a stable solid solution is formed when
x = 0.46-0.56. In Figure 1B, the XRD patterns of the
ceramics show that the change in the Na/K ratio can induce
a structural form transition. Figure 1C shows that the
diffraction peak moves to a high angle when x increases
from 0.46 to 0.56. This suggests that the cell volume of
samples contracts with increasing x values from 0.46 to
0.56 because the ionic radius (1.64 A:12 CN) of K™ ions is
larger than that (1.39 A:12 CN) of Na* ions.'*

Rietveld refinement is carried out for the XRD data of
powder from all the ceramics to obtain their structural
parameters. The lattice parameters, phase fraction (PF) and
space group (SG) of K, N,N-0.045BNZ+0.4Mn ceramics
are listed in Table 1. A PPB with R and T phases exists in
all samples. The SG of the T and R phases are P4 mm and
R3 m, respectively. In Table 1, we find that when x
decreases from 0.50 to 0.46, the PF of the R phase
increases from 18.11% to 27.56%. Meanwhile, the PF of
the R phase also increases from 18.11% to 38.56% with
increasing x values from 0.50 to 0.56. This suggests that
the PF of the R and T phases for KNN-0.045BNZ+0.4Mn
ceramics can be controlled by changing the K/Na ratio.

Figure 2 shows TEM micrographs of K;_ N,N-
0.045BNZ+0.4Mn ceramics. Large domains and small
domains are adjacent to each other. We found that the sub-
micron-size lamellar domains (~100 nm) of ceramics exist
at x = 0.50. We found that the submicron-size domains
(~100 nm) and nanoscale domains (~60 nm) coexist in
ceramics at x = 0.48. When x decreases from 0.48 to 0.46,
the submicron domain size increases from ~100 to 180 nm,
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FIGURE 1 Room-temperature XRD
patterns of K; .N,N-0.045BNZ+0.4Mn
ceramics (A) at 26=10°-120° (B) at
20=44°-52° (C) at 26=83°-85° [Color

20 40 62 9 )
and the nanodomain size increases from ~60 to ~90 nm.
Meanwhile, when x increases from 0.52 to 0.56, the submi-
cron domain size increases from ~130 to 160 nm, and the
nanodomain size increases from ~30 to ~90 nm. In contrast
to the complex domain structure of the 0.955K,sNags
Nbg ogTag 0203-0.045Big sNag 5ZrO3+0.4% mol MnO sys-
tem, the large submicron domains and small nanodomains
are arranged side by side in K;  N,N-0.045BNZ+0.4Mn
ceramics. In the polymorphic phase boundary (PPB), the
disappearance of polar anisotropy is beneficial to the gener-
ation of nanodomains due to the optimal ratio of the T
phase and R phase,"> which enhances the piezoelectric
properties. We consider that the reason for this phe-
nomenon is rather complicated and is most likely due to
the increase in the R phase, which needs further study.

Figure 3A shows the ferroelectric hysteresis loop of K.
+N,N-0.045BNZ+0.4Mn ceramics. The saturated electric
hysteresis loops of all ceramics show that they are typical
ferroelectrics at x = 0.46-0.56. In Figure 3 (b), the remanent
polarization (Pr) changes with the change in the ratio of Na/
K. The Pr of samples at x = 0.48 and 0.52 shows an increase
due to the formation of smaller nanodomains. The Pr at
x = 0.52 shows its maximal value, which is attributed to the
existence of smaller domains (~30 nm). The smallest nan-
odomains (~30 nm) form in similar grains due to the optimal
R phase content (~22.33%), which induces easy switching
by an electric field.

The quasi-static piezoelectric coefficient (ds3), density
(p), plane electromechanical coupling coefficient (k,) and
phase transition temperature (Tr.y) for K, N,N-
0.045BNZ+0.4Mn ceramics are listed in Table 2. Optimal
d3z (326 pC/N) is obtained at x = 0.52. The piezoelectric
constant dz3 is calculated by Equation (1).16

dsz3 = 2Q¢e0&33P3 (1)

Q refers to the electrostrictive constant and varies little
with changing temperature.'” g, refers to the vacuum
dielectric constant. £33 refers to the dielectric constant. P3
refers to the polarization along the polar axis and approxi-
polarization P, of ferroelectric

mates the remanent

80 100 120 45 46" 51 52 83
28(2)

84 85 figure can be viewed at wileyonlinelibrary.c
29(0) om]
ceramics. In Figure 3, the highest P, of samples is obtained
at x = 0.52, which is responsible for optimal d33 (326 pC/
N). The density (p) decreases with increasing x from 0.46
to 0.56. The contribution of nanodomains is the origin of
the high piezoelectric property of KNN-based ceramic,
which has been verified.'® Thus, relatively high ds; values
of 310 pC/N and 326 pC/N are obtained at x = 0.48 and
x = 0.52, respectively, due to the formation of ~60 and
~30 nm nanodomains.

The temperature dependence of the dielectric constant &,
and dielectric loss tan & at 1kHz for K; ,N,N-
0.045BNZ+0.4Mn ceramics in the temperature range of 25-
450°C is shown in Figure S1A. There is no change in Curie
temperature (Tc) observed at x = 0.46-0.56. The T¢ of all
the samples is ~340°C. The temperature dependence of the
dielectric  constant ¢ at 1kHz for K; N,N-
0.045BNZ+0.4Mn ceramics in the temperature range of 25-
180°C is shown in Figure S1B. The phase transition temper-
ature (Tr.T) between the R phase and T phase was changed
by controlling the Na/K ratio. The Tg.t of all samples is
listed in Table 2. At x = 0.46-0.56, the Tk_t decreases from
87 to 72°C and then increases from 77 to 92°C. The increase
in Tg_t is due to the increase in the R phase.

Figure 4 shows the unipolar S-E curves and reverse
piezoelectric coefficient d3; for the K, N,N-0.045BNZ+
0.4Mn ceramics measured at a frequency of 1 Hz. In Fig-
ure 5, the unipolar strain-electric field can be improved
by controlling the Na/K ratio. The reverse piezoelectric
coefficient was calculated via the Equation dj; = Spyax/
E..x. In the inset of Figure 4, the reverse piezoelectric
coefficient dj; as a function of En,, for all ceramics is
shown. Large d3; values of 452 pm/V and 472 pm/V (at
Eax = 25 kV/cm) are obtained for ceramics at x = 0.48
and x = 0.52, respectively, which should result from the
contribution of smaller nanodomains, as shown in Fig-
ure 2. Further increases of the R phase cause the d3; of
the samples at x > 0.52 and x < 0.48 to decrease. Reverse
piezoelectric coefficient d3,, insulation resistivity, Curie
temperatures 7 and oxygen partial pressure po, of the
KNN-based ceramic sintered in a reducing atmosphere are
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TABLE 1 Lattice parameters, phase fraction (PF) and space group (SG) of K;_,N,N-0.045BNZ+0.4Mn ceramics

x = 0.46 x = 0.48 x = 0.50
a (A) 3.978 3.999 3.978 3.997 3.976
b (1&) 3.978 3.999 3.978 3.997 3.976
c (A) 4.017 3.999 4.016 3.997 4.013
SG P4mm R3m P4mm R3m P4mm R3m
PF (%) ~71.44 ~28.56 ~75.13 ~24.87 ~81.89

listed in Table 3. In Table 3, we find that the ceramics at
x = 0.52 show the largest d3; value (472 pm/V) among
Ko sNag sNbOs-based systems sintered in a reducing atmo-
sphere.

The temperature dependence of the reverse piezoelec-
tric coefficient (dj;) of the poled (35 kV/cm)/aged
(3 days) K;.,N,N-0.045BNZ+0.4Mn ceramics was mea-
sured in situ at a frequency of 1 Hz and 35 kV/cm as
shown in Figure 5. The temperature sensitivity of d3; can
be evaluated by the value n, as shown in the following
Equation [n (%) =(d;; (D)- di; (25°C) x 100)/d3,
(25°C)]. In practical applications, n should be controlled
to within —10% to +10% or less.”® When 1 exceeds the
limit range the temperature is marked as 7.. As shown in
Figure 6, when x increases from 0.50 to 0.56, T, increases
from 60 to 100°C. However, T, shows a decrease at
x = 0.46. The larger domains at x < 0.50 and x > 0.50
appear due to the increase in the R phase. We consider
that larger domains need a greater activation energy,
which can result in poor temperature sensitivity of d; at
high temperatures. Thus, the 7. increases at x = 0.50-
0.56. However, the appearance of large domains in ceram-
ics at x = 0.46 does not enhance the temperature stability
of d3;. We consider that the increase in oxygen vacancy
concentration may be responsible for the deterioration of
temperature stability. The stability of ferroelectrics can be
enhanced due to the decrease in oxygen vacancy concen-
tration.”> For 0.955K, sNag sNbO;-0.045Bi( sNag sZrOs+y
%MnO systems, 0.4% mol MnO ions occupy the A-site
cation vacancies.>*>** We consider that some Mn*" ions
in the A-site have switched to the B-site at x = 0.46, as
shown in Equation (2).

MnO“3*Mnl, + V& + Oo )

From the stability of the perovskite structure, we con-
sider that a smaller difference between the ionic radius of
the doped ions and ionic radius of the matrix ions corre-
sponds to higher stability of the perovskite structure due
to smaller lattice distortion. The difference in radii
(0.11 A) between Mn>" ions (0.83 A: 6CN) and Zr** ions
(0.72 A: 6CN) is less than the difference in radii (0.19 A)
between Mn>* ions (0.83 A: 6CN) and Nb>* ions
(0.64 A: 6CN)."*?5 Thus, Mn>* ions should substitute for

~18.11

x = 0.52 x = 0.54 x = 0.56
4.003 3.971 3.988 3.970 3.984 3.970 3.982
4.003 3.971 3.988 3.970 3.984 3.970 3.982
4.003 4.010 3.988 4.010 3.984 4.008 3.982

P4mm R3m
~77.67 ~22.33

P4mm R3m
~73.27 ~26.73

P4mm R3m
~61.44 ~38.56

Zr** jons from x = 0.48 to x = 0.46. As shown in for-
mula (2), new oxygen vacancies (V;) form, which
increases the oxygen vacancies. Thus, the stability of fer-
roelectrics for samples at x = 0.46 deteriorates, which
results in a decrease in Te.

The impedance spectra of K;_N,N-0.045BNZ+0.4Mn
ceramics measured at different temperatures are shown in
Figure 6. Z' and Z" refer to the real and imaginary parts
of the complex impedance Z*. We find that the Na/K
ratio has a significant effect on impedance spectra of K.
ANN-0.045BNZ+0.4Mn ceramics. The fitted resistance
(R) of each component is used to calculate the activation
energy of conduction (Ea) using Arrhenius’ law. A tail of
impedance spectra at low frequencies is enhanced gradu-
ally when the measured temperature increases. The forma-
tion of a “tail” may result from the contribution of the
ionic conduction of alkaline ion vacancies.?® Meanwhile,
we can observe that the “tail” can disappear at a high
Na/K ratio, which is similar to findings in the literature.?’
This suggests that an increase in the Na/K ratio can
induce a decrease in alkaline ion vacancies. Thus, we
believe that the oxygen vacancy concentration that is due
to the loss of alkaline ions would decrease with
increasing x.

The equivalent electrical circuit of K N,N-
0.045BNZ+0.4Mn ceramics is shown in Figure 7A. Mean-
while an equivalent electrical circuit comprising two RC cir-
cuits (R parallel to C) connected in series (shown in
Figure 7A) was used to model the impedance experimental
data in Zview software. The resistance of the grain (Ry) and
the grain boundary (Ry,) in K ,N.N-0.045BNZ+0.4Mn
ceramics are listed in Table S1. The capacitance of grain (Cg)
and grain boundary (Cg,) for K, ,N.N-0.045BNZ+0.4Mn
ceramics are listed in Table S2. The activation energy of the
grain and the grain boundary for K;_,N,N-0.045BNZ+0.4Mn
ceramics are shown in Figure 7B. We find that the resistance
of the grain boundary (Ry,) is lower than the resistance of the
grain (R,), as shown in Table S1. In Table S2, we find that the
C,p, for all samples is higher than the Cg. In Figure 7B, we
find that the activation energy (Egyp) of the grain boundary for
all samples is lower than the activation energy (E,) of the
grain. The similar and anomalous phenomena observed for
some Ti-rich Srg 995T1;03 ceramics sintered in air with smaller
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FIGURE 2 TEM micrographs of
200 nm K, _NN-0.045BNZ+0.4Mn ceramics
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2008 R [Color figure can be viewed at wileyonline
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grain size are due to the large specific area of grain boundary rich KNN-based ceramics are due to the high volatilization in
and high oxygen vacancy concentration.”®*’ The KNN-based the A-site. Meanwhile, the sintering difficulty of KNN-based

ceramics are extremely prone to similar phenomena that Nb- ceramics results from the difficulty in ion diffusion not being
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FIGURE 3 A, Ferroelectric hysteresis loop of K;_,N,N-0.045BNZ+0.4Mn ceramics (B) Remanent polarization of K;_N,N-
0.045BNZ+0.4Mn ceramics [Color figure can be viewed at wileyonlinelibrary.com]
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ceramics measured at a frequency of 1 Hz
[Color figure can be viewed at wileyonline
library.com]
TABLE 2 Quasi-static piezoelectric constant (ds3), density (p), plane electromechanical coupling coefficient (k,) and phase transition
temperature (Tg_t) for K;_,N,N-0.045BNZ+0.4Mn ceramics
x = 0.46 x = 048 x = 0.50 x = 0.52 x = 0.54 x = 0.56
ds; (pC/N) 280 310 300 326 300 290
p (g/em?) 4.486 4.466 4.413 4.353 4.348 4.334
ky (%) 47.1 48.7 51.2 56.2 54.3 52.1
TrT 87 82 72 77 81 92
conducive to grain growth. Thus, we consider that K; ,N,N- o 1 Oy 1 +V" 1 2¢ 3)
. .. — = e
0.045BNZ+0.4Mn ceramics should possess the condition of 0772 o

Eg, < E,.

Through further analysis, we consider that the K;_N,N-
0.045BNZ+0.4Mn ceramics sintered in a reducing atmo-
sphere form many oxygen vacancies, as
Equation (3).

shown in

The escape of oxygen ions begins at the grain bound-

ary. Thus, the concentration of oxygen vacancies in the
grain boundary is higher than those in grain. During the
cooling process, oxygen vacancies caused by volatilization
subsequently do not oxidize under a reducing atmosphere,
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TABLE 3 Reverse piezoelectric coefficient dj;, insulation resistivity, Curie temperatures 7 and oxygen partial pressure po, for KNN-based
ceramic sintered in a reducing atmosphere

Resistivity
Composition d3; (pm/V) (Q-cm) Tc (°C) Oxygen partial pressure (po,) Cite
0.96(Nay 5K s)NbO5-0.04CaZr05+0.03Zr0, 360 (20 kV/em) 6.3 x 10" ~260 1 x1071°1 x 107" MPa 19
x(NaF-0.5Nb,0s)-(1-x)[Nag sKo s(Nbg sTag 2)Os] ~385 (50 kV/em) 1.6 x 10'®  ~296 1 x 1077 atm 20
(Nag sK¢ 5)NbOs-LiF ~200 (26 kV/em) 2.7 x 10''  ~456 1x 107 atm 21
0.955K sNay sNbO5-0.045Big sNag sZrOs+x%MnO 430 (25 kV/em) 6.13 x 10" ~335 1 x 1071 atm 8
0.955K¢ sNag sNb;_,Ta,05-0.045Bij 5 475 (25 kV/ecm)  9.46 x 10""  ~336 1% 107'° atm o
Nay sZrO;+0.4%MnO (x = 0.02)
0.955K_.Na,NbO;-0.045Bi sNay s 473 (25 kV/em) 9.62 x 10'!  ~330 1 x 1070 atm This work
Z1r054+0.4%MnO (x = 0.52)
as shown in Equation (4), and the grain boundary is nega- oxygen vacancies.”> Thus, we consider that the contribu-
tively charged. tion of oxygen vacancies to the decrease in resistance at
the grain boundary is stronger than that in grain at
%02 + Vs — Of +2h° ) T > 300°C. Thus, Eg, are both lower than E,. The E,

first decreases and then increases with increasing x from
At higher temperatures (7 > 250°C), the conduction 0.46 to 0.56. The ceramics at x = 0.50 show a minimum
of KNN-based ceramics is dominated by the motion of  Ey value (0.73 eV). For all samples, when x increases
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from 0.46 to 0.56, E,, obviously increases at x = 0.46-
0.50 and E4, slowly increases at x = 0.52-0.56. When x
from 0.46 to 0.50, the ceramics
decrease in E, and an obvious increase in Eg,. We con-
sider that when x decreases from 0.50 to 0.46, some
Mn?* ions in the A-site gradually change to the B-site,
as shown in Equation (2). The additional oxygen vacan-
cies form due to the substitution of Nb>" jons with
Mn2* ions with decreasing x from 0.50 to 0.46, which
induces an increase in E, and an obvious decrease in
Eqp,.

increases show a

046 048 D.SDxD.SZ 0.54 0.56

On the one hand, the potential barrier height Ag,, can
be calculated by Equation (5) from the Schottky barrier
model.*° In Equation (5), [A']refers to the acceptor concen-
tration, Qg refers to the interface charge density per unit
area and ey and &, refer to the dielectric constant of the
vacuum and grain boundary, respectively.

2
o,

8eoegnelA']

A(pgb = (5)

In the MnO-doped 0.955K(sNagsNbO3-0.045Big 5

Naj 5ZrO; system, 0.4% mol MnO ions preferentially
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occupy the cation vacancies in the A-site.>**** The obvi-
ous decrease in Eg, for ceramics from x = 0.50 to x = 0.46
is likely caused by the occurrence of acceptor doping
behavior, as shown in (2), because the increase in [A']
results in the decrease in barrier height Ay, (same as
Eg,). On the other hand, Rgb is proportional to the thick-

ness as follows (dgb).29
Rgy = (pgp deb) /Ags ©6)

where pgy, refers to the resistivity of the grain boundary, Ay,
refers to the area of the grain boundary and d,y, refers to the
thickness of the grain boundary. Due to the decrease in oxy-
gen vacancy, the dg, of Tirich Srpg9sTi;O3 ceramics
becomes thicker after annealing at 500°C in oxygen, resulting
in an increase in the resistance of the grain boundary.? This
suggests that the oxygen vacancies accumulated in the grain
boundary can reduce the resistance owing to the decrease in
dgp. From x = 0.50 to x = 0.46, more additional oxygen
vacancies with a positive charge move to the grain boundary
with a negative charge, which decreases the thickness of the
grain boundary and reduces the resistance of the grain bound-
ary at high temperatures (633 K-713 K).?° The increase in E,
from x = 0.50 to x = 0.46 can be attributed to the existence
of a high dipole defect (Mn7;, — V') concentration. The grain
boundary with a negative effective charge repels the defects
(Mn},) of a negative effective charge, which results in an
increase in Mn/,.concentration in the interior of the grain. The
defects with negative effective charge (Mn/,) exist in grain
interiors form the dipole defect (Mnj, — V¢&'). The V** are
bound by Mn/, ions, which results in an increase in E, from
x =0.50 to x = 0.46. Thus, we consider that a portion of
Mn** ions in the A-site move to the B-site to substitute for
Zi** ions from x = 0.50 to x = 0.46.

4 | CONCLUSIONS

Lead-free 0.955K;_,Na,NbO3-0.045Big sNag sZr03+0.4% M
nO ceramics have been prepared by a conventional solid-
state sintering method in a reducing atmosphere (oxygen par-
tial pressure po,: 1 x 107" MPa). At x = 0.46-0.56, the
ceramics possess a PPB with R/T phase. A high Na/K ratio
at x > 0.5 and a low Na/K ratio can both enhance the R
phase. The piezoelectric properties and temperature stability
of dj; of K;,N,N-0.045BNZ+0.4Mn ceramics can be
improved by controlling the Na/K ratio. Some original Mn**
ions in the A-site move to the B-site to substitute for Zr**
ions at x = 0.46, which results in a decrease in temperature
stability due to the deterioration of ferroelectric stability. The
increase in the Na/K ratio can decrease the A-site cation
vacancies. For the K, N,N-0.045BNZ+0.4 Mn ceramics
sintered in a reducing atmosphere, the E,, is lower than the
E, because many oxygen vacancies accumulate in the grain

boundary. The decrease in resistance in the grain boundary
caused by oxygen vacancies is greater than that of the grain
interior. Some Mn*" ions from the A-site substitute for Zr**
ions from x = 0.50 to x = 0.46, which results in an obvious
decrease in Egy, and an increase in E,. The optimal piezoelec-
tric properties (dsz3 = 326 pC/N, and d3; = 472 pm/V at
Epnax = 25 kV/em) of K N,N-0.045BNZ+0.4Mn ceramics
at x = 0.52 were obtained because the optimal ratio of the T
phase and R phase is beneficial to weaken the polar aniso-
tropy and generate smaller nanodomains (~30 nm).
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