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ABSTRACT: Here we report a strong piezoelectric activity in (1 —
x) (Ko 4Nag ¢) (Nbg 96Sbg 4) O3-xBig sKo sZr;_,Sn O3 lead-free ceramics by
designing different phase boundaries. The phase boundaries concerning
rhombohedral-orthorhombic-tetragonal (R-O-T) and rhombohedral-tetrag-
onal (R-T) multiphase coexistence were attained by changing BKZS and Sn
contents and then were identified by the X-ray diffraction patterns as well as
temperature-dependent permittivity and v1 Raman modes associated with
BOg perovskite octahedron. A high strain (strain = 0.21—-0.28% and ds;*
707—880 pm/V) and a strong piezoelectric coefficient (d;; = 415—460 pC/
N) were shown in the ceramics located at the multiphase coexistence region.
The reported results of this work are superior to that (d5;* ~ 570 pm/V and
dy; ~ 416 pC/N) of the textured (K,Na,Li)(Nb,Ta,Sb)O; ceramics [Nature
2004, 432, 84]. We believe that the material system of this work will become
one of the most promising candidates for piezoelectric actuators.
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Bl INTRODUCTION

Lead-based ceramics possess an excellent piezoelectric constant
(d53) and high electric field-induced strain' and are currently
applied in many electronic devices. However, most researchers
have recently given considerable attention to lead-free
piezoceramics because the hazardous Pb element will be
gradually prohibited in electronic devices.” *® Due to the
importance of high strain in piezoelectric actuators, related
research has recently become very active.””"***73% Previously,
it was reported that a high strain could be well developed in the
Bi,,Na,/,TiO; (BNT)-based ceramics,”* but the poor ds;
values (<200 pC/N) as well as high driving electric fields
inevitably hinder their practical applications.” * For example, a
large strain of 0.45% under a high driving electric field (~8 kV/
mm) was achieved in (BiyNays)TiO;—BaTiO;-(K,Na)NbO;,
and unfortunately there is a poor d; (<100 pC/N).> Although
enhanced dj; and dy;* can be simultaneously observed in
BaTiO;-based ceramics, a very low T was always shown.” As
a result, there are some incongruous developments between
piezoelectricity and strain in the field of lead-free piezoelectrics.

In 2004, textured (K,Na,Li)(Nb,Ta,Sb)O; ceramics were
shown to exhibit an enhanced d; of ~416 pC/N and a high
converse piezoelectric coefficient (dy3* = S0/ Emex ~ 750 pm/
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V). Since then, (K,Na)NbO, (KNN) ceramics have been
considered as promising candidates to replace the lead-based
ones."' ™' Nevertheless, a relatively low strain (0.1—0.2%) was
observed in KNN-based ceramics prepared by conventional
solid-state methods.''™'* Therefore, it has become an urgent
task to search for a kind of KNN-based ceramics with balanced
developments of dj; and dy3*.

In the past several years, there have been some reports on the
strain investigations in (BijsNas)TiO; and BaTiOj-based
ceramics, and the Sn*" substitutions for Ti*" site can effectively
enhance their strain behavior.””® For example, a relatively high
dy;* value of 585 pm/V can be observed when the 5% mol
SnO, was used to modify Biys(Nagg,Kos)esTiOs.* Further-
more, the Sn can promote piezoelectric and strain behavior of
BaTiO;-based ceramics.® As a result, it was highly expected that
the doping with Sn*" may improve the strain behavior of KNN-
based ceramics. To our knowledge, there were few reports on
the strain investigations on the Sn-doped KNN ceramics
together with a strong piezoelectric activity. In addition, the
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Figure 1. XRD patterns of (1 — x)(K4Nay) (Nbo‘%Sbom)03-xBio'5K0'5Zr1_ySnyO3 ceramics with (a) 0 <x < 0.0,y =0.1, (b) x = 0.04,0 <y < 1.0.

rhombohedral-tetragonal (R-T) multiphase coexistence of
KNN-based ceramics is usually evaluated by the temperature-
dependent dielectric constant.">~"” It is often suspected that an
intermediate phase may exist in the mixed phases, which
bridges the T and R phases. To clarify this suspension, some
tools should be used to further confirm the phase boundaries.
In this work, we identified the phase compositions of R-T phase
boundary in KNN-based ceramics by considering their
corresponding temperature dependence of the Raman spec-
trum.

In this work, a new (1 — x)(Ky4Nagg)(NbgesSboos)Os-
xBigsKosZr;_,Sn,05 ceramic system has been fabricated via
normal sintering, and the Sn is particularly used to modify
electrical properties by tailoring the phase boundaries. The
different phase boundary types (e.g, O-T, R-O-T, and R-T)
were tuned by changing BKZS and Sn contents. In addition, the
objective of this work is clearly addressed: (i) Constructing
multiphase coexistence by the composition design; (ii) identify
the existence of R-T phase boundary and obtain large dj; as
well as high dy;*; (iii) investigate the relationships between
phase boundaries and piezoelectricity. In this work, the addition
of BKZS and Sb**, respectively, induces the formation of R-O-
T and R-T phase boundaries in the composition range of 0.03
< x < 0.035 and 0.04 < x < 0.0S. Sn*" is applied to improve
strain behavior, accompanied by the formation of R-T phase
boundary for 0 < y < 0.4. A high d3;* of ~880 pm/V and a
large d3; of ~460 pC/N were observed in the ceramics with x =
0.03, y = 0.1 and x = 0.04, y = 0.1, respectively. As a result, a
large dy;* and a high ds; could be attained in Sn-doped KNN
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ceramics by tuning its composition, demonstrating that the
material system is one of the most promising candidates for
actuator applications.

B EXPERIMENTAL SECTION

Ceramics with a formula (1 — x)(Kq4Naggs)(NbggsSbgos)Os-
xBiy Ko sZr,_,Sn,O; were synthesized by the conventional solid-state
sintering method, and raw materials {e.g. K,CO; (99%), Na,CO,
(99.8%), Nb,O5 (99.5%), Sb,05 (99.99%), Bi,0; (99.999%), SnO,
(99.8%), and ZrO, (99%)} were weighed with an electronic balance
and then were ball milled for 24 h with alcohol. These dried powders
were calcined at 850 °C for 6 h and then were mixed with a binder of 8
wt % poly(vinyl alcohol) (PVA). These calcined powders were pressed
into disks with a diameter of 10 mm and a thickness of 1 mm under a
pressure of 10 MPa. After PVA was burned off, the pellets were
sintered at 1085—1095 °C for 3 h in air. The sintered samples were
pasted with silver and then fired at 600 °C for 10 min. Finally, a direct
current electric field of 2—4 kV/mm was applied to pole each sample
in a silicon oil bath at 30 °C.

X-ray diffraction (XRD) (Bruker D8 Advanced XRD, Bruker AXS
Inc., Madison, WI, Cu Ka) in the 6—26 scanning mode and a step of
0.02° was used to characterize the crystal structures of the ceramics.
HR LabRam Raman spectroscopy system was used to measure the
temperature (—100—300 °C) dependence of the Raman spectrum,
where a 514 nm Ar laser was used for excitation. Field emission-
scanning electron microscopy (FE-SEM) (JSM-7500, Japan) was used
to characterize the surface microstructure and the element mapping.
The curves of the dielectric constant against temperatures (¢,—T) were
tested by a programmable furnace in connection with an LCR analyses
(HP 4980, Agilent, Santa Clara, CA). The dielectric properties of each
poled sample were measured by an impedance analyzer (HP 4294A).
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Figure 2. £,—T (—150—200 °C) curves of the ceramics with different x contents: (a) x = 0, (b) x = 0.01, (c) x = 0.02, (d) x = 0.02S, (e) x = 0.03, (f)

x = 0.03S, (g) x = 0.04, (h) x = 0.045, and (i) x = 0.0S.

3k 3k 3k 3k
(@) y=0 (b) y=0.05 ] l(©) e A @) s
2k 2%k 2k o 2k S
W L —_ W] =(.1 W =().15
f 9 y=01 y=0.15
1. l (\ (\
-100 -50 50 |UU 150 q00]00 =500 50 100, 150 200000 -50 0 50 100, 150 200100 -50 0 50 100 150 200
Temperaturel C Temperature/°C Temperature/ C Temperature/°C
To =0z ) 0.25
) = Y= —
@ L7 JI0 0B ) [g =03 ]fh) =04
2k S 2k 2k - T2 i
Q)'- a‘) bs-« (0“ ' ‘0‘-
1k ,f’{ Ik lk""f‘. 13
0 - () 0 -
-100 =30 _0 50 I()}Dd‘() 200100 -50 0 50 100 _150 200-100 -50 0 30 100 150 2 O(I()[) 500 0 50 100,150 200
ak Temperature K Temperature/"C ‘ Temperature/°C Temperature/’C
< 3 3k 3k
@) y=0.5 v=0.6 (k) »=0.8 1 y=1.0
2k 2k 2K :
m‘-:l\ N"! - k)\- m._‘
Ik L P 1k Ik MW‘“‘“
0 = 0 ~ e 1 0
-100 -50 0 50 100 150 200700 -50 _ 0 50 100, 150 200-100 -50 0 50 100, 150 200-100 -50 0 50 100 .150 200
Tcmpcraturcloc Temperature/ 'C Temperature Temperature/°C

Figure 3. £,—T (—100—200 °C) curves of the ceramics with different y contents: (a) y =0, (b) y = 0.05, (c) y=0.1, (d) y = 0.15, (e) y =02, (f) y =
025, (g) y=03, (h) y =04, (i) y = 05, (j) y = 0.6, (k) y = 0.8, and (1) y = 1.0.

A Radiant Precision Workstation (USA) was used to measure the P—E
hysteresis loops with a frequency of 10 Hz. Furthermore, the
piezoelectric constant dj; and the planar electromechanical coupling
factor k, were measured by a piezo-d3; meter (Z]-3 A, China) and
impedance analyzer (HP 4194A), respectively. At last, the electric field
induced strain was measured.

B RESULTS AND DISCUSSION

In this work, the phase evolutions of the (K,Na)(Nb,Sb)O;-
(Bi,K)(Zr,Sn) O, binary system were analyzed by characterizing
both XRD patterns and &,—T curves, and particularly the R-T
phase boundary was further confirmed by the temperature-
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dependent Raman spectrum. Figure lab displays the room-
temperature XRD patterns of (1 — x)(K;4Nays) (NbggSbgos)-
O5-xBig sKosZr;_,Sn,0; ceramics as a function of x and y,
respectively. All ceramics exhibit a typical perovskite structure
without secondary phases, suggesting that both KNNS and
BKZS formed a stable solid solution. Figures 2 and 3,
respectively, give the £, —T curves of the ceramics with different
x and y contents, measured at —150—200 °C and 100 kHz.
According to the results of both XRD and &,—T (see Figures
1-3), the phase evolutions of the ceramics were analyzed. One
can see from Figure la that an orthorhombic (O) phase was
shown in the (1 — x)(Kg4Nage)(NbgosSboos)Os-
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Figure 4. (a and c) &,—T (30—450 °C) curves of the ceramics with different x and y, respectively. (b and d) Phase diagrams of the ceramics with

different x and y, respectively.
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xBiy sKo sZr09Sny, 05 ceramics with 0 < x < 0.02."° The mixed
phases can be easily found in the ceramics with 0.025 < x <
0.05 with an increase in BKZS contents, while the specific
phase compositions of each sample needs to be further
confirmed by their corresponding &,—T curves (see Figure 2).
As shown in Figure 2, both Tp o (£—65 °C) and Tq.r (=86
°C) can be clearly observed in the composition range of 0—0.02
(see Figure 2a—c), further confirming our conclusion.'>"¢
Furthermore, T (~70 °C) of the ceramics with x = 0.025 is
above room temperature, while Ty o (~—59 °C) is far below
room temperature (see Figure 2d). Thus, we can deduce that
the O-T phase boundary was formed in the ceramics with x =
0.025. One can see from Figure 2e,f that To. 1 (62 °C — 59 °C)
gradually shifts toward room temperature, and T g is gradually
compressed and is near room temperature. Therefore, the R, O,
and T phases should coexist in the ceramics with x = 0.03—
0.03S. Finally, there is only one obvious dielectric peak for the
ceramics with 0.04 < x < 0.05; that is, the R-T phase boundary
can be driven by modifying x values, where Tyr is 33 °C, 18
°C, and 12 °C for x = 0.04, 0.045, and 0.05, respectively (see
Figure 2g—i). As a result, the phase structure of (1 —
%) (Ko 4Nag,¢) (Nbg 968bo,04) O3-2Big Ko sZrg oSng, O3 ceramics  is
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shown here: 0 < x < 0.02 for an O phase, x = 0.025 for O-T
mixed phases, 0.03 < x < 0.035 for R-O-T, and 0.04 < x < 0.05
for R-T. To further clarify the phase evolutions, we investigated
the influences of Sn contents on the phase structure of the
ceramics. However, there are different trends for the 0.96-
(Ko.4Nag ) (Nbg 96Sby 04) 03-0.04Big 5Ky sZr; _,Sn,O; ceramics, as
shown in Figure 1b. By using a similar method, the R-T phase
boundary and R single phase were observed in the ceramics
with 0 <y < 0.4 and 0.5 < y < 1.0, respectively (see Figures 1b
and 3).

To investigate the effects of x and y contents on the Curie
temperature (T(), we plotted the &,—T curves of the ceramics
as a function of x and y, measured at 100 kHz and 30—450 °C,
as shown in Figure 4a,c. Figure 4b,d addresses the phase
diagrams of (1 — x)(Kg4Nags)(NbgoSbg.os)Os-
xBig 5Ky sZr;_,Sn,O;3 ceramics, which were established by the
data derived from the &,—T curves (see Figures 2, 3, and 4a,d).
One can find that BKZS and Sn contents have different effects
on their phase transitions. As shown in Figure 4b,d, the T¢
values linearly decreased with increasing BKZS contents, while
T slowly decreased with increasing Sn contents, indicating that
Zr can more quickly reduce T of KNN with respect to
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Figure 6. Magnified and fitted Raman spectra as a function of T = —100 °C, 30 °C, 300 °C in the wavenumber ranges from 450 to 700 cm™! of the

ceramics with x = 0.04, y = 0.1.

Sn.>*91516 14 addition, we can see from Figure 4b that the

BKZS can increase Ty o and decrease T simultaneously, as
Sb%* does.'>'® As a result, the O phase zone of the ceramics was
compressed gradually with the increase of x. The R-O-T and R-
T phase boundaries are formed in the ceramics with 0.03 < x <
0.035 and 0.04 < x < 0.05, respectively. In contrast, we can find
from Figure 4d that the appropriate Sn content will induce the
increase of Ty 1 gradually. In addition, one can see that the £,—
T curves of the ceramics with y > 0.5 become flatter, and there
are no obvious abnormal dielectric peaks in the temperature
range of —100—400 °C, thus leading to the formation of R
phase. In addition, we can also conjecture that the ceramics
with y > 0.5 belong to be R phase according to the results of
XRD and ferroelectricity.

It is well-known that some debates on the phase structure
still exist for BaTiO5-based ceramics.”>~* For example, recent
research has revealed that there is an intermediate ortho-
rhombic phase of the R-T phase boundary in BaTiO;-based
ceramics.”” Therefore, we suspected that an intermediate phase
also exists in KNN-based ceramics of this work. To further
understand the phase structure, we measured the temperature
(=100 °C to 300 °C) dependence of the Raman spectrum of
the ceramics with x = 0.04 and y = 0.1, as shown in Figure S.
What should be pointed out is that the measured Raman
frequency range is from 50 to 1000 cm™. According to the
literature,”® we magnified the Raman spectrum in the
wavenumber range of 450 to 700 cm™' after background
subtraction. In addition, the two peaks of the Raman spectrum
are simulated by the Lorentzian method, which correspond to
vl (~600 cm™) and 22 (~550 cm™') modes, as shown in
Figure 6. Figure 6 only shows the Raman spectrum of the
ceramics as a function of T = —100 °C, 30 °C, and 300 °C, and
other data are shown in Figure S1 of Supporting Information.
One can see that the vl modes associated with the BOg
perovskite octahedron shift with varied temperatures,”®*’
indicating that the temperatures induced the phase transition.
Figure 7 shows the temperature dependence of the v1 mode
and dielectric permittivity of the ceramics with x = 0.04 and y =
0.1. More interestingly, there is only one Raman anomalous
peak located at room temperature, which matches its
corresponding €—T curve. As a result, the O phase was
completely compressed; that is, there is no intermediate phase
of the R-T phase boundary in the ceramics with x = 0.04 and y
=0.1.

Figure 8a—h shows the FE-SEM surface images of the
ceramics with different BKZS and Sn contents. In addition, we
also counted the grain size distributions of the ceramics as a
function of x and y, as shown in Figure 9. One can find that the
grain sizes of the ceramics show a strongly compositional
dependence. As shown in Figures 8a—d and 9a—d, the grain
sizes of a pure KNNS ceramic distribute homogeneously, and a
bimodal grain distribution was found in the compositions of x =
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results of the ceramics with x = 0.04, y = 0.1 as a function of
temperature ranging from —100 °C to 300 °C.

0.02—0.05. In addition, the refined grains fill the gaps of large
ones, resulting in the formation of dense microstructure, which
is also important for the enhanced electrical properties.'>'¢ A
similar phenomenon was also found in the ceramics with y = 0
and 0.03, as shown in Figures 8e,f and 9e,f. More interestingly,
one can see from Figures 8g,h and 9g,h that the ceramics with y
= 0.6 and 1.0 possess very small grains, which is the reason why
the &,—T curves were seriously compressed in the ceramics with
0.5 <y £ 1.0. To analyze the Sn element distribution, its
element mapping of the ceramics with x = 0.04 and y = 0.1 was
characterized using the energy-dispersive X-ray analysis, as
shown in Figure 8i. One can see that a homogeneous Sn**
distribution was shown in the ceramics with x = 0.04 and y =
0.1.

Figure 10a,c show the P—E loops of the ceramics as a
function of x and y, measured at f = 10 Hz and room
temperature. It can be seen that all ceramics have typical P—E
loops, indicating that all compositions are ferroelectrics. To
analyze the influences of BKZS and Sn contents on the
ferroelectric properties of the ceramics, we plotted their
remnant polarization (P,) and the coercive field (Ec), as
shown in Figure 10b,d. A higher P, and a lower E. were
simultaneously observed in the phase boundary region (0.025
< x < 0.05), while a similar changing trend of P, and E was
observed in the ceramics with different Sn contents. It is worth
noting that relatively high P, values can be achieved in the
phase boundary region (0.025 < x < 0.05 and 0 < y < 0.4). In
this work, the existence of different phase boundaries (e.g., O-
T, R-O-T, and R-T) promotes the rotation of polarization
vector.">™'® At last, the terroelectricity of the ceramics has been
enhanced.

Figure 11a,b shows the room-temperature dielectric constant
(&,) and dielectric loss (tan §) of the ceramics as a function of x
and y, measured at f = 100 kHz. One can see from Figure 11a
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Figure 8. FE-SEMV surface images of the ceramics with (a—d) x = 0, 0.02, 0.04, 0.0S. (e—h) y = 0, 0.3, 0.6, 1.0. (i) Sn element mapping of the

surface in the ceramics with x = 0.04, y = 0.1.
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Figure 9. Grain size distribution of the surface morphologies of the ceramics with (a—d) x = 0, 0.02, 0.04, 0.0S. (e—h) y = 0, 0.3, 0.6, 1.0.

that €, increases continuously with the addition of BKZS and
then fluctuates for 0.03 < x < 0.05. We can find from Figure
11b that &, keeps a higher value, fluctuates in the ceramics with
0 <y < 04, and then decreases gradually with the further
increase of y. In addition, the tan 6 of the two diagrams exhibits
a similar trend, almost keeping unchanged values (~0.04) with
the compositions near the phase boundary region. As a result,
the dielectric properties of the ceramics can also be enhanced
due to the formation of the phase boundaries."> ™"

Figure 12 shows the composition dependence of ds; k,, and
&P, in the ceramics. One can see that d;; increases first and
then decreases with the increase of x and y, reaching a peak
value of ~460 pC/N for x = 0.04 and y = 0.1. At the same time,
we can notice that a large ds; (415—460 pC/N) is also obtained
in the ceramics with R-O-T and R-T phase boundary regions
(0.03 < x < 0.045), as shown in Figure 12a. With respect to
other compositions near the R-T phase boundary (0.04 < x <
0.045), the ceramics with x = 0.05 possess a relatively lower ds;
value (~360 pC/N) due to a lower Ty 1 (~12 °C)."” However,
the piezoelectric activity almost disappears for ceramics with a
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high Sn content (0.5 < y < 1.0) (see Figure 12b), which is
consistent with other reported results.* As known to all, the
existence of phase boundaries is one important reason for
enhanced d;;."*""” Furthermore, the equation of ds; ~ &P, can
also be used to illuminate the physical mechanisms of the
improved ds3.'>'® Therefore, we plotted the curves of &P,
against x and y, as shown in Figure 12¢,d. One can see that both
&P, and d;; can exhibit a similar changing trend, getting a
relatively high value in the phase boundary region. As a result,
enhanced ds; also partly comes from the improvement of both
¢, and P.'1°

In the past, some authors investigated the strain of KNN-
based ceramics,''™** and some interesting results have been
attained. Recently, F. Rubio-Marcos et al. have developed
KNN-based microfiber ceramics with a high strain of 0.17%
under a low driving electric field of 3 kV/ mm.* Figure 13a,c
plots the bipolar strain curves of the ceramics as a function of x
and y, measured at f = 10 Hz and room temperature. Typical
butterfly shape strain curves can be found in the ceramics. In
addition, each sample exhibits obvious hysteresis effect and

DOI: 10.1021/acsami.5b00151
ACS Appl. Mater. Interfaces 2015, 7, 5927—5937


http://dx.doi.org/10.1021/acsami.5b00151

ACS Applied Materials & Interfaces

Research Article

30 30 20
(a) Qr ©£ (b
o 25 H18
15 '#.5%6* ¢} “'Ai“
Vi H16
.rg’ s 204
o 17 - -
£ 4 el E ) [+ b4 &
20 ! £ 2 5] o [+ £
O =0 o Z
2 ® 00l 2 o Q9 F2 <
& A 002 < 0 O ¢ <
s ® =003 L10
. % x=0.035 —
@ x-0.04 5 O ') QO <
€ 1=0.045 T
-30 . L 0 . . . . t6
-40 220 0 20 40 0.00 0.01 0.02 0.03 0.04 0.05
25 X 18
QP ot @
207 204 15
o
- 2islo 9g9°
o 2 =151 @ 2 E
aEa - - ~ F e .E ] ° ° 2 §
S0 et w2 Z
Y Bk 1 i o R =2
~ e w&' of A -0 t | . 0 s
a .:ss.a:,w;g;,.o R 10 Q% . \O 9 3
e DR ©
e » / P03 R N
* : 0.4 5 ° Q 416
=204 @ =05 .
Q@06 ° G
& 0.8
, = Y N - -
-40 220 0 20 40 0.0 0.1 02 03 04 05 06 07 08 09 1.0

E (kV/cm)

Figure 10. (a and c) P—E loops of the ceramics as a function

v

of x and y content. (b and d) P, and E against x and y content, respectively.
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relatively small negative strain. Figure 13b,d shows the
composition dependence of strain and dj;* of the ceramics.
One can see that both strain and dj;* present a similar
changing trend. As shown in Figure 13b, a high d3;* of 869—
880 pm/V was attained in the R-O-T phase boundary region
(0.03 < x < 0.035), which is higher with respect to other
compositions being close O-T (x = 0.025) or R-T phase
boundary (0.04 < x < 0.05). That is to say, both a high d;* of
880 pm/V and a strain of 0.22% under a low driving electric
field of 3 kV/mm can be achieved in ceramics with x = 0.03 and
y = 0.1 due to the existence of multiphase regions (e.g, R-O-T
phase boundary).*'? Furthermore, we can find from Figure 13d
that the d3;* increases gradually with the increase of y, reaching
a maximum value of 875 pm/V for x = 0.04 and y = 0.4. The
results indicate that the strain of the ceramics will be affected by
its phase boundary as well as Sn content.

Generally speaking, a strong dj; (~460 pC/N) can be
achieved in the ceramics with R-T phase boundary (x = 0.04, y
=0.1), and a large d;;* (~880 pm/V) can be attained in the
ceramics with R-O-T phase boundary (x = 0.03, y = 0.1).
Subsequently, we discussed the correlations and differences
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between d;; and di;* and explored the relationships between
piezoelectricity and phase boundary. First, there is an obvious
difference between dy;* and dj;. The ds3* of each sample is
superior to their corresponding ds;, because their testing
method is different and moreover the non-180° domain wall
motions may extrinsically ascribe to the strain response.'’
Second, there is the same origin of piezoelectricity (ds;) and
strain property (dy;*), which originates from the phase
boundary and domain switching.">~'”**"** Third, as men-
tioned above, largest dy; (~460 pC/N) and dy;* (~880 pm/V)
in this work were observed in the ceramics with x = 0.04, y =
0.1, and x = 0.03, y = 0.1, respectively. It is usually accepted that
the R-T phase boundary mainly contributes to the improved
dy5,"*"" and the multiphase coexistence plays an important
role in the enhanced dy;*.%'> Therefore, d; of this work was
promoted in the R-T phase boundary region, while d;;* was
enhanced in the R-O-T phase boundary region. In addition,
one can find that ds;* increases gradually with the increase of
Sn content, reaching a large dy;* (~875 pm/V) for the
ceramics with x = 0.04 and y = 0.4. The results indicate that the
Sn content plays an important role in the enhanced strain of
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this work, and thus the KNN material system containing Sn*
was a useful way to promote their strain properties. That is to
say, ds; and strain in KNN ceramics are decided by not only
phase boundary but also the compositions. As a result, excellent
comprehensive electrical properties (d;; ~ 427 pC/N, dy;* ~
880 pm/V, k, ~ 47%, Tc ~ 268 °C) were observed in the
ceramics with x = 0.03 and y = 0.1, which are superior to other
reported results in KNN-based ceramics (see Table 1).

Figure 14a—d shows the composition dependence of thermal
stability of dj;. There is a strong composition dependence of
thermal stability of ds;. As shown in Figure 14a, ds; of the
ceramics with x = 0 keeps an almost unchanged value with the
increase of annealing temperatures (T,), which is in agreement
with the previous reports.”* For the ceramics with x > 0, ds;
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decreases slowly and then drops sharply when T, is near T¢.
Figure 14b shows ds; vs x measured at room temperature and
T, ~ Tc. One can see that a high dy; of >300 pC/N can be
observed for 0.03 < x < 0.045 even if T, almost approaches T.
That is, even if the ceramics exhibit a slightly poor thermal
stability of ds3, a larger di; can effectively solve this issue. In
addition, the addition of optimum Sn content (y < 0.2) can
promote the thermal stability of dy; (see Figure 14c,d), while
their stability decreases gradually with further increasing y.

H CONCLUSION

In this work, our objective is to promote both piezoelectric
properties and strain of the KNN-based ceramics by
constructing multiphase coexistence and then identify the
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Table 1. Relationship between Phase Boundary and Piezoelectricity in Piezoceramics

phase dys*

C
material system compositions boundary  dy; pC/N  strain %  pm/V (°C) ref
Pb-based PZT4 R-T 410 - 700 250 30
Bi-layered (Nag75K022)0sTiO3xBi(Mgy s Tigs) O3 T - 035 636 ~270 32
BaTiO; -based  BaTiO;—(0.4CaTiO;—0.6BaSnO5) R-O-T 570 007 1444 ~70 33
BNT-based 0.94(1 — x)BiysNay s TiO3—0.06BaTiO; —xK,NagNbO, - <100 045 560 -2
KNN-based  (Kg.sNagsrLioos) (Nbo .5 Ta.165bo.06) O3 o-T 416 - 750 253 10

Kos-/>Nags_/2LuNbO, O-T 240 ; 220 460 11
Kos_/2Nags_,,Li,Nb, ,Ta O, oT 190 - 310 310 11
0.92(Nag 53:K¢.45)NbO,—0.08LiNbO, O-T 324 0.054 538 12
(K,_,Na)s,Lig ssNbO, R-O-T 110 0.18 450 ~480 13
K¢ sNag sNby-Tag ;05 - - ol 270 ~200 34
(Nag5,Ko,45) (Nb_,Sb,)O; x = 0.12 - 230 0.32 800 - 35
(1 = x)(Ko4Nag 6) (Nbg 96Sbg,64) O3-#Big sKo sZr;,Sn,0; (x = 0.03, R-O-T 427 0.22 880 ~268  this work
y=0.1)
(1 — x)(Ky4Nage) (Nb(,v%Sbom)03-xBi0v5KQ5Zrl,ySn},O3 (x = 0.04, R-T 460 0.212 707 246  this work
y=0.1)
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Figure 14. (a and c) dy; vs annealing temperature of the ceramics with different x and y, (b) ds; of the ceramics with different x contents measured at
room temperature and T, ~ T, and (d) normalized d;; of the ceramics with different y contents measured at T, ~ T.

corresponding phase compositions. By our efforts, we
developed a high strain and a large ds; in (1 — x)(Ky4Nage)-
(NbOI%SbO_m)03—xBi0_5K0_5Zr1_ySnyO3 ceramics by constructing
new phase boundaries using the addition of BNKZ as well as
Sn*". The R-T phase boundary can be well confirmed by the
temperature dependence of the dielectric constant and Raman
spectrum as well as XRD patterns. The ceramic system
possesses a large d;;* ~ 880 pm/V and a high ds; ~ 460 pC/N
by refining their compositions. The formation of R-O-T and R-
T phase boundaries as well as the doping of Sn*" are largely
responsible for the improvement of ds;* and ds;. As a result, we
believe that this material system can benefit the further

development of potassium—sodium niobate ceramics.
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