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1 Introduction

In recent years, there has been great progress in the
modification research for potassium sodium niobate
(KNN) based ceramics, especially through the sub-
stitution of A- and B-site ions to optimize the

ABSTRACT

In this experiment, new high-temperature piezoelectric ceramics (1—x)Kg4s.
Nag 55NbO3—x(Big 5Lip 5)0.9510.1ZrO3 were prepared by the conventional solid-
state sintering method, and the effect of the doping amount of (BigsLips)o.o-
Srp1ZrO5 on the microstructure and electrical properties of this system ceramics
were systematically investigated. XRD, SEM, EDS, and other modern test
technology analysis results show that all the doped ions have entered the KNN
lattice in the studied range, forming a dense solid solution with a pure per-
ovskite structure, and forming orthorhombic-tetragonal polymorphic phase
boundaries at 0.02 < x < 0.035, the ceramics exhibit rhombohedral-tetragonal
polymorphic phase coexistence in the range of 0.04 < x < 0.05. The electrical
properties tests show that the ceramics of this system exhibit excellent electrical
properties in the multiphase coexistence region at x = 0.04, which are:
dsz = 307pC/N,  kp = 46%, & =1363, tand=279%, P.=16.7 pC/cm?,
E.=12.65kV/cm, and Tc = 368 °C. These excellent electrical properties and
the high Curie temperature predict that the ceramics of this system have great
prospects for future applications in the field of lead-free piezoelectric ceramics.

components and adjust the phase boundaries to
appear to have multiple phases coexisting close to
room temperature, such as R-O and O-T, which can
significantly enhance the piezoelectric properties of
KNN-based lead-free ceramics but still cannot be
compared with commercial PZT ceramics in the
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overall performance [1-8]. In order to achieve supe-
rior piezoelectric properties in 2016, Xu et al. created
the ceramics system KNNS-BZ-BKH and successfully
designed a new R-T ceramic phase boundary, prov-
ing that the existence of R-T phase boundaries is a
proven method to improve the performance of KNN-
based piezoelectric ceramics [9]. However, this
method typically results in a large reduction in Tc¢
and an improvement in the piezoelectric character-
istics of KNN-based ceramics [10-12]. It is therefore
difficult to enhance the piezoelectric qualities without
decreasing the T, necessitating the construction of
an entirely new system to solve both problems
simultaneously [13-15].

In recent years, many studies have confirmed that
the construction of new phase boundaries in KNN-
based piezoelectric ceramics is conducive to the
enhancement of piezoelectric performance, but it will
also lead to a significant decrease in the Curie tem-
perature. In this experiment, the introduction of the
second component (BigsLips)ooSro1ZrO; in KNN-
based ceramics mainly has the following reasons, first
of all, we choose to doping Li ions can effectively
enhance the sintering activity of KNN-based ceram-
ics, so that the density of ceramics is improved, and it
is conducive to improving the Curie temperature of
ceramics [16, 17]. Secondly, doping (BigsNag5)ZrO;
in KNN-based ceramics can increase the rhombohe-
dral-orthorhombic phase transition temperature
(Tr-0), and also reduce the orthorhombic-tetragonal
phase transition temperature (To_1), thereby effec-
tively construct a new R-T phase boundary [15, 18].
Finally, the use of Sr*" doping with a similar radius
to the A ion can effectively control the Tr_t phase
transition to stabilize to room temperature, while
well reducing the O-T phase transition temperature,
at present, many related studies report that this
polymorphic phase boundary adjustment to near
room temperature can make ceramics have more
unstable polarization state, so ceramics in the polar-
ized state of ceramic domain flipping is easier,
thereby improving the piezoelectric properties of
ceramics [19, 20]. In this experiment, the group
designed new (1—x)Kq45Nags55NbO3;—x(Big 5Lig 5)0.0-
51912103 ceramics system and systematically inves-
tigated the correlation mechanism between the
microstructure and electrical properties of the
ceramics. This was done with the goal of constructing
a new R-T phase boundary without lowering the
Curie temperature.
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2 Experimental procedure

In this experiment, new lead-free piezoelectric ceramics
(1-x)Kp 45Nag 5sNbO3—x(Big 5Li0 5)0.95r0.1ZrO5  [abbre-
viated as KNN-xBLSZ] (x = 0, 0.02, 0.03, 0.035, 0.04,
0.05, 0.06) were prepared by the conventional solid-
phase reaction route. The raw materials used in the
experiments were as follows: K;CO3; (99%), Nay,CO5
(99.8%), NbyOs (99.5%), Li,CO;5 (98%), SrCO;3 (99%),
Bi,O3; (99.99%), and ZrO, (99%). The mass of the
necessary raw materials were calculated using the
stoichiometric ratio and weighed using a balance.
These weighed powders were then ball-milled in an
ethanol medium for 12 h, placed in a high-tempera-
ture furnace for 6 h at 850 °C for pre-combustion,
added 8 to 10 wt% of PVB for granulation and
pressing, and then heated for 4 h at 600 °C to release
gum and all samples were calcined at 1090-1150 °C
for 3 h, after all samples were poled in silicone oil at
120 °C under a DC electric field of 3-4 kV/mm for
30 min. Finally, the performance was evaluated fol-
lowing a 24 h period of rest [21].

The Archimedes method was used to determine
the bulk density of ceramics, the phase structure of
ceramics was examined by X-ray diffraction (XRD)
using Cu Ka radiation (Rigaku, Tokyo, Japan), the
surface micromorphology of ceramics was charac-
terized by scanning electron microscopy (SEM) (S-
4800, Hitachi, Japan), in order to test the dielectric
constant and dielectric loss of ceramics in the tem-
perature range of — 150 to 100 °C and room tem-
perature to 500 °C, and the surface microscopic
morphology was assessed using an LCR meter
(HP4980A, Agilent, USA). A piezo-ds;; meter (Z]-3 A,
China Institute of Acoustics) and an impedance
analyzer were used to measure the piezoelectric
constant ds; and the planar electromechanical cou-
pling factor k, (HP4294A, Agilent, USA). The hys-
teresis lines were measured at room temperature
using a ferroelectric measurement system (Trek 609B,
Radiant Technologies, Inc. Albuquerque) [21].

3 Results and discussion

All ceramics samples are solid solutions with a pure
perovskite structure, as shown by the XRD patterns
measured at room temperature for KNN-xBLSZ
ceramics (20 = 20°-60°) in Fig. 1a. This along with the
results of the EDS test in Fig. 6, suggests that BLSZ
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has been fully incorporated into the KNN lattice. The
main reason for this result is that the ions at the A
and B sites have similar ionic radii, Bi**(-
Rg®™ = 0.145 nm), Li"(Ry" =0.125 nm),  Sr*+
(R, = 0.144 nm) with A-site K"(Rg™ = 0.164 nm),
Na"(Rn," = 0.139 nm), Zr*' [Rz*" = 0.072 nm)
with B-site Nb”" (Ryp,”" = 0.064 nm), they all con-
forms to the law of fusion of doped ions of solid
solution [22, 23]. The XRD diffraction peaks at
diffraction angles 43.5°47.5° are magnified in
Fig. 1b, and it is clear that as x is gradually increased,
the peak pattern of the system ceramic at these angles
considerably changes, the peak pattern of the system
ceramic at diffraction angles 43.5°-47.5° changes
significantly. Two distinct subpeaks (002) and (020)
can be seen at 45° when x = 0. The (002) peak has a
significantly higher intensity than the (020) peak, and
its 1(002)/1(020) ratio is approximately 2:1, which is
typical of the presence of orthorhombic (O) phase in
KNN ceramics [24, 25]. When x = 0.02-0.035, the
intensity of the (002) and (020) diffraction peaks is
approximately 1:1, when the ceramics are O-T coex-
istence, this conclusion has been reported reasoning
[26]. In order to better determine, the XRD data was
refined using MAUD program and found that when
x = 0.02, the proportion of orthorhombic phase is
73.2% and the proportion of tetragonal phase is
26.8%, When x = 0.04-0.05, the intensity ratio of
(002)/(020) diffraction peaks is 1:2, which can be
judged as the coexistence of R-T phase, and the
proportion of rhombohedral phase is 26.4% and
tetragonal phase is 73.6% when combined with the
software refinement x = 0.04 [27-29]. When x = 0.06
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Fig. 1 XRD patterns of the ceramics with a 20 = 20°-60°, and
b 260 = 43.5°-47.5°
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of the ceramics, the R-T phase is suppressed due to
the excessive refinement of the grains [30].

To further confirm the effect of (BigsLigs)go-
S1r91ZrO3 content on the phase transition of the
ceramic samples, the curves of the dielectric constant
with the temperature at low temperatures
(—150-100 °C) were tested in this experiment at a
frequency of 10 kHz. This dielectric temperature
spectrum shows that the curves for pure KNN
ceramics are in general agreement with those repor-
ted in previous articles [4, 31]. As shown in Fig. 2a—g,
as x = 0 increases to 0.035, there are two distinct
dielectric constant anomalies in the range of —150 to
100 °C for the ceramic samples, Tr_o at low tem-
perature and To_r at high temperature. Tr_o grad-
ually increases while To_t moves closer to room
temperature [32, 33]. When x =0-0.035, the
orthorhombic-tetragonal phase transition tempera-
tures (To_7) are 202 °C, 115 °C, 57 °C, and 30 °C, and
the rhombohedral-orthorhombic phase transition
temperatures (Tr_o) are — 112 °C, — 78 °C, — 31 °C,
and — 6 °C, respectively. When 0.04 <x < 0.05
samples, Tr_o and To_t move further to lower
temperatures, and the two dielectric anomalies peaks
are essentially fused into one, at which time the
ceramic forms a new phase boundary of R-T at room
temperature. At x = 0.06, the dielectric peak exhibits
suppressed R-T phase structure due to the suppres-
sion of the phase boundary caused by the excessive
refinement of the ceramic grains [30].

In order to investigate the crystal structure of the
ceramics, the Rietveld refinement of the XRD patterns
at room temperature for the ceramics with x = 0.02,
0.035, and 0.04 is shown in Fig. 3. By performing
R3m (rhombohedral), Amm2 (orthorhombic), and
P4mm (tetragonal) symmetry models on the coexist-
ing phases analyzed by Rietveld analysis, we can find
that the variation analysis of the XRD peak patterns is
consistent with the crystal structure parameters,
which are shown in Table 1. The results show that
there is a good agreement between the intensity dis-
tributions of the simulated and experimental results
through the Sig and Rw values. In addition, by
observing Table 1, it can be found that the O-phase
ratios increase with the increase of x, while the cor-
responding T phase ratio is decreasing.

Figure 4a elucidates the &~-T curves of (1—x)Kg 45
Nag 55NbO5;—x(Big5Lig5)99Srg1ZrO; ceramics with
dielectric constants measured at 10 kHz in the range
of 30-450 °C. Through the dielectric curves, it can be

@ Springer



954 Page 4 of 11

] Mater Sci: Mater Electron (2023) 34:954

(a) x=0.00 (b) x=0.02 = (¢) x=0.03 T

- N O-T b4

= = =

3 S 3

Z 2 g =

S o S R-O

2] 1) %)

2 -2 Teo =

- - N

[3] 13} (3]

= 2} =

2 = =

= a /A

150 -100 -50 0 50 100 _150  -100 _ -0 3 S0 100 -150  -100_  -50 0 50 100
Temperature(°C) Temperature(°C) Temperature(°C)
(d) x=0.035 ] — (e) x=0.04 () x=0.05

0 O-T = -

= = =

I < <

Rl ol Al

172 w )

g 7 g g

S Tpo— 151 S

2 9 23

£ = = \

N Rl N

3 g g -

2 3 2 =

=) a a

450 <100, 50 0 S0 100 -150 100 . -50 . 0 S0 100 150 100 50 0 50 100
Temperature(°C) Temperature(°C) Temperature(°C)

(g) x=0.06

Dielectric constant

Suppressed

2150 -100

-50 0 50
Temperature(°C)

100

Fig. 2 Dielectric-temperature curves of the ceramics in the temperature range (—150-100 °C) with a x = 0.00, b x=0.02, ¢ x = 0.03,

d x =0.035, e x =0.04, f x =0.05, and g x = 0.06

observed that there is a dielectric peak, whose peak
corresponds to the Curie temperature (T¢), and when
x is small, the Curie peak is high and narrow, and as
x increases, the peak pattern gradually becomes
wider, showing the characteristics of diffuse phase
transition, which is mainly due to the excessive
doping of BLSZ leading to the inhomogeneity of the
microscopic region composition, and this inhomo-
geneity seriously affects the diffusion of the phase
transition [34]. From the doping of BLSZ as observed
in Fig. 4b, the Curie temperature of the ceramics is
reduced, but always remains relatively high, showing
excellent Curie temperature Tc = 368 °C and elec-
trical properties when x =0.04, implying easier
application in high-temperature environments. Fig-
ure 4c shows the phase structure of KNN-xBLSZ
ceramics, from which it can be seen that the T and

@ Springer

To-_t1 of the ceramics. Decreases with increasing x,
while Tr_o increases with increasing x. As x in-
creases, the peak slowly approaches the room tem-
perature region and evolves into a new phase
boundary from the rhombohedral to the tetragonal
(R-T) phase near the room temperature when
x = 0.04-0.05.

Figure 5a—f shows the SEM surface morphology of
the KNN-xBLSZ ceramics samples. It can be observed
that all ceramics samples have a dense microstructure
and no excess impurity phases are produced. When
0 < x < 0.04, it is observed that there are many pores
between the grains, the ceramic grain size has a
considerable inhomogeneous distribution, and the
density of the ceramic is poor. At x = 0.04, the cera-
mic grains have good homogeneity, the pores
between the grains are kept at a minimum, the
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Fig. 3 Rietveld refinement on XRD patterns for a x = 0.02,b x = 0.035, and ¢ x = 0.04
Table 1 Crystal structure
parameters of KNN-xBLSZ Parameters x =0.02 x = 0.035 x =0.04
ceramics Proportion 73.2% 26.8% 34.6% 65.4% 26.4% 73.6%
Space group Amm?2 P4mm Amm?2 P4dmm R3m P4mm
a (A) 3.9450 3.9724 3.9620 3.9864 3.9530 3.9725
b A) 5.6644 3.9724 5.6588 3.9864 3.9530 3.9725
c A 5.6802 4.0112 5.7134 3.9639 3.9530 4.2242
a (A) 90.000 90.000 90.000 90.000 89.650 90.000
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ceramic has good densification, and the domain wall
density becomes more homogeneous at this time,
which is conducive to the flipping of the electric
domains during the polarization process, which

improves  the electrical  properties. =~ When

0.04 < x < 0.06, combined with the density analysis
in Fig. 9, there is a tendency for the pores between the
grains to increase, the density of the ceramic
decreases, and the ceramic grains start to refine,
which is because Bi®" and Zr*' ions tend to

@ Springer
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Fig. 5 SEM micrographs of the ceramics: a x = 0.00, b x = 0.02,
cx =0.03,d x =0.04, e x = 0.05, and f x = 0.06

accumulate at the grain boundaries, making it more
difficult for the grain boundaries to move, which
hinders the growth of the ceramic grains, resulting in
a rise in non-uniform nucleation points, which hinder
grain growth during sintering and lead to excessive
refinement, which diminishes sintering activity,
intensifies pores in the ceramic, and makes domain
flipping more complicated during polarization
[19, 35, 36]. The sintering activity is reduced, the
porosity within the ceramics is increased, and the
electric domain flipping during polarization is more
difficult, which leads to the degradation of electrical
properties [16]. Therefore, the doping of KNN
ceramics with appropriate BLSZ can promote the
growth of ceramics grains and improve the denseness
of ceramics.

As shown in Fig. 6 the elemental distribution of the
ceramic sample was analyzed by EDS measurements
at x = 0.04. All elements were detected and close to
stoichiometric ratios, where the element Li has a
relatively small atomic number and is a very light
element, so the elemental distribution could not be
detected by the electron probe [37]. The other ele-
ments were mapped on the surface by EDX analysis
and the results showed that all elements were uni-
formly distributed in the ceramics.

@ Springer
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Figure 7a shows the variation curves of KNN-
xBLSZ ceramics dielectric constant ¢, and dielectric
loss tand with x, measured in the test frequency of
10 kHz and at room temperature. The curve of
dielectric loss tand with x shows fluctuations, and the
dielectric constant & shows an increase with
increasing x, and then a decrease with x > 0.04. The
KNN-xBLSZ ceramic has the best dielectric proper-
ties (g, = 1363, tand = 2.79%) when x = 0.04. The
piezoelectric properties of KNN-xBLSZ ceramics with
the addition of x are shown in Fig. 7b. With the
increase of x, the d3; and kp values show a trend of
increasing and then decreasing. When x = 0.04, the
system has the best piezoelectric properties
(d3z = 307pC/N, k, = 46%). On the one hand, the
superior piezoelectric properties of this ceramic sys-
tem are attributed to the coexistence of R-T phase at
room temperature, which can make the domain
reversal during polarization easier, and on the other
hand, the dense nature of the ceramic is improved by
doping with BLSZ, which improves the piezoelectric
properties [10]. When x > 0.04, the electrical proper-
ties begin to deteriorate, owing predominantly to a
drop in sintering activity, which causes the tiny
grains to become increasingly abundant, an elevation
in domain walls and the challenge of deflection, and a
fall in ceramic density.

As shown in Fig. 8a, the hysteresis loops of KNN-
xBLSZ ceramics measured at 10 Hz at room temper-
ature, it can be observed that the hysteresis loops of
all component ceramics show typical ferroelectric P-
E loops, and all hysteresis loops have good symme-
try, from which it can be inferred that the ceramics
have fewer internal defects. With the increase of x, all
the P-E curves changed significantly. In order to
analyze the ferroelectric properties more clearly, the
remnant polarization (P,) and coercive field (E.)
curves with x are shown in Fig. 8b. The E. changes
very little with the increase of x, and the change of E.
is related to the appearance of R phase, in addition, E.
may be influenced by grain size and domain wall
mobility [7, 38]. The P, shows a trend of increasing
and then decreasing sharply, and the maximum
value P, =16.7 uC/ cm? is obtained at x = 0.04,
indicating that the flip of ferroelectric domains within
the ceramic will increase with the doping of BLSZ
after the number of spontaneous polarization
increases with the doping of BLSZ when the ceramic
is in multiphase coexistence state with a lower
potential barrier. When x = 0.06, on the one hand, the
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Fig. 6 Composition analysis of the cross-section and elemental mapping of the grain of KNN-xBLSZ ceramics with x = 0.04
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Fig. 7 a ¢ and tand of the ceramics, and b d33 and k;, of the ceramics

possible explanation may be attributed to the diffi-
culty of deflection during polarization due to grain
refinement; on the other hand, it may be because of
the various ionic radii and valence states of the sub-
stituted ions at A and B sites, culminating in charge
imbalance and local lattice distortion, which leads to
the formation of polar nano-regions (PNRs), curbing
their ferroelectric properties, and potentially creating
the decline of P, [15, 19].

For ferroelectric ceramics, the relationship between
the piezoelectric constant and the ferroelectric and
dielectric properties can be described by the equation

(dsz = 2QepePy), Q and & are the electrostricstive
coefficient and the free-space permittivity which is
related to the ordered arrangement of cations and is
generally regarded as an invariant [39, 40]. &, denotes
the main parameter of the polarization properties of
piezoelectric materials in the presence of an electro-
static field, depending on is polarization, domain
wall motion and activity of polar nanoregions
(PNRs), and P, denotes the intensity of dielectric
polarization after voltage withdrawal, with the main
influencing factors being the stability of the long-
range ferroelectric sequence and the meritocratic

@ Springer
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orientation of the electric domains. The piezoelectric
constants (dz3) and &P, versus x for KNN-xBLSZ
ceramics are plotted in Fig. 9a, and the trends of d3
and &.P; can be seen to be largely fitted, the maximum
value is obtained at x = 0.04 (d33 = 307pC/N), which
is in the state of R-T phase coexistence. Once an
electric field is applied to a material for directional
polarization, the flipping of ferroelectric domains
within the ceramic becomes simpler, giving rise to an
augmentation in the number of polarizable dipoles,
which in turn leads to a rise in the polarization
strength of the ceramic, which is mirrored in an
increase in the dielectric and ferroelectric properties
[41]. On the other hand, the enhancement of the
piezoelectric properties of the ceramics are directly
related to the density of the ceramics, as shown in
Fig. 9b.

For practical applications of piezoelectric materials,
excellent electrical properties and high T¢ are indis-
pensable to ensure their use in the temperature range.
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Table 2 provides a comparison of the performance of
this work with some of the reported KNN-based
piezoelectric ceramics. It is observed that KNN-
xBLSZ obtains superior piezoelectric properties, and
it is worth mentioning that the ceramic system has a
ultra-Curie temperature Tc = 368 °C than most of
the reported ones, which is perfectly suitable for
applications in higher temperature scenarios.

4 Conclusion

In this study, new high-temperature piezoelectric
ceramics (1 —X)K0.45Na0_55NbO3—X(BioisLi().5)0.9SI'()_]ZI'O3
were successfully prepared by the conventional solid-
state method. Through modern analytical testing
techniques such as XRD, SEM, and EDS, it was con-
firmed that the ceramics of this system in the range of
0 < x <0.06 ceramics formed a pure perovskite
structure and all the elements were detected,

4.6 100
~&— Density
(b) =@~ Relative Density e
4.4 X
o =
g Los &
5 z
& 421 o
= a
z 2
- ()0 -
S 40 =
o)
=7
3.8
T T T T T T T 85
0.00 0.01 0.02 0.03 0.04 0.05 0.06
X

Fig. 9 a ¢ and tand of the ceramics, and b d33 and k;, of the ceramics
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Table 2 d;; and T of KNN-based ceramics
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Materials system ds3 (pC/N) Tc (°C) References
(1—x)Ko sNag sNbO;—xBig sNag sZr0; 360 329 [42]
(1—x)Ko sNag sNbO3—xBig sNag 5Zr¢ 855n0.1503 350 326 [43]
(1—x)Ko.4sNag 5oNbO3 —xBig sAgo sZrO; 347 318 [44]
(1—%)Ko sNag sNbO; —x(0.15Biy sNag s TiO5-0.85Bio sNag sZrO5) 318 326 [45]
(1—x)Ko.45Nag ssNbO3 —x(Big 5Lig 5)0.9S10.121O3 307 368 This work

especially when the multiphase coexistence of
x = 0.04 showed excellent electrical properties, which
were dsz3 =307 pC/N, k,=46%, & =1363, tand =
2.79%, P,=16.7uC/cm?, E.=12.65kV/cm, and
Tc = 368 °C. Therefore, we believe that the ceramics
system will advance the development of KNN-based
lead-free piezoelectric ceramics.
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