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ABSTRACT
In this study, the improvement in the electrical properties of textured BNKT-
modified (K, Na)NbO3 ceramics was extensively investigated across a broad, 
high operating temperature range. Herein, the two crucial issues of phase transi-
tions and microstructure improvement of BNKT-modified (K, Na)NbO3 ceramics 
were discussed utilizing the crystal orientation technique. Additionally, we have 
verified the existence of phase transition temperatures for the R–O phase (TR–O), 
O–T phase (TO–T), and T–C phase (TC). This is based on the research on the tem-
perature-dependent characteristics of the random and textured BNKT-modified 
(K, Na)NbO3 lead-free ceramics in the temperature range of −100 to 420 °C. The 
experimental results revealed a significant improvement in the electrical proper-
ties of ceramics, which was attributed to the strategy of shifting TR–O and TO–T 
phase transitions to near RT, forming R–O–T phase boundaries. Besides, the tex-
tured KNLNS-BNKT ceramic with 82% grain orientation demonstrated better 
dielectric, piezoelectric, and ferroelectric properties compared to those randomly 
fabricated by the traditional ceramic method (the εr of 1223, the Pr of 13.5 μC/
cm2, the d33 of 245 pC/N, and the kp of 0.4 increased by 11.7%, 8%, 25%, and 11%, 
respectively). Moreover, the normalized strain (d33*) achieved a maximum value 
of 495 pm/V at 50 °C under an electric field of 24 kV/cm.
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1 Introduction

For decades, scientists have acknowledged the sig-
nificance of ceramic systems based on the applica-
tion of lead zirconate titanate, Pb(Zr,Ti)O3 (PZT), in 
numerous devices like sensor probes and ultrasonic 
transducers, owing to their remarkable ferroelectric 
and piezoelectric properties [1–4]. However, the syn-
thesis and use of lead-containing ceramics are dis-
advantageous for the environment due to the high 
toxicity of PbO, which constitutes a large proportion 
of the original mixture [3, 5]. Therefore, it is vital to 
develop lead-free ceramics with good ferroelectric 
and piezoelectric properties that can replace lead-
based ceramics. Recent studies have highlighted the 
superiority of the KNN-based ceramic system in 
terms of its good piezoelectric effect and high Curie 
temperature (the tetragonal-to-quasi cubic phase 
transition, TC ~ 420 °C) [6].

It is known that a novel strategy has been devel-
oped to construct a new rhombohedral (R)—
orthorhombic (O)—tetragonal (T) phase boundary 
can be adjusted via simple doping methods using 
(Sb, Li, Ta) or complex doping methods using 
Bi0.5(NaxK1−x)TiO3, Bi0.5(NaxK1−x)ZrO3, Bi0.5K0.5)
HfO3, Na0.5HfO3, SrZrO3, CaZrO3, BaZrO3, and 
BaTiO3) to the KNN-based ceramics to tailor rhom-
bohedral–orthorhombic phase transition tempera-
ture (TR–O) and orthorhombic–tetragonal phase 
transition temperature (TO–T) to room temperature 
simultaneously, which improving their piezoelec-
tric properties [5, 6]. Specifically, the modifications 
of ions at the B-site of KNN ceramics can decrease 
the TO−T while simultaneously increasing the TR−O. 
These modifications lead to improved electrical 
properties of ceramics that meet the requirements 
of practical applications. As per our recent study, a 
multi-phase coexistence with piezoelectric proper-
ties was achieved by combining the solid mixture of 
KNLNS and BNKT [5]. The report reveals that the 
best electrical properties of KNLNS-BNKT ceramics 
are obtained at a content of 0.02 mol BNKT, yield-
ing the following values: kp = 0.35, εr = 1287, d33 = 217 
pC/N, Qm = 108, and Pr = 15.3 µC/cm2 [5]. According 
to the recent research by Feng et al. [7], 0.98KNLNS-
0.02BZ ceramics exhibit both TR–O and TO–T as an 
effective means to improve the electrocaloric effect in 
the ceramics. There have been several prior studies 

on the phase evolution of KNN-based ceramics mate-
rials from orthorhombic phase → rhombohedral-
orthorhombic-tetragonal → rhombohedral-tetrago-
nal → rhombohedral phase with impurities BNKZ 
and BNKT or Sb.

Furthermore, orientation control techniques have 
been extensively utilized to improve the electrical 
properties of (K, Na)NbO3 lead-free ceramics, which 
have undergone significant recent advancements. 
According to Li et al. [8], the textured 0.96[(K0,5Na0,5)
(Nb0,95Sb0,05)O3]–0.01CaZrO3–0.03(Bi0.5K0.5)HfO3 
ceramics synthesized using crystal orientation tech-
niques showcase the best piezoelectric properties cur-
rently available with d33 of 700 pC/N and kp of 0.76. 
Besides, Saito et al. employed orientation techniques 
and reported a large d33 of 416 pC/N and a high kp of 
0.61) in (K0.44Na0.52Li0.04) (Nb0.86Ta0.10Sb0.04)O3 ceram-
ics at the morphological phase boundary [9]. There-
fore, in this study, we expect to discover new char-
acteristics of textured BNKT-modified (K, Na)NbO3 
lead-free ceramics in the wide temperature range of 
−100–420 °C. Additionally, this study aims to address 
the increasing electrical properties of KNLNS–BNKT 
lead-free ceramics through multi-phase coexistence 
with crystal orientation.

2 �Experimental section

For the experiment, textured 0.98(K0.48Na0.48Li0.04) 
(Nb0.95Sb0.05)O3−0.02Bi0.5(Na0.4K0.1)TiO3 lead-free 
ceramics was prepared via the template grain growth 
method utilizing platelet-like NaNbO3 templates. The 
synthesis of ceramics through this method involves 
the following three stages: (i) preparation of the 
NaNbO3 templates (Fig. 1a); (ii) preparation of the 
KNLNS-BNKT powder (Fig. 2a); and (iii) preparation 
of oriented KNLNS-BNKT ceramics (Fig. 2b).

The starting materials in the first stage include 
Na2CO3 (99.5%), Nb2O5 (99.5%), and Bi2O3 (99.5%), 
which were weighed according to the formula of 
Bi2.5Na3.5Nb5O18. Subsequently, they were milled 
and reacted at 1050 °C for 2.5 h (Fig. 1a). Here, the 
NaNbO3 templates with a high aspect ratio were 
obtained through the topochemical microcrystal con-
version method, wherein Bi2.5Na3.5Nb5O18 was con-
verted to NaNbO3 in NaCl molten salt at 950 °C for 
2 h (see Fig. 1b, c). This is represented in the following 
equation (1):
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Figure 2a depicts the second stage, which presents 
the synthesis process of KNLNS–BNKT powder. The 
starting materials in this stage, which are in the form 
of metal oxides and salt carbonates with purity above 
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99.0%, include Na2CO3, K2CO3, Nb2O5, Sb2O3, Li2CO3, 
Bi2O3, and TiO2. This mixture was milled together for 
20 h using a planetary ball mill in an ethanol envi-
ronment. Subsequently, this mixture was dried and 

Fig. 1   a Fabrication diagram; b characteristics of Bi2.5Na3.5Nb5O18 precursor particles; and c, d characteristics of NaNbO3 templates

Fig. 2   Synthesis process of 
KNLNS–BNKT ceramics
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calcined at 850 °C for 2 h, forming the compound 
KNLNS–BNKT.

In the final stage, as illustrated in Fig.  2b, the 
KNLNS–BNKT powders, NaNbO3 templates, and 
binder PVA solvent were mixed for 1  h to form 
tape-casting slurries. They were mixed in the 
KNLNS–BNKT + %mol NaNbO3 and binder of 30 wt% 
and then stirred magnetically for 30 min to create a 
homogeneous suspension solution for tape casting. 
After naturally drying the film for 12 h, it was cut into 
a circular shape with a diameter of 12 mm, laminated 
into a multilayer sheet (50–60 membrane layers), and 
subjected to a pressure of 3 tons/cm2 for 5 min. The 
laminated green compacts were removed from organic 
additives at 550 °C for 1 h and sintered using a two-
step sintering process [3] (T1 = 1150 °C for 5 min, fol-
lowed by T2 = 1050 °C for 4 h) to ensure adequate epi-
taxial growth of grains. This technique is considered to 
be more effective in increasing the density and micro-
structure than the one-step sintering process [10].

The crystalline phase of the sintered KNLNS–BNKT 
ceramics was examined through X-ray diffraction 
(XRD, D8 Advance), and the surface morphology was 
determined through the images of scanning electron 
microscopy (SEM, Hitachi S-4800). The presence of 
the phase structures and electron density distribu-
tions was also confirmed by the Rietveld refinement 
of XRD data for NaNbO3 templates. To discover the 
existence of the phase transition temperatures TR–O, 
TO–T, and TC, the temperature-dependent dielectric 
properties were measured using an LCR meter (HIOKI 
3532) in the temperature range of −100–420 °C. Moreo-
ver, Raman scattering spectra were recorded using a 
Raman spectrometer (Jobin–Yvon Inc., Paris, France). 
Energy-dispersive spectra (EDS) and surface morphol-
ogies were measured using a Hitachi S-3400 N scan-
ning electron microscope with an EDS system from 
Thermo Noran.

To determine the texturing degrees of the ceramic, 
the Lotgering factor (f), which is the intensity fraction 
of preferred crystallographic orientation by Eqs. (2) 
[11], and X-ray diffraction data were recorded over a 
2θ range of 20º to 60º.

where P =
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for a random sample used in the study. The ferroelec-
tric hysteresis loops (P–E) were measured by the Saw-
yer–Tower method and the strain curves (S–E) of 
ceramics were tested by a ferroelectric test system (aix-
ACCT TF-analyzer 1000). Following the poling of the 
KNLNS–BNKT ceramics at 60  °C for 30  min and 
35 kV/cm, piezoelectric parameters such as kp and d33 
were determined through the piezoelectric resonance 
method obtained by an impedance analyzer and d33 
meter (YE2730A, Sinocera), respectively.

3 �Results and discussion

3.1 �Characteristics of NaNbO3 templates

Figure 1b depicts the structure and microstructure of 
Bi2.5Na3.5Nb5O18 (BiNN5) precursor particles calcined 
at 1050 °C for 2.5 h. As observed in the inset of Fig. 1b, 
the BiNN5 precursor particle has a single-phase struc-
ture, and the diffraction peaks exhibit a bismuth layer 
structure, which is consistent with its microstructure. 
Notably, the intensity of the (00 h) peaks that char-
acterize the orientation of BiNN5 particles is high, 
whereas the intensity of the (hkl) peaks is lower. Fur-
thermore, Fig. 1b depicts that BiNN5 particles have 
a morphology characterized by a width of 2–5 µm, a 
length of 3–10 µm, and a thickness of 0.5–1 µm. This 
structure facilitates BiNN5 to have a considerably 
faster grain growth rate along the b-axis than along 
the c-axis. Hence, it is easy to produce large-sized, 
platelet-like morphology, which is the basis for syn-
thesizing NaNbO3 templates, similar to those reported 
by Li et al. [12].

Figure 1c depicts the microstructure and EDS spec-
trum of the NaNbO3 templates calcined at 1000 °C for 
2 h. The figure reveals the formation of a plate-like 
particle characterized by a width of 2–7 µm, a length 
of 5–12 µm, and a thickness of nearly 1 µm. Notably, 
this shape is beneficial for the synthesis of oriented 
KNN-based ceramics using NaNbO3 templates. As 
they can be easily adjusted parallel to the rolling 
direction during the lamination process, the resulting 
ceramic structure can be highly oriented by rolling 
using NaNbO3 templates.

A thorough observation of the EDS spectrum of 
NaNbO3 material reveals the peaks corresponding 
to the elements Nb (2.17 keV), Na (1.03 keV), and O 
(1.5 keV). Nevertheless, the Bi peak does not appear, 
implying the complete transformation of BiNN5 
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particles into NaNbO3 perovskite, which is consist-
ent with the structural analysis findings depicted 
in Fig.  1d. According to Li et  al. [12], the transi-
tion from a layer structure to a perovskite structure 
involves the diffusion of Na+, K+, and Bi3+ in the lay-
ers [Bi2.5Na3.5Nb5O16]2− (BiNN5) and the change of 
(Bi2O2)2+ fluorite layers to the perovskite structure 
through topochemical conversion( see Fig. 3). Fig-
ure 1d shows the formation of a perovskite single-
phase structure of NaNbO3 templates. The high 
peak intensity indicates good crystallization, thereby 
verifying the complete transformation of BiNN5 
particles into NaNbO3 perovskite particles. In other 
words, the layered structure of Bi2.5Na3.5Nb5O18 can 
be converted to the perovskite structure of NaNbO3, 
while maintaining the platelet particle morphology of 
Bi2.5Na3.5Nb5O18 [12].

Figure 4 depicts 2D and 3D-electron density maps 
in the unit cell of the NaNbO3 template along < 200 
> and < 100 > planes. The electron density distribu-
tions and chemical bonding nature between Na, Nb, 
and O atoms of the NaNbO3 template are shown 
in Fig. 4. It can be observed in this figure that the 
charge density around Nb and Na atoms connected 
with humps is directed toward their neighboring O 
atoms similar to the research of Li et al. [13]. In other 
words, the outer-shell 4d and 3 s states electrons of 
Nb and Na atoms move to the 2p states of nearest 
neighbor O atoms, which obtains that the bonding 
behavior between the Nb–O and Na–O atoms is the 
ionic nature. Furthermore, according to electronega-
tivity theory, the electronegativity values of Na, Nb, 
and O elements are 0.93, 1.6, and 3.44, respectively. 
Due to the electronegativity difference between Nb 

Fig. 3   Formation mechanism 
of NaNbO3 templates

Fig. 4   The 2D and 3D-Fou-
rier electron densities distri-
bution of Na/Nb and O atoms 
on the yz plane (x = 0) in 
the unit cell of the NaNbO3 
template on: a (200) and b 
(100) planes

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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and O, Na and O all greater than 1.7 lead to ionic 
bonding of Nb–O and Na–O [14]. The strong orbital 
hybridization between Nb 4d and Na 3 s and O 2p 
results in a high polarization, which also contributes 
to the improvement in the properties of materials 
[15].

3.2 �Characteristics of KNLNS‑BNKT 
synthesized by different methods

Figure 2 illustrates the process followed for the synthe-
sis of random and oriented KNLNS–BNKT ceramics. 
As depicted in Fig. 2(b), textured 0.98(K0.48Na0.48Li0.04)
(Nb0.95Sb0.05)O3 − 0.02Bi0.5(Na0.4K0.1)TiO3 ceramics with 
3 mol% NaNbO3 templates were fabricated through 
the casting technique. According to previous stud-
ies, the use of NaNbO3 templates in the range of 1–10 
wt% is suitable for distribution in the powder matrix, 
thereby promoting grain growth according to the 
template [16]. In our opinion, while the use of large 
NaNbO3 molds can potentially improve the texture 
level, it can increase the risk of the formation of voids 
and other defects in the ceramic sample. Therefore, in 
this study, the NaNbO3 orientation template content of 
3 mol% was chosen, which is similar to that reported 
by Gao et al. [17]. As shown in Table 1, textured ceram-
ics demonstrate lowered ceramic densities compared 
to their non-textured counterparts (ρTexture = 4.48 g/
cm3, ρRandom = 4.51 g/cm3). This agrees with the micro-
structure, wherein the textured ceramics have loose 
structures and larger pores, resulting in lower den-
sities compared to non-textured ceramics. Notably, 
grain growth cannot eliminate the pores originat-
ing from the volatility of K and Na or the evapora-
tion of binding substances during sintering [12]. The 
dielectric constant of textured ceramic is 1223 at room 
temperature which is higher compared to that of ran-
dom ceramic (εr = 1153). Besides, the dielectric loss of 
ceramics tends to develop in the opposite direction 
(TanδTexture = 0.045, TanδRandom = 0.051). This enhance-
ment in the dielectric property can be attributed to the 

crystallographic grain orientation of the textured sam-
ple, as suggested by Li et al. [12].

As depicted in Fig. 5a, b, the structural and ori-
entation characteristics are compared by measuring 
the X-ray diffraction (XRD) spectra of random and 
textured KNLNS-BNKT ceramics at 2θ = 20–60°. It 
is noted that all ceramic samples have a pure per-
ovskite phase with an orthorhombic phase without 
a secondary phase. However, differences in inten-
sity and peak position are observed between ran-
dom and oriented ceramics. Specifically, in random 
KNLNS–BNKT ceramics, the (110) peak exhibits 
maximum intensity at 2θ = 31.84°. Meanwhile, in tex-
tured samples, intensities of (00 l) peaks at 2θ = 22.25 
(100)O; 2θ = 45.41 (200)O; and 2θ = 46.10 (002)O can 
be observed, implying a strong < 001 > orientation of 
textured KNLNS–BNKTceramics. According to Gao 
et al. [17], 3% mole NaNbO3 templates are effective 
in facilitating crystal orientation of textured KNNS-
based ceramics along the < 001 > direction, which is 
confirmed by the presence of (00 l) diffraction peaks. 
This aligns with the microstructural analysis obtained 
from the SEM images of the ceramics, as shown in 
Fig. 5(c, d). Besides, the texturing degrees f(00 l) of 
KNLNS-BNKT ceramics were calculated using Lotger-
ing’s method [11] in Eq. (2) from the diffraction peaks 
in the 2θ range from 20° to 60°, which yields a value of 
82% as listed in Table 1. As indicated in Fig. 5(d), the 
textured KNLNS-BNKT ceramics exhibit a larger grain 
size and more orderly arrangement, implying poten-
tial benefits to the electromechanical properties due to 
the crystal orientation effect. This will be discussed in 
the following sections.

To further characterize the elemental distribu-
tions in the ceramics, the chemical composition of 
the sintered KNLNS–BNKT ceramic was determined 
through EDS (Fig. 6a). The result implies a homoge-
neous distribution of all elements, which include Bi, 
O, Na, Ti, Nb, K, and Sb, in the samples, as presented 
in Fig. 6c–k. This confirms the successful diffusion of 
BNKT in the KNLNS lattice, which is similar to the 

Table 1   Comparison of physical dielectric parameters of the KNLNS–BNKT ceramics with different fabrication methods

Samples Density (g/cm3) εr kp d33 (pC/N) Pr
(μC/cm2)

Ec
(kV/cm)

Smax
(%)

d33*
(pm/V)

Texturing 
degrees 
(%)

Random ceramic 4.51 1153 0.36 210 12.5 7.8 0.13 325 0
Textured ceramic 4.48 1223 0.40 245 13.7 8.2 0.15 367 82
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findings reported by Chen et al. [18]. However, the 
absence of lithium (Li) in Fig. 6 can be attributed to the 
low number and concentration being extremely low 
to be detected through the EDS spectroscopy method.

Recently, Raman spectroscopy has emerged as 
an effective tool for analyzing the crystalline struc-
ture and the phase transition of ceramics. Figure 7 
depicts the Raman spectra of random and oriented 

KNLNS-BNKT ceramics at different measuring tem-
peratures in the range of 30–300 °C. As illustrated in 
Fig. 7a, b, the majority of the Raman active modes of 
random and textured KNLNS–BNKT ceramics exhibit 
modes that are characteristic of KNN-based ceram-
ics, with stretching modes corresponding to ν1 and 
ν2, while ν5 represents the bending mode of the NbO6 
octahedra [19]. The peaks exhibit a pattern of shifting 

Fig. 5   XRD patterns of the 
(a) random and (b) oriented 
ceramics; (c) Crystal struc-
ture of perovskite-type KNN; 
Microstructure of (d) random 
and (e) oriented ceramics

Fig. 6   a EDS analysis, b 
SEM image, and (c–k) ele-
ment mappings of textured 
KNLNS–BNKT ceramics: c 
Bi, d O, e Na, f Ti, g Nb, h 
K, and k Sb

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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to a lower wave number as the sample measurement 
temperature increases; this observation is similar to 
the report by Wang et al. [19]. In the aforementioned 
modes, the strong ν1 mode localized around 600 cm−1 
is said to be sensitive to phase transitions that are 
related to the double-degenerated symmetric O–Nb–O 
stretching vibration in the NbO6 octahedron of KNN-
based ceramics. In addition, a strong scattering peak 
is observed around 110 cm−1, which is associated with 
the A-site vibrations in the ABO3 (Fig. 5c) perovskite 
structure of the Na–O, K–O, Li–O, and Bi–O bonds 
[20]. Specifically, the ν1 mode shifted to a lower wave 
number and exhibited broadening, accompanied by 
a gradual fading and disappearance of the ν2 peak 
(Fig. 7(a)) as evidence of sensitivity to phase tran-
sitions in KNLNS–BNKT ceramics. This change is 
expected to result from a change in binding strength 
caused by the variation in the distance between B-site 
ions and their coordinated oxygen. Furthermore, 
Fig. 7c, d demonstrates that the temperature depend-
ence of the ν1 mode of ceramics ranges from 30 to 
300 °C, displaying an abnormal point corresponding 
to the orthorhombic (O) and tetragonal (T) phase tran-
sition at ~ 50 °C (TO–T). According to previous refer-
ences [3, 5], the addition of Li+, Sb5+, and Bi0.5(Na0.4K0.1)
TiO3 to the KNN-based ceramics led to a decrease in 
the TO–T and increased the TR–O to room temperature 

simultaneously. This is almost consistent with the 
research results of dielectric properties of ceramics 
by determining the ε–T curves (Fig. 8). The origin of 
this dielectric anomaly at TO–T is mainly thought to 
be related to the change in ferroelectricity. Accord-
ing to Qi et al. [1], the change in vibration models is 
caused by the change of polarization configuration 
and oxygen octahedron tilt features with measuring 
temperatures. Raman spectroscopy results show that 
the shape and number of peaks remain unaltered, con-
tributing to the thermally stable electrical properties of 
the KNLNS–BNKT ceramics in the research range of 
30–300 °C. In general, the phase transition behavior of 
KNLNS–BNKT ceramics was confirmed through the 
Raman spectra analysis techniques. In other words, 
the orthorhombic (O) tetragonal (T) phase boundary 
is firmly proved by temperature-dependent Raman 
spectra [21].

As depicted in Fig. 8, we analyzed the dielectric 
properties of random and oriented KNLNS–BNKT 
ceramics to confirm that phase evolution is a func-
tion of temperature. As observed in this figure, three 
peaks appear at temperatures of nearly 345 °C, ~ 50 °C, 
and ~ 0 °C, which correspond to the phase transition 
temperatures of TC, TO–T, and TR–O, respectively. It is 
well known that when the temperature of the ceramic 
samples exceeds TC, the material transitions to the 

Fig. 7   In situ temperature 
dependence of Raman 
spectra: (a, b) Raman active 
modes and (c, d) shift of the 
ν1 peak of random and tex-
tured ceramics in the range of 
30–300 °C

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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ceramic paraelectric phase, which affects its electri-
cal properties, thereby necessitating its application 
at temperatures lower than TC. In other words, if the 
working temperature of the sample is lower than TC, 
the materials will transition into ferroelectric phases, 
facilitating possible applications. In general, the TC, 
TO–T, and TR–O temperatures for pure KNN ceramics 
are approximately 420, 100, and −100 °C, respectively 
[18]. Herein, the doping of Bi0.5(Na0.4K0.1)TiO3 helps in 
lowering the TO–T temperature from 100 °C to ~ 46 °C 
and simultaneously increasing the TR–O temperature 
from −100 °C to ~ 0 °C compared to the same structural 
transitions of KNN ceramics (see Fig. 8). This is due 
to the simultaneous substitution into the B-site (Ti4+, 
Sb5+, Nb5+) and A-site (Na+, K+, Li+, Bi3+), resulting in 
a decrease in the TO–T and a simultaneous increase in 
TR–O to nearly room temperature while the TC tem-
perature undergoes a slight decrease (TC = 346 °C). 
According to Garcia et al. [22], the strategy of utiliz-
ing simultaneous impurity pairs Li+–Sb5+, Li+–Ta5+, 
and Li+–Sb5+/Ta5+ is often employed because they 
have minimal impact on the Curie temperature (TC). 
It is assumed that both random and oriented KNLNS-
BNKT ceramics present the expected values with 
TO–T = 56 °C, TR–O = -5.9 °C, and TO–T = 48, TR–O = 3.7 °C, 
respectively, with phase boundary stabilizing near 

room temperature, resulting in improved piezoelec-
tric properties in ceramics. The results reveal no sig-
nificant change in the temperatures of TC, TO–T, and 
TR–O in random and oriented KNLNS-BNKT ceram-
ics, implying the complete interdiffusion of the NN 
templates into the matrix composition; this finding 
is similar to that reported by Li et al. [12]. Besides, 
the textured KNLNS-BNKT ceramics exhibited out-
standing dielectric properties, achieving a dielectric 
maximum of 8021 at TC, which is superior to those of 
random ceramics that have a value of 7280 at TC. In 
short, the improved dielectric properties of textured 
ceramics are attributed to the preferential alignment in 
the (h00) direction with a larger number of 90 domains 
compared to non-textured ceramics [12]. This aligns 
with the significant improvement in the ferroelectric 
and piezoelectric properties observed in the oriented 
KNLNS–BNKT ceramic.

The piezoelectric parameters were determined from 
the resonance vibration spectrum of the random and 
oriented KNLNS–BNKT ceramics (Fig. 9a, b) and are 
listed in Table 1. The textured KNLNS–BNKT struc-
tural ceramic exhibits superior performance as its 
piezoelectric constant d33 of 245 pC/N is increased by 
11.7%, whereas the electromechanical coupling coeffi-
cient kp of 0.4 is increased by 11% as compared to those 

Fig. 8   Changes in the dielec-
tric properties of random and 
oriented KNLNS–BNKT 
ceramics as a function of 
temperature
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of the random samples. The enhanced piezoelectric 
properties are attributed to increased orientation in 
ceramics. This implies that the enhancement in polar-
ization is associated with the crystallographic grain 
orientation of the textured sample [23]. On the other 
hand, the textured ceramic not only exhibits superior 
piezoelectricity but also maintains a high TC tempera-
ture, which sheds light on the application of oriented 
KNLNS–BNKT ceramics over a wide temperature 
range.

Figure 9c, d displays the P–E hysteresis and S–E 
hysteresis loops of the samples, all presenting the 
characteristic shape of ferroelectric materials. Besides, 
Table 1 reveals that the remnant polarization (Pr) of the 
oriented ceramic is 13.7 µC/cm2 (increased by 9.6%), 
which is superior to that of random ceramics (12.5 µC/
cm2) and agrees with the research findings on piezo-
electric characteristics. According to Li et al. [12], the 
high value of Pr of textured ceramic is attributed to the 
90-domain contribution, which is in larger amounts 
compared to random ceramics. Furthermore, the high 
structural orientation in textured KNLNS–BNKT 
ceramics results in some domains with polar axes par-
allel to the electric field, thereby enabling their easy 
orientation according to the polarized electric field. 
Hence, the electrical properties are enhanced in a suit-
ably oriented ceramic sample.

The maximum strain, Smax (Smax = Spos + Sneg [24]), 
and normalized strain, d33* (d33* = Smax/Emax [25, 26]), 
were determined from the butterfly-shaped strain 
curves of the random and oriented KNLNS–BNKT 
ceramics depicted in Fig. 9d. The parameters are listed 

in Table 1. Notably, the textured ceramics demonstrate 
a maximum strain of 0.15%, which is a larger value 
compared to non-textured ceramics (Smax = 0.13%). 
The textured ceramics exhibited high strain values, 
attributed to crystal orientation ceramics, with a con-
tribution of 90 domains to the overall strain, which 
is larger than that of the non-textured ceramics and 
consistent with the previous studies [16]. Further-
more, as discussed earlier, the ferroelectricity of tex-
tured ceramics is higher than that of random ceramics, 
as evidenced by the remarkable values of maximum 
strain and normalized strain (d33*). As presented in 
Table 1, textured ceramics exhibited a high d33* value 
of 367 pm/V at RT (11.3% improvement compared to 
non-textured ceramic), which is probably attributed to 
the free energy flattening and energy barrier reduction 
in crystal orientation ceramics [24].

Figure 10a depicts the temperature-dependent P–E 
curve of the textured KNLNS–BNKT ceramics in the 
range of 20–230 °C. The calculated values of Pr and 
Ec are plotted in Fig. 10b. It is observed from the fig-
ure that the values of Pr and EC increase initially with 
increasing temperature and reach the highest value 
(Pr = 15.3 μC/cm2) at 50 °C (~ TO–T), and the values 
decrease when further increasing temperature. As 
mentioned above, the ferroelectric phase transition 
occurred in the range of 40–60 °C. The phase transi-
tion within this temperature range led to an increase 
in polarization, yielding the highest Pr value at ~ 50 °C, 
which agrees with the previous reports [27]. It is well 
known that phase transition occurs with increasing 
temperatures, resulting in increased mobility of the 

Fig. 9   a, b The resonance 
vibration spectra; c P–E 
hysteresis; and d S–E hys-
teresis loops of the random 
and oriented KNLNS–BNKT 
ceramics
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domains and increased residual polarization. Never-
theless, once the high temperature exceeds TO–T, the 
sample loses the O–T phase boundary effect, and the 
influence of thermal disturbance prevails, resulting in 
decreased polarization [28]. As shown in Fig. 10b, Pr 
at 230 °C is 3.2 μC/cm2, demonstrating the excellent 
temperature stability of the textured KNLNS–BNKT 
ceramics in this study. These findings are valuable for 
practical applications.

Figure 11 depicts the strain response of textured 
ceramics at different temperatures. Figure 12 displays 
the variation in the values of Spos, Sneg, and d33* of the 
textured KNLNS–BNKT ceramics. The figure reveals 
that KNLNS–BNKT ceramic achieved the highest d33* 
value of 495 pm/V at 50 °C. Notably, Smax (Spos + Sneg) 

Fig. 10   a P–E hysteresis 
loops; b the calculated Pr 
and Ec values of the textured 
KNLNS–BNKT ceramics in 
different temperatures

Fig. 11   a S–E hysteresis loops of the textured KNLNS-BNKT ceramics in different temperatures

Fig. 12   Variation in positive strain (Spos), negative strain (Sneg), 
and normalized strain (d33*) with temperature of the textured 
KNLNS–BNKT ceramics
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gradually increased with increasing temperature, lead-
ing to an increase in d33* according to the following for-
mula: d33* = Smax/Emax [25, 26]. This finding demonstrates 
that the d33* value in the O–T phase boundary achieved 
its highest value (d33* = 495 pm/V) at 50 °C around TO–T 
(TO–T = 46 °C). This is primarily attributed to the differ-
ent variations between Pmax and Pr, which also contrib-
ute to the improvement in the temperature stability of 
strain and reverse piezoelectric properties, similar to 
that reported by Zhao et al. [28]. Besides, Fig. 12 shows 
that the d33* value at 230 °C was 245 pm/V, thereby 
demonstrating the applicability of the ceramics with 
high-temperature stability. Moreover, the inclusion of 
BNKT complexes and single complexes like Li and Sb, 
forming the domain structure composed of micron- and 
nano-domains, could further contribute to the excellent 
comprehensive electrical properties [29].

4 �Conclusion

In conclusion, this study presents the successful fabrica-
tion of KNLNS–BNKT lead-free ceramics by employing 
traditional ceramic and template grain growth methods. 
According to the results, the textured KNLNS–BNKT 
ceramic with 82% grain orientation exhibits better 
dielectric, piezoelectric, and ferroelectric properties 
compared to the randomly fabricated ceramics (the εr 
of 1223, the Pr of 13.7 μC/cm2, the d33 of 245 pC/N, and 
the kp of 0.40 increase by 11.7, 8, 25, and 11%, respec-
tively) because of its preferential alignment in the (h00) 
direction with contributions from a larger amount of 
90 domains. Furthermore, the normalized strain (d33*) 
achieved the maximum value of 495 pm/V at 50 °C 
under an electric field of 24 kV/cm. This is attributed to 
the strategy of shifting the TR–O and TO–T phase transi-
tions to near RT, leading to the coexistence of R–O–T 
phase boundaries, which is assumed to be responsible 
for the improvement of their electrical properties. In 
short, the orientation technique effectively enhances 
the electrical properties of lead-free KNN-based ceram-
ics and finds extensive implementation across a broad 
operating temperature range.
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