Journal of the Korean Ceramic Society
https://doi.org/10.1007/543207-026-00653-y

ORIGINAL ARTICLE

®

Check for
updates

Effect of the secondary phase content on the ferroelectric,
piezoelectric, and dielectric properties of 0.96(K, ,sNa, s,)
Lig osNbg 95T 5s03-0.04BaZrO; piezoceramics

Espiridion Martinez-Aguilar’ - Orlando Hernandez-Cristébal? - H'Linh Hmok? - Rigoberto Lopez-Juarez’

Received: 16 March 2026 / Revised: 28 May 2026 / Accepted: 1 July 2026
© The Author(s) 2026

Abstract

Lead-free KNN-based piezoceramics with different contents of secondary phase were synthesized via conventional solid-
state method. The influence of the tungsten-bronze secondary phase on the ferroelectric, piezoelectric and dielectric
properties was systematically investigated. The presence of the secondary phase significantly deteriorated the materials
performance, reducing both piezoelectric and ferroelectric response. Specifically, the dj; increased from 142 pC/N for
ceramics containing ~1.5 wt% of tungsten-bronze (TB) secondary phase to 203 pC/N for the KNLNT-BZ sample with
less than 0.3% of TB phase. Despite the relatively low secondary-phase content (<2 wt%), the piezoelectric response
decreased by near 34%, highlighting the strong sensitivity of KNN-based systems to phase purity. These findings confirm
that strict control of secondary phases is essential to maximize the electromechanical performance of lead-free KNN

piezoelectric ceramics.

Keywords Lead-free KNN piezoceramics - XRD analysis - Solid state synthesis - Ferroelectricity

1 Introduction

Lead is a major component of PbZr, ,Ti,O; (PZT) piezo-
ceramics, which remain widely used in electronic devices
such as actuators, sensors, motors and transformers due
to their excellent electromechanical performance [1-3].
However, increasing environmental and health concerns
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associated with lead-containing compounds, together with
regulations such as the Restriction of Hazardous Substances
(RoHS) directive [4], have stimulated extensive research
into lead-free piezoelectric alternatives during the last two
decades [5-15]. Among the different candidates investi-
gated, BaTiO; (BT) [16-17], Bi, sNa,, sTiO; (BNT) [18-19]
and K, sNa,sNbO; (KNN)-based systems [20-21] have
attracted particular attention. In particular, KNN-based
piezoceramics are considered one of the most promising
substitutes for PZT because of their high Curie temperature,
good piezoelectric response, and compositional flexibility
[2,21-23].

For improving the electrical performance of KNN-based
ceramics, extensive efforts have been devoted to both com-
positional engineering and processing optimization. The
first strategy involves compositional modification through
doping at the A and B-sites of the perovskite-type struc-
ture using elements such as Li, Ba, Ca, and Sr at the A-site,
or Sb, Ta, Zr, and Sc at the B-site, aiming to tailor phase
coexistence, lattice distortion, and domain mobility [1, 5,
7, 15, 22-27]. The second strategy focuses on improving
densification and minimizing alkali loss through advanced
sintering techniques such as Spark Plasma Sintering (SPS)
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[28-29], multi-step sintering [30-31], cold sintering [32—
33], and Sintering in Reducing Atmosphere (SRA) [34].
Likewise, different synthesis techniques have been devel-
oped to obtain highly crystalline powders avoiding the sec-
ondary phases before the sintering stage [35-39].

Among the various KNN-based systems, compositions
co-modified with Li, Ta, Ba, and Zr, such as the 0.96(K,
48Nag 52)0 95119 0sNbg 95Tag 503 —0.04BaZrO;  (KNLNT-
BZ) system are of particular technological interest due to
their enhanced piezoelectric performance. These composi-
tions are designed to exhibit a polymorphic phase transi-
tion (PPT) near room temperature, where the coexistence
of orthorhombic and tetragonal phases promotes high elec-
tromechanical response through enhanced polarization rota-
tion and domain-wall mobility. However, their complex
stoichiometry and the presence of multiple volatile alkali
species make them especially susceptible to stoichiomet-
ric deviations and secondary phase formation during high-
temperature processing. As a result, KNLNT-BZ ceramics
constitute a model system for investigating the relationship
between alkali compensation, phase evolution, and electri-
cal performance.

Despite these efforts, the volatilization of alkali elements
during high temperature processing remains one of the prin-
cipal limitations of KNN-based systems. Alkali loss gener-
ates a deviation from stoichiometry, promotes the formation
of cation vacancies, and frequently induces secondary
phases, particularly tetragonal tungsten bronze (TB)-type
structures [1, 22-23, 26]. To mitigate this issue, excess K/
Na precursors are commonly introduced into the starting
composition to compensate for alkali volatilization during
sintering. However, achieving an appropriate compensation
level remains a critical challenge. Insufficient compensa-
tion cannot effectively suppress alkali deficiency, whereas
excessive compensation promotes the formation of TB
secondary phases. Consequently, the final microstructure
and functional performance of KNN ceramics are strongly
governed by the balance between alkali volatilization and
compensation.

Although TB secondary phases are generally associ-
ated with degraded electrical performance in KNN-based
ceramics, most previous studies have discussed this effect
only qualitatively. In many cases, the deterioration of elec-
trical properties is merely reported once secondary phases
are detected, without quantitatively correlating the degree
of alkali compensation with the resulting TB phase frac-
tion. Furthermore, the combined influence of the TB phase
on dielectric, ferroelectric, piezoelectric, and particularly
fatigue behavior remains insufficiently understood. There-
fore, a quantitative understanding of how alkali compensa-
tion governs TB phase formation and consequently affects
the functional properties of KNN ceramics is still lacking.
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In this work, a processing centered approach is adopted to
systematically investigate the influence of K/Na compensa-
tion on the formation of TB secondary phases and the result-
ing electrical performance of KNLNT-BZ piezoceramics.
By carefully controlling the alkali compensator ratio, dif-
ferent fractions of the TB phase are systematically induced
through controlled alkali compensation, and quantitatively
analyzed by Rietveld refinement. The relationship between
alkali compensation, phase evolution, microstructure, and
functional properties, including dielectric, ferroelectric,
piezoelectric, and fatigue behavior, is established in order to
identify the optimal compensation window that effectively
suppresses alkali deficiency while minimizing TB second-
ary phases formation and maximizing the long-term electro-
mechanical performance of KNLNT-BZ ceramics.

2 Experimental

The  0.96(K, 45Nay 55)0.95L19.0sNDp 95 Tag 9503-0.04BaZrO;,
piezoelectric ceramics were prepared using a conventional
solid-state method. The starting raw materials were Na,CO;
(Merck, 99.5%), Li,CO5 (Merck, 99.99%), K,CO; (Merck,
99.2%), Nb,Os (Merck, 99.9%), Ta,05 (Merck, 99.99%),
BaCO; (Merck, 99.8%), and ZrO, (Merck, 99%). To inves-
tigate the evolution of secondary phase, additional samples
containing 0.6 and 0.8 mol% excess of alkaline elements
were prepared.

All reagents were dried at 170 °C for 4 h to elimi-
nate absorbed moisture. The powders were then weighed
according to the stoichiometric formula and homogenized
in an agate mortar and pestle using acetone as a dispersing
medium. The mixed powders were calcined at 850 °C for
3 h in air to promote phase formation. Then, the calcined
powders were ball milled for 16 h in a plastic jar with zirco-
nia grinding media and absolute ethanol, followed by drying
at 100 °C for 4 h. Disks samples of 13 mm in diameter and
1 mm of thickness were fabricated by uniaxial pressing at
200 MPa. The pellets were then sintered at 1150-1160 °C
for 3 h in air using a high temperature furnace (MTI).

The bulk density of the sintered samples was measured
using the Archimedes method. Crystalline structure was
assessed by X-ray diffraction (Bruker D2-phaser diffractom-
eter, k,; = 1.5406 A, k,, = 1.54439 A, k,/k,; = 0.5) and the
diffraction patterns were refined using the Rietveld method
implemented in the Fullprof suite software. Microstructural
observations, both before and after polishing, were carried
out using scanning electron microscopy (SEM, JEOL JSM-
IT300HR). The average gain size was determined by the lin-
ear interception method with the ImagelJ software.

For electrical characterization, both surfaces of the sin-
tered disks were coated with silver paste and fired at 600 °C
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for 30 min to form electrodes. The samples were poled under
a DC electric field of 4 kV/mm at room temperature for
30 min. Piezoelectric coefficients (d;;) were measured after
24 h of the poling process (PolyK d;;-meter). For measuring
all remaining piezoelectric parameters like dy,, k,, k3, etc.,
the impedance spectra were fitted with the aid of an itera-
tive method, which has been published elsewhere [40—41].
Ferroelectric hysteresis loops were recorded at 10 Hz using
a Radiant ferroelectric tester (RT66C). The dielectric per-
mittivity was measured from room temperature to 550 °C
with a precision impedance analyzer (Agilent 4294 A). To
evaluate the thermal stability of the piezoelectric response,
the poled samples were annealed at temperatures ranging
from 75 to 450 °C in 50 °C increments and maintained for
1 h, followed by cooling to room temperature to measuring
the remanent ds; values.

3 Results and discussion
3.1 Crystal structure

The X-ray diffraction (XRD) patterns presented in Fig. 1
reveal the presence of a secondary phase in the sample with-
out excess alkaline elements, and in those containing 0.6
and 0.8 mol% added. This behavior is frequently reported
in KNN-based lead-free related ceramics and is commonly
attributed to the volatilization of alkaline species during
high temperature processing, with sodium exhibiting the
highest volatilization rate [1]. Such compositional devia-
tions favor the formation of non-polar phases. The detected
secondary phase was identified as K, ;Nb,, (O;, (ICDD:
01-073-7471), which crystallizes in the tetragonal space
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Fig. 1 The X-ray diffraction patterns of the 0.96(K, 4sNa, s,)00sL1
0.0sNbg 95T 9s05-0.04BaZrO; ceramics with different amounts of
excess alkaline elements. The most probable space groups describing
the diffraction data are indicated at the bottom of the figure

group P4/mbm (#127) and belongs to the tungsten-bronze
structural family [23-24, 26].

For further quantification of the secondary phase and the
ferroelectric phases present in the samples, Rietveld refine-
ment was carried out using the Fullprof suite [42]. The struc-
tural model was tested considering orthorhombic (4mm?2
#38) and tetragonal (P4mm #99) symmetries. Although the
refinement was performed over the entire diffraction range,
special attention was paid to the pseudocubic {200} reflec-
tion located near 45°, since this region is highly sensitive
to symmetry changes and allows discrimination between
orthorhombic and tetragonal distortions. When the intensity
ratio of the (002)/(200) reflections approaches 2:1, the struc-
ture is predominantly orthorhombic; if the ratio reverses
to 1:2, a tetragonal phase dominates. A ratio close to 1:1
indicates coexistence of both orthorhombic and tetragonal
phases, characteristic of a PPT region, which is known to
enhance electromechanical response [9, 11, 22, 43].

The Rietveld refinement results for samples containing
0, 0.6 and 0.8 mol% of excess alkaline elements (EAE) are
displayed in Fig. 2. Quantitative phase analysis shows that
the sample without EAE consists of 81.45 wt% (+1.53%)
orthorhombic phase, 16.71 wt% (+0.23%) tetragonal phase,
and 1.84 wt% (+0.07%) TB secondary phase. Upon intro-
ducing 0.6 mol% EAE, the amount of the secondary phase
decreases to 1.53 wt% (£0.08), indicating partial suppres-
sion of its formation. For the composition with 0.8 mol%
EAE, the amount of the TB phase decreases drastically to
approximately 0.22 wt%, indicating that alkaline compen-
sation suppresses, although does not completely eliminate,
the formation of the secondary phase, suggesting that the
alkaline compensation effectively stabilizes the perovskite
lattice.

Regarding the ferroelectric phases, the orthorhombic
fraction remains close in magnitude across the three compo-
sitions, 81.45, 84.09 and 71.68 wt% for 0, 0.6 and 0.8 mol%
EAE, respectively. In contrast, the tetragonal phase remains
nearly unchanged for 0 and 0.6 mol% EAE (16.71 and
14.38 wt%), but increases significantly to 28.09 wt% in the
0.8 mol% EAE sample. This evolution indicates that alka-
line compensation not only suppresses the tungsten-bronze
phase but also shifts the orthorhombic-tetragonal balance
toward a stronger phase coexistence. Such structural tuning
is expected to play a key role in the enhancement of piezo-
electric performance as discussed in Sect. 3.6.

3.2 Microstructure and grain-size evolution
To elucidate the spatial distribution of the secondary
phases and its influence on microstructural development,

the KNLNT-BZ ceramics were examined by scanning
electronic microscopy (SEM), as shown in Fig. 3. All
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Fig. 2 Rietveld refinement profiles of the samples with (a) 0, (b) 0.6 and (¢) 0.8 mol% excess alkali elements

compositions exhibit dense microstructures with well-
developed grains and clean grains boundaries. The densi-
ties, measured by the Archimedes method are 4.57 g/cm’,
4.58 g/em®, and 4.60 g/cm’ for the 0, 0.6 and 0.8 mol% EAE
compositions, respectively, indicating that the conventional
solid-state route achieved adequate densification regardless
of the alkali excess.

A clear difference in grain size is observed among the
samples. The compositions with 0 and 0.6 mol% EAE dis-
play comparatively larger grains, whereas the sample with
0.8 mol% EAE shows a noticeably finer microstructure.
The average grain sizes determined from SEM micrographs
using ImageJ software are 1.47 um, 1.48 um and 1.31 um
for the 0, 0.6 and 0.8 mol% EAE compositions, respectively.
This behavior can be correlated with the phase evolution
identified by XRD Rietveld analysis. In the compositions
containing higher amounts of the TB secondary phase, this
phase likely acts as a transient liquid or diffusion enhancer
during sintering, promoting mass transport and facilitat-
ing grain growth, as previously reported for KNN-based

@ Springer

systems [22]. When the alkali excess increases to 0.8 mol%,
the suppression of the TB phase removes this growth-assist-
ing effect. At the same time, compensation through EAE
reduces the concentration of vacancies at sites A, which
limits cation diffusion and leads to restricted grain growth.
Despite structural variations, all compositions show a simi-
lar density, allowing subsequent differences in functional
behavior to be discussed, in terms of phase composition and
defect-related effects.

3.3 Chemical analysis of KNLNT-BZ samples

To further clarify the chemical nature and spatial distribu-
tion of the secondary phase, Scanning Electron Microscopy
(SEM) was used to examine polished ceramic surfaces in
backscattered electron (BSE) mode, coupled with energy-
dispersive X-ray spectroscopy (EDS). Figure 4 shows the
BSE micrograph of the sample without excess alkaline ele-
ments (0% EAE). In BSE imaging, the secondary phase
appears as bright, rectangular-shaped regions uniformly
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Fig. 3 SEM images of KNLNT-BZ ceramics with (a) 0%, (b) 0.6% and (¢) 0.8 mol% EAE

Fig.4 SEM image (backscattered
electron) of the polished surface of
the sample without alkali excess

Spectrum 2
e &S5
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distributed within the matrix, and the brightest regions
(points) correspond to high Ta concentrations, the heaviest
element in the system under study, which occurs for all three
systems with EAE (See supplementary material).

Table 1 summarizes the EDS point analyses performed
at three representative regions: the outer region of the sec-
ondary phase (Spectrum 2), its inner region (Spectrum
3), and the surrounding matrix corresponding to the main
perovskite phase (Spectrum 4). The compositional contrast
between the secondary phase and the matrix is evident.

For the perovskite matrix (Spectrum 4), a probable local
stoichiometry was estimated by normalizing the A and B
site cations (Eqs S1-S3). It is important to note that EDS
analysis provides reliable semi-quantitative information
of heavy element (Na, K, Nb, Ta, Ba, Zr), but quantifica-
tion of light elements is subject to significant uncertainties
due to absorption effects, surface roughness, and other fac-
tors. Therefore, while the oxygen content values reported
in Table 1 are listed as completeness, they should not be
interpreted as accurate measure of the absolute oxygen stoi-
chiometry. The resulting approximate formula is: (K 455
Nay 42,Ba( 93,L0,048)(Nbg 93 T80 038210 0328) O(3-5),  With
0 ~ 0.02, which shows an approximate 10% deficiency of
Na and K relative to the nominal stoichiometry, confirm-
ing alkali volatilization during sintering. Although EDS
does not provide reliable quantitative determination of oxy-
gen content, the measured cationic trends clearly indicate
that alkali deficiencies develop locally within the ceramic
matrix.

In contrast, the outer and inner regions of the secondary
phase exhibit pronounced alkali depletion and Ba/Zr enrich-
ment. The estimated local formulas of spectrum 2 (outer sec-
ondary phase) and spectrum 3 (inner secondary phase) are:
(Ko.352N89,195Bag 096L10.048) (Nb0.902Ta0.049Z10 048) O35 )
, with § ~ 0.132, and (K;14Nag 109Bag 20,10, 048)
(Nbg g79Tag 061210 060) O(3—5 ), With & ~ 0.530, respec-
tively. These results clearly demonstrate significant Na and
K deficiency within the secondary phase where Ba partially

Table 1 EDS point-analysis results (atomic %) for the sample with-
out excess alkaline elements. EDS analysis is used for qualitative and
semi-quantitative comparison of compositions between the matrix and
secondary phases

Element Spectrum 2 Spectrum 3 Spectrum 4
(Outer secondary  (Inner secondary (Perovskite
phase) phase) matrix)

(¢} 62.97 63.17 57.98

Na 4.39 2.63 9.28

K 7.93 5.18 10.01

Zr 1.10 1.46 0.72

Nb 20.33 21.23 20.47

Ba 2.17 4.87 0.71

Ta 1.11 1.47 0.82

Total: 100.0 100.0 100.0

@ Springer

occupies the A-site positions. This substitution alters the
local charge balance, which may favor the formation of
charge-compensating defects, as commonly observed in
alkali-deficient KNN-based systems [44]. The composi-
tional gradient between outer and inner regions suggests
chemical segregation during solid-state diffusion, reinforc-
ing the interpretation that the TB-type phase nucleates under
alkali-deficient conditions.

For the 0.6 mol% EAE composition, similar qualitative
features were observed. Chemical segregation was identi-
fied from line-scan EDS profiles (Fig. 5); upon entering
the bright zone of the secondary phase (Spectrum 2 on Fig-
ure S1 and Table S1), the Ba and Zr intensities increase,
while K and Na signals decrease by approximately 64%.
The corresponding estimated composition (K 3,5Na ;B
2 115040 048)(Nbg 91 Tag 033210 053) O(3—5), With & ~ 0.52
indicates that moderate alkali enrichment does not com-
pletely suppress secondary phase formation but reduces its
fraction and slightly alters its interfacial chemistry.

Importantly, these results suggest that the primary role
of alkali excess is not to fundamentally alter the chemistry
of the perovskite lattice, but rather to compensate for vola-
tilization-induced A-site vacancies, thereby stabilizing the
matrix and progressively reducing the volume fraction of
TB phase. The chemical homogenization achieved at higher
EAE levels correlates directly with the structural trends
observed by Rietveld refinement and the grain-size evolu-
tion discussed in Sect. 3.2.

Given the known sensitivity of dielectric and ferroelectric
properties to compositional heterogeneity and phase coex-
istence, the influence of this microstructure on the dielectric
response are examined in the following section.

3.4 Dielectric properties

Figure 6 shows the temperature dependence of the relative
permittivity ( € ,.) and dielectric loss ( tand ) for KNLNT-BZ
ceramics containing 0, 0.6, and 0.8 mol% EAE. All compo-
sitions exhibit a broad and asymmetric dielectric anomaly
near 220 °C, indicating a structurally frustrated transition
driven by local chemical heterogeneity and competition
between orthorhombic and tetragonal polar phases (O-T).
The O-T transition temperature, determined from the
inflection point of the permittivity curve using the condi-
tion d?¢’ /dT? = 0, lies in the range 211-222 °C (Table 3).
The diffuse character of this transition is consistent with
the structural analysis. Such coexistence, combined with
nanoscale compositional heterogeneity evidenced by SEM-
EDS analysis, results in a distribution of local transition
temperatures as commonly observed in chemically disorder
relaxor ferroelectrics [45—52] rather than a single sharp insta-
bility. The excess of Ba and enrichment in alkali-deficient
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Fig. 6 Temperature-dependent relative permittivity and dielectric loss
at 1 kHz for KNLNT-BZ ceramics containing 0, 0.6, and 0.8 mol%
EAE

regions, together with Na/K vacancies, introduces local
random electric fields and strain fluctuations. Consequently,
the dielectric anomaly becomes broadened and slightly
shifts depending on EAE content, reflecting the competition

between long-range ferroelectric order and local structural
disorder.

On the other hand, the dielectric loss curves (Figs. 6
and Figure S2) indicate that dipolar relaxation begins near
95 °C. With increasing measurement frequency, the loss
maxima shift toward higher temperatures, demonstrating
clear frequency dispersion. This behavior is characteristic
of relaxor ferroelectrics and is commonly associated with
the presence of polar nanoregions (PNRs), where polariza-
tion fluctuates between multiple equivalent orientations,
giving rise to local fluctuations [48—52], consistent with the
presence of secondary phases centrosymmetric observed in
Sect. 3.2 and 3.3.

The Curie temperature (7¢), determined from the
maximum of ¢, (T'), lies between 349 and 354 °C for all
compositions (Table 2), confirming that the intrinsic fer-
roelectric-paraelectric transition remains relatively stable
despite alkali non-stoichiometry. Above T, a significant
increase in tand is observed, particularly pronounced for
the stoichiometric composition (0% EAE). This behavior is
attributed to thermally activated hopping conduction mech-
anism associated with oxygen and alkali vacancies gen-
erated during sintering, in agreement with the SEM-EDS

@ Springer
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Table 2 Dielectric transition temperatures and Curie—Weiss parameters of KNLNT-BZ ceramics with controlled alkali non-stoichiometry

Sample Ty 1 (°C) T. (°C) ) j C(10°K)
0% 211.45 350.80 887.58 5822.357 3.392 1.44
0.6% 221.95 354.33 914.22 6604.790 3.365 1.40
0.8% 220.10 349.53 941.85 5768.896 2.946 1.49
a) [—— 0% IkHz]—— 06% I kHzZ—— 08% 1kH} b) [—— 0% Ikilz j—— 0.6 % Kz 0.8% 1Az
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Fig.7 (a) Curie-Weiss and (b) modified Curie-Weiss fit to the dielectric permittivity of KNLNT-BZ ceramics containing 0, 0.6 and 0.8 mol% EAE

observations and previous reports [46—49]. Additionally, a
secondary dielectric anomaly appears near 460 °C, clearly
within the paraelectric region. Its extrinsic origin is asso-
ciated with the presence of TB phase, which is attenuated
with increasing alkali excess. The behavior is consistent
with previous reports on alkali-deficient KNN-based sys-
tems [11, 22, 42, 51, 53-54], where tungsten-bronze-type
phases associated with Ba/Zr enrichment produce additional
dielectric contributions at high temperatures. Therefore, the
anomaly near 460 °C is attributed to the dielectric response
of the TB secondary phase rather than an intrinsic ferroelec-
tric transition.

To further describe the dielectric behavior, the permittiv-
ity data were fitted using the classical Curie-Weiss law [51]:

1 T —T,
- = % (1)
€r
and the modified Curie-Weiss Law relation [50]:
1 1 (T —-T,)
- X om) 2
€r €m C’ @)

where, T is the temperature, T the Curie-Weiss tempera-
ture, the subscript < m’ refers to the maximum of the dielec-
tric constant and the temperature at which this maximum is
reached. ~ is the diffuseness exponent (v = 1 for normal
ferroelectrics and v = 2 for ideal relaxors [51-52]), and C'
and C’ are the Curie and Curie-like constants, respectively.
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The linear fits corresponding to the Curie-Weiss law are
shown in Fig. 7a, and the extracted parameters are listed
in Table 2. All compositions exhibit a deviation from ideal
Curie-Weiss behavior near T;,,, characteristic of diffuse and
relaxor-like transitions. The difference between T and 71,
supports that the ferroelectric transition is progressive rather
than abrupt, reflecting the coexistence of ferroelectric (O-T
phase) and paraelectric (tungsten-bronze secondary phase)
regions over a broad temperature interval.

On the other hand, the shift of T; with EAE content dem-
onstrates that minor A-site stoichiometric variations signifi-
cantly affect thermal stability of the ferroelectric phase; in
particular, a moderate EAE (0.6 mol%), tends to stabilize
the dielectric response, whereas a higher excess (0.8 mol%),
introduces additional disorder that reduces 7Tp, suggesting
a weakening of long-range dipolar correlations. Addition-
ally, in Figure S1, wider dielectric peaks and strong disper-
sion with frequency are observed, which, together with the
Curie constant values obtained from the slope of Fig. 7a),
are characteristic of a ferroelectric with relaxor behavior,
in accordance with previous reports in the literature [49,
51-54].

Table 2 shows the diffusivity exponents () values
for all investigated compositions. The obtained ~ values
range from 1.40 to 1.49, confirming the diffuse nature of
the ferroelectric transition in KNLNT-BZ ceramics with
controlled alkali non-stoichiometry. Notably, a reduction of
v to 1.40 is observed for the 0.6 mol% EAE composition,
suggesting a partial decrease in structural disorder, which
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may be associated with a more effective compensation of
alkali vacancies. Meanwhile, the increase of ~ to 1.49 for
the 0.8 mol% EAE indicates a more relaxor behavior. This
enhancement of diffuseness is associated with increased
chemical disorder and the generation of stronger local ran-
dom electric fields, which disrupt long-range ferroelectric
correlations and promote the formation of dynamically fluc-
tuating polar regions.

It is important to emphasize that the dielectric anomaly
observed around 460 °C is associated from the presence
of the tungsten-bronze secondary phase and is more pro-
nounced in the sample without alkali excess. However, the
relaxor behavior and diffuseness of the ferroelectric tran-
sition occurring at lower temperatures are primarily domi-
nated by nanoscale chemical disorder within the perovskite
matrix. In this context, the secondary phase mainly affects
the loss mechanisms at high temperatures. At the same time,
the diffusivity of the ferroelectric transition and the increase
in the y parameter are governed by local compositional

fluctuations and the formation of polar nanoregions (PNRs)
[50-53].

Therefore, to further elucidate the correlation between
dielectric diffuseness and polarization dynamics, the ferro-
electric response of the ceramics was therefore investigated
in the following section through polarization-electric field
(P-E) hysteresis measurements and fatigue analysis.

3.5 Ferroelectric hysteresis and fatigue behavior

Figure 8a shows the polarization vs. electric field (P-E)
hysteresis loops of KNLNT-BZ with different EAE. A pro-
gressive increase in the coercive field ( E.) is observed with
increasing alkali metal excess, which correlates with the
reduction of paraelectric secondary phases and the improved
stabilization of the perovskite ferroelectric matrix. At the
same time, the remnant polarization ( P.), obtained from
the hysteresis loops, increases from 6.2 to 7.7 u C/em?.
This improvement is associated with the reduction and near
elimination of the non-polar TB phase, resulting in a larger
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Fig.8 (a) Polarization vs. electric field (P-E) hysteresis loops as a function of alkali excess, and Positive-up and Negative down (PUND) measure-

ments of KNLNT-BZ containing (b) 0%, (¢) 0.6%, and (d) 0.8 mol% EAE
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effective ferroelectric volume fraction and enhanced polar-
ization retention.

To evaluate the intrinsic switching behavior and elimi-
nate non-switching and leakage contributions, Positive-
Up Negative-Down (PUND) measurement was performed
(Fig. 8b-d). The switched polarization was obtained as
AP* =PpP; — P}, (with P{ as remnant+non-rem-
nant polarization, and P} as non-remnant polarization)
and the remnant polarization was therefore calculated as
P.=1(|AP*|+|AP~|). The P, obtained from PUND
are higher than those extracted directly from the conven-
tional hysteresis loops, confirming that the correction
effectively removes non-ferroelectric contributions such as
leakage currents and dielectric displacement.

The evolution of the ferroelectric response under elec-
trical cycling (Fig. 9) reveals distinct fatigue behaviors
depending on alkali content. For the stoichiometric compo-
sition (0% EAE), both hysteresis loops (P-E) and P, values
exhibit pronounced degradation with increasing number of
cycles, eventually approaching near-zero polarization. This
fatigue behavior is attributed to the accumulation and redis-
tribution of point defects, particularly alkali and oxygen
vacancies, which are thermodynamically favored during
high-temperature sintering. These defects generate internal
bias fields that progressively pin ferroelectric domain walls,
The pinning of domain walls suppresses reversible extrin-
sic contributions to polarization change and piezoelectric
deformation [4, 22, 49]. Therefore, the degradation of the
ferroelectric response in the stoichiometric composition can
be associated not only with the reduction of the ferroelec-
tric volume fraction due to the TB phase, but also with the
reduction of domain wall mobility caused by the accumula-
tion of defects, increasing the E. and reducing the effec-
tive volume fraction of switchable domains, as observed
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Fig. 9 Coercive field and remnant polarization as a function of the
number of cycles. The remanent polarization extracted from PUND
measurements was plotted as a single P value
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in Fig. 8b. Consequently, the hysteresis loops shrink and
become distorted, characteristic of a fatigued ferroelectric
system.

In contrast, the 0.6 mol% EAE composition (Fig. 8c)
shows significantly improved ferroelectric stability. The
hysteresis loops retain their shape and area during cycling,
and the degradation of P, is markedly reduced compared
to the stoichiometric sample. From a microscopic point of
view, the moderate excess of alkali excess compensates for
the volatilization-induced K/Na vacancies. As a result, fer-
roelectric switching proceeds through a more reversible and
coherent domain nucleation and growth process. The domain
mobility is reflected in reduced hysteresis loop asymmetry
and a stable coercive field throughout the cycling process,
that is consistent with recent reports on Ba-modified KNN
systems, where two-step sintering has reduced the defect-
mediated clamping [44], indicating effective suppression
of fatigue mechanisms. The improvement in the hysteresis
loop indicates that moderate alkali compensation facilitates
more reversible domain wall movement, resulting from the
reduction of local defect-induced pinning centers. Conse-
quently, polarization switching becomes more homoge-
neous and energetically favorable.

For the 0.8 mol% EAE composition, the ferroelectric
response becomes even more stable under repeated electri-
cal cycling (Fig. 8d). This is evidenced by greater symmetry
in the PUND measurements, minimal degradation of P, and
astable E. evolution. This enhanced stability can be associ-
ated with the increased structural disorder identified in the
dielectric analysis, which is commonly linked to the emer-
gence of polar nanoregions (PNRs) in relaxor ferroelectrics
[50-53]. Therefore, ferroelectric switching is not governed
solely by the long-range domain walls motion, but also by
the induced alignment and reorientation of the PNRs, char-
acteristic of relaxor-like ferroelectrics. The modified local
chemistry appears to reduce the mobility of oxygen vacan-
cies and other ionic carriers under alternating electric fields,
thus minimizing charge injection, defect migration, and the
consequent pinning of ferroelectric domains.

Therefore, while moderate alkali compensation
(0.6 mol%) effectively reduces defect-induced fatigue
by vacancy compensation, a slightly higher alkali excess
(0.8 mol%) introduces controlled structural disorder that
further enhances cycling stability through the stabilization
of nanoscale polar entities and suppression of defect mobil-
ity. Since the piezoelectric response is intrinsically linked
to ferroelectric domain dynamics, the implications of the
observed polarization behavior on the piezoelectric proper-
ties are examined next.
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Fig. 10 Piezoelectric coefficient d33 as a function of temperature

3.6 Piezoelectric and electromechanical parameters

Figure 10 shows the temperature dependence of ds3 coef-
ficient for KNLNT-BZ ceramic with different alkali excess
amounts. A moderate dependence is observed; specifically,
the reduction of the non-polar secondary phase leads to
a significant enhancement of ds3 for compositions with
higher EAE. This confirms that improving the perovskite
phase purity directly benefits the microscopic piezoelectric
response. From the domain structure point of view, the sup-
pression of TB phase content and the reduction of crystal-
line defects, compensated by the excess alkali, also decrease
the pinning effects of the domain walls, which enhances
the reversible extrinsic contributions to the piezoelectric
response; that is, the improvement in electromechanical
coupling is associated not only with intrinsic polarizability,
but also with greater mobility of the ferroelectric domain
walls.

Thermally, the piezoelectric response shows an initial
attenuation from room temperature up to the first structural
transition (O-T). In this region, a reduction of approxi-
mately 34%, 20%, and 17% is observed for 0%, 0.8%, and
0.6% EAE compositions, respectively. After this transition,
ds3 remains relatively stable until approaching the Curie
temperature, where it rapidly drops to zero, as expected
for the ferroelectric-paraelectric transition. Importantly,
no significant changes in ds3 are observed near the high-
temperature dielectric anomaly (~ 460 °C) associated with

Table 3 Piezoelectric parameters of KNLNT-BZ ceramics

the TB secondary phase, confirming that this phase does not
directly contribute to the piezoelectric response, in contrast
to what has been observed in single-phase tungsten-bronze
thin films [46]. The improved thermal stability observed for
the 0.6 mol% EAE sample can be attributed to more effec-
tive vacancy compensation, which stabilizes domain con-
figuration and limits thermally activated defect motion.

The room temperature piezoelectric and electromechani-
cal parameters are summarized in Table 3. The impedance
spectra used for determining the resonance and antireso-
nance frequencies employed in the calculation of k,, k3;
and related piezoelectric parameters are provided in the
supplementary material (Fig. S3). The planar coupling fac-
tor k&, increases from 41.9% for the stoichiometric compo-
sition to 48.5% for the 0.6% EAE sample, followed by a
slight reduction to 47.1% for 0.8% composition. This non-
monotonic behavior indicates that moderate alkali excess
optimizes electromechanical energy conversion efficiency
through partial compensation of alkali vacancies, reduc-
tion of non-polar phases, and suppression of defect-induced
domain walls pinning [55]. At 0.8 mol% EAE, the addi-
tional chemical disorder appears to counterbalance this ben-
efit, leading to saturation or slight decrease of k,.

A similar behavior is observed for the transverse cou-
pling factor k3;, which reaches a maximum value of 29.1%
at 0.6% excess and slightly decreases at 0.8% composition.
Since k3; is strongly influenced by non 180° domain-wall
motion [4, 49, 51], the enhancement observed at moderate
alkali excess suggests improved lateral domain mobility
and reduced defect-mediated clamping, thereby optimizing
reversible extrinsic contributions associated with domain-
wall displacement, while higher excess introduces local ran-
dom fields that limit cooperative domain-wall motion.

In contrast, the thickness coupling factor k; shows a
monotonic increase with EAE content, reaching 43.3% for
the 0.8% composition. This behavior indicates that longi-
tudinal electromechanical coupling benefits from enhanced
polarizability along the field direction, consistent with the
mitigation of the TB phase and the significant increase in
dielectric permittivity € 25 (799 for 0.8% EAE).

The transverse piezoelectric coefficient d3; increases
in magnitude with alkali excess, reaching—75.1 pC/N for
the 0.8 mol% composition. This enhancement reflects a
smoother and more homogeneous polar response resulting
from defect mitigation within the ferroelectric domains, as
supported by the improved fatigue endurance and stable

Sample kp (%) ks, (%) k, (%) d; d33 533T 231 £33
(pC/N) (pC/N) (10 m.V.N ) (10 m.V.N )
0.0% 41.9 24.1 39.6 -58.4 142 652.5 -10.1 24.6
0.6% 48.5 29.1 42.4 -69.6 172 646.9 -12.1 29.9
0.8% 47.1 27.9 433 -75.1 203 799.0 -10.6 28.7
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coercive field observed in the ferroelectric analysis. The
suppression of defect-mediated pinning and charge migra-
tion allows dynamically active yet structurally stabilized
polar states, as reported for defect-engineered KNN-based
systems [10, 13, 50, 56], to contribute efficiently to the
piezoelectric response.

Similarly, the longitudinal coefficient d33 increases
monotonically with alkali excess, reaching 203 pC/N for the
0.8% composition. This behavior results from the combined
effects of vacancy compensation, enhanced lattice polariz-
ability, and improved domain-wall contributions. However,
analysis of the piezoelectric voltage coefficient g3; and gs33
reveals a maximum at 0.6% excess, followed by a slight
decrease at 0.8%. Since g;; o< d;;/e [}, this behavior high-
lights the trade-off between piezoelectric charge sensitivity
and dielectric permittivity. While high permittivity enhances
strain response, it reduces voltage sensitivity. Therefore, the
0.6% composition is more favorable for sensor-type appli-
cations, where voltage output is critical.

Overall, these results confirm that alkali excess plays a
dual role in tailoring the piezoelectric properties of KNLNT-
BZ ceramics. A moderate excess (0.6%) optimizes electro-
mechanical coupling and voltage sensitivity by balancing
defect compensation and ferroelectric domain wall-mobil-
ity, whereas higher excess (0.8%) maximizes the absolute
piezoelectric coefficients ds; and dss, at the expense of
increased dielectric softness and slightly reduced voltage
response.

Although direct domain imaging was not performed in
this work, the experimental results still provide indirect
evidence of domain-wall-related contributions to the piezo-
electric response, in agreement with previous reports for
KNN-based ceramics [4, 22, 49, 51]. The increase in k3
at moderate alkali excess appears to be related to improved
lateral domain-wall mobility, likely promoted by the reduc-
tion of the nonpolar TB phase and the lower concentration
of defect-induced pinning centers. For the 0.8 mol% EAE
composition, the slight decrease of k3; may indicate that
stronger local random fields begin to partially restrict coop-
erative domain-wall motion, despite improving fatigue
resistance. At the same time, the continuous increase in
ds3, reaching 203 pC/N, suggests that both intrinsic lattice
polarizability and reversible extrinsic contributions partici-
pate in the enhancement of the piezoelectric response. This
interpretation is also consistent with the stable coercive field
and the improved cycling stability observed in the hyster-
esis and PUND measurements.

@ Springer

4 Conclusions

The  0.96(K 45Nay 52)0.95L10 0sNbp 95 Tag 0503-0.04BaZrO;
(KNLNT-BZ) piezoelectric ceramics were successfully
synthesized via the conventional solid state, and their struc-
tural, dielectric, ferroelectric, and piezoelectric properties
were systematically tailored through controlled alkali non-
stoichiometry. The content of the tungsten-bronze second-
ary phase diminished from ~ 1.84 wt% in the stoichiometric
composition to ~1.53 wt% with 0.6 mol% alkali excess
and was almost completely suppressed at 0.8 mol% excess,
confirming that additional alkali effectively compensates
volatilization during sintering and stabilizes the perovskite
matrix.

The suppression of the non-polar phase led to enhanced
piezoelectric performance, with d;; increasing from 142
pC/N to 203 pC/N (0.8%). Moderate alkali excess (0.6%)
optimized defect compensation and electromechanical cou-
pling, while higher excess (0.8%) maximized piezoelectric
coefficients through enhanced polarizability and relaxor-
like contributions from polar nanoregions.

These results demonstrate that the precise stoichiom-
etry control via alkali excess is a key strategy for balancing
long-range ferroelectric order and relaxor characteristics
in KNLNT-BZ ceramics. Controlled non-stoichiometry
enables the optimization of phase purity, defect chemistry,
and domain dynamics, providing an effective pathway for
designing high-performance lead-free piezoceramics tai-
lored to specific functional applications.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s43207-0
26-00653-y.
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