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ABSTRACT

The development of high-performance lead-free piezoelectrics is a critical step toward sustainable electronic components,

yet matching the electromechanical stability over external variables, such as temperature, of lead-based standards remains a

significant challenge. This study investigates the synergistic effects of Ti-doping and K;,Cu,;Ta,,0, (KCT) co-modification

on the structural and functional properties of (K,sNa,s)NbO; (KNN) ceramics. Co-modification significantly enhances both

electromechanical coupling and the mechanical quality factor, parameters essential for ultrasonic transducer applications. A

comparative analysis of the ferroelectric behavior reveals that these modifications establish a stable internal bias field leading to

the hardening of piezoelectric properties. Interestingly, the samples modified solely by Ti exhibit a stronger internal bias field than

the Cu-containing co-modified samples, a phenomenon further explored through domain imaging. When benchmarked against
commercial hard PZT, the optimized KNN-Ti-KCT ceramic demonstrates comparable thermal stability in the room-temperature to
100°C range. Although a trade-off exists between peak piezoelectric coefficients and environmental impact, these results highlight
the potential of tailored KNN ceramics as reliable lead-free alternatives for high-temperature electromechanical devices.

1 | Introduction

Ferroelectric materials are used in a broad range of applica-
tions, including sensors, actuators, energy harvesters, MEMS
devices, and transducers [1]. Material properties that condition
their successful integration in devices include electromechanical
response, electrical loss, and mechanical quality factor. The prop-
erties are inherently antagonistic; improving one often comes
at the expense of the other. As a result, material selection and
optimization must strike a balance tailored to the application’s
specific requirements.

The most prominent piezoelectric ceramic, Pb(Zr,Ti)O; (PZT),
possesses superior and tunable properties [2]; however, it
contains toxic lead, making its processing hazardous to
humans and the environment. Alternative materials are
being developed and researched, with the most promising
being barium-titanate-based, bismuth-sodium-titanate-based,
bismuth-ferrite-based, and sodium-potassium-niobate-based
materials.

One of the most promising and investigated compositions is
(KosNay s)NbO; (KNN) exhibiting a piezoelectric d; coefficient
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in the range of 100 pC/N. KNN is difficult to sinter, which
leads to problems with high conductivity, hygroscopicity, and
low responsivity [3]. Several approaches have been introduced
to improve KNN properties, ranging from chemical modification
to microstructural texturing. Microstructural engineering is a
possible path to tackle the properties of KNN ceramics [4, 5].
Matsubara et al. [6] modified the KNN with the K5 ,Cu, ;Ta;,0,9
(KCT) sintering aid. The role of KCT is multifold; it (i) stimulates
liquid-assisted sintering, (ii) inhibits grain growth, and (iii)
provides an excess of B-site ions. The KCT addition modifies
the electromechanical and electrical response of the material.
As shown by Zeng et al. [7], reduced grain size (GS) can alter
the domain dynamics. They demonstrated that in KNN, fine
grains contain predominantly 180° domain walls as a result of
the grain-boundary-induced stress. Fine-grained ceramics exhibit
high coercive fields and slow domain growth rates. In contrast,
non-180° domain walls, which facilitate domain wall dynamics,
are characteristic of coarse-grained ceramics. They possess lower
coercive fields and higher domain growth rates. The grain-size
effect is also directly reflected in the piezoelectric response, as
shown for KNN with GSs from 0.8 to 2 um [8] and other material
systems [9].

Azadeh et al. [10] systematically studied the chemical modifica-
tion of KNN by doping it with Ca and Fe. Ca occupies A-sites
of the perovskite lattice, thereby serving as a donor dopant.
In classical ferroelectrics, donor doping softens the ferroelectric
response, evidenced by an increased ease of polarization reversal
under applied external fields. However, it was shown that Ca
does not have a pronounced softening effect in KNN. On the
other hand, Fe occupies B-sites of the perovskite lattice and is
a typical acceptor dopant. Acceptor doping is associated with
hardening of ferroelectric properties, that is, increased difficulty
of polarization. The authors showed that oxygen vacancies are the
predominant conducting species at elevated temperatures. They
calculated the activation energy for electrical conductivity, which
was close to 1 eV, a value typical of thermally activated oxygen
vacancy migration. Cu is an acceptor dopant in KNN ceramics
sintered in oxidizing conditions, while sintering in reducing
conditions results in Cu occupying the A-site position, as revealed
by density functional theory (DFT) simulations [11]. Later, several
studies confirmed that Cu occupies Nb sites in the KNN lattice
and acts as a hard dopant. Eichel et al. [12] showed that upon Cu
doping of KNN, trimer and dimer defect complexes form in equal
concentrations:

!

[(Ccuty = V5) M (Vs = Cugy — Vi) | M

The former contain electric and elastic dipoles, whereas the
latter possess only elastic dipoles due to their linear, symmetric
configuration. This consequently implies that, to switch the
orientation of the defect complex, two oxygen vacancies must
move, thereby increasing the energy required for reorientation.
This results in an exceptionally high mechanical quality factor
(Qr,,) of Cu-doped KNN [13, 14].

Ti is another acceptor dopant in KNN. At 0.5 mol% Ti, the densi-
fication is promoted and dielectric loss is decreased compared to
undoped KNN [15]. Cheng et al. studied the influence of Ti doping
at 0.5-2 mol% on densification and grain growth. With increasing

Ti concentration in KNN, the relative density increases, the GS
decreases, and the GS distribution narrows. At 0.5 mol% Ti, a
bimodal GS distribution evolves, interpreted as an intermediate
state between the coarse cuboidal grains of the undoped KNN and
fine-grained doped formulation. The coexistence of coarse and
fine grains mitigates intergranular stress, which arises from grain
misorientation, and enhances piezoelectric performance and the
breakdown strength [16].

In our study, we systematically investigate the synergistic effects
of chemical modification on the structural and functional prop-
erties of KNN ceramics. Specifically, we compare the dielectric,
ferroelectric, and electromechanical responses of Ti-doped KNN
and KNN, co-modified with both Ti and KCT. Our results
demonstrate that Ti doping at 0.1 mol% induces a skewed
grain-size distribution and yields modest piezoelectric properties
(ds; = 20 pC/N). The addition of KCT at 0.38 mol% signifi-
cantly improves the planar electromechanical coupling factor
(k,) and the planar mechanical quality factor (QP,), which
are critical parameters for high-power ultrasonic applications.
Finally, we evaluate the thermal stability of the KNN-Ti-KCT
between room temperature and 100°C and benchmark its per-
formance against a commercial hard PZT ceramic. Although
the co-modified KNN exhibits superior temperature stability
relative to the commercial reference, this robustness comes at
the cost of a lower piezoelectric coefficient d,;, highlighting a
key design trade-off for lead-free alternatives in high-temperature
environments.

2 | Methods

KosNag sNbg g9 Tig 0102905 (KNN-Ti) and Kj,Cuy;Ta0, (KCT)
powders were prepared separately by a conventional solid-state
route from K,CO; (Chempur, 99.9%), Na,CO; (Chempur, 99.9%),
Nb,Os (Aldrich, 99.9%), Ta,05 (Alfa Aeser, 99.85%), TiO, (Alfa
Aeser, 99.8%), and CuO (Alfa Aeser, 99.7%) following the proce-
dure described in our prior work [17]. The reagents were dried
at 200°C for 24 h to remove moisture. The dried powders were
weighed in stoichiometric ratios in a dry box under a nitrogen
atmosphere. The powder mixtures corresponding to the KNN-
Ti and KCT formulations were homogenized in a planetary mill
using a 250 mL ZrO, vial and 3 mm diameter yttria-stabilized
zirconia (YSZ) milling balls at 200 1/min for 4 h, with isopropanol,
then dried at 105°C, sieved through a 300 um sieve, and dried at
200°C.

For the solid-state synthesis of KNN-Ti, the powder was uniaxially
pressed at 50 MPa into a 20 mm diameter pellet. The sample
was heated twice at 800°C for 4 h in a closed alumina crucible
on a platinum foil. After both heating steps, the pellet was
crushed and milled in a planetary mill at 200 1/min for 4 h using
the same vessel and milling balls as for homogenization. The
median particle size of KNN-Ti was 0.40 um, determined by laser
granulometry.

The KCT powder was synthesized by heating the reagent powder
mixture uniaxially pressed into a pellet at 50 MPa at 900°C for 4 h,
followed by milling, yielding a median particle size of 0.60 pm.
In all cases, the heating and cooling rates were 5 K/min with an
intermediate step at 200°C for 2 h.

20f10

International Journal of Applied Ceramic Technology, 2026

85USD17 SUOWILIOD BAIERID 8|qedlidde au Aq paueob a1e S YO ‘B8N JO S9N o4 AR1G1IT BUIIUO 8|1 UO (SUORIPUOD-PUR-SWLRYW0D" A 1M Afeaq|putjuo//SAIY) SUORIPUOD pUe S L 3U} 835 *[9202/50/52] U0 A%iq1T 3UljuO A8|IM BILBAOIS 8URIYO0D AQ TOZOL PR II/TTTT 0T/I0P/W00 &S| Im" AReIq Ul UO'SDIURB0//SANY W1} PAPEO|UMOQ ‘€ ‘9202 ‘20 L. T



The mixture of KNN-Ti and KCT powders in a 0.9962/0.0038
molar ratio, abbreviated as KNN-Ti-KCT, was homogenized in a
planetary mill at 200 1/min for 2 h.

The synthesized powders were sieved, dried at 200°C, and stored
in a dry atmosphere.

The powder compacts were shaped by uniaxial and isostatic
pressing at 100 and 300 MPa, respectively. Sintering was per-
formed in air at 1100°C for 2 h, with heating and cooling rates
of 2 K/min, in closed alumina crucibles.

The phase composition of the powdered samples was analyzed
by x-ray diffraction with Cu-Ka radiation over the 26 range 10°-
70° with a step size of 0.01° (XRD, MiniFlex 600-C Rigaku). The
density of the sintered samples was determined by helium pyc-
nometry (Accu Pyc II 1340, Micromeritics) and calculated from
mass and dimensions. The ceramic samples were ground and
polished using standard ceramographic techniques. The polished
sections were thermally etched to reveal the grain boundaries.
A field-emission scanning electron microscope (FE-SEM JEOL
JSM-7600) with an energy-dispersive x-ray spectrometer (EDXS,
INCA Oxford 350 EDS SDD) was used to analyze the microstruc-
ture. The imaging was performed at an accelerating voltage of
15 kV using the backscattered-electrons detector (BSE). The GS
was determined from SEM micrographs of the microstructures,
which were processed with ImageJ by measuring approximately
800 grains for KNN-Ti and 300 grains for KNN-Ti-KCT. The
evaluated grains were expressed as the mean Feret diameter.
Electron-transparent lamellas were prepared using a gallium
source focused ion beam (Helios Nanolab 650 HP, Thermo
Fisher Scientific). An aberration-corrected scanning transmission
electron microscope (STEM) (Spectra 300, Thermo Fisher Scien-
tific) equipped with Super-X G2 EDXS detector (Thermo Fisher
Scientific) was used to study the chemical composition at the
nanoscale.

Atomic force microscopy (AFM) and piezoresponse force
microscopy (PFM) analyses were performed using an atomic
force microscope (MFP-3D, Asylum Research, Santa Barbara,
CA, USA) equipped with a high-voltage PFM module. Prior to the
sample investigation, the sample surfaces were prepared using
standard metallographic procedures, as detailed in Ref. [18].
For PFM imaging, Ti/Ir-coated silicon tips (ASYELEC.01-R2,
Oxford Instruments, UK) with a nominal tip radius of 25 nm
and resonance frequency of 75 kHz were used. Out-of-plane
PFM amplitude and phase images were recorded in dual AC
resonance tracking (DART) mode by applying an AC voltage of
3 V amplitude at a frequency of %290 kHz to the samples.

The commercial PIC144 had silver electrodes and the disc sample
had a diameter of 10 mm and thickness of 1 mm. The samples
had DC sputtered Au electrodes (5 Pascal, Italy), except for
the high temperature dielectric measurements (>400°C) where
screen printed Au electrodes were used. The samples used for
impedance measurements at resonance had a diameter of 10 mm
and thickness of 0.7 mm.

Room-temperature polarization versus electric field (P-E) hys-
teresis loops were determined using an Aixacct TF analyzer 2000
with a sinusoidal driving voltage of 10 Hz.

KNN-Ti was poled at room temperature at 30 kV/cm and 30 min,
KNN-Ti-KCT was poled at 120°C for 30 min with 30 kV/cm and
field-cooled.

The impedance analyzer (Bodel00, Omicron, Germany) was used
to measure the impedance spectra in the frequency range of
10 kHz to 40 MHz. The excitation voltage was limited to 200 mV.
The LCR analyzer (IM3536, Hioki, Japan) and impedance ana-
lyzer (Solatron, 1260A, United Kingdom) were used to evaluate
the capacitance and impedance of the samples as a function of
temperature.

The Berlincourt piezometer (PM300, Piezotest, Singapore) was
used to measure the piezoelectric coefficient; the static force was
10 N, the dynamic force was 0.25 N, and the excitation frequency
was 110 Hz.

3 | Results
3.1 | KNN-Ti Ceramics

Upon sintering at 1100°C, KNN-Ti crystallizes in the perovskite
phase (Figure S1) and reaches a density of 4.38 g/cm? (relative
density of 97%). Ti-doping enhances densification relative to
undoped KNN, which is consistent with prior studies [15, 16].

The microstructure of KNN-Ti ceramic is presented in the SEM
micrograph in Figure 1a. Some bright second-phase (Figure 1a,
red arrows) inclusions are evident in the back-scattered image,
indicating an alkali-deficient phase [19]. Thermal etching was
implemented to expose the grain boundaries (Figure 1b). The
broad, skewed GS distribution is clearly illustrated by coloring
the grains according to their Feret’s diameters, see Figure lc.
Large, faceted grains (red) coexist with clusters of significantly
finer grains (blue), supporting the inhomogeneous grain bound-
ary mobility upon low-concentration Ti-doping as proposed by
Cheng et al. [16]. Still, we cannot exclude the possibility that
such a nonuniform microstructure is due to the nonhomoge-
neous distribution of 0.1 mol% of Ti-dopant in the KNN matrix,
notwithstanding two calcination steps with intermediate milling.
The GS distribution plot is shown in Figure 1d. The median GS is
(1.53 + 1.59) um, and the distribution shows a tail spanning to the
Feret diameter of 12 ym.

We note that coarse, angular grains exhibit visible internal
striations, characteristic of ferroelectric domain patterns.

The ferroelectric response of the KNN-Ti ceramic is evaluated
through polarization-electric field (P-E) hysteresis measure-
ments, as shown in Figure 2. The sample exhibits a pinched and
shifted hysteresis loop, characteristic of a significant internal bias
field (Ey,). Specifically, the negative and positive coercive fields
are at E;; = —8.3 kV/cm and E., = 19.5 kV/cm, respectively.
These values yield an average coercive field E. of 13.9 kV/cm
and a calculated Ej, of 5.6 kV/cm. The polarization does not
saturate, reaching a maximum value (P,,,) of approximately
16 uC/cm?, whereas the remanent polarization P, is 7uC/cm?. The
current density-electric field (j-E) characteristics, represented
by the dashed lines, show distinct peaks that correspond to
the switching of ferroelectric domains, confirming that the
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FIGURE 1 | (a)SEM micrograph of the polished KNN-Ti surface. Red arrows point to alkali-deficient phase. (b) SEM micrograph of the thermally
etched surface with visible grains and grain boundaries. (c) Etched microstructure showing the distribution of grain sizes according to the color scale
from 0.1 pm (blue) to 15 um (red). (d) Histogram of grain sizes. The blue vertical line shows median grain size, whereas the red curve shows the cumulative

passing percent of grains at a certain value.
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FIGURE 2 | Polarization—electric field (P-E) and current-electric
field (j—E) loops of KNN-Ti at 10 Hz. The E¢; and E¢, show the intercept
of the polarization curve with the E-field axis. The full line shows the
polarization, and the dashed line shows the electric current density.

observed polarization arises from the switching rather than just
a lossy dielectric [20]. The P-E loop exhibits a notably slanted
profile, which suggests a broad distribution of switching fields
within the material [21]. This behavior can be attributed to the
broad GS distribution and the resulting intergranular stresses. In

2000 T T T

1800 - I

S 1400 4 d-70
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1200
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800

T T T
340000 345000 350000 355000 360000
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FIGURE 3 | Impedance magnitude (Z)and phase angle (¢) at planar
resonance mode. The dashed line corresponds to the phase and the full
line to impedance.

larger grains, domain switching is facilitated by lower localized
stresses, allowing easier alignment under the applied field and
thus a lower E.. In contrast, smaller grains experience higher
mechanical constraints and larger intergranular stresses that
hinder domain wall motion, requiring higher field amplitudes
to achieve switching [7, 22]. A further increase in the excitation
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FIGURE 4 | (a)SEM micrograph of the polished KNN-Ti-KCT surface. (b) SEM micrograph of the thermally etched surface with visible grains and
grain boundaries. (c) Microstructure showing the distribution of grain sizes according to the color scale from 0.1 pm (blue) to 15 pm (red). (d) STEM

image of the Ta- and Cu-rich inclusion within the grain in the [1 0 0] pseudo-cubic zone axis, together with the corresponding selected area diffraction

pattern and elemental mapping. The EDXS analysis shows Ta and Cu rich area, while simultaneously showing Nb deficiency.

voltage leads to increased leakage current, ultimately resulting in
sample breakdown.

Due to high leakage currents at elevated temperatures, samples
were poled at RT. The relative permittivity of the poled KNN-Ti
at 1 kHz and 1V is 385 with a tand of 0.015. The d4; coefficient
is 20 pC/N. The electromechanical coupling behavior was further
investigated by the frequency dependence of the impedance and
phase angle in the planar vibration mode, see Figure 3. The
sample exhibits a typical resonance-antiresonance characteristic,
necessary for determining the electromechanical coupling factor.
The characteristic resonance frequency (f;), corresponding to the
minimum impedance, is at 347.5 kHz, whereas the antiresonance
frequency (f,), corresponding to the maximum impedance, is at
350.1 kHz. The bandwidth of approximately 2.6 kHz results in a
planar electromechanical coupling factor (k,) of approximately

0.14. This value indicates low electromechanical coupling, con-
sistent with the slanted hysteresis behavior observed in Figure 3.
The mechanical quality factor QP , is below 100. The phase angle
reaches a maximum of approximately —52°, failing to cross into
the inductive region. This suggests a high level of internal damp-
ing and dielectric loss, likely a direct consequence of incomplete
poling and a broad GS distribution, which broadens the resonance
response and increases mechanical energy dissipation.

3.2 | KNN-Ti-KCT Ceramics

KCT was introduced into the KNN-Ti matrix as a chemical
modifier and sintering aid, as reported in earlier studies [6]. KNN-
Ti-KCT ceramic has a density of 4.45 g/cm? (relative density of
98%, assuming the theoretical density of undoped KNN) after
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sintering at 1100°C, indicating enhanced densification of the
KNN-Ti matrix by the KCT addition. The ceramic crystallizes in
the orthorhombic perovskite phase (see Figure S1). Additional
low-intensity peaks are assigned to the Ks,Cu,;Ta;O,, phase
(PDF 00-043-0334).

The microstructure of KNN-Ti-KCT is shown in Figure 4. The
polished surface reveals the presence of secondary phases. We
assume that the light grey ones are alkali-deficient polyniobates,
similar to those observed in KNN-Ti [19].

The median GS of the ceramic is (0.96 + 0.59) um, indicating
a strong reduction of the GS and inhibition of the skewed GS
distribution (histogram shown in Figure S2). KCT thus acts as a
potent inhibitor of abnormal grain growth. The distribution of
Feret diameters using the same color scale as Figure 1 clearly
demonstrates a more uniform GS distribution as in KNN-Ti (see
Figure 1c and compare with Figure 4c).

Very bright, high-contrast precipitates are indicated by red
arrows in the polished and thermally etched microstructure
(Figure 4a,b). Their high brightness in a backscattered elec-
tron mode SEM imaging indicates a higher atomic number,
probably the presence of Ta. A Ta-rich secondary phase was
observed in the microstructure of (K 49Nag 49 Li 0, J(Nbg s Tag,)O05
(KNLNT) ceramics by Condurache et al. [23]. STEM-EDXS
analysis (Figure 4d) confirmed that the inclusions are Ta-rich and
possibly Cu-rich. The observed Nb deficiency suggests that Ta and
Cu ions substitute for Nb in the perovskite lattice. However, Cu
signals in STEM can also arise from the microscope environment
(e.g., Cu grid and detector components), making it difficult to
determine how much Cu originates from the specimen itself.
Similarly, apparent Na enrichment in secondary phases may be
an artifact of local variations in the Cu signal rather than true
compositional differences.

The localized presence of Ta-rich inclusions at the grain bound-
aries possibly provides a Zener pinning effect that restricts grain
growth [24-26]. Thus, the combination of Ti-doping and KCT
addition produces a refined and stabilized microstructure. The
addition of KCT suppresses the abnormal grain growth observed
in the Ti-doped sample, resulting in a homogeneous, fine-grained
microstructure, which is essential for optimizing the ferroelectric,
piezoelectric, and dielectric properties.

The ferroelectric behavior of the KNN-Ti-KCT ceramic shows a
significant enhancement in polarization relative to KNN-Ti, with
saturation (Pg,) at approximately 28 uC/cm? (Figure 5). KNN-
Ti-KCT exhibits asymmetric coercive fields of E;, = —8.3 kV/cm
and E., = 14.5 kV/cm, resulting in an average coercive field of
11.4 kV/cm and internal bias field E;, of 3.1 kV/cm. A comparison
between KNN-Ti and KNN-Ti-KCT reveals distinct differences in
the magnitude of the coercive field shift. In general, the respective
shift is typically attributed to the alignment of defect dipoles.
Given that Cu (stemming from the KCT additive) acts as an
acceptor dopant in KNN, we expected that KNN-Ti-KCT would
have a more pronounced internal bias than KNN-Ti due to the
formation of dimer and trimer defect complexes (Equation 1).
However, KNN-Ti exhibits a higher internal bias (Ey, = 5.6 kV/cm)
than KNN-Ti-KCT-(E;, = 3.1 kV/cm), suggesting that the effect of
Ti-substitution on defect formation creates a more robust internal

40 T T T T T
t Ec,=14.5 kVicm 118
30 .
I\
204 E,=-8.3 kV/cm : 110
¢
: 45
<~ 10 | P
£ | €
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FIGURE 5 | Polarization-electric field (P-E) and current-electric
field (j—E) loops of KNN-Ti-KCT at 10 Hz. The E¢; and Ec, show the
intercept of the polarization curve with the E-field axis. The full line shows
polarization and dashed electric current density.

bias field than the addition of KCT. Another factor influencing
the internal bias could be GS and GS distribution, which is much
larger and broader in KNN-Ti than in KNN-Ti-KCT, namely,
(1.53 + 1.59) um versus (0.96 + 0.59) pm.

To understand why the pinning force and the resulting internal
bias are more pronounced in KNN-Ti than in KNN-Ti-KCT, the
ferroelectric domain structures of both KNN-Ti and KNN-Ti-KCT
samples were investigated using PFM. AFM topography-height
images and PFM out-of-plane amplitude and phase images of
KNN-Ti and KNN-Ti-KCT are shown in Figure 6. In the KNN-
Ti sample (Figure 6b), coarse lamellar ferroelectric domains
(highlighted by the green dotted rectangle) and wedge-shaped
ferroelectric domains (highlighted by the red solid rectangle)
are observed. Upon the introduction of KCT, both the GS and
ferroelectric domain structure of the sample undergo drastic
refinement. The KNN-Ti-KCT grains are smaller, and therefore
the domain structure inside the grains is finer, the domains
are more fragmented, and more irregular in shape, but still
some smaller lamellar and wedge domains are also present
(Figure 6e). Further details on the ferroelectric domain structures
in both KNN-Ti and KNN-Ti-KCT samples, including higher
magnification images, are provided in Figures S3 and S4. The
larger internal bias in KNN-Ti is likely attributed to the larger
domain size, which produces a longer range effect of defect
complexes on the polarization state compared to the KNN-Ti-
KCT. In the latter material, despite the presence of Cu as a strong
acceptor dopant, the defect complexes are effective over a shorter
range. This is due to the smaller GS and the resulting smaller
ferroelectric domain sizes, which lead to the observed lower
internal bias [27].

Poled KNN-Ti-KCT sample exhibits a ds; coefficient of 105 pC/N,
which is in line with the literature [28]. The room-temperature
impedance measurement at the planar resonance is shown in
Figure 7a. The impedance shows a minimum and a maximum
corresponding to the resonance and antiresonance frequencies.
The phase angle between f; and f, is 89°. The k, of 0.4 is almost
three times that of KNN-Ti (0.14). The QP of the KNN-Ti-KCT
sample is 1100, about ten times that of KNN-Ti (<100). The very
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FIGURE 6 | AFM (aand d)topography-height images; PFM (b and e) amplitude and (c and f) phase images for KNN-Ti and KNN-Ti-KCT samples,
respectively. Lamellar and wedge-shaped ferroelectric domains are indicated by green dotted and red solid rectangles in panel (b), respectively. Panels (a—
c) correspond to the KNN-Ti sample, whereas panels (d—f) correspond to the KNN-Ti-KCT sample. AFM, atomic force microscopy; PFM, piezoresponse

force microscopy.

high QP,, of KNN-Ti-KCT indicates low mechanical loss in the
ceramic, consistent with the high degree of poling, as evidenced
by the phase angle reversal of 89° at resonance. Overall, the
enhanced values of QP , phase angle, Py, and P, indicate a
higher degree of domain mobility and a narrower switching field
distribution than in KNN-Ti.

The impedance response in planar and thickness modes was
analyzed in detail to determine the electrical, elastic, and elec-
tromechanical parameters of KNN-Ti-KCT. Figure 7b shows the
thickness mode resonance of KNN-Ti-KCT. The evaluation of
the thickness-mode bandwidth enables determination of the
thickness-mode electromechanical coupling factor. By using
models developed by several authors (see Refs. [2, 29-31]), the
ds;, 3, ka3, and k;; were estimated by a custom analysis script
available in Ref. [32]. The data are collected in Table 1.

The piezoelectric coefficients of KNN-Ti-KCT are lower than
those of commercial hard PZT (PIC144, d;; = 300 pC/N, Table 1)
and the best KNN compositions reported in the literature (up
to 570 pC/N in Ref. [33]) [34]. The stiffness coefficient s,; is
12.4 x 1072 m?/N, which is smaller than the values typically mea-
sured in commercial PZT (i.e., 14.3 x 107> m?/N) and comparable
to the values in the literature [35]. Moreover, low mechanical and
electrical losses, as well as response stability, are often required in
applications. Thus, we analyzed the temperature dependence of
the dielectric and transducer properties of KNN-Ti-KCT.

The dielectric properties of unpoled KNN-Ti-KCT sample as a
function of temperature are shown in Figure 8. The orthorhombic

TABLE 1 | Measured and calculated properties of KNN-Ti-KCT.

KNN-Ti-KCT PIC144 unit
£33 290 1300 /
tand 0.003 0.003 /
ds; 105 300 pC/N
dy, —35 —140 pC/N
5P 12.4 14.3 1072 m?/N
sB, 8 12.4 1072 m?/N
Q.. 1069 1000 /
k, 0.40 0.60 /
k, 0.45 0.48 /
ks 0.58 0.66 /
ks 0.24 0.30 /

Note: PIC144 properties were taken from the PI ceramic GmbH datasheet [36].

to tetragonal phase transition temperature (T,_) and the Curie
point are at 188°C and 382°C, respectively. We note that the
phase transition temperatures of KNN-Ti-KCT are lower than the
respective temperatures of KNN-Ti (Figure S5, T = 397°C) and
KNN (Figure S6, T = 419°C), indicating the incorporation of Cu
and Ta into the perovskite matrix.

The inset illustrates the low and stable tand over the temperature
range from RT to 100°C. The exceptionally low losses, in our case

International Journal of Applied Ceramic Technology, 2026

70f 10

85USD17 SUOWILIOD BAIERID 8|qedlidde au Aq paueob a1e S YO ‘B8N JO S9N o4 AR1G1IT BUIIUO 8|1 UO (SUORIPUOD-PUR-SWLRYW0D" A 1M Afeaq|putjuo//SAIY) SUORIPUOD pUe S L 3U} 835 *[9202/50/52] U0 A%iq1T 3UljuO A8|IM BILBAOIS 8URIYO0D AQ TOZOL PR II/TTTT 0T/I0P/W00 &S| Im" AReIq Ul UO'SDIURB0//SANY W1} PAPEO|UMOQ ‘€ ‘9202 ‘20 L. T



a) planar mode
T

T T 100
100000
50
10000
S 1000+ o 0o T
N 1% overtone ] -
100 =
-1 -50
10 4 l} |
y; (1] S ——
* 930000 940000 950000
-- Frequency (Hz) ]
1 T T T -100
350000 360000 370000 380000
Frequency (Hz)
b) thickness mode
T T
10000 4 Equivalent circuit ) E
1000
S
N 1004
10 4
— Measurement
——  model
T T
4000000 4500000 5000000

Frequency (Hz)

FIGURE 7 | Impedance magnitude (Z)and phase angle (¢) at planar
and thickness mode resonance. (a) Impedance magnitude (Z) and phase
angle (¢) at planar mode resonance. The dashed line corresponds to the
phase and the full line to impedance. The inset shows the impedance
of the first overtone of the planar mode. (b) The blue full line shows
the measurement, and the red full line the modeled response. The inset
shows the equivalent circuit model used to model the response. R is the
resistance, L is the inductance, C is the capacitance, and Cj, is the free
capacitance of the sample.

below 0.005 at RT, are important for transducer applications, as
they preclude self-heating and depoling issues [37]. Over the same
temperature range, the dielectric permittivity steadily increases
by 20% relative to the RT value, from 442 to 529. In KNN-Ti, the
increase is 29%, and in the hard ferroelectric PIC144, it is 20%
(Figure S7). We conclude that the response of KNN-Ti-KCT is
stable relative to a commercial hard PZT.

The temperature dependence of the planar electromechanical
coupling factor k, for KNN-Ti-KCT is presented in Figure 9.
The electromechanical performance remains almost constant
over a broad temperature range, from RT to 100°C, which is
critical for high-temperature piezoelectric applications. The inset
displays the impedance magnitude (Z) as a function of frequency,
highlighting a well-defined planar resonance at all temperatures.
The k;, varies by 2% over the range from RT to 100°C, compared
with 5% for the commercial ceramic PIC144 (see Figure S8). The
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FIGURE 8 | Dielectric permittivity (¢') and loss (tand) of KNN-Ti-
KCT as a function of temperature at 1 kHz. The inset shows the dielectric
loss in the temperature ranges from RT to 100°C. T, denotes the
temperature of the orthorhombic to tetragonal transition and T the Curie
point.
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FIGURE 9 | Electromechanical coupling coefficient (kp) of KNN-Ti-
KCT as a function of temperature. The inset shows impedance magnitude
spectra at planar resonance mode for various temperatures.

slight fluctuations in k, observed in the plot are attributed to
changes in domain wall mobility and the temperature-dependent
relaxation of the internal bias field (E;,), which was previously
identified in the P-E loop (cf. Figure 5).

4 | Conclusions

In this work, the structural and electromechanical properties of
Ti- and KCT-modified KNN ceramics were systematically inves-
tigated. We found that the addition of a secondary KCT phase
leads to significant grain fragmentation, resulting in a refined
microstructure compared to Ti-doped KNN. This reduction in
GS is directly correlated with a transition to smaller ferroelectric
domains. A key observation of this study is that the effectiveness
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of “hardening” through defect-mediated pinning is GS dependent
and constrained by the characteristic length scales of the domain
morphology. The results indicate that the degree of “hardening”
in lead-free ceramics is not solely dictated by the presence of
acceptor dopants. Instead, the long-range order and crystallinity
of the ceramic matrix play a decisive role in defining how
effectively these dopants can affect the polarization dynamics
under an electric field.

The co-modified KNN-Ti-KCT system exhibits exceptionally
low mechanical and electrical losses. Furthermore, this com-
position demonstrates superior thermal stability in the planar
electromechanical coupling factor (k,), dielectric loss (tand), and
permittivity (¢'), maintaining performance consistency across a
broad temperature range.

Ultimately, the electromechanical performance in ceramics is the
result of a complex interplay between GS, localized stress gradi-
ents, internal electric fields, and defect-mediated domain dynam-
ics. These factors must be tuned to engineer high-performance
lead-free piezoelectrics.
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