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Abstract

This study reports on the design, processing, and functional assessment of Li/Sb/Ta-modified (K 5Nag5)NbO;
ceramics targeted for environmentally compliant high-force actuators in automotive vibration management. Ten
compositions were synthesized on the basis of solid-state reaction with sintering between 1 050 and 1 150 °C, and multi-
scale characterization combined in situ high-temperature XRD, SEM, HRTEM, Raman spectroscopy, XPS, EBSD,
BET analysis, dielectric spectroscopy, and impedance measurements with actuator-level electromechanical testing.
Compositional tuning established an orthorhombic-tetragonal coexistence window in which the benchmark compo-
sition (K 45Lig 05)(Nag 47Lig 93)(Nbg 9oSbg g¢ Tag 04)O 3 exhibits 58 % orthorhombic and 42 % tetragonal phases, an O-
T transition at 195 °C, and a Curie point above 380 °C. At an optimized sintering temperature of 1 100 °C this ceramic
reaches a density of 4.59 g/cm? (99.2 % theoretical), grain sizes of about 2.4 pm, and a specific surface area of 1.2 m2/g,
together with €, = 1850 and tand ~ 2.5 % at 1 kHz. Moderate oxygen vacancy contents around 7.5 % balance grain-
boundary softening and insulation, yielding d;; = 432 pC/N, k = 0.45, Pr = 28.7 pnC/cm?, and Ec = 12.4 kV/cm. Long-
term reliability is demonstrated by 94.3 % retention of d;; after 1000 h aging at 85 °C and only 6.8 % degradation
after 10 bipolar cycles at 50 Hz. Prototype 10-layer multilayer devices fabricated from the optimized composition
show stable displacement response under fields of several kV/mm, confirming the potential of these lead-free ceramics
for robust, RoHS-compliant smart suspension hardware. The integrated processing-structure-property correlations
established here provide a transferable framework for tuning phase boundaries and defect chemistry in next-gener-
ation lead-free actuator ceramics for automotive applications.

Keywords: Phase boundary engineering, relaxor ferroelectricity, defect-mediated conduction, multilayer ceramic devices, automotive
vibration isolation

I. Introduction advances in phase boundary engineering — specifically the
manipulation of morphotropic phase boundaries (MPBs)

sustainable materials in functional ceramics has inten- or polymorphic phase transitions (PPTs), including
sified research into lead-free piezoelectrics as viable orthor homb%c—tetr agonal (O-T) and  rhombohedral-
replacements for traditional Pb(Zr,Ti)O3 (PZT)-based orthorhomb}c (R-O) boum-iarlffs ‘- hav§ demonstrated
actuators, particularly in automotive systems where remar kablf& Improvements in p iezoelectric perfor mance
regulatory frameworks such as the European Union’s by §nha.nc1ng‘polarlzat10n rotation freec}om and reduc%ng
Restriction of Hazardous Substances (RoHS) Directive lattice c.hst.or tion energy barriers 5'_ In this context, doping
impose strict limitations on lead content!. Among the strategies involving Li*at the A-site and Sb>*/Ta>* at t.he
most promising candidates, (KqsNags)NbO; (KNN)- B-site of the perovsklte structure are kpown to st:jlbll{ze
based ceramics have emerged asaleading alternative owing these phase boundaries and promote grain growth kinetics
to their high Curie temperature (7 =400 °C), large piezo- thrqugh liquid-phase sintering rpechamsms ‘.

electric coefficients, and favorable electromechanical This s‘tudy focus'es on clucidating the fun'd arr}ental
coupling factors2. However, the intrinsic challenges mechan1§ms by which phase b'oundary modulation 1nflu—
associated with poor sinterability, low density, and phase ences mucrostructur al evolutl(‘)r.l and electrome.chanlcal
instability near room temperature have hindered their performance in Li/Sb/Ta-modified KNN ceramics 7. By
practical deployment, especially in demanding applica- systematlca'lly varying dgpant concentrations across Fhe
tions such as semi-active suspension control systems that A-and B-sites, we investigate how comp os1t1opal tuning
require high reliability, fast response times, and long- affects crystallization behavior, domain configuration,

term stability under dynamicloading conditions 3. Recent local.straln fields, and defect chem%str ¥ The 1ntegr at}on.of
- multi-scale characterization techniques — including i situ

Corresponding author: maggie8796@126.com high-temperature X-ray diffraction (XRD), transmission

The global transition toward environmentally
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electron microscopy (TEM), Raman spectroscopy, and
electron backscatter diffraction (EBSD) — enables the
construction of a cross-scale model linking macroscopic
processing parameters to nanoscale structural features 8.
Furthermore, X-ray photoelectron spectroscopy (XPS) is
employed to probe surface chemical states and oxygen
vacancy concentrations near phase boundaries, while
BET surface area analysis provides insights into porosity
development during sintering. These data are corre-
lated with dielectric and piezoelectric measurements
over a broad temperature range (-150 to 400 °C) to
identify relaxor characteristics and phase transition
temperatures. The resulting optimization of dj; values
(target: 380-450 pC/N) and planar coupling coeffi-
cients. (kp >0.42) not only advances the scientific under-
standing of phase boundary dynamics but also estab-
lishes a robust foundation for the fabrication of high-
performance stack actuators tailored for semi-active
suspension systems. This work thus bridges fundamental
materials science with applied engineering requirements,
addressing a critical gap in the development of reliable,
eco-friendly smart materials for next-generation vehicular
technologies.

II. Materials and Methods

High-purity raw powders of K,CO3 (99.0 %), Na,CO;
(99.5 %), Nby,Os (99.9 %), Li,COj3 (99.9 %), Sb,Os
(99.0%), and TayOs (99.9%) were used as starting
materials for the synthesis of (Kq.5Nag.5)NbO;-based
ceramics with compositional variations centered around
the orthorhombic-tetragonal phase boundary. Ten
distinct compositions were designed based on the general
formula (KosLig(Nags_yLiy)(Nby_,_,SbzTaw)O3, where

= 0.02-0.06, y = 0.01-0.03, z = 0.04-0.08, and
w = 0.02-0.06. Here, x and y are dimensionless A-site
mole fractions (per ABO; formula unit) describing Li
substitution on the K and Na sublattices, respectively, and
zand w are dimensionless B-site mole fractions describing
Sb and Ta substitution on the Nb sublattice; all compo-
sitions are written as site occupancies in the chemical
formula rather than as mol% additives. Stoichiometric
amounts of powders were mixed by means of ball milling
in ethanol using zirconia media for 24 h, followed by
drying at 80 °C for 12 h. The resulting mixtures were
calcined at 800 °C for 4h in air to form the perovskite
phase. After re-milling for homogenization, polyvinyl
alcohol (PVA, 5wt%) was added as a binder, and the
powders were uniaxially pressed into pellets (10 mm
diameter x 1.5 mm thickness) at 100 MPa. To enhance
densification, all samples were sintered in covered alumina
crucibles with sacrificial KNN powder to minimize alkali
volatilization. Sintering temperatures ranged from 1050
to 1150 °C with dwell times of 2 -4 h, optimized based on
preliminary dilatometry and shrinkage measurements.

After the pellets had been polished to 1.0 mm in
thickness, silver paste electrodes were screen-printed
onto both faces of each pellet and fired at 600 °C for
10 min. For selected high-performance compositions,
multilayer stack actuators were fabricated by means of
tape casting (tape thickness ~100 pm) and co-firing at
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1100 °C for 3 h, achieving 10-layer stacks with internal
Ag/Pd electrodes. The internal electrodes were screen-
printed using an Ag/Pd paste, and green tapes were
aligned and laminated. All ceramic samples were poled
under a DC field of 3 kV/mm for 30 min in a silicone
oil bath maintained at 80 °C. This temperature is far
below T (e.g. Tc>380°Cfor KNN-LT5) and was
selected to improve domain alignment while remaining
well below the composition-dependent orthorhombic-
tetragonal polymorphic transition (TO-T), which governs
temperature sensitivity and polarization stability in
KNN-based systems. To evaluate operational adapt-
ability beyond baseline property testing, stack-level
characterization is performed as follows: temperature-
dependent displacement and capacitance are recorded
at stabilized setpoints across the targeted operating
window; preload-dependent stroke is measured under
controlled compressive stress using a calibrated loading
fixture; frequency response is obtained by sweeping
drive frequency at fixed field amplitude while monitoring
displacement and surface temperature; and environmental
endurance is assessed via damp-heat and thermal-cycling
exposures followed by insulation resistance/leakage-
current and displacement retention. Environmental
conditions and severities are selected with reference
to IEC 60068 methods for temperature change, damp
heat, and vibration/shock qualification of electrotech-
nical components. Unless otherwise specified, key scalar
properties (&, tand, d33, kp,, Py, E.) were obtained from
independently prepared spec1mens for each composition
and are reported as mean + standard deviation; repeated
d;3 readings were used to verify measurement repeata-
bility consistent with round-robin Berlincourt practice.

III. Results and Discussion

The successful realization of high-performance lead-free
piezoelectric ceramics hinges critically on precise control
of phase architecture and microstructural homogeneity.
In this study, systematic compositional tuning within
the Li/Sb/Ta-doped KNN system enabled the stabi-
lization of multiple phase boundaries — particularly the
orthorhombic-tetragonal (O-T) and rhombohedral-
orthorhombic (R-O) transitions — near room temper-
ature, thereby maximizing polarization rotatability and
minimizing coercive fields. As illustrated in Fig. 1(a),
the XRD patterns of ten different compositions reveal
progressive peak shifting and splitting near 26 = 45°,
indicating a transition from predominantly orthorhombic
symmetry (space group Amm?2) to coexisting tetragonal
(P4mm) phases with increasing Li and Ta content?.
Notably, Sample KNN-LT5 (with x = 0.05, z = 0.06,
w = 0.04) exhibits pronounced peak asymmetry at ~44.8°
and ~45.3°, characteristic of O-T phase coexistence.
Rietveld refinement (Fig. 1b) confirms a two-phase model
with refined weight fractions of 58 % orthorhombic
and 42 % tetragonal phases, yielding lattice param-
eters ofa—5678A b =5721 A, ¢ =3.992 A (Amm2)
and 2 =3.904 A, c=4.021 A (P4mmo). This phase mixture
generates internal strain fields that facilitate low-energy
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Fig. 1: (a) Comparative XRD patterns of ten KNN-based compositions; (b) Rietveld-refined fit for KNN LT5 showing O-T phase coexistence.

polarization switching pathways, directly contributing
to enhanced piezoelectric activity 10. Mechanistically, this
observation is consistent with a phase-boundary ‘energy-
flattening’ picture: within a Landau-type free-energy
expansion, coexistence of competing O and T minima
reduces the anisotropy/curvature, increasing dielectric
susceptibility and enabling polarization rotation under
modest driving fields. In a minimal constitutive form, the
intrinsic piezoelectric response scales with polarization
and susceptibility, which directly rationalizes why KNN-
LT5 simultaneously exhibits elevated together with peak
values. In parallel, our nanodomain-rich microstructure
(TEM) and ‘moderate oxygen-vacancy’ window (XPS/
EIS) indicate a non-negligible extrinsic contribution from
reversible/irreversible domain-wall motion describable
by Rayleigh-type behavior in disordered ferroelectrics,
while excessive vacancy/defect association can increase
pinning and loss.

Further evidence of phase boundary formation is
provided by iz situ high-temperature XRD measurements
(Fig. 2), which track real-time structural evolution from 25
to 500 °C. For Sample KNN-LT5, the (200)/(020) super-
lattice reflections gradually merge between 180and 210°C,
confirmingthe O-T phase transition temperature (7' o_T) at
approximately 195 °C 11. Above 380 °C, all peaks converge
into a single cubic perovskite phase (Pmm), defining the
Curie point (7T¢). The proximity of To.7 to ambient
conditions creates a highly sensitive polar state, enabling
large strain responses under electric fields 12. Additionally,
dielectric permittivity measurements (Fig.3) show a
broadened dielectric anomaly centered at 195 °C with
frequency dispersion, suggesting relaxor-like behavior
induced by compositional disorder from heterovalent
doping. The room-temperature relative permittivity (&,)
reaches 1 850 for KNN-LT5 at 1 kHz, significantly higher
than undoped KNN (600) and comparable to PZT-5A 3,

while dielectric losses remain low (tan & < 0.035) 13,
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Fig. 2: In situ high-temperature XRD evolution from 25 to 500 °C
for KNN-LTS5, illustrating O-T and T-C transitions.

Beyond the single-composition refinement, the Rietveld
results for the composition series in Table 1 demonstrate
that the orthorhombic-tetragonal balance is systemati-
cally tuned by Li/Sb/Ta content. From KNN-LT3 to
KNN-LT6, the orthorhombic fraction decreases from
72 % to 50 %, while the tetragonal fraction increases from
28 % to 50 %, accompanied by a slight contraction of
the orthorhombic lattice parameters and a continuous
shortening of the tetragonal c-axis 4. Concomitantly,
the O-T transition temperature shifts from 225 °C to
180 °C, with KNN-LT5 exhibiting an intermediate TO-T
of 195 °C 15 that coincides with the dielectric anomaly in
Fig. 3. This composition therefore sits closest to a struc-
turally soft phase boundary where polarization rotation is
maximized, explaining why KNN-LT5 yields the highest
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d33 and &, values in Table 2 while compositions further
into the tetragonal side (KNN-LT6) show slightly reduced
electromechanical response despite similar density 16.

Microstructural analysis reveals strong correlations
between phase boundary stabilization and grain growth
kinetics. SEM images (Fig.4a — j) display significant
variation in average grain size, ranging from 1.15 %
0.18 um (Sample KNN-LT1) to 2.43 £ 0.31 um (KNN-
LT6), with optimal densification observed at 1100 °C
for compositions near the O-T boundary !8. Larger
grains in KNN-LT5 and KNN-LT6 suggest accelerated
grain boundary mobility facilitated by transient liquid-
phase formation due to Li,O evaporation and localized
melting of Na-deficient regions19. Grain size distri-
bution histograms confirm alog-normal distribution with
narrow dispersion, indicative of uniform nucleation and
growth 20. Corresponding EDS elemental maps (Fig. 5)
demonstrate homogeneous distribution of K, Na, Nb,
and Ta, although minor Li depletion is observed at grain
boundaries as quantified by line-scan profiles showing
~12 % reduction in Li intensity at interfaces.

(f) KNN-LT6 (g) KNN-LT7 (h) KNN-LT8 (i) KNN-LT9 (j) KNN-LT10

Fig. 4: SEM micrographs of Samples KNN-LT1 to KNN-LT10 (a-j).

Table 1: Lattice parameters and phase fractions from Rietveld refinement.

Sample ID Phase Fraction Phase Fraction 4 (A)- b(A)- c(A)- a(A)- c(A)- To1(°C)
(%) - (%) - Ortho Ortho Ortho  Tetr Tetr
Orthorhombic Tetragonal

KNN-LT3 72 28 5.682 5.728 3.996 3.907 4.028 225

KNN-LT4 65 35 5.680 5.724 3.994 3.905 4.025 210

KNN-LT5 58 42 5.678 5.721 3.992 3.904 4.021 195

KNN-LT6 50 50 5.676 5.718 3.990 3.902 4.018 180

17 60 40 5.679 5.722 3.993 3.904 4.022 200
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Table 2: Oxygen vacancy concentration and electrical conductivity.

Sample ID Vo Concentration  Grain Boundary Bulk Conductivity = Activation Energy
(%) - XPS Resistivity (€2-cm) (S/cm) at 300°C (eV)

KNN-LT4 6.2 1.32 x 103 8.7 x 106 1.35

KNN-LT5 7.5 1.18 x 105 9.5 x 106 1.33

KNN-LT6 9.1 9.4 x 104 1.1 x 10-5 1.28

33 7.0 1.25 x 103 9.0 x 10-6 1.34

K Ka1

Na Ka1_2

Fig.5: EDS elemental maps for K, Na, Nb, Ta, and Li in KNN-LT5, demonstrating compositional homogeneity.

High-resolution TEM analysis provides direct insight
into domain architecture and defect structures. HRTEM
images (Fig.6a) of KNN-LT5 reveal dense arrays of
wedge-shaped nanodomains with widths of 5-15 nm,
separated by sharp domain walls exhibiting {110}-type
termination. SAED patterns (inset) confirm coexistence
of orthorhombic and tetragonal variants, evidenced by
split diffraction spots along the [001] zone axis 21. STEM-
HAADF imaging (Fig.6b) further resolves antiphase
boundaries and edge dislocations with Burgers vector
b = ¥»(110), which serve as pinning sites for domain wall
motion but may also contribute to fatigue degradation
over prolonged cycling 22. EELS line scans across grain
boundaries (Fig. 6¢c) indicate elevated oxygen vacancy
concentrations (V**®), manifested by increased intensity
in the O-K edge pre-peak at ~532 eV, reaching up to
8.7 % relative to bulk lattice oxygen 23. These defects arise
from charge compensation mechanisms associated with
acceptor-like Ling,” and Tapy,” point defects, influencing
space charge layer formation and interfacial conductivity.

Phase boundary effects are further corroborated by
means of Raman spectroscopy (Fig.7), which detects
subtle symmetry-breaking vibrations associated with
local structural distortions. The spectrum of KNN-
LT5 displays a broad, asymmetric band centered at

~265cm’l, assigned to the A{(TO;) mode linked to
NbOg octahedral tilting 24. Additional peaks at 330 cm!
(E(TO)) and 520cm-! (A{(LO)) exhibit pronounced
broadening compared to pure end-members, reflecting
phonon softening and enhanced anharmonicity 25. Such
spectral features align closely with those reported for
relaxor ferroelectrics, supporting the hypothesis that
nanoscale chemical heterogeneity introduced by Sb/Ta
doping promotes polar nanoregions (PNRs) that augment
macroscopic polarization response 26.

Surface chemistry and electronic structure were probed
by means of XPS. Fig.8 presents high-resolution core-
level spectrafor K 2p, Na 1s,Nb 3d, and O 1s regions. The
K 2p3/, peak appears at 293.2 eV, corresponding to K+ in
the perovskite lattice, while Na 1s is located at 1 071.8 eV.
Nb 3ds/, binding energy is 207.1 eV, indicating Nb5+
oxidation state. Crucially, the O 1s peak (Fig. 8d) can be
deconvoluted into three components: lattice oxygen (02,
529.8 eV, 78.3 %), surface OH groups (531.5 eV, 14.2 %),
and oxygen vacancies (532.3 eV, 7.5%)27. The latter
component increases to 9.1 % in samples with higher Li
doping (x>0.05), confirming a direct relationship between
A-site non-stoichiometry and oxygen deficiency 2.
This finding correlates with increased leakage current
densities observed in electrical testing and underscores
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Fig.7: Raman spectra of KNN-LT5 compared to end-members,
highlighting phonon softening near MPB.

the need for controlled sintering atmospheres to mitigate
Vo** accumulation?’. The composition-dependent
oxygen vacancy contents inferred from XPS are quanti-
tatively consistent with the transport parameters summa-
rized in Table2. As VO concentration increases from
6.2% in KNN-LT4 to 9.1 % in KNN-LT6, the grain
boundary resistivity decreases from 1.32 x 105 to
9.4 x 104 Q-cm and the bulk conductivity at 300 °C
increases accordingly, while the activation energies

cluster around 1.3 €V 30, in agreement with the oxygen-
vacancy-mediated hopping mechanism extracted from
the Arrhenius analysis. KNN-LT5, with an intermediate
Vo level of 7.5 %, occupies an optimum window where
moderate defect concentrations soften grain bound-
aries and facilitate domain-wall motion without causing
excessive leakage3!. In contrast, the higher vacancy
density in KNN-LT6 further lowers grain boundary resis-
tivity but risks higher loss and accelerated fatigue under
high-field cycling, highlighting the need to co-optimize
defect chemistry and microstructure for reliable stack
actuator operation 32.

BET surface area measurements (Table3) show
decreasing specific surface area with increasing sintering
temperature — from 4.8 m?/g at 1050 °C to 1.2 m?/g at
1150 °C —indicative of pore closure and grain coalescence.
BJH pore size distributions reveal a shift from bimodal
mesopores (2—10 nm and 20-50 nm) at lower temper-
atures to predominantly isolated macropores (>50 nm)
in fully dense specimens, highlighting the role of vapor
transport in pore elimination.

Electrical performance metrics are summarized in
Table4. Among all compositions, KNN-LT5 achieves
the highest piezoelectric coefficient (d3; = 432 pC/N),
exceeding the target threshold and surpassing many previ-
ously reported KNN systems 34. Its electromechanical
coupling factor (k, = 0.45) and remanent polarization
(P, = 28.7 pC/cm?) further validate superior energy
conversion efficiency. These enhancements are attributed
to synergistic effects: phase boundary-induced polar-
ization rotation, large grain size promoting domain wall
mobility, and reduced coercive field (E. = 12.4 kV/cm)
enabling easier poling3>. In contrast, under-doped
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Fig. 8: XPS high-resolution spectra: (a) K 2p, (b) Na 1s, (c) Nb 3d, (d) O 1s with deconvolution.

Table 3: Physical and textural properties of KNN-based ceramics sintered at various temperatures.

Relative Density BET Surface

Avg. Pore Size

Sample ID Sintering Temp. Density (g/cm?)

°O) (%) Area (m?/g) (nm)
KNN-LT1 1050 4.21 91.3 4.8 18.5
KNN-LT2 1075 4.38 94.7 3.6 22.1
KNN-LT3 1100 4.52 97.8 1.9 354
KNN-LT4 1125 4.56 98.6 1.4 41.2
KNN-LT5 1100 4.59 99.2 1.2 48.7
KNN-LT6 1100 4.57 98.8 1.3 45.3
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Table 4: Electromechanical and ferroelectric properties of doped KNN ceramics.

Sample ID d33 (pC/N) k, ¢, (1 kHz) tan 0 (%) P.(nC/cm?)  E_(kV/cm)
KNN-LT1 287 0.32 1240 3.1 19.4 16.8
KNN-LT2 335 0.36 1480 2.9 22.1 15.2
KNN-LT3 378 0.39 1630 2.7 24.8 14.1
KNN-LT4 402 0.41 1760 2.6 26.5 13.3
KNN-LT5 432 0.45 1850 2.5 28.7 12.4
KNN-LT6 418 0.44 1820 2.6 27.9 12.7
KNN-LT7 395 0.40 1710 2.8 25.3 13.5
KNN-LT8 361 0.38 1580 3.0 23.6 14.6
KNN-LT9 312 0.34 1390 33 20.8 15.9
KNN-LT10 275 0.30 1210 3.6 18.2 17.3

(KNN-LT1) and over-doped (KNN-LT10) compositions
exhibit degraded performance due to insufficient phase
mixing and excessive secondary phases, respectively 3.
To strengthen cross-composition interpretability, we
explicitly correlate composition-dependent structural/
defect parameters with functional outputs using the
quantitative trends already established in Tables1-2
and the XPS/impedance analyses. Specifically, the
orthorhombic fraction decreases from 72 % (KNN-LT?3)
to 50 % (KNN-LT6) while TO-T shifts from 225 °C to
180 °C, evidencing systematic softening toward the O-
T coexistence region. In parallel, the oxygen-vacancy
component increases from 6.2 % (KNN-LT4) to 9.1 %
(KNN-LT6), accompanied by a grain-boundary resis-
tivity decrease from 1.32 x 105 to 9.4 x 10% Q-cm,
consistent with vacancy-assisted transport. These coupled
correlations rationalize why the intermediate-defect,
boundary-proximal KNN-LT5 yields the peak d33 and
k,, while avoiding the higher-loss risk at higher vacancy
levels.

Froma manufacturing perspective, the present work uses
a conventional solid-state powder route combined with
tape casting and co-firing at 1 100 °C with Ag/Pd internal
electrodes to realize multilayer stacks, consistent with
established KNN multilayer fabrication demonstrations.
This route is compatible with scalable multilayer ceramic
processing, but its cost structure is influenced by (i) the
use of Ag/Pd inner electrodes, (ii) alkali volatilization
control measures (covered crucibles, sacrificial powder
bed), and (iii) dopant chemistry (Ta-containing additives).
Compared with BCZT-type systems — often sintered
at 21400 °C in many conventional formulations but
reducible with reactive powders or sintering aids - KNN-
based stacks can benefit from lower firing temperatures
in some compositions but require tighter control of alkali
stoichiometry and atmosphere/packing strategies. The
scale-up feasibility is therefore best framed as “industry-
familiar multilayer processing with composition-specific
controls,” rather than as a purely materials-limited barrier.
Notably, recent studies have also explored lead-free KNIN
multilayers with alternative internal electrodes (e.g. Ni)
under low oxygen partial pressure sintering, highlighting

an evolving pathway to reduce electrode cost for future
industrialization once co-firing compatibility is fully
optimized.

Long-term aging tests (Fig. 9) provide an initial indicator
of operational robustness, with dj; retention of 94.3 %
after 1000h at 85 °C for KNN-LT5 and minimal
dielectric-loss increase, suggesting limited ionic migration
and stable domain configurations. In addition, fatigue
endurance to 10° bipolar cycles at 50 Hz results in only
6.8% degradation in dj;, supporting suitability for
repetitive excitation. However, semi-active suspension
environments impose coupled stressors, so ‘operational
adaptability’ must be evaluated explicitly at the actuator
level 3. Accordingly, we added a dedicated Operational
Adaptability Testing subsection that defines a multi-
stressor qualification matrix and the associated adapt-
ability metrics (temperature coefficient, preload sensi-
tivity, dynamic bandwidth, and environmental endurance)
relevant to multilayer piezo stacks used in vehicular
vibration control 38.
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Fig.9: Long-term aging behavior of d33, &, and tan & over 1000 h
at RT and 85 °C.
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Operational adaptability for piezoelectric stacks is
governed by (i) temperature-driven changes in phase/
domain stability and electromechanical coefficients,
(i) preload-dependent electromechanical coupling
and stroke, (iii) drive-frequency limitations imposed
by dielectric/thermal losses, and (iv) environmental
degradation mechanisms (humidity-assisted leakage,
thermal cycling microcracking, and vibration/shock-
induced electrode or interface damage). These consid-
erations are particularly relevant for KNN-based systems
because polymorphic transition proximity can improve
functional response yet simultaneously raise sensi-
tivity to temperature and domain stability, motivating
explicit multi-condition verification. To translate the
materials-level performance into suspension-relevant
actuator readiness, we define a multi-stressor adaptability
matrix for the prototype multilayer stacks: (a) temper-
ature- dependent displacement and capacitance over
the operating window, reported as temperature coeffi-
cients and normalized stroke retention; (b) dlsplacement—
field response under controlled compressive preload to
quantify preload sensitivity and to emulate installation
loads; (c) frequency-response characterization under
representative drive amplitudes to extract bandwidth and
self-heating/thermal-runaway limits; and (d) environ-
mental endurance under damp-heat and thermal cycling,
followed by post-exposure insulation (leakage/current)
and displacement retention. The environmental methods
are aligned with IEC 60068 temperature-change, damp-
heat, and vibration/shock test families commonly used
for electromechanical component qualification. The
key reportable metrics include (i) normalized stroke
retention S(T)/S(25 °C), (i) temperature coefficient of
stroke (ppm °C-1) over application-relevant intervals,
(111) preload sensitivity dS/0G under compressive stress,
(iv) -3 dB displacement bandwidth and loss-derived self-
heating trends, and (v) post-exposure insulation resis-
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tance/leakage and functional retention after damp-heat
and thermal cycling. For multilayer piezo actuators,
humidity-driven leakage is a known reliability risk,
and designs using improved insulation strategies show
enhanced endurance; therefore, leakage and insulation
resistance are tracked alongside electromechanical outputs
during environmental aging. These tests complement the
already reported broad-temperature dielectric mapping
(=150 to 400 °C) and the accelerated aging/fatigue results,
thereby closing the gap between materials optimization
(processing-microstructure-property correlations) and
the multi-condition operational requirements of semi-
active suspension actuators.

To establish structure-property relationships, EBSD
orientation maps (Fig. 10) were analyzed for crystallo-
graphic texture and grain boundary character. While no
strong preferred orientation is detected (texture index
<1.2), special boundaries such as X3 twin boundaries
constitute ~28 % of total grain junctions, promoting
strain accommodation and crack deflection. Misorien-
tation angle distributions peak at ~35°, consistent with
rotational domain variants expected in MPB systems 3.

Impedance spectroscopy (Fig.11) allows separation
of bulk and grain boundary contributions to total
conductivity. Nyquist plots display two well-resolved
semicircles, fitted using an equivalent circuit model
(Rg(RgpCPE,,)RLCPEY)).  The  fitted  bulk/grain-
boundary parameters (R, R,,, Q and n for each
CPE element) together with the CNLS goodness-of-
fit (reduced y?2) are summarized in Table5. The grain
boundary resistance (Rgp,) decreases with 1 increasing Ta
content, attributed to ‘enhanced oxygen ion mob1l1ty
facilitated by Ta>* substitution 40. Activation energies
extracted from Arrhenius plots (inset) yield 1.12 eV
for bulk conduction and 1.35 €V for grain boundary
conduction, consistent with oxygen-vacancy-mediated
hopping mechanisms.
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Fig. 10: EBSD orientation maps and misorientation angle distribution for KNN-LT5.
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Table 5: CNLS-fitted impedance parameters using the equivalent circuit Rg(R,, CPE44)(R,CPE},).
Sample T(C) Rp(®  Q,(Fspy) mO) Ryp(@ QuFsgy) ngp() Ry (@) reduced g
)
LTo 400 1.28 x 10* 3.6 x 10-11 0.93 7.45 % 10% 1.2 x 10-10 0.88 38 2.4 x 1073
LT5 400 9.6x 103 4.1x 1011 0.94 4.02 x 104 1.6 x 10-10 0.90 34 1.9 x 1073
LT10 400 8.1x103 4.8x10-11 0.95 2.65x 10* 2.1 x 10-10 0.92 31 1.6 x 10-3
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Fig. 11: Impedance spectroscopy: Nyquist plots with equivalent circuit fitting and Arrhenius plot inset.

IV. Conclusions

This study presents a comprehensive investigation
into the influence of phase boundary engineering on
the microstructural evolution and electromechanical
performance of Li/Sb/Ta-modified KNN piezoelectric
ceramics. On the basis of systematic compositional
variation and advanced multi-scale characterization, it
is demonstrated that stabilization of the orthorhombic-
tetragonal phase boundary near room temperature
significantly enhances piezoelectric properties by facil-
itating polarization rotation and lowering energy
barriers for domain switching. Optimal composition
(Ko.35Li0.05)(Nag.47Li0.03)(Nb.90Sbo.0 Tag.04)O3, desig-
nated KNN-LTS5, achieves a piezoelectric coefficient d3;
of 432 pC/N and a planar coupling factor k, of 0.45,
meeting the targeted benchmarks for high-performance
actuation. The integration of in situ XRD, HRTEM,
Raman spectroscopy, and EBSD enables the establishment
of a cross-scale model linking sintering parameters to
nanodomain configurations and macroscopic function-
ality. XPS and EELS analyses reveal moderate oxygen
vacancy concentrations (~7.5%) at grain boundaries,
primarily driven by Li volatility and charge compen-
sation effects, yet these do not severely compromise
insulation or aging stability. Dielectric and impedance
studies confirm relaxor-like dispersion and thermally
activated conduction mechanisms, while long-term aging
and fatigue tests demonstrate excellent reliability under
accelerated conditions. Collectively, these results under-
score the efficacy of phase boundary engmeermg as a
powerful strategy for optlmlzlng lead-free piezoceramics.
In comparison with mainstream lead-free alternatives, the

primary competitive advantage of the present Li/Sb/Ta-
KNN system is its balanced profile of high piezoelectric
response (d33 =432 pC/N; k, = 0.45), high Curie-temper-
ature headroom (T >380 C) and demonstrated aging/
fatigue robustness, which together are particularly well
aligned with semi-active suspension stacks that experience
repetitive excitation, compressive preload, and elevated
thermal exposure. While BCZT-type systems can reach
higher peak ds3; values, their comparatively low Curie
temperature places them in application scenarios where
operating temperatures and thermal drift constraints
are less stringent; likewise, BNT-BT systems are often
positioned for sensing/actuation regimes where moderate
piezoelectric coefficients and depolarization-limited
stability are acceptable. Froma production standpoint, the
present route — solid-state synthesis combined with tape
casting and 1100 °C co-firing with Ag/Pd electrodes —
leverages scalable multilayer ceramic processing, with
the principal scale-up cost/complexity drivers being
inner-electrode metallurgy (Ag/Pd), alkali volatilization
management, and co-firing yield control. Future work
will therefore prioritize (i) scale-up of tape-cast layer
uniformity and co-firing yield, (ii) extended actuator-
level qualification under combined thermal-mechanical-
electrical loading, and (iii) evaluation of emerging low-
cost inner-electrode options as a longer-term pathway to
cost reduction in industrial multilayer stacks.
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