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ABSTRACT: Lead-free (Bii2Na12)TiO; (BNT)-based incipient piezoelectrics are highly promising for high strain actuators, but the

high electric fields (4 ~ 6 kV/mm) required for activation limit practical device integration. In the current literature, large strains are

frequently attributed to local structural variations like microscopic core-shell architectures. This work systematically investigates an

alternative pathway by introducing A-site Strontium (Sr) excess non-stoichiometry into 0.74(Bii;Naq,)TiO3—0.26SrTiO; (BNST26)

ceramics. Microstructural and X-ray diffraction analyses reveal highly dense, uniform matrices completely devoid of micro-scale core-

shell boundaries or macroscopic symmetry distortions, revealing that Sr non-stoichiometry diverges from typical Bi-excess

mechanisms. Interestingly, despite negligible variations in overall macro-scale strain behavior across the composition series, a peak

normalized strain (Smax/Emax) Of approximately 804 pm/V is achieved at a low driving field of 2 kV/mm for the 1 mol% Sr-excess

specimen (x = 0.010). These results indicate that while Sr non-stoichiometry weakly influences nanoscale stability, it can be inferred

that subtle modifications of local defect configurations optimize switching energy barriers, enabling high-strain, low-drive-field

performance in lead-free relaxors.

KEYWORDS: Lead-free piezoceramics, A-site Sr-excess, Polar nanoregions (PNRs), Threshold electric field, Large electromechanical

strain

The urgent global mandate to replace commercial lead-based
piezoelectric ceramics, such as lead zirconate titanate (Pb(Zr,Ti)Os;
PZT), stems from severe environmental toxicity and the significant
health hazards associated with lead volatilization during high-
temperature processing [1-3]. Among various lead-free alternatives
under intensive investigation, bismuth sodium titanate-based
((Bi12Na12)TiO3; BNT) ceramics have emerged as exceptionally
promising candidates. These systems are highly celebrated for
their abnormally large electromechanical strain capabilities,

positioning them as prime candidates for next-generation actuating

devices and precision positioning applications [4-6].

Despite their massive strain potential, the practical engineering
integration of BNT-based ceramics remains restricted by a critical
technological bottleneck. Specifically, excessively high threshold
electric fields (= 4 ~ 6 kV/mm) are typically required to trigger
their large electromechanical response. This massive field
requirement stems from the energy barrier associated with forcing
the material from an unpolarized state into a long-range ordered
ferroelectric phase. Consequently, optimizing these “incipient”

piezoelectrics [5-10] to lower the threshold operating fields while
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maintaining giant unipolar strain performance remains the most
critical hurdle facing contemporary relaxor ceramic research.
Recently, prominent advancements in the literature have highlighted
chemical heterogeneity as a viable route to tune these threshold
landscapes. Specifically, elegant work focusing on Bismuth (Bi)
non-stoichiometry demonstrated that intentionally introducing an
A-site Bi-excess can effectively suppress atomic diffusion during
thermal sintering [11]. This controlled diffusion successfully
“freezes” local chemical imbalances, establishing microscopic
core-shell structures [11-14] that serve as a powerful structural
strategy to stabilize giant electromechanical strains. Extending this
conceptual framework to the strontium-modified BNT system, this
study builds an exploratory design path to investigate whether
intentionally introducing A-site Strontium (Sr) excess non-
stoichiometry would act as a similar microstructural or phase-
boundary lever to control electromechanical performance.

To systematically investigate this potential pathway, this work
comprehensively evaluates the structural and electromechanical
implications of intentional A-site Strontium (Sr) excess non-
stoichiometry in lead-free 0.74(Bi12Nai2)TiOs—0.26SrTiO3 (BNST26)
ceramics. We evaluate the material's bulk sinterability through
precise measurements of linear shrinkage and relative density.
Furthermore, the evolution of crystal structures and surface micro-
structures are tracked using X-ray diffraction (XRD) and field-
emission scanning electron micros-copy (FE-SEM) to explicitly
look for signs of phase purity and micro-scale structural variations.
Finally, temperature-dependent dielectric spectra, ferroelectric
polarization loops, and unipolar strain curves are analyzed to
clarify the exact impact of Sr-excess on the electromechanical
properties and field sensitivity of the BNST26 ceramics. Through
this systematic approach, this study establishes a foundational
baseline for understanding the boundary constraints of non-
stoichiometric A-site engineering in lead-free relaxor ceramics.
Lead-free strontium-excessed bismuth sodium titanate-strontium
titanate ceramic specimens, with the nominal composition of
0.74(Bi12Nai2)TiO3—-0.26(Sr1+x) TiO3 (abbreviated as Sr-excessed
BNST26 ceramics or Srl+x, where x =0, 0.005, 0.010, and 0.015),
were synthesized using a conventional solid-state reaction
technique. Reagent-grade oxide and carbonate powders of Bi2O3
(99.99%), Na2CO3 (99.0%), TiO2 (99.99%), and SrCO3 (99.9%),
all sourced from High Purity Chemicals, Japan, were utilized as
the raw starting materials. These constituent powders were
accurately weighed according to the stoichiometric proportions
required for each composition. The weighed mixtures were ball-
milled in an ethanol medium for 24 h using stabilized ZrO>

grinding balls. The resulting wet slurries were subsequently dried

in a drying oven at 100°C for 24 h.

Following complete drying, the powder aggregates were thoroughly
crushed and calcined in a furnace inside covered alumina crucibles
at 850°C for 2 h, using a constant heating rate of 5 °C/min. The
calcined powders were subjected to a second 24 h ball-milling
process in ethanol and dried under identical conditions. Polyvinyl
alcohol (PVA) aqueous solution was then incorporated as a
temporary binding agent during granulating. The granulated
mixtures were uniaxially pressed into disk-shaped green compacts
with a diameter of 12 mm under a molding pressure of 98 MPa.
These green pellets were placed in covered alumina crucibles and
sintered at 1,175°C for 2 h in ambient air, maintaining a heating
rate of 5 °C/min.

Bulk sinterability was evaluated by tracking the linear shrinkage,
and the experimental bulk densities of the sintered disks were
determined using the Archimedes immersion method with an
electronic densimeter (SD-120 L, A&D, Japan). The crystal
structures and phase evolution were verified by an X-ray
diffractometer (XRD, Ultima, Rigaku, Japan) over a 20 range of
20° ~ 80°. Microstructural details were observed on polished and
thermally etched cross-sections of the ceramic specimens via field-
emission scanning electron microscopy (FE-SEM, JSM-6500F,
JEOL, Japan).

For the electrical characterization, the sintered samples were
systematically polished down to a parallel thickness of 1 mm.
Conductive silver paste was screen-printed onto both parallel disk
faces and baked at 700°C for 30 min to establish electroded
surfaces. To verify the ferroelectric-to-relaxor transition behavior
(T¥R), selected samples were poled at room temperature in a
silicone oil bath under a direct current (DC) field of 4 kV/mm for
15 min. Temperature- and frequency-dependent dielectric constant
(&) and dielectric loss (tand) profiles were recorded for both poled
and unpoled samples over a wide frequency spectrum (1 ~ 100 kHz)
using an automated high-temperature prober system connected to
a Precision LCR Meter (E4980AL, Keysight, USA). Finally, the
electric-field-induced polarization hysteresis (P—E) and bipolar/
unipolar strain (S—£) curves were measured at a driving frequency
of 1 Hz in a silicone oil bath using a modular aixACCT
ferroelectric test system (aixPES, aixACCT, Germany).

Figure 1 illustrates the bulk sinterability indicators and the baseline
room-temperature dielectric properties of the Srl+x ceramics
plotted against the nominal A-site Strontium excess concentration.
As shown in Fig. 1(a), all ceramic specimens demonstrate
excellent densification behavior, maintaining highly competitive
linear shrinkage values between approximately 15% and 16%

regardless of the shifting stoichiometry. Concurrently, the
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Fig. 1. (a) Sinterability behaviors (linear shrinkage and relative density) and (b) room-temperature dielectric properties (& and tand) of Srl+x

ceramics as a function of Sr-excess content

calculated relative densities consistently exceed 94% across all
compositions. A slight, monotonic decrease in bulk relative density
is discernible, dropping from its peak value at x = 0 toward the
highly modified x = 0.015 sample. However, all values remain well
within the acceptable boundaries for dense bulk perovskite
matrices [S]. This confirms that the selected sintering temperature
of 1,175°C was highly appropriate.

Figure 1(b) displays the corresponding room-temperature dielectric
constant (¢r) and dielectric loss (tand) profiles evaluated as a
function of the A-site Sr-excess content. Interestingly, the baseline

dielectric constant shows an exceptionally stable trend, fluctuating

narrowly around a value of =250 as the non-stoichiometry changes.

This high degree of stability indicates that the structural integrity
of the underlying perovskite lattice is well preserved, and that
excess Strontium does not induce substantial macroscopic phase
the

dielectric loss remains steadily low and uniform, staying bounded

transformations at room temperature. Simultaneously,
between 4.6% and 5.1% across all samples. This consistently low
tand behavior correlates well with the high relative density data
from Fig. 1(a), verifying that the introduction of A-site Strontium

excess does not generate highly mobile leakage paths or severe

macro-scale degradation mechanisms within the BNST26 ceramics.

Figures 2(a) ~ (d) present the field-emission scanning electron
microscopy (FE-SEM) images taken from the thermally etched
surfaces of the Sr1+x specimens. Interestingly, the microstructural
developments reveal a clear distinction from recent literature
regarding A-site non-stoichiometry. While reports on Bismuth (Bi)
excess frequently show the formation of distinct microscopic core-
shell boundaries to stabilize strain [11-13], the introduction of A-
site Strontium (Sr) excess exhibits a fundamentally different

behavior. Across all levels of x, the ceramic matrices display a
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Fig. 2. Surface microstructures (top) and XRD patterns (bottom)
of the Sr1+x ceramics as a function of Sr-excess content: (a) x =0,
(b) x =0.005, (c) x = 0.010, (d) x = 0.015, and the corresponding
20 range of (e) 20 ~ 80°, (f) ~ 40°, (g) 46 ~ 47°

visually uniform and clean morphology without any discernible
micro-scale core-shell structural networks. Instead, a highly dense,
well-sintered, and homogeneous grain distribution is stabilized
across all compositions. This observation demonstrates that the
structural pathway induced by Sr-excess non-stoichiometry

diverges from the typical Bi-excess mechanism in this relaxor
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Fig. 3. Temperature-dependent dielectric constant (&) and dielectric loss (tand) behaviors of poled (solid line) and unpoled (dashed line) Sr1-x
ceramics at various frequencies (1, 10, and 100 kHz): (a) x =0, (b) x = 0.005, (¢) x = 0.010, and (d) x = 0.015

environment. Consequently, it indicates that the prominent low-
field electromechanical responses obtained in this system originate
from an alternative nanoscale mechanism rather than micro-scale
boundary phase segregation.

To verify whether this structural uniformity and chemical
homogeneity persist down to the lattice level, X-ray diffraction
(XRD) analysis was performed. As shown in the X-ray
diffractograms in Fig. 2(e), all compositions exhibit a pure single
perovskite structure with no detectable traces of secondary or
impurity phases. Detailed examinations of the selected 26 regions
around the (111) reflection at = 40° (Fig. 2(f)) and the (200)
reflection at around 46.5 (Fig. 2(g)) reveal highly symmetric,
single peaks across all modified samples. No evidence of distinct
peak splitting is observable, save for the standard Koz peaks. This
behavior confirms a macroscopically (pseudo) cubic phase,
showing that the solid solution structure remains stable without
experiencing symmetry distortions or macro-scale phase segregation
as the non-stoichiometry changes.

Figure 3 presents the temperature-dependent dielectric constant (er)
and dielectric loss (tand) behaviors of both poled and unpoled
Srl+x ceramics across a frequency range of 1 to 100 kHz. All
compositions exhibit classic relaxor ferroelectric characteristics,
marked by a broad, frequency-dispersive dielectric maximum (7m)
extending around 180 ~ 200 °C [5,7,8]. As indicated by the green
arrows labeled £, increasing the measurement frequency results in

a downward shift of & and a corresponding upward shift in tand at

lower temperatures. A critical observation is the near-perfect
overlap between the curves of the poled (solid lines) and unpoled
(dashed lines) specimens across the entire measured temperature
range, even for the unmodified x = 0 specimen. In typical non-
ergodic relaxor (NER) systems, electric-field poling induces a
long-range, stable ferroelectric phase that destroys relaxor
dispersion at room temperature, causing a massive mismatch
between poled and unpoled dielectric behaviors below the
ferroelectric to relaxor transition temperature (7Fr) or the
depolarization temperature (74) [8]. The absence of any
discernable dielectric splitting or anomaly in Fig. 3 confirms that
these Srl+x ceramics were stabilized with dynamic ergodic relaxor
(ER) state at room temperature. Because the field-induced
ferroelectric phase immediately reverts back to the disordered ER
state upon removing the electric field, the internal status of
ceramics are dominated by highly mobile PNRs rather than deeply
frozen macro-domains [7,8]. This fully supports our microstructural
observations in Fig. 2. Without a frozen matrix or micro-scale
core-shell boundaries to stabilize long-range order, the system
maintains a highly sensitive free-energy boundary (AE), laying the
exact physical foundation for low-field electromechanical strain
activation [15].

To evaluate the impact of A-site Strontium excess on the
electromechanical performance, the large-field polarization and
strain responses were systematically measured at room temperature.

As illustrated in Fig. 4(a), the polarization hysteresis (P-£) loops
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Fig. 4. (a) Electric-field-induced polarization (P-E) hysteresis loops, (b) bipolar strain (S-E) curves, and (c) unipolar strain (S-E) (under varying
applied fields of 2 ~ 4 kV/mm) curves of Srl-x ceramics: (i) x = 0, (ii) x = 0.005, (iii) x = 0.010, and (iv) x = 0.015

Table 1. Electromechanical properties (Smax, Smay/Emax, and d3) of Srl-+x ceramics as a function of Sr-excess content

Smax Smax/Emax d33
(%) (pm/V) (pC/N)
4
Applied electric field (kV/mm) 2 3 4 2 3 4 .
(poling field)
0 0.14 0.22 0.24 710 642 529 23
0.5 0.13 0.16 0.20 641 545 456 25
Sr content (mol %)
1.0 0.16 0.22 0.24 804 675 590 24
1.5 0.15 0.22 0.25 732 646 543 23

under a driving field of 4 kV/mm exhibit pinched shapes with well-
suppressed remanent polarization (Pr) values, while the corresponding
bipolar strain (S-E) curves in Fig. 4(b) display a classic symmetric
“sprout-like” geometry. These synchronized features confirm the
complete dominance of a highly dynamic ergodic relaxor state
across all compositions. Most notably, the unipolar strain (S-E)
curves in Fig. 4(c) reveal nearly identical strain magnitudes and
low-field activation characteristics regardless of the increasing
Strontium excess concentration. Consequently, even though a
drastic change in the overall strain behavior or the stabilized phase
status is not revealed across the composition series, a maximum
normalized strain (Smax/Emax) of approximately 804 pm/V is
achieved at a low driving field of 2 kV/mm for the 1 mol% Sr-
excess specimen (x = 0.010). When cross-referenced with the

microstructural data in Fig. 2, this negligible variation in

electromechanical performance provides a key physical insight.
Because the excess Strontium does not influence the formation of
microscopic core-shell structures or alter the local phase boundaries, it
exerts a minimal footprint on the overall macroscopic strain output.
Consequently, these results demonstrate that an A-site excess
strategy using Strontium cannot replicate the structural or
electromechanical tuning effects typically observed with Bismuth
excess. This clear divergence highlights that the chemical nature
of the A-site modifier is highly specific, meaning that Strontium
non-stoichiometry weakly influences the nanoscale stability in the
BNST26 system.

To understand how nominal Strontium non-stoichiometry is
accommodated within the perovskite lattice without inducing core-
shell structures or macro-scale phase transitions, the underlying

defect chemistry and polar nanoregion (PNR) dynamics must be
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considered. When nominal excess St is incorporated into the A-
site of the BNST26 matrix, lattice neutral balance is maintained
primarily via the formation of A-site cation vacancies (Va", Vxa, or

Vi"), which can be expressed as:

2SrQ —2NTmax 28X + 205 +V, (1)

Unlike Bismuth-excess strategies that establish severe chemical
gradients and microscopic core-shell structures, Strontium excess
functions as a mild point-defect modifier within the ergodic relaxor
matrix. At an optimal concentration of 1 mol% (x = 0.010), these
localized A-site vacancies (Va) and subtle ionic radii misfits (Sr>*
vs. Bi**/Na*) can disrupt local elastic constraints around the
dynamic PNRs. Therefore, it is suggested that this localized
disorder flattens the internal free-energy landscape, lowering the
energy barrier for field-induced PNR reorientation without altering
the macroscopic cubic symmetry.

In summary, the structural and electromechanical implications of
intentional A-site Strontium excess non-stoichiometry were
systematically investigated in lead-free 0.74(Bii2Nain)TiOs—
0.26S1TiOs (BNST26) ceramics. X-ray diffraction and microstructural
analyses revealed that the excess Strontium does not induce macro-
scale phase segregation or the formation of microscopic core-shell
structures, confirming a highly dense and structurally stable
perovskite lattice. Correspondingly, large-field electromechanical
measurements demonstrated that the characteristic ergodic relaxor
state and overall unipolar strain curves remain remarkably uniform
across the investigated composition series. Nevertheless, a peak
normalized strain (Smay/Emax) of approximately 804 pm/V was
successfully achieved under a low driving field of 2 kV/mm for the
1 mol% Sr-excess specimen (x = 0.010). This performance
suggests that while Strontium non-stoichiometry only weakly
affects the system's nanoscale stability, it likely optimizes the
energy barriers for polar nanoregion (PNR) switching through
local defect variations. These findings demonstrate a practical,
low-field optimization pathway that works without needing micro-
scale chemical heterogeneity, setting a clear boundary for non-

stoichiometric engineering.
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