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1. Introduction

Low-field strain-driven phase diagram of
(Big;2Naq,2)TiOz—SrTiOz—LiNbO3 lead-free relaxor
ceramics for actuator applications

Nguyen Hoang Thien Khoi®® and Nguyen Hoc Thang {2 *©

This work presents the design and systematic investigation of a new ternary system, (1 — x —
Y)(Biy2Nay2) TiOz—xSrTiOz—yLiNbO3 (BNST100x/100yLN) ceramics, which was created to address the
problems associated with high driving fields and large hysteresis in conventional (Biy»Nay,2)TiOs
(BNT)-based ceramics. The synthesis of these ceramics was achieved through a conventional solid-
state reaction route, followed by extensive characterization regarding structural evolution, phase
transition behavior, dielectric response, ferroelectric properties, and electric-field-induced strain. The
addition of LiNbOs (LN) greatly accelerates the sintering behavior kinetics allowing high densification
at lower temperatures while also causing an evident transition from non-ergodic relaxor (NER) to
ergodic relaxor (ER) states. This transition is always confirmed by (i) strong frequency dispersion and
Tm shift in dielectric spectra, (ii) progressive slimming of P-E loops with suppressed remanent
polarization, and (iii) evolution of bipolar strain from butterfly-shaped to nearly linear behavior. A
low-field (=4 kV mm™) strain-driven phase diagram was constructed based on multiple quantitative
criteria; it shows a systematic shift of the phase boundary toward the BNT-rich region upon LN
incorporation. A broad NER-ER coexistence region has been found where an optimal balance
between polarization magnitude and relaxor dynamics gives rise to a superior electromechanical
response. For example, compositions like BNST24/1LN and BNST24/2LN show big reversible strains
(~0.22-0.24%) with reduced hysteresis under a relatively low electric field of 4 kV mm™. The
enhanced performance is due to defect-mediated polarization dynamics where Li*/Nb®" co-
substitution creates oxygen vacancies and strong random fields that promote very dynamic polar
nanoregions (PNRs) and flatten the free energy landscape. This finding shows that LN is acting as an
effective phase-boundary engineering component instead of just being a passive dopant; thus, giving
a good way toward developing high-performance low-field lead-free piezoelectric actuators.

alternatives.’ Bismuth-based perovskite oxides, especially
(Biy;;Nay,)TiO; (BNT), have become one of the most promising

The fast growth of piezoelectric ceramics for precision sensors,
actuators, and electromechanical transducers has made the
need for eco-friendly materials that can match or beat the
performance of traditional lead-based systems even greater.
Pb(Zr, Ti)O; (PZT) is still the best choice for industry because it
has great piezoelectric coefficients and large strain response.
Lead is toxic, which raises serious environmental and regulatory
issues. This is why so much research is being done on lead-free
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options because they have a large spontaneous polarization,
a strong electric-field-induced strain, and a high Curie
>% In contrast to classical ferroelectrics, the
macroscopic electromechanical response in BNT-based
ceramics is primarily influenced by electric-field-induced
phase transitions rather than intrinsic piezoelectric coeffi-
cients related to long-range ferroelectric order. These materials
are commonly designated as incipient piezoceramics.>”

Even with these benefits, two big problems make it hard to
use them in real life: (i) severe hysteresis from irreversible
domain switching, and (ii) the need for high driving electric
field (usually >6 kV mm ™) to start the relaxor-to-ferroelectric
phase transition.>**® These high operating fields not only
waste energy, but they also make it harder to make devices
smaller, keep them working a long time, but work with multi-
layer actuator technologies. So, a big problem in making next-
generation lead-free piezoelectric actuators is getting them to

temperature.
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work with less electric fields while still being able to handle a lot
of strain. This necessitates meticulous regulation of the free-
energy landscape that dictates polar nanoregions (PNRs),
phase stability, and field-induced phase transitions, which
continuous to be a formidable challenge in intricate perovskite
systems. One of the most successful ways to lower the critical
electric field in BNT-based ceramics is to make solid solutions
with SrTiO; (ST). This led to the creation of (Bij;,Na;/,)TiOs-
SrTiO; (BNST) systems. Adding ST stabilizes relaxor states close
to room temperature and helps core-shell microstructure form,
which lowers the threshold field needed to create large strains
by a lot."”*®* To enhance phase stability and electromechanical
properties, ternary modifications of BNST systems have been
investigated by integrating additional perovskite components,
including BaTiO; (BT), (Biy2Ky)TiO3 (BKT), or AgNbO;
(AN).** For instance, Zhu et al. reported a large strain of 0.27%
at a reduced electric field of 4 kv mm ™" in AgNbO;-modified
BNST ceramics, demonstrating the effectiveness of composi-
tional engineering in lowering the operating field.*

Simultaneously, lithium niobate (LiNbOz;, LN), a highly
covalent ABOj;-type ferroelectric, has been integrated into
several KNN- and BNT-based systems, demonstrating efficacy in
suppressing long-range ferroelectric order while enhancing
relaxor behavior.”®**” Prior research has shown that the inclu-
sion of LN lowers the ferroelectric-relaxor transition tempera-
ture and encourages ergodic relaxor behavior by enhancing
crystallographic disorder and inducing random electric
fields.>**%**?° From a defect chemistry standpoint, the aliova-
lent substitution of Li" at the A-site and Nb>" at the B-site is
anticipated to induce charge imbalance, which can be rectified
through the creation of oxygen vacancies and cation vacancies.
These defect structures create local random fields that are very
important for keeping dynamic PNRs stable and changing the
relaxor state. Nonetheless, despite these advancements,
a comprehensive understanding of the synergistic effects of ST
and LN within a cohesive BNT-based ternary system is still
absent. The connection between defect chemistry, low-field
electromechanical response, and phase boundary evolution is
still not very clear. Moreover, the majority of current research
emphasizes high-field (>6 kv mm™') electromechanical
responses, while low-field behavior, more pertinent to practical
multilayer actuator applications, has been relatively underex-
plored. Moreover, previously published phase diagrams are
frequently developed using qualitative criteria, which do not
provide precise and uniform quantitative definitions of phase
boundaries, particularly concerning the transition from non-
ergodic relaxor (NER) to ergodic relaxor (ER) states.

To tackle these problems, this study presents and methodi-
cally examines a novel ternary relaxor system, (1 — x —
y)(BiysNay /) TiO3-xSrTiO3-yLiNbO; (BNST100x/100yLN).
Unlike earlier research that only looked at LN as a simple
dopant, this shows that it can do more than one thing at once,
such as changing phase stability, defect chemistry, and micro-
structural evolution. Specifically, the addition of LN is shown to:
(i) control the defect structure through aliovalent substitution
and charge compensation, which improves random fields and
PNR dynamics; (ii) move the phase boundary toward the BNT-
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rich side, which opens up the compositional window for
creating large strain, (iii) encourage liquid-phase-assisted sin-
tering, which lowers the processing temperature and increases
densification, and (iv) stabilize the ergodic relaxor state at room
temperature, which allows for large reversible strain under
a low electric field of 4 kv mm ™. A significant contribution of
this study is the development of a low-field strain-driven phase
diagram founded on quantitative criteria obtained from polar-
ization, strain, and dielectric responses. This method gives
a better physical picture of how phases change than traditional
high-field diagrams. This study establishes a comprehensive
structure-property—-performance relationship by correlating X-
ray diffraction analysis, dielectric relaxation, polarization
behavior, and strain response.

Although LN has been identified as a phase-boundary-
regulating component in other systems, including BNT-BT
and BNT-BKT,*** its function in the BNST ternary system is
still inadequately investigated. BNT-BT systems depend on
morphotropic phase boundary effects, but BNST systems are
heavily affected by A-site disorder and core-shell microstruc-
tures. This study elucidates a specific mechanism through
which LN synergistically interacts with the BNST matrix to
facilitate improved low-field electromechanical performance.
This research illustrates that the BNST-LN ternary system serves
as a promising foundation for the advancement of next-
generation lead-free piezoelectric actuators, presenting
a distinctive amalgamation of defect-engineered phase regula-
tion, low-field operation, and improved strain performance.

2. Experimental procedure

2.1. Materials preparation

This study produced a series of ceramic powders made up of
(1 — x — Y)(BiypNay,)TiO3-xSrTiO3-yLiNbO; (denoted as
BNST100x/100yLN, with x values of 0.22, 0.24, and 0.26, and y
values of 0, 0.01, 0.02, and 0.03) using a standard solid-state
reaction method. The raw materials used were very pure:
Bi,O; (99.9%), Na,CO; (99%), TiO, (99.9%), SrCO; (99.9%),
Li,CO3 (99.99%), and Nb,Os5 (99.9%) (High Purity Chemicals,
Japan). The initial powders were weight according to the plan-
ned stoichiometric composition and mixed in ethanol with ZrO,
balls for 24 hours to make sure they were all mixed together
evenly. The mixtures were dried and then calcined at 850 °C for
2 hours. After being heated, the powders were ball-milled in
ethanol for 24 hours and then dried.

The powders were then pressed under a uniaxial pressure of
98 MPa into the pellet samples with 12 mm diameter and 2 mm
thickness. To keep Bi and Na from evaporating during sinter-
ing, the pellets were buried in sacrificial powder of the same
type and put in sealed alumina crucibles. Depending on the
composition, sintering took place at temperatures between
1050 and 1175 °C for 2 hours. After sintering, selected samples
were crushed into powders for phase analysis, and all samples
were annealed at 400 °C for 30 minutes to relieve residual stress
and eliminate possible oxygen vacancy gradients prior to elec-
trical measurements.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2. Characterization techniques

X-ray diffraction (XRD, Ultima IV, Rigaku, Japan) with CuKa
radiation (A = 1.5406 A) was used to look at the ceramics’ phase
structure. The diffraction data were gathered within a suitable
20 range to ascertain phase purity and structural evolution. The
highest intense diffraction peak was used to find out the crys-
tallite size (D), lattice strain (¢), and dislocation density (6). In
which, the crystallite size (D) was determined via the Scherrer
equation:

D= KA
" Bcosd

where K is the shape factor (0.9), A is the X-ray wavelength, § is
the full width at half maximum (FWHM), and @ is the Bragg
angle.

In addition, the lattice strain (¢) was determined using the
following equation:

e B
4 tand

And the dislocation density (6) was determined as follows:

62?

Bragg's law was used to find the lattice parameter (a) of the
pseudocubic perovskite structure, and the atomic packing
factor (APF) was used to measure how tightly packed the
structure was. Also, the refined lattice parameter was used to
figure out the lengths of the bonds between atoms, such as the
distances between A and O, B and O, and A and B. This gave us
an idea of how the structure was distorted in certain places.

Field-emission scanning electron microscopy (FE-SEM, JSM-
6500 F, JEOL, Japan) was used to look at the microstructure of
the sintered ceramics. A ferroelectric test system was used to
measure the polarization-electric field (P-E) and strain-electric
field (S-E) hysteresis loops at 1 Hz (aixPES, aixACCT Systems
GmbH, Germany). In addition, temperature-dependent dielec-
tric permittivity was measured using a precision LCR meter
(E4980AL, Keysight, USA) over frequencies of 1 kHz, 10 kHz, and
100 kHz. The measurements were conducted in a temperature-
controlled chamber with a heating rate of 2 °C min~*. All
electrical measurements were performed on silver-electrode
samples to ensure good electrical contact and reproducibility.

3. Results and discussion

3.1. Sintering behaviors of BNST100x/100yLN ternary system
via shrinkage and relative density

Fig. 1 illustrates how the shrinkage and relative density values
of BNST100x/100yLN ceramics with different amounts of LN
compare, when they are sintered at temperatures of 1050 °C and
1175 °C. The ceramics sintered at 1175 °C without any LN
changes show a shrinkage rate of about 16% and a high relative
density of 96-98%. On the other hand, those that were sintered
at 1050 °C without LN show a much lower shrinkage rate of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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about 8-9%, which means that they did not get dense enough at
lower temperatures. It is interesting to note that when LN is
added, the samples that were sintered at 1050 °C have
shrinkage rates and relative densities similar to those of the
undoped samples that were sintered at the higher temperature
of 1175 °C. This clearly shows that adding LN to BNST ceramics
improves their sintering behavior, which makes them much
denser at much lower temperatures.

The addition of LN appears to act as an effective sintering
aid, promoting densification at lower temperatures. This
behavior can be explained by improved mass transport
processes such as lattice diffusion and grain boundary migra-
tion, which are necessary for densification.*** Specifically, Li-
containing species are known to promote defect-assisted
diffusion, whereas Nb incorporation may modify the local
bonding environment and lower diffusion barriers. Moreover, it
is plausible to assert that the partial emergence of a transient
liquid phase linked to Li-containing compounds (e.g., Li,COs-
derived species) may facilitate the augmented densification
behavior. This kind of sintering with the help of a liquid phase
can help particles move around and speed up the movement of
mass along grain boundaries. It is important to note, though,
that direct microstructural evidence (like observing the phase at
the grain boundary or mapping the composition) is needed to
fully confirm this mechanism.

The reported enhancement in densification aligns with prior
studies on BNKT-based lead-free relaxor materials, wherein the
inclusion of LN similarly lowered the sintering temperatures
and improved microstructural uniformity.” It is important to
note that better densification will likely have a direct effect on
electrical properties. This is because higher density lowers
dielectric loss due to porosity and makes the electric field
distribution more even. From a structure-property standpoint,
the capacity to attain elevated density at reduced sintering
temperatures is especially beneficial for regulating grain growth
and defect distribution, which are essential determinants
influencing relaxor behavior and electromechanical perfor-
mance. So, LN not only helps with sintering, but it also plays
a big role in shaping the microstructure that will affect the
electrical and strain responses that will be talked about in the
next sections.

3.2. Phase structure and XRD analysis

Fig. 2 shows the XRD patterns of the sintered BNST100x/100yLN
ceramics with only one type of cubic perovskite structure. This
is further corroborated by the lack of splitting in any peaks
except K,,, a consistent finding in other BNT-based
materials.'*'4?$-3133-3¢ The XRD patterns was used to evaluate
for the crystallographic structure and phase evolution of the
BNST100x/100yLN ceramics in a systematic way. This study
focused on quantitative peak analysis to look at phase stability
and structural changes caused by adding LiNbO; (LN). All
compositions display a single-phase perovskite structure,
indexed to a pseudocubic symmetry with space group Pm3m
(No. 221), devoid of detectable secondary phases within the
instrumental resolution. This observation validates the effective

RSC Adv, 2026, 16, 26173-26189 | 26175
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Fig. 2 XRD patterns of BNST100x/100yLN ceramics, (a) BNST22/
100yLN, (b) BNST24/100yLN, and (c) BNST26/100yLN ceramics.

integration of SrTiO; and LiNbO; into the (Biy;,Nay,)TiOs
lattice, resulting in a continuous solid solution throughout the
examined compositional spectrum. Instead of the usual quali-
tative XRD analysis, a detailed quantitative evaluation was done
using the strongest diffraction peak (around 26 = 32.4°), which
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is the pseudocubic (110) reflection in BNT-based systems
(Fig. 3(a—c)). The structural parameters were calculated like full
width at half maximum (FWHM), crystallite size (D), lattice
parameter (a), lattice strain (), dislocation density (), atomic
packing factor (APF), and interatomic bond lengths (Ls-o, Lg-o,
and L, g) to get a better understanding of how the structure
changes over time.

3.2.1 Peak characteristics and crystallite size evolution.
The FWHM values drop a lot when LN is added, especially for
the BNST22 and BNST24 compositions. This means that the
crystals are more ordered and less disordered at the nanoscale.
For instance, the FWHM goes down from 0.2240° (BNST22-000)
to about 0.16-0.17° in LN-modified samples (Table 1). This
means that the size of the crystallites goes up from about
36.9 nm to about 50 nm (Fig. 3(d—f)). The pattern holds true for
all compositional series, which means that adding LN to the
mix encourages grain growth at the crystallite level, even though
SEM analysis shows that the overall grain size is getting smaller.
The discrepancy between crystallite size (XRD) and grain size
(SEM) suggests that LN facilitates a refined microstructure
characterized by smaller grains formed from larger coherent
domains. Many investigations reported about this kind of
behavior in BNT-based relaxor systems, where dopants help
with densification and crystallization while stopping abnormal
grain growth.

3.2.2 Changes in the lattice parameter and phase
boundary. The lattice parameter (a) exhibits slight yet consis-
tent fluctuations in relation to both SrTiO; and LN content,
varying from approximately 3.894 A to 3.902 A. Even though the
change seems small, it is important for perovskite systems
because even small changes in the lattice can have a big effect
on polarization behavior and phase stability. When LN was
added at 0.01 mol to BNST22 compositions, the lattice param-
eter goes down a little bit and then stays the same. This shows
that the lattice is getting smaller because smaller Li* ions are
taking the place of Ti*" ions at the A-site and Nb°" ions at the B-
site. In contrast, BNST26 compositions show slightly larger
lattice parameters (~3.898-3.902 A) because SrTiO; is more
stable in a cubic lattice. The change in lattice parameters is an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The diffraction peak of (110) plane for ceramic samples of BNST 22 (a), BNST 24 (b), BNST 22 (c), and crystallite size (nm), lattice constant

(A) of ceramic samples of BNST 22 (d), BNST 24 (e), BNST 22 (f).

important piece of evidence that LN moves the phase boundary
toward the BNT-rich side. The diminished lattice distortion in
LN-modified BNST22 and BNST24 compositions indicates
improved cubicity and the suppression of long-range ferro-
electric distortion, characteristic of ergodic relaxor behavior.
3.2.3 Microstrain and structural disorder caused by
defects. When LN was added, the lattice strain (¢) goes down
a lot, especially in BNST22, where ¢ goes from about 3.36 x 107>
to about 2.4-2.5 x 10~ °, The same thing happens in the BNST24
and BNST26 systems. This drop in microstrain shows that
internal stresses are easing and the structure is becoming more
uniform. Simultaneously, the dislocation density (¢) drops a lot,
from about 73 x 10 * A~* in BNST22-000 to between 37 and 43
x 107* A™? in LN-modified samples. This decrease indicates

© 2026 The Author(s). Published by the Royal Society of Chemistry

that LN functions as a defect-regulating agent, promoting defect
elimination and diminishing crystallographic flaws. The addi-
tion of aliovalent ions (Li* and Nb>") will always cause point
defects, especially oxygen vacancies (V), to balance the charge.
These defects cause local structural heterogeneity and random
electric fields. XRD does not directly show these, but they show
up as relaxor behavior in dielectric and ferroelectric measure-
ments. So, the decrease in microstrain that was seen does not
mean that there is no local disorder. Instead, it shows a change
from long-range strain fields to short-range structural hetero-
geneity, which is in line with the formation of polar nano-
regions (PNRs).

3.2.4 Atomic packing factor and bond length analysis. The
atomic packing factor (APF) stays pretty much the same (~0.675-

RSC Adv, 2026, 16, 26173-26189 | 26177
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FWHM 2-Theta  Crystallite Lattice constant, Lattice strain ¢ Lao Lgo Lag
Sample ) ©) size (nm)  a (A) (e x 107%) (x102A™%)  APF 4) N (Bi/Na-Ti) (A)
BSTN 22-000 0.2240 32.4347  36.9320 3.9006 3.3607 73.3154 0.6752  2.7581 1.9503 3.3780
BSTN 22-001 0.1607 32.4858 51.4972 3.8946 2.4065 37.7079 0.6783 2.7539 1.9473 3.3729
BSTN 22-002 0.1725 32.4669 47.9746 3.8968 2.5846 43.4488 0.6772 2.7555 1.9484  3.3748
BSTN 22-003 0.1680 32.4874  49.2683 3.8944 2.5152 41.1970 0.6784  2.7538 1.9472  3.3727
BSTN 24-000 0.2297 32.4709  36.0205 3.8964 3.4420 77.0729 0.6774  2.7552 1.9482  3.3744
BSTN 24-001 0.1796 32.4852 46.0670 3.8947 2.6902 47.1216 0.6783 2.7540 1.9474 3.3729
BSTN 24-002 0.1676 32.4772  49.3758 3.8956 2.5105 41.0178 0.6778 2.7546 1.9478 3.3737
BSTN 24-003 0.1639 32.4622  50.4732 3.8974 2.4570 39.2535 0.6769  2.7559 1.9487 3.3752
BSTN 26-000 0.2171 32.4499  38.1141 3.8988 3.2550 68.8379 0.6761 2.7569 1.9494  3.3765
BSTN 26-001 0.2050 32.4188 40.3678 3.9025 3.0763 61.3755 0.6742 2.7595 1.9512 3.3796
BSTN 26-002 0.1713 32.4494  48.3114 3.8989 2.5680 42.8451 0.6761 2.7569 1.9494  3.3765
BSTN 26-003 0.1799 32.4679  45.9831 3.8967 2.6965 47.2938 0.6772  2.7554 1.9484 3.3747

0.678) for all compositions. This means that the overall packing
efficiency of perovskite lattice stays the same even when the
composition changes. This stability shows that adding LN does
not change the basic structure of the perovskite. Bond length
analysis gives us more useful information. The A-O bond length
(La-o) goes down a little when LN is added, which shows that
smaller Li* ions are being added to the A-site. The B-O bond
length (Lp_o) stays pretty stable (about 1.947-1.951 A), which
means that the octahedral framework is only slightly disturbed.
On the other hand, the distance between A and B (L,_g) changes
slightly in ways that are related to changes in lattice parameters
and phase evolution. These changes suggest that the local strain
and bonding environment have been redistributed. This is very
important for changing the system's free energy landscape.

3.2.5 Implications for phase evolution and relaxor
behavior. The combined structural parameters give strong
indirect proof that the LN caused a change in phase stability.
Specifically, bigger crystallites lead to better structural coher-
ence. Lower microstrain and dislocation density lead to better
structural uniformity. A little bit of lattice contraction and bond-
length change alter the polarization environment. These
changes work together to stop long-range ferroelectric order
and encourage the formation of PNRs that change over time.
This is in line with what was seen in electrical measurements
when the system went from non-ergodic relaxor (NER) to
ergodic relaxor (ER) states. The lack of peak splitting in char-
acteristic reflections like {111} and {200} is a clear sign that the
structure is pseudocubic. It is important to note, though, that
XRD alone may not be able to fully find small changes in the
local structure of relaxor systems. Consequently, the present
analysis concentrates on peak broadening, lattice parameter
evolution, and derived structural parameters to deduce phase
behavior.

The observed structural evolution aligns with prior findings
on BNT-based ternary systems. For example, adding LN to BNT-
BT and BNT-BKT systems has been shown to reduce lattice
distortion and stabilize relaxor phases by increasing chemical
disorder and random fields. Adding SrTiOj; is also known to
make cubic symmetry more likely and lower the critical field for
phase transition. The BNST-LN ternary system shows a more
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gradual and controllable change in structure than these other
systems. This is shown by the systematic changes in lattice
parameters and microstrain. This indicates that LN functions
not only as a dopant but also as a phase-boundary regulator,
facilitating precise adjustments to the energy landscape. The
current XRD analysis offers significant insights into structural
evolution; however, it is recognized that additional methods,
including Raman spectroscopy, or transmission electron
microscopy, would yield more direct evidence of local structural
heterogeneity and phase coexistence. These methods are sug-
gested for subsequent research to enhance the validation of the
proposed mechanism. Quantitative XRD analysis verifies that
all BNST100x/100yLN ceramics retain a single-phase pseudo-
cubic perovskite structure while demonstrating systematic
structural evolution upon LN incorporation. The decrease in
microstrain and dislocation density, along with slight changes
to the lattice and bond lengths, strongly suggests that LN affects
the stability of phases. These structural changes explain the
change from non-ergodic to ergodic relaxor behavior and back
up the idea that the phase boundary is moving toward the BNT-
rich area.

3.3. Microstructure evolution and grain size analysis

Fig. 4 shows the polished and thermally etched surfaces of the
BNST100x/100yLN ceramics. For pure BNST without LN modi-
fication (Fig. 4(a—c)), the samples display dense microstructures
featuring well-defined grains and grain boundaries, signifying
efficient densification at elevated sintering temperatures. It is
well known that the BNT-based ceramics usually densify best
between 1150 °C and 1200 °C'****3* which is what this study
was conducted. Dense microstructures are also seen in LN-
modified BNST ceramics (Fig. 4(d-1)), even in samples that
were sintered at lower temperatures. This confirms that adding
LN makes sintering much better, as the shrinkage and density
results already showed. However, it is important to note that
achieving complete densification in BNT-based ceramics at
lower temperatures typically necessitates improved mass
transport mechanisms.

The presence of Li-containing species is linked to the role of
LN in encouraging densification. It is hypothesized that Li,CO;

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Polished and thermally-treated surface images of BNST100x/100yLN ternary, (a—c) y = 0, (d—f) y = 0.01, (g-i) y = 0.02, (j-1) y = 0.03.

acts as a raw precursor, breaks down into Li,O and CO, at high
temperatures by the following reaction:
Li,CO; 0 ¢ Li,O + CO, T, with Li,O may act as a fluxing agent
that helps mass transport.* In this case, LN may facilitate
a liquid-phase-assisted sintering (LPS) process that improves
the rearrangement of particles and the diffusion of grain
boundaries. Nonetheless, it is crucial to underscore that direct
microstructural evidence of a residual liquid phase (e.g., grain
boundary films or compositional segregation) is absent in the
current SEM images. Consequently, LPS is regarded as a plau-
sible contributing mechanism rather than a definitive conclu-
sion, in alignment with prior reports.*® One thing that stands
out about the microstructure is that the grain size get smaller as
the LN content goes up. Quatitative grain size analysis (based on
statistical measurements from multiple SEM images) shows
that the average grain size for BNST22/100yLN decreased
consistently from 4.25 pm to 1.6 pm with increasing LN content.
The BNST24/100yLN and BNST26/100yLN compositions also

© 2026 The Author(s). Published by the Royal Society of Chemistry

show a similar trend of decreasing, which shows that adding LN
has a general effect of refining grains.

The smaller grains have a big effect on how the ceramics work.
Smaller grains naturally make the density of grain boundaries
higher. These boundaries act as mechanical barriers to the
movement of domain walls and make long-range ferroelectric
domains less stable. From a thermodynamic point of view, the
increased interfacial energy and mechanical clamping effects
break the continuity of polarization, which makes it more likely
that nanoscale polar regions will form. As a result, grain size
refinement and the chemical disorder caused by aliovalent Li* and
Nb** substitution work together to break up large ferroelectric
domains into dynamic polar nanoregions (PNRs). This micro-
structural confinement effect is very important for keeping the
ergodic relaxor state stable. So, the decrease in grain size that was
seen is not just a microstructural effect of adding LN; it is also
a key factor in the change from non-ergodic relaxor (NER) to
ergodic relaxor (ER) behavior. This transition is directly associated

RSC Adv, 2026, 16, 26173-26189 | 26179
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Fig.5 Temperature-dependent permittivity (¢,) and dielectric loss (tan 6) of the BNST100x/100yLN ceramics, (a—c)y =0, (d-f)y =0.01, (g-i)y =

0.02, (j-) y = 0.03.

with the improved low-field strain response noted in the BNST-LN
system, as elaborated in subsequent sections.

3.4. Dielectric properties and relaxor behavior

The temperature-dependent permittivity (¢,) and dielectric loss
(tan 6) of BNST100x/100yLN ceramics are shown in Fig. 5. All the
samples have a very large frequency dispersion, which is usually
found in relaxor ferroelectrics. As seen clearly from Fig. 5(a-1),
the curves of dielectric permittivity give a broad maximum, and
the related peak temperature (7,,) moves to higher tempera-
tures with an increase in measurement frequency (from 1 kHz
to 100 kHz). This shift of T;,, with frequency is a typical feature
of relaxors and indicates that there are polar nanoregions
(PNRs) having a wide range of relaxation times. For the undo-
ped compositions (y = 0, Fig. 4(a-c)), a relatively sharp dielectric
peak is observed, indicating that more pronounced ferroelectric
character has limited relaxor dispersion. As LN content
increases from y = 0.01 to y = 0.03 in figures d through 1, the
dielectric peaks broaden progressively and become more
diffuse along with increasing frequency dispersion. This
evolution indicates a gradual transition from long-range ferro-
electric ordering toward a relaxor state dominated by dynamic
PNRs. The transition temperature from ferroelectric (FE) to
relaxor (RE), referred to as Ty g in BNST100x/100yLN ceramics
decreases systematically with increasing LN content. The
specific Tr_r values for BNST22, BNST24, and BNST22/1LN

26180 | RSC Adv, 2026, 16, 26173-26189

ceramics are approximately 54 °C, 35 °C, and 32 °C, respec-
tively. No distinct, Tr_gx anomaly can be noted for the compo-
sitions of BNST26/100yLN ceramics modified with LN or those
with BNST24 compositions modified by LN or even for the
composition of BNST22 having more than 1 mol% of LN
content. This means that Tr_y has shifted below room temper-
ature for these compositions indicating a fully ergodic relaxor
state at ambient conditions.

Alongside the shift in Ty, systematically reduced peak
sharpness and enhanced frequency dispersion with increasing
LN content further confirm strengthening of relaxor behavior.
Broadening dielectric peaks as well as suppression character-
istics of distinct phase-transition signatures indicate reduced
polarization correlation length and increased local structural
heterogeneity. The dielectric characteristics at the microscopic
level are basically the same as those from compositional
disorder and defect-induced random fields due to aliovalent Li"
and Nb’* substitution. These effects interrupt long-range
ferroelectric ordering and encourage the formation of nano-
scale PNRs that can respond dynamically to external electric
fields. The enhanced dynamics of PNRs allow reversible polar-
ization switching, which is necessary to achieve large electro-
strain under low electric fields. So, the decrease in Ty_ Observed
and also the enhanced frequency dispersion show that LN
incorporation changes the dielectric response of BNST ceramics
by inducing a transition from an ergodic relaxor (ER) state to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a non-ergodic relaxor (NER) state near or below room temper-
ature. This behavior has been observed and consistent with
previously in dopant-modified BNT-based systems'®3:33-3537:38
and serves as strong dielectric evidence for phase evolution and
strain behavior discussed in later sections.

3.5. Ferroelectric properties and polarization evolution

Fig. 6 illustrates the polarization hysteresis (P-E) loops of
BNST100x/100yLN ceramics under an electric field of 4 kv
mm ', The derived parameters, including maximum polariza-
tion (Pmax), remanent polarization (P;), and coercive field (Ec),
are listed in Table 2. For the undoped BNST22 ceramic
(Fig. 6(a)), a well-saturated ferroelectric loop was observed with
Prax, Pr, and Ec values of =34 pC ecm™2, =23 puC cm™ 2, and
=~1.7 kv mm ", respectively. This indicates that a stable non-
ergodic relaxor (NER) state with long range ferroelectric
ordering exists. As LN is introduced, the systematic evolution of
P-E loops characterized by progressive loop slimming, reduced
hysteresis, and decreasing P, and E takes place. Specifically,
BNST22/2LN (Fig. 6(g)) shows a greatly narrowed hysteresis loop
with P, falling down to about 5 uC cm™~* and E¢ much lower than
before (0.12 kv mm™"). It should be noted though that this
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hysteresis opening, meaning it does not completely convert into
a normal ergodic relaxorER state. The presence of leftover
ferroelectric features together with relaxor-like slim behavior
indicates that BNST22/2LN sits in an intermediate phase region
between where non-ergodic relaxor (NER) and ergodic relaxor
(ER) states coexist.

More LN addition (for instance, BNST22/3LN, Fig. 5(j)) leads
to very nearly linear P-E loops with almost negligible P, which
mean that which means that a fully ergodic relaxor state has
been achieved. The same trend in development can be noticed
in the case of BNST24/100yLN ceramics; here, one can see
a gradual transformation from a clearly defined hysteresis loop
into narrow almost linear dependence with increasing content
of LN. For BNST26/100yLN (Fig. 6(c, f, i and 1)), the P-F loops is
already pinched at low P, and E¢ values of ~4.7 uC cm > and
~0.4 kv mm ', respectively, for the un-doped composition of
BNST26. This indicates that the system is basically close to an
ergodic relaxor (ER) state; thus, adding LN will further suppress
remanent polarization response. The systematic transition from
square-like ferroelectric loops to slim linear ones for all
compositions is a clear proof of an actual compositional change
from NER to coexistence to ER states. It matches perfectly with
dielectric results (Fig. 5); that is, Tr_r progressively decreases
while frequency dispersion increases, meaning long-range
ferroelectric order destabilizes and dynamic polar nano-
regions (PNRs) develop.

From defect chemistry, the stabilization of the ER state when
LiNbO; is added can be understood through the synergistic
actions of Li* and Nb>" substitution. Li* ions take up part of the
A-site (replacing Bi**/Na‘/Sr”") and Nb>" replaces Ti*" at the B-
site (Nb;). This aliovalent co-doping creates local charge
imbalance and defect dipoles which can be balanced by oxygen
vacancies and/or local lattice distortions. These defects produce
random electric fields that prevent long-range ferroelectric
ordering. Consequently, the polarization coherence length is
shortened to a large extent; this means that macroscopic
ferroelectric domains will be fragmented into nanoscale PNRs.
It will be more so with grain size refinement (as seen in SEM
analysis), whereby an increase in grain boundary density
applies mechanical constraints on the growth of domains. The
joint actions of chemical disorder and microstructural
confinement flatten the free energy landscape, thus reducing
the energy barrier for polarization reorientation. The coexis-
tence behavior that has been discussed above for BNST22/2LN
may simply be viewed as a transitional state wherein partially
frozen PNRs (NER-like) coexist with dynamic PNRs (ER-like).

. . . . 1 1 -1
composition still has some remanent polarization and weak These PNRs under an applied electric field of 4 kv mm™" can
Table 2 Derived parameters from polarization and strain curves for the BNST100x/100yLN ceramics

BNST22/100yLN BNST24/100yLN BNST26/100yLN
Yy 0 0.01 0.02 0.03 0 0.01 0.02 0.03 0 0.01 0.02 0.03
Prax (1C cm™?) 34 31 21 14 38 34 28 15 35 23 21 14
P, (1C cm™?) 23 23 5 3.4 24 14 5.9 2.9 4.7 5.6 5.3 2.2
E. (kv mm’l) 1.7 1.6 1.2 0.7 0.9 0.9 0.8 0.6 0.4 0.8 0.6 0.4
Smax (%) 0.09 0.12 0.23 0.05 0.12 0.24 0.22 0.05 0.25 0.22 0.18 0.05
Smax/Emax (pmM Vil) 225 300 575 125 300 600 550 125 625 550 450 150

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reversibly reorient but do not form stable long-range domains;
hence, hysteresis is reduced and reversibility is enhanced. Thus,
this loop evolution, from saturated ferroelectric to slim relaxor
behavior, is direct experimental evidence for the LN-induced
transition from NER to ER states. Such a transition is very
important in getting large reversible strain at low electric fields
since it involves field-induced polarization reconfiguration
instead of irreversible domain switching.

3.6. Strain behavior and low-field electromechanical

performance

Fig. 7 presents the bipolar electric-field-induced strain (S-E)
loops of BNST100x/100yLN ceramics measured at an applied
electric field of 4 kv mm™". In this work, the term “low-field”
refers to an electric field that is less than or equal to 4 kv mm ™,
which is much lower than the normal operating fields for
conventional BNT-based ceramics (greater than 6 kv mm™%).
This particular range of fields has relevance when considering
practical multilayer actuator applications where reduced
driving voltage would enhance reliability and allow for minia-
turization of devices. For the compositions of BNST22/100yLN
(Fig. 7(a, d, g and j)), the un-doped sample with y = 0 exhibits
a typical butterfly-shaped S-E loop with large negative strain;
this is representative of NER behavior related to ferroelectric
domain switching under the influence of an electric field. On
introducing LN at y = 0.01, the negative strain reduces slightly,
indicating partial destabilization of long-range ferroelectric
domains. At y = 0.02, the shape of the loop changes towards
a more shallower butterfly form, which indicates that relaxor
behavior has started. For y = 0.03, the S-E loop becomes almost
linear with very little negative strain, which shows that it is
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changing to an ergodic relaxor state where reversible polariza-
tion processes dominate.

The same butterfly-to-linear evolution occurs in BNST24/
100yLN ceramics (Fig. 7(b, e, h and k)). The un-doped sample
BNST24 sample shows a strong ferroelectric response with large
negative strain. With the addition of LN at y = 0.01, the strain
behavior starts to change towards something more relaxor-like,
characterized by less hysteresis and higher maximum strain.
The most important result here is that at y = 0.02, BNST24/2LN
reaches its highest maximum strain value under 4 kVv mm ™,
reaching approximately 0.23%, with significantly suppressed
negative strain indicating an optimal balance between polari-
zation magnitude and reversibility corresponding to a transi-
tional state between NER and ER phases. The un-doped
BNST26/100yLN ceramics as shown in Fig. 7(c, f, i and 1) already
reveal weak butterfly characteristics and low negative strain,
hence proving their proximity to the ergodic relaxor state as
confirmed by P-E loop analysis. With increasing LN content, S—
E loops become more linear, and maximum strain, reduces
slightly indicating stabilization of a fully ER state with reduced
polarization amplitude.

From a structure-property point of view, the change from
butterfly-shaped to almost linear S-E loops represent a basic
shift in how strain is caused-from irreversible domain switching
(NER state) to reversible PNR reorientation (ER state). This
transition matches perfectly with the dielectric results
(decreasing Ty_r) and the P-E loop evolution (loop slimming),
confirming the progressive stabilization of the ergodic relaxor
state with increasing LN content. Therefore, in compositions
like BNST24/2LN where enhanced strain response is seen, it can
be attributed to an optimal coexistence of polar order and
disorder, where enough polarization is kept while greatly
lowering the energy barrier for polarization switching. This
allows large reversible strain at low electric fields and makes the
BNST-LN system very promising for next generation low voltage
piezoelectric actuator applications.

3.7. Low-field strain-driven phase diagram

The low-field strain driven phase diagram of BNST100x/100yLN
ceramics is shown in Fig. 8, which was develop through an in-
depth integration of dielectric, polarization, and strain
responses measured at a maximum electric field of 4 kv mm ™.
The phase diagram is different from traditional ones that are
established under high electric fields (>6 kv mm ") because it
aims to reflect realistic opening conditions for multilayer
actuators. Therefore, it constitutes a more application-relevant
framework for assessing the stability of phases and the perfor-
mance in electromechanics for BNT-based systems. An impor-
tant aspect of the proposed phase diagram is that it shows
a systematic movement of the morphotropic phase boundary
toward the side rich in BNT with increasing In content. This
change clearly proves that In does not just act as a passive
dopant but plays an active role in stabilizing the ergodic relaxor
(ER) state. This migration of phase boundaries fully agrees with
what has been observed structurally and microstructurally and
described in earlier sections. Specifically, XRD analysis revealed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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BNST100x/100yLN ternary system in the range of 0.20-0.26 mol ST
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increased lattice disorder and subtle lattice contraction; SEM
results demonstrated significant grain size refinement, and
dielectric as well as polarization measurements confirmed the
suppression of long-range ferroelectric ordering. These
combined effects promote dynamically reconfigurable polar
nanoregions (PNRs), which are stabilized by ER phases.

For qualitative and possibly inconsistent phase classifica-
tion, the phase boundaries in Fig. 8 were determined based on
a set of five mutually consistent quantitative criteria derived
from convergent electromechanical signatures. First, remanent
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polarization (P,) was used as a primary indicator; values greater
than ~10 pC cm™? would correspond to non-ergodic relaxor
(NER) behavior while those below ~5 pC ecm ™ would indicate
ER characteristics. Second, substantial reduction in coercive
field (E.), especially below ~1 kv mm™", was taken as evidence
for enhanced relaxor behavior due to lowered domain-switching
barriers. Third, the morphology of the P-E hysteresis loops was
interpreted in detail, where saturated loops are NER states, slim
and almost linear loops are ER states, and pinched loops
represent intermediate or coexistence behavior. Fourth, the
presence or absence of negative strain in bipolar S-E curves was
taken as a structural marker: pronounced negative strain means
NER; vanishing negative strain means ER; partial negative
strain indicates transitional states. The normalized strain
response (Smax/Emax) Was used finally to pick out the high-
performance region, with peak values in the range of ~500-
700 pm V' corresponding to compositions very close to the
phase boundary. These criteria applied together make sure that
the phase diagram is based not on one parameter but on
a strong and reproducible multi-parameter framework
responding to rigor and consistency among the properties.
One of the most important improvements made in this work
is clearly identifying an explicit coexistence region between
classical NER and ER phases as shown in Fig. 9. This interme-
diate region corresponds to an energy landscape where long-
range ferroelectric domains coexist with dynamic PNRs
(Fig. 9). The composition BNST22/2LN that previously looked

Low-field phase diagram of BNST-LN ceramics
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Fig. 9 Low-field (4 kV mm™Y) phase diagram of BNST-LN system.
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inconsistent when judged by individual measurements gets very
clear identification here for belonging to this coexistence
region. Its hybrid electromechanical response strongly supports
this classification: the P-E loop shows a highly pinched and
narrowed shape typical of ER behavior while in the corre-
sponding S-E curve there is still some residual negative strain
which indicates an NER character. Also, this composition has
an intermediate remanent polarization value (P, = 5 pC cm™?)
exactly at the boundary between two regimes. This confirms that
BNST22/2LN is indeed a mixed state system with dynamic PNRs
dominating under low fields but where a small fraction of
frozen ferroelectric domains still contributes to strain hyster-
esis. The inclusion of this coexistence region addresses the
discrepancies and gives a physically meaningful explanation for
transitional compositions.

The phase diagram captures the compositional evolution
from NER to ER behavior with increasing LN content, following
the path NER to coexistence to ER as shown in Fig. 9. Increasing
SrTiO; (ST) content (x) also stabilizes ER but through a different
mechanism involving lattice softening and core-shell micro-
structure formation. The combination of ST and LN moves
ferroelectric-to-relaxor transition temperature (7yg) down
below room temperature, increases chemical disorder and
random electric fields, and stabilizes highly dynamic PNRs.
More importantly, LN moves the phase boundary toward lower
ST content so that ER behavior can be achieved in more BNT-
rich compositions. This is good because it means that the
system can keep fairly high polarization levels while also
lowering the needed operating electric field. A broad high-strain
compositional window is clearly delineated within the phase
diagram under a low-field condition of 4 kv mm ™. It is this
region that we have highlighted in Fig. 8, and it corresponds to
compositions with a maximum strain (Spax) of =0.22%, which

03 BNST22/100yLN  BNST24/100yLN BNST26/100yLN
@ (b) ©
0.2
0.1 / f
O.OM
O3 © ®
\? 0.2
?_/ 0.1 /
g 00
< 03 h -
b 0.2 (g/ (b (i)
0.1
0.0
0 ) 0
0.2
0.1
o = — s
01 2 3 4 0 1 2 3 4 01 2 3 4
Electric field (kV/mm)
Fig. 10 Unipolar electric-field-induced strain curves of the

BNST100x/100yLN ceramics, (a=c) y =0, (d-f) y = 0.01, (g—i) y = 0.02,
(-0 y = 0.03.

26184 | RSC Adv, 2026, 16, 26173-26189

View Article Online

Paper

is actually critical for actuator applications. The best composi-
tions lie in between BNST24/1LN and BNST24/2LN, while
BNST22/2LN happens to be at the edge of this high-
performance area. Herein, S,.x attains some value between
0.22-0.24%, and normalized strain response goes up to about
~550-600 pm V', when hysteresis has been much reduced as
compared with classical ferroelectric compositions; that means
better performance due to an optimal balance between struc-
tural instability permitting large strain generation and ergodic
relaxor dynamics ensuring reversibility under low electric fields.

The phase diagram is valid based on the unipolar strain
behavior in Fig. 10. In the NER region, unipolar S-E curves show
almost linear behavior at low strain values (~0.09-0.12%),
indicating that conventional domain switching mechanisms
dominate. The coexistence compositions have the largest strain
values (~0.23-0.24%) (Table 2), proving that maximum elec-
tromechanical response takes place close to the phase
boundary. For fully developed ER region compositions, an even
larger drop in strain response (~0.05%) indicates suppression
of polarization magnitude despite highly reversible PNR
dynamics; this trend strongly experimentally validates that the
coexistence region is indeed optimal for balancing polarization
magnitude and reversibility. From a mechanism point of view, it
is field-induced reconfiguration of polar nanoregions that
governs enhanced strain performance in the coexistence region
rather than irreversible ferroelectric domain switching. The
addition of LN brings in considerable defect chemistry and
lattice disorder which together flatten free-energy landscapes
and reduce energy barriers between different polarization
states. As such, PNRs become very dynamic and can now
respond reversibly to electric fields as small as =4 kV mm™".
This mechanism can account for the simultaneous reduction in
hysteresis, increase in energy efficiency, and improvement of
strain reversibility seen in optimized compositions. It would
also imply better fatigue resistance and cycling stability which
are very important for practical actuator applications.

Finally, Table 3 shows how the BNST-LN system’s electro-
mechanical performance compares to that of the best BNT-
based ceramics. The current system attains a substantial
strain of approximately 0.22-0.24% at a modest electric field of
4 kv mm™'. This performance is comparable to AgNbO;-
modified BNST systems (around 0.27% at 4 kV mm™") and
markedly exceeds that of conventional BNT-BT systems,**™*!
which generally necessitate significantly higher fields (about 7
kv mm ) to reach similar strain levels.*® The normalized strain
(~600 pm V™) is also very competitive, and the compositional
tolerance is much wider. These results clearly show that LN
works not only as a dopant but also as an effective phase-
boundary engineering component. This makes it possible to
make high-performance, low-field actuators in BNT-based
ceramics.

3.8. Defect chemistry and mechanism

To describe the basic source of the seen shift from non-ergodic
relaxor to ergodic relaxor behavior in BNST-LN ceramics, it is
necessary to create a defect-chemistry-driven framework that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of electromechanical strain performance in recent lead-free BNT-based ceramics

System Stmax Emax Normalized strain (Smax/Emax) Reference
AgNbO;-modified 0.76BNT-0.24ST (BNST-AN) 0.27% 4kvmm™" (40 kV em™%) ~700 pm V" 38
La,CoMnOg-modified BNT-BT6.5 (BNT-BT-LCMO) 0.22% 7kvmm " (70 kV em ) 328 pm V! 39
MnO,-modified BNT-24ST 0.18% 2 kv mm™* 902 pm V! 40
Pure BNT-BT with LN doping 0.60% 7kvmm ' (70 kV em ™) ~857 pm V' 30
(BNT-ST)-LN ~0.24% 4 kv mm™" ~600~-700 pm V! This study

consistently links aliovalent substitution, lattice disorder,
polarization dynamics, and macroscopic electromechanical
response. In the current system, the addition of LiNbOj; intro-
duces simultaneous A-site and B-site substitutions that greatly
change the local charge balance and structural heterogeneity of
the perovskite lattice. These defect-mediated changes are key in
making long-range ferroelectric order unstable and allowing
relaxor behavior under low electric fields. From a crystallo-
graphic view, the parent BNST system has a cubic perovskite
structure where the A-site is statistically filled by Bi*, Na*, and
Sr** ions while Ti*" sits at the B-site. With LN added, Li" ions
mostly take up space at A-site; Nb>* replaces Ti*" at B-site. This
dual-site aliovalent substitution creates a significant local
charge imbalance that needs compensation for maintaining
overall electroneutrality. In oxide ceramics processed at high
temperatures, such compensation is usually achieved through
the formation of oxygen vacancies even though A-site vacancies
and defect associations might contribute locally. Within Kro-
ger-Vink notation, this can be described as coexistence between
donor-type defects (Nb;;) and acceptor-type defects (Li,), with
oxygen vacancies (V) being the main charge compensators.

The formation of oxygen vacancies is further enhanced by Bi
and Na volatility during sintering as well as the existence of Li-
containing precursors which lead to local non-stoichiometry.
This means that BNST-LN lattice turns out to be a very defect-
rich system with strong local electrostatic inhomogeneity.
These charged defects and their spatial distribution create very
strong random electric fields that prevent dipoles from aligning
cooperatively needed for long-range ferroelectric order to set up.
Instead of macroscopic ferroelectric domains, the system
prefers the emergence of nanoscale correlated polarization
regions known as polar nanoregions (PNRs). The strength and
spatial distribution of these random fields are directly governed
by the concentration of aliovalent dopants (Li* and Nb**), the
density of oxygen vacancies, and intrinsic A-site compositional
disorder in BNT-based systems. In BNST-LN ceramics, it is
a highly heterogeneous electrostatic landscape that exists due to
multi-valence A-site cations (Bi**/Na*/Sr**/Li*) together with B-
site substitution (Nb>*/Ti**). Such an environment reduces
significantly the correlation length of polarization and favors
dynamically fluctuating PNRs. This behavior perfectly agrees
with enhanced frequency dispersion in dielectric measure-
ments and progressively reducing ferroelectric-relaxor transi-
tion temperature (Tr_r) as LN content increases.

The transition from NER to ER behavior can therefore be
interpreted as a direct consequence of increasing defect-
induced disorder and the associated evolution of PNR

© 2026 The Author(s). Published by the Royal Society of Chemistry

dynamics. In the NER state, PNRs are relatively large and
partially frozen at room temperature, requiring a sufficiently
high electric field to align into long-range ferroelectric domains.
This results in characteristic features such as saturated or
pinched P-E loops, large remanent polarization, and
pronounced negative strain in bipolar S-E curves. However, as
the LN content increases, the density of defects and random
fields becomes sufficiently high to fragment these PNRs into
smaller highly dynamic entities; thus, the system enters an ER
state where PNRs may reversibly reorient under low electric
fields without establishing stable long-range order. This evolu-
tion is experimentally evidenced by transforming P-E loops
systematically from saturated to slim and nearly linear shapes
with marked reductions in remanent polarization and coercive
field plus disappearance of negative strain in S-E curves. From
this perspective, the transition induced by defects can be viewed
as a gradual flattening of the free energy landscape. In classical
ferroelectrics, the free energy profile has deep and well-defined
minima corresponding to stable polarization states, separated
by high energy barriers. However, when compositional disorder
and defect dipoles are introduced into the BNST-LN system,
these energy barriers become significantly reduced resulting in
a shallow highly degenerate energy landscape. The resulting
flattening of the landscape allows continuous rotation of
polarization and redistribution among many local minima
which gives rise to large electromechanical responses at
substantially lower electric fields. This means that the strain
mechanism changes from irreversible domain switching
towards reversible field-induced reconfiguration of PNRs -
a hallmark feature of relaxor ferroelectrics.

This mechanism is consistent with the enhanced low-field
strain performance observed in compositions located near the
NER-ER boundary such as BNST24/1LN and BNST24/2LN. The
composition achieves an optimal balance between residual
polarization magnitude and dynamic relaxor behavior in these
materials; hence large reversible strain (about 0.22% to 0.24%)
can be generated at just 4 kV mm ™" with very little hysteresis. It
should be noted that this behavior agrees with phase diagram
analysis since coexistence region corresponds to flattened free
energy landscape enabling efficient field-induced polarization
reconfiguration. Further insight into the defect-structure-prop-
erty relationship can be obtained by correlating these findings
with structural results and microstructural results presented
earlier. The XRD analysis indicates a stable cubic average struc-
ture with subtle variations in lattice parameters and reduced
microstrain which suggest long-range structural distortion
suppression. Observations from SEM systematically show
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decreasing grain size as more LN content is added; this increases
grain boundary density thus introducing more mechanical
constraints that destabilize ferroelectric domain formation even
further. Defect-induced random fields synergistically enable
formation of highly dynamic PNRs under such microstructural
conditions. Simultaneously, dielectric data show strong
frequency dispersion and the downward shift of Ty, while
polarization and strain data indicate a gradual transition from
ferroelectric-like to relaxor-like behavior. These results provide
strong experimental support for the proposed defect-mediated
mechanism. It should also be emphasized that the transition
from NER to ER happens over a finite compositional range; hence
there is a coexistence region characterized by mixed polarization
states. An exemplary case is BNST22/2LN, which shows both ER-
like slim P-E loops and residual NER-like negative strain. This
apparent contradiction can be rationalized in terms of spatial
heterogeneity in defect distribution and local structure that leads
to regions with different degrees of stabilization for the polari-
zation. In such compositions, dynamic PNRs dominate the
polarization response under low fields, while a fraction of frozen
domains persists and contributes to strain hysteresis. This
coexistence state corresponds to a transitional free energy land-
scape and plays an important role in achieving maximum elec-
tromechanical performance.

While this defect chemistry model provides a physically
consistent interpretation of what has been observed, it can be
noted that this is primarily inferred from macroscopic
measurements. Direct characterization techniques such as
transmission electron microscopy, Raman spectroscopy, or
synchrotron-based local structure analysis would give more
insight into the spatial distribution of defects and PNRs.
However, strong correlation between structural, dielectric,
polarization, and strain data gives much credence to the
proposed mechanism. LiNbO; doping in BNST ceramics leads
to aliovalent Li'/Nb>" substitutions creating oxygen vacancies
with strong random electric fields that inhibit long-range
ferroelectric order and facilitate dynamic polar nanoregions.
This disorder induced by defects flattens the free energy land-
scape allowing reversible polarization reconfiguration as well as
large strain under low electric fields. The resulting transition
from NER to ER behavior provides a robust mechanistic basis
for the enhanced low-field electromechanical performance
observed in the BNST-LN ternary system.

3.9. Structure-property-performance correlation

To fully grasp the improved low-field electromechanical
response in BNST-LN ceramics, it is essential to create a single
correlation that connects crystallographic structure, defect
chemistry, polarization dynamics, and macroscopic strain
behavior. In this system, such a connection can be coherently
built by linking structural features revealed through X-ray
diffraction (XRD) with defect-induced local heterogeneity,
formation and evolution of polar nanoregions (PNRs), and
finally the observed strain performance under low electric
fields. XRD analysis shows that all compositions studied crys-
tallize into one-phase pseudocubic perovskite with space group

26186 | RSC Adv, 2026, 16, 26173-26189

View Article Online

Paper

Pm3m; therefore, secondary phases are absent proving that
LiNbO; has been successfully incorporated into BNST lattice.
Though this structural simplicity seems apparent, detailed
quantitative analysis brings out subtle but significant changes
in lattice parameters, lattice strain and crystallite size with
varying LN content. The progressive reduction of lattice strain
and dislocation density along with the stabilization of the lattice
parameter is indicative of long-range lattice distortion being
suppressed. It is a transition from relatively distorted ferro-
electric framework to more symmetric pseudocubic configura-
tion. Such transition should not be understood as an increase in
conventional ferroelectric order but rather weakening long-
range polar coupling while short-range correlations still exist
and are preserved. This interpretation gets further support from
microstructural observations where grain size refinement
together with increased grain boundary density introduces
additional constraints for extended ferroelectric domains to
develop. Hence, the XRD-derived structural evolution estab-
lishes the first critical step in the correlation, namely trans-
forming the lattice from a long-range ordered ferroelectric state
to a structurally averaged but locally heterogeneous relaxor
framework.

Building on this structural skeleton, defect chemistry takes
center stage in controlling the local polarization map. The
addition of LiNbO; brings aliovalent substitutions at both the A
and B sites, with Li* taking the place of Bi**/Na*/sr** and Nb>*
substituting for Ti*". This substitution at two different sites
creates a local charge imbalance that is mainly balanced by
oxygen vacancy formation during processing at high tempera-
tures. The resulting defect complexes together with intrinsic A-
site compositional disorder provide very strong local electro-
static fluctuations usually referred to as random fields. These
random fields disrupt coherence over long ranges for dipole
alignment and prevent stabilization of macroscopic ferroelec-
tric domains; instead, the system prefers forming nanoscale
regions of correlated polarization called polar nanoregions. The
strength of such random fields increases with LN content since
more PNRs form as indicated by increased frequency dispersion
in dielectric measurements plus a continuous drop in remanent
polarization and coercive field seen from P-E loops. Therefore,
what structural evolution was found by XRD should be inter-
preted together with defect chemistry: an apparent reduction in
lattice distortion actually corresponds not to a more ordered
ferroelectric state but rather a transition toward some defect-
dominated locally heterogeneous environment favoring PNR
formation.

The dynamic behavior of these PNRs under an applied
electric field provides the direct link between microscopic
structure and macroscopic electromechanical response. In
compositions located within the non-ergodic relaxor regime,
PNRs are relatively large and partially frozen at room tempera-
ture, requiring substantial electric fields to align into long-
range ferroelectric domains. This results in characteristic
features such as saturated or pinched P-E loops and
pronounced negative strain in bipolar S-E curves. However, as
the LN content increases, the enhanced defect-induced random
fields reduce the correlation length of PNRs and increase their

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dynamic nature. In this ergodic relaxor regime, PNRs can easily
reorient and redistribute under relatively small electric fields
without developing a stable long-range order. This transition is
very much reflected in the change of electromechanical
behavior, where the butterfly-shaped strain loops gradually
become almost linear and reversible responses with a big
reduction in hysteresis. The maximum electromechanical
response occurs close to the NER-ER boundary because here
there is an optimal balance between the size of residual polar-
ization and mobility of PNRs. In this coexistence region, the
system has enough polarization to produce large strain, while
the flattened energy landscape allows fast and reversible field-
induced reconfiguration of PNRs.

From a thermodynamic point of view, this can be explained
by thinking about how the free energy landscape gets more and
more flat because of defect chemistry and structural disorder. In
normal ferroelectrics, deep energy wells keep different polari-
zation states stable because they are separated by high barriers;
thus, domain switching is irreversible with high hysteresis. On
the other hand, BNST-LN has a shallow and very degenerate
energy landscape where many polarization states are separated
by low energy barriers. This flattening makes it easy for
continuous polarization rotation and redistribution among
PNRs under low electric fields to allow large reversible strain.
The link between PNR dynamics and strain response is there-
fore direct and basic: more dynamic and weakly correlated
PNRs mean better conversion of electrical energy into
mechanical deformation under low-field conditions.

The structure-property-performance relationship integrated
in this study can therefore be described as an ongoing, mutually
dependent sequence. A pseudocubic framework with sup-
pressed long-range distortion is defined by structural evolution
derived from XRD; defect chemistry introduces oxygen vacan-
cies along with strong random fields that destabilize long-range
ferroelectric order; these random fields assist the dynamic
behavior and formation of PNRs; finally, field-induced reconfi-
guration of PNRs controls macroscopic strain response. This is
a unified framework that is entirely in agreement with the
experimental findings through various characterization tech-
niques regarding the decrease in lattice strain, grain structure
refinement, increased dielectric dispersion, narrowing of P-E
loops, and change from butterfly-type to reversible strain
behavior.

Significantly, this correlation gives a direct clear design
principle for improving low-field actuator performance. The
BNST-LN system does not use the conventional morphotropic
phase boundary systems which depend mainly on crystallo-
graphic phase coexistence but rather employs defect-mediated
polarization dynamics in order to obtain an excellent electro-
mechanical response. By adjusting aliovalent substitution and
defect concentration, the system can be brought into the NER-
ER coexistence region where structural instability and
dynamic polarization interplay for maximum strain at reduced
electric fields. This method increases electromechanical
performance, widens compositional tolerance, and improves
processing reliability as well as scalability for real-world appli-
cations. The low-field strain enhancement in BNST-LN ceramics

© 2026 The Author(s). Published by the Royal Society of Chemistry
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results from a synergistic interaction between structural evolu-
tion, defect chemistry, and PNR dynamics. The transition from
long-range ferroelectric order to a dynamically disordered
relaxor state allows efficient and reversible electromechanical
coupling at low electric fields which gives solid physical
consistency for the next generation of lead-free piezoelectric
actuators.

4. Conclusion

This work provides a detailed study of the structural, dielectric,
ferroelectric, and electromechanical properties of (1 — x —
9)(Biy/oNa, ,)TiO;-xStTiO;~yLiNbO; (BNST100x/100yLN)
ceramics with an emphasis on low-field strain performance and
phase evolution. The simultaneous incorporation of SrTiOj; (ST)
and LiNbO; (LN) into the BNT matrix has been demonstrated as
an effective method for tuning the balance between ferroelectric
order and relaxor behavior. The main discovery is that the
addition of LN causes a gradual shift in the morphotropic phase
boundary toward the BNT-rich side, which coincides with
a clear transition from non-ergodic relaxor to ergodic relaxor
states. This transition is always supported by dielectric disper-
sion behavior, lowering of ferroelectric-relaxor transition
temperature (Tg_g), gradual narrowing of P-E hysteresis loops,
and changes in strain responses from butterfly-type to almost
linear characteristics. The enhanced relaxor behavior is funda-
mentally governed by defect chemistry associated with Li*/Nb>*
co-substitution which creates oxygen vacancies and strong
random fields; these two factors disrupt long-range ferroelectric
order and promote dynamic polar nanoregions (PNRs). The free
energy landscape flattens so that reversible polarization recon-
figuration can happen under low electric fields.

A low-field strain-driven phase diagram generated with
multiple quantitative criteria defines phase boundaries in
a physically robust way. A separate NER-ER coexistence region is
reported where compositions such as BNST22/2LN show mixed
behavior and serve as a transition boundary. It is within this
region that the polarization and relaxor dynamics compete
optimally to give the maximum electromechanical response.
The best performance among all compositions is seen for
BNST24/1LN and BNST24/2LN, which achieve large reversible
strain (~0.24%) at a relatively low electric field of 4 kV mm ™"
with less hysteresis. The present BNST-LN ceramics compare
favorably in terms of the strain levels achieved as compared to
previously reported BNT-based systems; they do so under lower
operating fields and with better compositional tolerance. This
work establishes LN incorporation as an efficient pathway for
phase-boundary engineering and defect-mediated property
tuning in BNT-based ceramics. The results presented herein
offer a firm basis for the future design of next-generation lead-
free piezoelectric materials with high strain output under
practical low-field conditions.
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