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Abstrak

Natrium Bismut Titanat (Nay.sBie.sTiO3, NBT) ialah bahan ferroelekirik bebas plumbum yang
berpotensi tinggi, namun kesan parameter pemprosesan terhadap sifat struktur dan
dielekiriknya masih kurang difahami. Kajian ini menyelidiki kesan empat kaedah
pencampuran:tanpa pengisaran bola, pencampuran dan pengisaran, pengisaran
sederhana, dan pencampuran berintensiti singkat, terhadap sifat seramik NBT yang disintesis
melalui tindak balas pepejal dan disinter pada 1150 °C. Hasil kajian menunjukkan bahawa
pencampuran yang lebih baik meningkatkan ketulenan fasa dan kehomogenan strukiur.
Kaedah pencampuran berintensiti singkat menghasilkkan seramik dengan puncak sinar-X
tajam bagi fasa rombohedral R3¢ serta ketumpatan relatif yang tinggi (73-921%). Ciri-ciri ini
berkait rapat dengan sifat dielektrik yang cemerlang, termasuk permitiviti tinggi (2000-6000
pada 1 kHz, 300 °C) dan suhu Curie yang stabil (320 °C). Kajian ini menekankan kepentingan
pencampuran dalam mengoptimumkan hubungan strukturssifat  seramik NBT serta
menyediakan panduan praktikal bagi pemprosesan peranti ferroelekirik bebas plumbum
berprestasi tinggi.

Kata kunci: Natrium Bismut Titanat (NBT), kaedah tindak balas keadaan pepejal, struktur, sifat
dielekirik
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1.0 INTRODUCTION

NBT has gained substantial interest as a possible lead-
free ferroelectric material due to its attractive dielectric
properties and environmental benefits. It behaves as a
critical lead-free electronic material because its R3c
space group represents a rhombohedral perovskite
structure, enabling multiple ferroelectric  and
piezoelectric effects [32]. The worldwide interest in NBT
as a lead-free alternative primarily stems from initiatives
to eliminate PZT from electronics due to environmental
constraints and health-related requirements [28]. There
is stil a need for more insight info how processing
variables during mixing affect the microstructure
formation and performance results of NBT. The deficit in
understanding the effects of processing history on
ceramic material functional behavior remains crucial
because ceramic properties result mainly from their
production procedures.

Recent studies have shown that opfimized mixing
parameters can significantly alter the nucleation and
growth mechanisms of ceramic powders and therefore
affect the crystallinity, grain size, and phase purity. It is
well known that enhanced mixing improves the
homogeneity of the precursor blend and thus reduces
problems such as bismuth volatilization and secondary
phase formation which can otherwise degrade the
dielectric properties of NBT. Najah Rhimi et al. [32]
reported that improved crystallinity, as indicated by
sharper X-ray diffraction (XRD) peaks, is directly
correlated with superior dielectric properties, including
a high dielectric constant of 3871 at the Curie
temperature [32]. Likewise, Mesrar et al. [24] noticed
that the crystallinity and dielectric response are
correlated for NBT. The value of the dielectric constant
ranges between 3203 and 3383 at high temperatures
(450°C). This suggests that the NBT-based ceramics do
rely on the confrolled optimal stoichiometry of their
mixed elements to achieve better ceramic
performance.

Pal et al. [28] observed that the Curie temperature
of NBT at 1 kHz was 320°C, and they attributed this
phase transition with an intrinsic one regardless of the
different processing routes employed, even though
near-peak dielectric performance is very sensitive to
processing conditions [28]. This study focused on the
effects of different mixing conditions on the structure
and dielectric properties of NBT ceramics [44]. Based on
the advanced processing methods, a full
characterization structure—property relationship has
been established through XRD analysis, impedance
spectroscopy, as well as LCR meter measurements. The
objective of the results is to provide us with the best set
of distribution parameters to manufacture high
properties of NBT ceramics. Therefore, this paper deals
with the investigation of mixing and milling processing
conditions on NBT ceramics' structure, dielectric, as well
as the electrical properties.

2.0 METHODOLOGY
2.1 Materials

For this work, we used the powders prepared by solid-
state reaction as described in the section on sample
preparation to produce Naqg.sBip.sTiOz (NBT). The
stoichiometric equations used to prepare samples
were:

Na2CO3 + Bi203 + 4T102 - 4(Na0_sBi0_5Ti03) + COZ (1)

For the preparation of NBT ceramics, bismuth oxide
(Bi,O3;  99.9%, Sigma-Aldrich), ultrapure sodium
carbonate (Na,COs;; 99.9%, Sigma-Aldrich), alongside
titanium dioxide (TiO,;99.9%, Sigma-Aldrich) were used.
These were the precursors of NBT ceramics. Such
precursors, with the additional 2 wi% of Na,CO;, were
calculated according fo the chemical formula in Eq.
(1), considering that added sodium compensates for
eventual loss of it due to sodium volatilization at high-
heating temperatures. The total weight of the precursor
mixture used for synthesizing each NBT batch was 4.8 g
for each pellet.

NBT samples were prepared at different mixing,
milling, and thermal sintering parameters for the study
of their influence on structural and dielectric properties.
These four unique mixing scenarios were outlined in
Table 1. For this experiment, the main variable was
mixing, using a magnetic stirrer. Ethanol was added in a
set powder-to-ethanol ratio to improve mixing and
minimize agglomeration. Following the mixing process,
the resultant slurries were dried at 80 °C for 2 hours to
remove the ethanol. The dried powders were then
subjected to ball milling (except for NBT1) for 2 hours to
further reduce particle size and improve homogeneity.
The powders were placed in an agate jar with zirconia
balls (5 mm diameter) and milled using a high-energy
planetary ball mill (Fritsch PULVERISETTE 6).

Subsequently the powders were calcined in air using
a consistent heating rate of 5°C/min to facilitate phase
formation and eliminate volatile components. Affer
calcination, the powders were ground with an agate
mortar and pestle to make the particles smaller and
improve sintering process. The ground powders were
then uniaxially pressed into disk-shaped pellets (13 mm
diameter, 1 mm thickness) under a pressure of 1 ton.
These green pellets were then sintered according to
their respective parameters in air with a heating rate of
5°C/min, followed by natural cooling fo room
temperature fo achieve densification and grain
growth. X-ray diffraction (XRD) was used fo confirm
phase formation and structural features.
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Table 1 Mixing and thermal parameters

Sample Mixing Conditions Ball Milling Calcination Conditions Sintering Conditions
NBT1 (No Ball Milling) 5 hours at 500 rom None 890°C for 4 hours 1160°C for 2 hours
NBT2 (Mixing and Milling) 5 hours at 500 rom 2 hours 900°C for 2 hours 1160°C for 2 hours
NBT3 (Moderate Mixing and Milling) 2 hours at 250 rom 2 hours 890°C for 4 hours 1150°C for 2 hours
NBT4 (Short-Intensity Mixing) 1 hour at 500 rom 2 hours 851°C for 7 hours 1099°C for 2 hours

2.1 Electrical Characterization

The dielectric properties, including the real and
imaginary parts of the permittivity, were measured
using a precision impedance analyzer (Autolab) over
a frequency range of 100 Hz to 1 MHz at room
temperature. Temperature-dependent  dielectric
measurements were also conducted from room
temperature to 700 °C using an LCR meter to identify
phase transitions and evaluate the thermal stability of
the dielectric response.

This method allowed a detailed study of how
processing parameters affect microstructure and
dielectric behaviour in NBT ceramics. It also gave
useful insights for improving lead-free ferroelectric
materials, as shown in Figure 1.

Raw Materials m
Na:COs, Biz0s, TiO=
o )

OJ
= —
Mixing | NBT+Ethanol

Initial mixing of powders

Ball Milling

Ball milling for homogenization

Calcination
800°C for 2 or 4 hours

Pressing
Pressing at 1 ton

Sintering

1150°C for 2 hours

Figure 1 Synthesis process

2.2 Characterization Techniques

NBT ceramics were analyzed using an X-ray
diffractometer (XRD, Advance Bruker) with CuKa
radiation (A = 1.5406 A) to determine the crystaliine
stfructure and phase of the sintered ceramic,
operatfing at 40 kV and 40 mA. Diffraction patterns
were capfured and stored within the specified 20-80°
range. Subsequently, the XRD patterns were
compared against patterns ICDD references 01-080-
8493 and 01-074-9525 to verify that the rhombohedral
NBT phase was formed and present. Only certain
samples underwent Pawley refinement to quantify
secondary phases and fo determine lattice
parameters. The bulk density of the sintered pellets
was measured using a Mettler Toledo densitometer

with silicon oil as the immersion medium. The density
value was determined by using Archimedes' principle.

The dielectric properties of the NBT ceramics were
measured using an LCR meter (model GW-Instek 819),
which is connected to a computer-conftrolled furnace
(Thermolyne F48010-33). Prior to measurement, the
sinfered pellets were polished to ensure parallel
surfaces and coated with silver paste on both sides to
serve as electrodes. The er and tan 6 were measured
at a frequency of 1 kHz at temperatures ranging from
28 to 700 °C. The temperature dependence of the
dielectric properties was recorded during heating at
a rate of 2 °C/min. The Curie temperature (TC) was
determined from the temperature corresponding to
the maximum dielectric constant at 1 kHz.

3.0 RESULTS AND DISCUSSION
3.1 Effects of Mixing Parameters on Crystal Structure

The XRD patterns shown in Figure 2 indicate that all
samples exhibit the rhombohedral NBT phase with
space group R3c (161), consistent with the ICDD
reference patterns (01-080-8493 and 01-074-9525). The
lattice parameters (a = 5.499-5.501 A, ¢ = 13.472-
13.562 A) remain stable under different mixing and
thermal conditions, demonstrating the robustness of
the basic crystal structure. However, variations in peak
intensities and widths among the samples suggest that
the mixing and thermal parameters significantly
influence crystallite size. Samples subjected to more
intensive  mixing exhibit stronger and sharper
diffraction peaks, particularly at 20 = 32.5° (d = 2.75 A)
and 46.7° (d = 1.94 A), indicating enhanced
crystallinity. This improvement is most evident in the
NBT3 sample. The crystallite size of the NBT powders
was estimated using the Scherrer equation, based on
the full width at half maximum (FWHM) of the main
diffraction peaks. The calculated sizes for the
prominent peaks af 26 = 22.8°, 32.4°, 40.1°, and 46.6°
were in the range of 40.5 fo 43.2 nm. This
nanocrystalline scale is consistent with values reported
in previous studies [36];[16], and further supports the
improved crystallinity observed in intensively mixed
samples. Peak indexing was performed based on the
reference diffraction pattern for rhombohedral
Nd.5Big.5TiO3 (ICDD 01-080-8493). The main peaks at
20 = 22.8°, 32.4°, 40.1°, 46.6°, and 57.9° were assigned
to the (100), (113), (024), (122), and (018) planes,
respectively, confirming the formation of a single-
phase rhombohedral structure with space group R3c.
Among all samples, NBT3 exhibited the most infense
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and sharpest diffraction peaks, indicating superior
crystallinity. Combined with an infermediate crystallite
size (29.55 nm), this suggests that the mixing
parameters used for NBT3 synthesis were optimal
(Table 2).
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Figure 2 a) XRD diffractogram of four methods synthesizing NBT
b) Small scale chosen

Table 2 Cirystallite size

Sample Crystallite size (nm)

NBT1 34.48
NBT2 34.49
NBT3 29.55
NBT4 22.51

5.481

Density (g/cm?)

NBTI NBT2 NRT3 NBT4

Figure 3 Densities of NBT ceramics synthesized using four
different mixing methods

3.2 Effects of Mixing Parameters on Density

Results have shown the link between some mixing
parameters and the final density of NBT ceramics,

presented in Figure 3. NBT2 possessed the greatest
density and NBT3 the least. The higher density of NBT2
is related to its longer mixing time (5 h), faster mixing
speed (500 rpm), and further ball miling, which
promoted the precipitation between particles and
better homogeneity of the sample. In contrast with
NBT3 and NBT4, the shorter mixing time under a lower
level of intensity promoted larger (i.e., less uniform)
particle size distributions that led to a decrease in
densification for both glasses. During sintering, the
ineffective reorientation of particles distributed in the
sintering reduces its universal density [19]. This poor
particle mixing is associated with a lower mixing
energy for low speed of rotation, and reduced
structural integrity at select higher speeds. It has also
been observed during milling scores using time fo
modulate parameters that can even be extended to
mixing fimes in order to obtain high-density NBT-based
ceramics.

3.3 Correlation Between Processing, Structure, and
Properties

The direct correlation between XRD and the dielectric
properties of the samples. For such characteristic
rhombohedral reflections, more samples with stronger
polarization tendency will generally have larger peak
intensities. This suggests that the increased crystallinity
from befter mixing is positive for the well-aligned
ferroelectric domain structure. The increased intensity
and sharper diffraction peaks indicate a more
ordered and stable structure. For well-mixed samples
like the NBT2, the absence of secondary phases
clearly showed that enough energy for mixing
seemed to have a positive effect on complete solid-
state reactions. Additionally, loss of bismuth can be
minimized, as is illustrated in Figure 2.

3.4 Implications for Processing Optimization

These results demonstrate that the rhombohedral
phase of NBT is unreactive to processing conditions.
However, the quality of the crystal (as measured by
powdered XRD peaks shape and intensity) is
susceptible to mixing. This indicates that an
improvement of the mixing and thermal treatments is
more important for improving the structure and
dielectric properties of NBT, rather than adaptations
on post-processing.

3.5 Dielectric Permittivity Analysis in NBT-Based
Ceramic Systems

The temperature dependence of the dielectric data
in Figure 4 and Table 3 presents important information
that is relevant to the Nay.5Big.sTiO3 (NBT) ceramics by
two means of mixing. A correlation between
processing conditions and characteristic ferroelectric-
to-paraelectric phase transition in the dielectric
constant vs. femperature plot is seen at 1kHz.
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Figure 4 Dielectric permittivity versus temperature

Table 3 Dielectric permittivity of NBT samples measured at
chosen temperatures

Sample Temperature, °C / Dielectric
permittivity, €

300 T 500
NBT1 (No Ball 2727.41 10680.37 10680.37
Milling) at 500 °C
NBT2 (Mixing 5905.76  6534.04at  57150.30
and Milling) 336.21 °C
NBT3 2522.89  3542.01 ot  2722.28
(Moderate 315.12°C
Mixing and
Milling)
NBT4 (Short- 4599.511  5336.78 at  99779.62
Intensity 340.21 °C
Mixing)

In Region Y, a broad peak of moderate intensity is
observed for the sample NBT1 (green curve). This less
distinct peak in dielectric results could be explained
by localized field and polarization variations due fo
inhomogeneities in microstructure [20]. Furthermore,
the absence of typical phases or the local defects
can hinder us from observing phase transitions in NBT1
[?]. This supports some earlier results [13];[40] that
structural disorder, such as cation disorder or symmetry
reduction, weakens the dielectric peaks. Although the
process is kept the same, featfures in terms of
environment, such as defect distribution and phase
uniformity, may overwhelm those of the dielectric way
[6].

The peak-broadening factor margin in NBT 2 is
larger than that in Region NBT 1, unlike the dielectric-
anomaly-containing factor margin. This suggests that,
although the mixing is driven further by milling, at least
some compositional or structural disorder persists. The
development (evolution, disorder) has not been
mapped out stage by stage, but it does establish a
condition for an alternative spontaneous fransition
from ferroelectric to paraelectric.

From all the samples, NBT 3 appears to have the
highest strength of peaks, indicating superior mixing
and thermal conditions at a given phase purity. These
results are in agreement with three-dimensional
numerical simulations, which were reported by Li et al.
(2023). A stronger pecak can also be considered to
result from enhanced mixing of components,
supporting global ferroelectric domains and lower
local inhomogeneity effects [34]. This enhanced
uniformity results in a more predictable and consistent
dielectric response. This stability is demonstrated by
the sharper peak (a clear phase ftransition) for
enhanced energy storage [8];[24]. The homogeneity
of the material is likely to be due to well-mixed
precursors during synthesis and applied thermal
conditions [42].

NBT 4 is described as being calcined for seven
hours, and the remixer fime of this is lower than that of
all other samples. NBT 4's dielectric response indicates
a wider, but less pronounced peak. Shortened mixing
fimes result in more voids in the structure being
produced, which adversely impairs dielectric
performance, and therefore leads to an imbalance
between structures modelled.

Overmixing, and (in this case) over calcination,
and a slightly lower dip in temperature and sintering
at about 1100°C, result in structural inhomogeneities
and more random grain growth, further widening the
ferro-to  paraelectric transition spectrum. These
particular settings could be responsible for the lack of
quality of the phases and poor interdomain uniformity,
thus diminishing and broadening the dielectric
anomaly at (Tm). Moreover, the lower temperature
sinfering may «also be helpful in fabricating
stoichiometric NBT ceramics and in avoiding any sort
of volatilization/ evaporation that may result from
excessive heating [15].

Interestingly, the sharp and clear peak is similar to the
results of Mesrar et al. [25], who reported that optimal
processing gave a strong dielectric anomaly at Tc
because of effective mixing and high phase purity. In
region X displays the dielectric constant exhibits a
clear transition for all sample, though the peak is less
sharp compared to Region Y [17]. This implies that
there could be mixing parameter and preparation
condition (e.g., mixing time, calcination period)
downfalls, which lead to nonuniformity of the phase
and published clarity or no anomaly at Tc.

Region Z exhibits a sudden decrease of the
dielectric constant at the Tm maximum, as is also
typical for paraelectric  contribution in the
fransformation from ferroelectric to non-ferroelectric
region in the phase diagram. This decrease involves
the process condition and dielectric micro stability
phase of NBT as well. In Z, the dielectric constant itself
of NBT 1 falls faster than in some parts of the structural
inhomogeneity, indicating early paraelectricity. As a
result, a smaller drop in NBT 2 (compared fo the case
of NBT 1) is observed here, which may be related fo
the enhancement of phase uniformity so that it
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stretches the starting point for paraelectric behavior
further. On the other hand, NBT 3 has a more moderate
inside a Region Z, in which the enhanced dielectric
constant persists af an enlarged temperature. This
behavior is attributed to a higher sample phase purity
and better mixing and thermal processing. NBT4 exhibits
an even sharper decrease of dielectric constant below
Tm within Region Z. Those processing conditions are
such that the continuity of ferroelectric domains is
disrupted, resulting in structural inhomogeneities which
facilitate a very unusual sharp paraelectric transition.

The dielectric peak feature can be exposed in
several ways. For those we mentioned above, one can
include the degree of mixing. The optimal mixing factor
is that after which the phases are largely not uniform.
Poor mixing leads fo compositional gradients or
disordered domains, which then widen across the
fransition.

It has been observed in all investigations on NBT-
based ceramics that, besides a disordered and
inhomogeneous sfructure, plays an important role for
dielectric properties and relaxor behavior [7];[18]. Poor
mixing leads to mixed-grain populations in specimens,
dominated by a kind of dominant grain that influences
the electrical behavior through favored conduction
routes [43]. The support information indicates that
homogeneous mixing is the most important factor for
obtaining the desired functional properties.

Phase concentratfion and homogeneity, among
others, are also related to a certain extent. NBT 3 still has
a high degree of phase concentration, which, in part,
is necessary within reasonable limits for the presence of
a significant and well-defined dielectric anomaly. On
this condition, any departure from it can smear the
peak for some reason. A huge amount of recent
literature describes phase purity and dielectric
anomalies as related phenomena. Both the PNRs and
some structural disorder cause a significant
modification of dielectric properties. This is even fruer for
dielectric anomalies sharpness [1]. Furthermore, in NBT
relaxors, [20] emphasized the harmful impact of
chemical inhomogeneities on dielectric properties.
Phase purity was also highlighted in the literature with
regard to optimal dielectric properties.

Boundaries of grains and defect structures always
appear as similarly important ingredients. Relics of
ferroelectric  order, along with the destabilizer’s
microstructural defects, local non-stoichiometry, and
grain boundaries, give rise to the broadening seen in
NBT 1, NBT 2, as well as NBT 4. In particular, the chemical
inhomogeneity (non-uniform distribution of oxygen
vacancies) has a significant influence on the electrical
and ferroelectric properties of NBT-based ceramics. This
thereby helps in core-shell formation, which is essential
to make low residual P-E hysteresis curves. Moreover,
the nanomorphology of the negatfive enhanced the
ferroelectricity behavior of the material at room
temperature, clearly observed from higher polarization
and lesser hysteresis compared to the positive. This will
be useful for energy storage and piezoelectric devices
[15]. The structural difference makes the dielectric

responses wider through the local polarization
mismatch near grain boundaries and defects [20].

Furthermore, it is highlighted that the dielectric and
piezoelectric properties are influenced by the
coexistence of ferroelectric phases and the effects of
chemical inhomogeneity. Defects and grain
boundaries break up the ferroelectric order. This makes
the phase fransition more spread out and the dielectric
peaks broader.

The mixing and heating conditions really matter for
how these NBT ceramics work. Looking at regions X, Y,
and Z, we see that getting the right mixing speed, time,
and temperature is crucial for clean phases and sharp
fransitions. When these aren't right (like in the other
samples), the fransitions get messy and the dielectric
response drops.

NBT3 has a clear dielectric peak at about 320°C, just
like Singh et al. found in 2023 [37]. The peak hits around
3500 for the dielectric constant. This matches what
Vijayeta et al. reported for pure NBT back in 2014, so our
processing worked well to get clean, uniform material.

NBT4 and NBT2 only show weak bumps around
320°C. The transition is still there but much weaker than
NBT3. This probably comes from uneven microstructure,
more defects, or extra phases - either from not mixing
long enough (NBT4) or poor heat treatment (NBT2).

NBT1 was made without ball milling, just heated to
50°C. Its dielectric transition is pretty weak. Without the
ball milling, the starting materials don't mix well, so you
get uneven composition orincomplete reactions. That's
why it looks so different from the well-processed NBT3.

The processing really controls how these materials
behave. NBT3 works best because we got the mixing
and heating just right for clean phases and good
dielectric properties. The other samples (NBT1, NBT2,
NBT4) had processing problems that created defects
and hurt their properties. This presents how essential it is
to control processing when making high-performance
ferroelectric materials [14]. NBT3's sharp peak looks a lof
like what Mesrar et al. saw in 2020 they also got clean
dielectric behavior when they processed their
ceramics properly.

According to our examination, the dielectric peak
of NBT3 is also similar to that observed after processing
operation, which means that the same preparation
scheme not only leads to a macroscopic
enhancement in the dielectric response but also an
associated generic signature in the phase fransition
behavior. That shows the mixing parameters extracted
from the literature can be fine-tuned to recover the
infrinsic dielectric response of these NBT ceramics.

3.6 AC Dielectric Permittivity Analysis in NBT-Based
Ceramic Systems

The module of the dielectric permittivity (€') is shown in
Figure 5 (a) and (b), respectively, against their
respective frequencies (100 Hz to 1 MHz) for all NBT
samples.
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Figure 5 (b) Imaginary part of relative permittivity versus
frequency

This behavior was attributed to dielectric relaxation
processes, polarization mechanisms that behave
differently depending on the frequency range. The
dielectric constant changes based on things like how
fast the electric field switches and what the material
looks like inside. When the frequency goes up, ¢
usually drops because the slower polarization types
(like dipolar or ionic) can't keep up with the fast-
changing field. This gives you a lower dielectric
constant [45].

NBT-3 works so well because we got the processing
just right. The calcination time reached the optimal
point because of having enough time to form proper
phases without creating excess defects. Good mixing
distributed the Na*, Bi**, and Ti** ions uniformly, leading
to better ferroelectric domain organization. Using
methods like sol-gel or hydrothermal synthesis helps a
lot with this because you can control the chemistry
better and get the ions mixed properly [39].

The sintering femperature and time for NBT-3 let the
grains grow fo the right size and packed everything
together well. This cut down on pores and made
better grain boundaries. The processing also kept
oxygen vacancies low, which is good because these

defects mess up the ferroelectric order in perovskite
materials.

The lower density in NBT-3 actually helps instead of
hurts. The pores are probably isolated and spread out
evenly, not connected to each other. They're tiny and
sit at grain boundaries where they create helpful stress
that makes domain walls move easier.

This lower density structure lets domain walls move
around more freely. It cuts down on the internal stress
that usually stops domains from switching direction. This
gives the ferroelectric domains more space to respond
when you apply an electric field, so you get bigger
polarization because there's less mechanical
resistance. This makes sense because domain wall
movement is key for getting good piezoelectric and
dielectric behavior in ferroelectric materials [33].

The way we processed NBT-3 probably gave us a
good distribution of oxygen vacancies. These
vacancies can actually boost polarization by making
defect dipoles that line up with the spontaneous
polarization instead of fighting it. The more relaxed
lattice structure from having the right amount of
oxygen vacancies lets the ions move further, which
helps the ferroelectric properties even more. This fits
with what Liet al. [20] - that changing oxygen vacancy
levels really affects how NBT-based ceramics behave
electrically.

Despite lower density, NBT-3 may have a more ideal
rhombohedral-to-tetfragonal  phase ratio at  the
morphotropic phase boundary, enhanced phase
coherence at interfaces that amplifies the overall
polarization, and better chemical homogeneity within
grains, even with more porous grain boundaries. NBT-3
has better chemical mixing within its grains, which
makes it work better. When elements and phases
spread out evenly, you get less internal stress and fewer
defects, so the electrical properties stay more stable.
Getting this even mixing matters a lot for piezoelectric
materials because uneven spots cause performance
problems [35].

The slightly lower but sfill impressive dielectric
response of NBT-4. A 7-hour calcination may have
facilitated the achievement of a good phase purity,
though, possibly at the expense of some slight structural
strain or minor compositional variations. The sintering
temperature of 1099°C will ensure good densification,
but probably at the cost of bismuth volatilization
compared to NBT-3. This resulted in A-site vacancies
that weakened the polarization response. The 1-hour
mixing period was sufficient to provide a homogeneity
that was, however, lower than NBT-3.

The moderate dielectric response of NBT-1 hints at
the processing to be less thanideal for phase formation.
Perhaps inadequate calcination time or temperature
resulted in a partial formation of phases or secondary
phases. It can speculate that the sintering conditions
achieved a positive but not ideal grain size and
morphology, leading to an increased concentration of
grain boundaries, which hamper the motion of domain
walls. A higher concentratfion of point defects and
oxygen vacancies, where domain walls can be pinned,
also results in lowering the ability to polarize systems.
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A much smaller dielectric response of NBT-2 signifies
high processing conditions that favoured densification
effects. High-temperature action is usually required for
high-density processing, with some resulting in Bi loss.
This loss, in furn, leads to A-site vacancies within the
perovskite and would disrupt the required polarization
for the best dielectric characteristics. The overall
polarization when a field is applied externally remains
poor, too, because of vacancies that suppress the
dielectric response [30];[10]. In addition, the absence
of bismuth results in internal stresses that might pin the
domain walls and hence lower the polarization.
According to [11], the impossibility for domain walls to
move freely results in a larger stored energy [41]. The
densification may have induced abnormal grain
growth that results in different granule size distributions,
the formation of grain boundary phases with low
permittivity, which significantly confrols the total
response and the pinning of defects by defects at
grain  boundaries. Abnormal grain  growth with
different sizes of grains may occur during densification.
These phenomena may have a strong influence on
the electro-physical properties of the material, as in
many cases larger grains dominate the dielectric
response, whereas smaller grains play almost a
negligible role [34]. Besides that, the dielectric
response could be strongly influenced by the low-
permittivity region on grain boundaries. Such sections
are generally known to impede charge fransport and
thereby lower the effective dielectric constant of the
ceramic. Their formation is often afttributed to the
processing parameters and the chemical makeup of
the material [2].

The high-density processing may have induced the
deviation from the ideal Na:Bi stoichiometry due to
differential volatilization, the reduction of A-site
disorder that is actually beneficial for NBT's relaxor-like
behaviour, and oxygen over-stoichiometfry that
diminishes the concentration of beneficial oxygen
vacancies [38].

The highly dense structure may reduce lattice
flexibility that limits the polarization response, stronger
coupling between neighboring dipoles that increases
the energy barrier for polarization switching, and
diminished contribution from exirinsic mechanisms
(domain  wall motion) to the overall dielectric
response. Together, these factors affect the dielectric
properfies of the material, especially for energy
stforage applications [2]. Inadequafte mixing or
calcination parameters that lead to compositional
fluctuations and increased disorder in the crystal
structure. Secondary phases from poor mixing or
wrong thermal treatment can complicate the crystal
structure [26]; [29]. It also supported by another study
[3]. Among the various process conditions generating
a defect complex detrimental to long range order of
ferroelectricity (and hence of polarizability) can be
vacancies and intferstitials, which infroduce local
lattice distortions [20]. Where bismuth is lost at high
processing temperatures, and if they are uncontrolled
or unaccounted for losses during processing, A-site

vacancies do become a harsh reality in gross
ferroelectricity weakening.

These vacancies can aggravate the problem by
weakening and destabilizing the ferroelectric phase,
which is not favorable for energy storage and
electrocaloric applications of the material [4]. This
disorder and compositional fluctuation effect plays a
crucial role in the dielectric, ferroelectric behaviour of
NBT-based derivo-fives.

On the log-log plot, the slope of €' vs frequency
shows more useful information about dynamic
dielectric relaxation. Higher slopes indicate a
pronounced frequency dependence, corresponding
to broad retarded relaxation time distributions. This
distribution is consistent with the coexistence of
several polarization mechanisms (electronic, ionic, as
well as interfacial) having different timescales of
relaxation. Such conditions, however, may be
modified based on such factors as the particle sizes,
sintfering, and defect levels. The slope of the curve ¢
versus frequency provides additional information for
dielectric relaxation; increasing this slope shows an
increase in the range of relaxation times, and several
mechanisms are present. One similar observation was
presented, and also confirmed our observation that
the dielectric behavior essentially scales with how
processing conditions interplay [12]. The consistent
frends across all samples in Figure 6 and Table 4 also
confirm the reliability of these results.
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Figure 6 Ac conductivity versus frequency

Table 4 Electrical conductivity of NBT samples measured at
various frequencies

Frekuen NBT] NBT2 NBT3 NBT4
cy (Hz)

1,000,00 0.2282 0.0467 0.9819 0.6871

0 1 4 7 7
99,998 0.0302 0.0078 0.2357 0.1440

6 5 7 6
9,999 0.0069 0.0016 0.0956 0.0670

4 8 7 5
999 0.0021 0.0006 0.0691 0.0450

9 6 3 5
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NBT-1 shows an intermediate level of AC conductivity.
Its curve follows a moderate increase with frequency,
a typical trend for hopping or localized charge
fransport. Although its conductivity values are not the
highest among the samples, the steady slope suggests
that the conduction mechanism is neither strongly
activated nor heavily suppressed by processing-
induced defects.

The red curve for NBT-2 displays the lowest AC
conductivity values across the measured frequency
range. This indicates that the conduction pathways
are not well established in this sample. Higher density
or processing that yields a locked microstructure likely
constrains charge-carrier mobility and suppresses the
frequency response [21]. Greater densification also
constrains carrier motion and lowers conductivity [23].

The blue line representing NBT-3 is the highest
among the curves. Its values are significantly higher at
all frequencies, suggesting enhanced hopping or a
more effective conduction network [15]. This implies
that the processing conditions for NBT-3 have created
a structure (possibly with more optimally distributed
defects or favorable grain boundary characteristics)
that facilitates charge carrier movement.

NBT-4 exhibits the second-highest AC conductivity
(by being just below NBT-3). The curve shows that
although it follows a similar trend with frequency, its
conductivity values are slightly lower than those of
NBT-3. This may indicate that while its microstructure
and defect configuration support charge transport,
they are not as ideal as that of NBT-3 for maximizing
conduction.

In summary, these differences emphasize how
processing conditions can dramatically alter the
conduction network within the material. Each sample
shows distinct  dielectric and conductivity
characteristics, with  NBT2 exhibiting the lowest
conductivity and high permittivity at elevated
temperatures, indicafing promising potfential for
dielectric applications. The comparative analysis
suggests that NBT2 may offer a favourable balance
between low conductivity and high-temperature
dielectric performance.

3.7 AC Dielectric Permittivity Analysis in NBT-Based
Ceramic Systems

Figure 7 shows how tan § changes with frequency for
the four NBT samples. tan & value drops sharply as
frequency goes up because dipolar relaxations can't
follow the fast-switching field [22]. Higher frequencies
give lower dielectric loss values. This happens because
low frequencies let all polarization types work
together, but high frequencies only allow electronic
polarization to respond [27].

NBT3 (mixed and milled at room temperature) has
the highest dielectric loss at low frequencies. This
points fo major polarization losses from more defects
and grain boundary problems that cause space
charge buildup and interfacial polarization [31]. NBT2
(also mixed and milled af room temperature) shows
the lowest loss because it formed a dense structure

with fewer defects, so less energy gets wasted during
use [34]. NBT1 and NBT4 fall somewhere in between.
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Figure 7 Dielectric loss versus frequency

These differences also account for its superior
dielectric properties, including a high dielectric
constant of 3250 at room temperature (1 kHz) and an
almost constant Curie temperature of 320°C.

Results indicate that better mixing homogeneity
decreases both bismuth loss and secondary phase
formation, enhancing the performance of NBT
ceramic. The relationship between processing,
microstructure, and properties also provides useful
insights info the design of high-performance lead-free
ferroelectrics. These materials can be used in sensors,
actuators, and energy storage, supporting the global
shift toward alternatives to lead-based electronics.

The impact of processing routes on the
microstructure  and, hence, the  dielectric
performance of the NBT ceramics. At low frequencies,
the dielectric loss factor shows dispersion, but the
values drop at higher frequencies. This reflects a shift
from weakly conducting grain boundaries to strongly
conducting grains [37]. The loss decreases as
frequency rises, showing that polarization mechanisms
like dipolar and space charge are less effective at
higher frequencies [5].
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4.0 CONCLUSION

This study characterized the influence of various
mixing parameters on the structural and dielectric
properties of Nay.sBiy.sTiO3 (NBT) ceramics. All samples
exhibited a rhombohedral perovskite structure (space
group R3c), as confirmed by XRD. Differences in peak
sharpness indicated variations in crystallinity and
structural order, reflecting the impact of processing on
phase formation. Dielectric measurements revealed
distinct permittivity values and tfransition temperatures
among the samples, while AC conductivity analysis
highlighted different conduction behaviors. Although
no microstructural characterization was performed,
prior studies suggest that improved mixing may
reduce bismuth loss and minimize secondary phase
formation, thereby enhancing material performance.
These findings underline the critical role of processing
in tfailoring the physical properties of lead-free
ferroelectric ceramics and offer useful insight for future
applications in sensors, actuators, and capacitors.
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