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Abstract
A series of non-stoichiometric
BaK1−xNaxGd3Fe5O15 (x = 0.00, 0.10, 0.20,
0.30) tetragonal tungsten bronze (TTB) ceramics
were synthesized via solid-state reaction, cold
sintering at 150 ◦C, and assisted sintering at 400 ◦C
and 500 ◦C. XRD confirmed single-phase TTB
formation. Enhanced crystallinity and sharper
diffraction peaks with increasing assisted sintering
temperature indicated improved grain growth
and ordering. Density measurements revealed
Na+ substitution combined with salt-assisted
processing significantly influenced densification,
with BKGF-1NST2 achieving the highest bulk
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density of 4.32 g/cm3. Dielectric characterization
showed frequency-dependent behavior with
decreasing loss at higher frequencies, while
selected compositions exhibited stable dielectric
response after 500 ◦C assisted sintering. Magnetic
measurements confirmed ferrimagnetic behavior
via Fe3+-mediated interactions. BKGF-2NT2

(x = 0.20, assisted sintered at 500 ◦C) delivered
optimal magnetic performance: Ms = 4.97 emug−1,
Mr = 1.59 emug−1, Hc = 1435.84Oe, attributed
to optimized exchange interactions, improved
crystallinity, and enhanced grain connectivity.
Co-doping with cold-assisted sintering governs the
structural, dielectric, and magnetic properties of
TTB ceramics.
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1 Introduction
Multiferroic materials, which exhibit more
than one ferroic order, such as ferroelectricity,
ferromagnetism, or ferroelasticity, have attracted
increasing attention due to their potential use in
multifunctional applications, including non-volatile
memories, magnetoelectric sensors, and spintronic
devices [1–4]. These materials exhibit spontaneous
electric and magnetic polarization, typically reflected
through hysteresis loops when exposed to external
fields [5, 6]. However, despite extensive research,
very few multiferroic compounds exhibit robust
room-temperature functionality. Among them,
BiFeO3 remains one of the most cited; although A-site
substitution such as Ba doping can partially improve
its magnetic and ferroelectric response, its intrinsic
antiferromagnetic behavior and weak magnetoelectric
coupling still pose significant limitations [2, 5, 7].

To address these challenges, attention has shifted from
conventional perovskite-type structures to alternative
frameworks like tetragonal tungsten bronze (TTB),
which offer higher structural flexibility [2, 4, 5]. The
TTB structure, generally formulated as A2BC2M5O15,
accommodates five different cationic sites, thus
enablingmore extensive chemical substitution than the
perovskite lattice [5, 6, 8]. This flexibility has opened
pathways for tailoring multiferroic behavior through
site-specific doping. Notable TTB-based systems
such as SrxBa1−xNb2O6 and Ba2NaNb5O15 have been
extensively studied for their ferroelectric and relaxor
properties, while recent works have demonstrated
that magnetic cations like Fe3+ when substituted
into the TTB lattice or coexisting phases, can induce
room-temperature magnetic ordering [2, 5, 8–10].

In iron-containing TTB systems, both isovalent and
aliovalent substitution at the A-site can significantly
influence lattice distortion, oxygen vacancy
concentration, magnetic exchange interactions,
and dielectric polarization mechanisms. Incorporation
of alkali ions such as Na+ modifies local structural
symmetry and affects charge compensation behavior,
as demonstrated in alkali-modified niobate systems
where varying K/Na ratios systematically alter
structural symmetry and functional properties [11],
while rare-earth ions such as Gd3+ may contribute
to enhanced magnetic ordering and stabilization of
the TTB framework. Previous studies on tungsten
bronze ceramics have demonstrated that Na-based
compositional substitution can effectively tailor
dielectric relaxation and energy storage performance
through structural and defect engineering [12, 13]. In

addition, magnetic anisotropy and multifunctional
response in iron-containing TTB systems can be
tuned through site-specific doping and lattice
modification [14, 15]. However, comparatively limited
work has been reported on Gd and Na modified
iron-containing TTB ceramics processed using
low-temperature cold sintering routes, particularly
in systems combining cold sintering with assisted
post-sintering treatment.

Meanwhile, traditional ceramic synthesis methods
often require high-temperature sintering (>1000 ◦C),
which leads to high embodied energy and substantial
carbon emissions. For instance, the ceramic industry
contributes approximately 41Tg of CO2 annually
due to firing processes [16, 17]. Furthermore, most
reported TTB multiferroic ceramics are fabricated
using conventional sintering temperatures above
1000 ◦C, which often result in alkali volatilization,
abnormal grain growth, secondary phase formation,
and increased energy consumption [16, 18–20].

The combination of cold sintering with moderate
assisted sintering offers a potential alternative
approach for achieving sufficient densification
while preserving compositional homogeneity and
controlling grain evolution. Assisted sintering
at intermediate temperatures may additionally
improve crystallinity, grain connectivity, and magnetic
ordering without requiring the extremely high
temperatures associated with conventional ceramic
processing [21–24]. Therefore, understanding the
influence of assisted sintering temperature on the
dielectric and magnetic response of Na-modified
TTB ceramics remains scientifically important for
the development of energy-efficient multifunctional
materials.

The cold sintering process (CSP) has recently
emerged as an energy-efficient alternative for
fabricating oxide ceramics at significantly reduced
temperatures compared with conventional solid-state
sintering [14, 19, 22–25]. In CSP, a transient liquid
phase combined with uniaxial pressure enables
dissolution–precipitation assisted mass transport,
particle rearrangement, and localized diffusion at
temperatures generally below 300 ◦C [16, 18, 19].
This approach minimizes alkali volatilization,
suppresses exaggerated grain growth, and reduces
thermal stresses that are commonly observed
during high-temperature processing of TTB
ceramics [14, 19, 22–24]. However, cold-sintered
ceramics may still exhibit incomplete crystallization
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and limited grain connectivity due to insufficient
thermal activation. Therefore, assisted sintering
at moderate temperatures can provide additional
atomic diffusion and structural ordering while
preserving the energy-saving advantages of CSP.
Although considerable progress has been made in the
development of tetragonal tungsten bronze ceramics
and low temperature sintering techniques, studies
on BaK1−xNaxGd3Fe5O15 ceramics processed by
cold-assisted sintering remain limited. In particular,
the influence of assisted sintering temperature on
the structural evolution and its correlation with the
dielectric and magnetic properties of Na-substituted
TTB ceramics has not been thoroughly investigated.
Therefore, further study is required to understand
how composition and assisted sintering conditions
together influence the multifunctional properties of
these ceramics.

In the present work, BaK1−xNaxGd3Fe5O15 (x = 0.00,
0.10, 0.20, 0.30) tetragonal tungsten bronze ceramics
were fabricated by cold-assisted sintering followed by
assisted sintering at 400 ◦C and 500 ◦C. The effects of
Na+ substitution and assisted sintering temperature
on the phase formation, density, dielectric behavior,
andmagnetic propertieswere systematically evaluated.
The results demonstrate an effective low-temperature
processing route for improving the multifunctional
characteristics of TTB ceramics while reducing the
thermal budget compared with conventional sintering.

2 Materials and Methods
BaCO3 (>99%, Sigma-Aldrich), K2CO3 (>99%,
Sigma-Aldrich), Na2CO3 (>99%, Sigma-Aldrich),
Gd2O3 (>99.9%, Sigma-Aldrich), and Fe2O3 (>99%,
Sigma-Aldrich) were selected as starting materials.
All powders were preheated at 400 ◦C for 3 hours
in a muffle furnace to eliminate moisture and
reduce contamination. The pre-dried materials were
then weighed according to the non-stoichiometric
formula BaK1−xNaxGd3Fe5O15, where x = 0.00,
0.10, 0.20, and 0.30 (BKGF, BKGF-1N, BKGF-2N, and
BKGF-3N). Isovalent dopants were introduced at the
A-site to investigate the influence of varying sodium
concentration on thermal, magnetic, and dielectric
properties.

The weighed powders were mixed and ground using a
planetary ball mill with zirconia media in the presence
of ethanol for 2 hours to promote homogeneity and
reduce particle size. The resulting slurry was dried
and calcined at 800 ◦C for 3 hours with a heating rate of
10 ◦C/min to ensure phase development and removal

of volatile compounds. A second round of milling was
conducted for 2 hourswith ethanol to further refine the
grain size and enhance surface area. The powderswere
then dried at 80 ◦C, sieved, and subjected to particle
size analysis using a Laser Particle Analyzer (Model
No. BT-9300H). The analyzer, equipped with a 3mW
semiconductor laser diode (λ = 635nm), measured
particle size over a duration of 1 to 3 minutes, using
water as the immersion liquid. Pellets of 12.7mm
diameter and ∼1 g weight were prepared using a
hydraulic press.

For comparative analysis, samples were fabricated
both with and without the addition of a salt binder.
Cold sintering was carried out at 150 ◦C while
assisted sintering was carried out at 400 ◦C and
500 ◦C to investigate densification behavior under
assisted sintering conditions. The assisted sintering
temperatures of 400 ◦C and 500 ◦C were selected
based on previous cold-assisted sintering studies
together with preliminary optimization experiments,
which indicated that this temperature range provides
sufficient thermal energy to improve crystallinity,
grain-boundary diffusion, and densification while
maintaining the advantages of low-temperature
processing and minimizing alkali volatilization. Phase
composition and crystallographic information were
obtained using an X-ray diffractometer (PANalytical
X’Pert Pro, Netherlands) at room temperature with
Cu-Kα radiation (λ = 1.5406Å), operated at 40 kV
and 30mA over a 2θ range of 10◦–80◦. Data were
analyzed using HighScore Plus software with PDF-4+
(2022) database and Rietveld refinement. Electrical
and dielectric properties, including capacitance,
inductance, and resistance, were measured using
an LCR meter (Model Tonghui TH 2826) across a
frequency range of 1Hz to 5MHz and temperatures
up to 400 ◦C. Prior to measurement, silver paste was
applied to both surfaces of the pellets to ensure proper
electrical contact. The dielectric constant (εr) was
calculated using the equation:

εr =
Cp × t

ε0 ×A

where Cp is the capacitance, t is the pellet thickness,
A is the electrode area, and ε0 is the permittivity
of free space (8.854 × 10−12 F/m). Magnetic
measurements were performed using a Vibrating
Sample Magnetometer (VSM, MicroSense Model
No. 1660 MRS, USA), and M-H hysteresis loops
were recorded to study the magnetic behavior of
the synthesized ceramics. The density and volume
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Figure 1. XRD patterns of sintered compositions of BaK1−xNaxGd3Fe5O15 (x = 0.10, 0.20, 0.30) at 400 ◦C. (b) Enlarged
view of the 45◦ (2θ) peak.

of all compositions (BKGF, BKGF-1N, BKGF-2N,
and BKGF-3N), with and without salt binder, were
measured using the Archimedes method.

During the cold sintering process, deionized water
was used as a transient liquid medium to facilitate
dissolution–reprecipitation mechanisms under
applied pressure and moderate temperature. The
slightly acidic nature of deionized water, resulting
from dissolved atmospheric CO2, assists in partial
surface dissolution of alkali-containing species such
as K+ and Na+, thereby enhancing ionic mobility,
particle rearrangement, and neck formation between
ceramic particles [16, 19]. This transient liquid
phase promotes densification at significantly lower
temperatures compared with conventional sintering
routes [19, 25]. In addition to deionized water
processing, selected samples were prepared using
salt-assisted treatment to investigate its influence on
densification and functional behavior.

The presence of dissolved ionic species in salt water
can modify interfacial diffusion kinetics, enhance
ionic transport, and influence grain-boundary
chemistry during assisted sintering. Such effects may
improve particle packing and local mass transport,
thereby affecting density, dielectric response, and
magnetic ordering. Furthermore, salt-assisted

processing may alter defect distribution and oxygen
vacancy concentration, which are known to strongly
influence dielectric relaxation and magnetic exchange
interactions in iron-containing TTB ceramics.

In this study for sample identification, N denotes
Na-doped compositions, T1 and T2 represent assisted
sintering at 400 ◦C and 500 ◦C, respectively, S indicates
processing using salt water instead of deionized water,
and the combination NS denotes Na-doped samples
processed using the salt-water medium.

3 Results and Discussion
X-ray diffraction (XRD) patterns of
BaK1−xNaxGd3Fe5O15 ceramics sintered at 400 ◦C and
500 ◦C are presented in Figures 1 and 2, respectively.
All compositions exhibit a prominent diffraction peak
near 45◦ (2θ), confirming the formation and stability
of the tetragonal tungsten bronze (TTB) structure.
The persistence of the major diffraction peaks across
all sodium concentrations and processing conditions
indicates that the fundamental TTB framework
remains structurally stable despite compositional
modifications. Similar structural stability has been
reported in related TTB ferroelectric and dielectric
systems [2, 8, 26].

The experimental diffraction patterns were indexed
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Figure 2. XRD patterns of sintered compositions of BaK1−xNaxGd3Fe5O15 (x = 0.10, 0.20, 0.30) at 500 ◦C. (b) Enlarged
view of the 45◦ (2θ) peak.

using the crystallographic information provided by
ICDD PDF Card No. 01-085-1748, while theoretical
crystallographic parameters, including the unit cell
volume and theoretical density, were determined using
CrystalMaker software based on the reported crystal
structure. The crystallographic model employed for
these calculations is consistent with that reported by
Grendal et al. [27], which provides a reliable structural
framework for tetragonal tungsten bronze compounds.

A clear influence of assisted sintering temperature
on crystallinity is observed. The samples sintered
at 500 ◦C generally exhibit sharper and more intense
diffraction peaks compared with the 400 ◦C series,
indicating improved crystallinity, enhanced atomic
ordering, and possible grain growth at higher sintering
temperatures. Such enhancement in diffraction
intensity is commonly associated with improved
structural ordering and reduced lattice imperfections
during thermal treatment [15, 28–30].

The influence of sodium substitution becomes
increasingly evident with increasing dopant
concentration. In both the T1 and T2 series, the
diffraction peak intensity around 28–29◦ gradually
decreases with increasing Na content, particularly
for the BKGF-3N compositions. In addition, slight
peak shifts are observed in highly doped samples,
suggesting successful incorporation of Na+ ions into

the TTB lattice and corresponding lattice distortion
due to ionic substitution. The smaller ionic radius
of Na+ compared with K+ within the A-site of
the TTB framework introduces localized lattice
distortion, preserving the tetragonal structure while
producing subtle modifications in lattice strain.
Similar behavior has been reported for alkali-modified
TTB ceramics [15, 31–34].

The effect of ionic aqueous medium treatment is
also reflected in the diffraction behavior. Certain
salt-assisted samples, particularly BKGF-2NST1,
exhibit comparatively reduced peak intensity,
suggesting that the combined influence of sodium
substitution and ionic transient liquid processing
may introduce localized structural disorder or defect
formation. Although assisted ionic processing can
enhance densification, excessive ionic incorporation
may simultaneously influence crystallinity and defect
equilibria within the TTB framework.

Particle size analysis presented in Figure 3 reveals that
the average particle size increases progressively with
sodium concentration, ranging from approximately
2.98µm for undoped compositions to nearly 7.37µm
for the highly doped BKGF-3N samples.

Generally, smaller particles are expected to promote
densification due to their higher surface energy and
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Figure 3. Particle size analysis of BaK1−xNaxGd3Fe5O15

compositions with varying sodium concentration.

shorter diffusion pathways during sintering [35].
However, the density results summarized in Table 1
indicate that densification behavior is strongly
influenced not only by particle size, but also by dopant
concentration, ionic medium treatment, and assisted
sintering temperature.

Table 1. Relative Density of BaK1−xNaxGd3Fe5O15

processed under different assisted sintering and ionic
medium conditions.

Sample Bulk Density
(g/cm3)

Theoretical
Density (g/cm3)

Relative
Density (%)

BKGF-T1 3.96 4.21 94.1
BKGF-ST1 3.70 4.21 87.9
BKGF-T2 3.44 4.21 81.7
BKGF-ST2 3.85 4.21 91.4
BKGF-1NT1 3.89 4.39 88.6
BKGF-1NST1 3.47 4.39 79.0
BKGF-1NT2 3.54 4.39 80.6
BKGF-1NST2 4.32 4.39 98.4
BKGF-2NT1 3.46 4.45 77.8
BKGF-2NST1 3.81 4.45 85.6
BKGF-2NT2 3.81 4.45 85.6
BKGF-2NST2 3.79 4.45 85.2
BKGF-3NT1 3.79 4.46 85.0
BKGF-3NST1 3.81 4.46 85.4
BKGF-3NT2 3.46 4.46 77.6
BKGF-3NST2 3.81 4.46 85.4

Table 1 presents the bulk, theoretical and relative
densities of BaK1−xNaxGd3Fe5O15 ceramics processed
under different assisted sintering conditions and ionic
medium conditions. For the 400 ◦C (T1) series, the
bulk density decreases with increasing Na substitution
from 3.96 g/cm3 (94.1%) for BKGF-T1 to 3.89 g/cm3

(88.6%) for BKGF-1NT1 and reaches a minimum
of 3.46 g/cm3 (77.8%) for BKGF-2NT1, followed by

an increase to 3.79 g/cm3 (85.0%) for BKGF-3NT1.
In the 500 ◦C (T2) series, a marked variation is
observed, with BKGF-1NST2 exhibiting the highest
bulk density of 4.32 g/cm3 and a relative density
of 98.4%, compared with 3.54 g/cm3 and 80.6% for
the corresponding BKGF-1NT2 sample. Among all
compositions and processing conditions, BKGF-1NST2
shows the highest densification, whereas BKGF-2NT1

exhibits the lowest relative density (77.8%). These
results indicate that the densification behavior is
strongly influenced by both Na substitution level and
processing route, which enhances mass transport,
grain boundary diffusion, and particle rearrangement
during assisted sintering [16, 19, 22].

The observed differences between deionized
water processed and salt-assisted samples further
demonstrate the important role of transient liquid
chemistry in the densification and structural evolution
of the ceramics. The presence of dissolved ionic
species in the transient medium likely promotes
localized mass transport and pore filling, resulting in
improved grain connectivity and reduced residual
porosity in selected compositions. However, excessive
ionic incorporation may also contribute to local
structural disorder and defect formation, which can
influence diffraction intensity and functional behavior.
These competing effects suggest that transient liquid
chemistry strongly affects crystallinity, densification,
dielectric relaxation, and magnetic interactions in
cold-assisted sintered TTB ceramics.

The frequency-dependent dielectric behavior of
BaK1−xNaxGd3Fe5O15 ceramics is presented in
Figures 4 and 5, showing the variation of relative
permittivity (εr) and dielectric loss tangent (tan δ)
as a function of sodium concentrations, salt-assisted
processing, and assisted sintering temperature (T1

= 400 ◦C and T2 = 500 ◦C). All compositions exhibit
pronounced frequency dependent dielectric behavior,
which is characteristic of tetragonal tungsten bronze
(TTB) ceramics.

The relative permittivity generally decreases with
increasing frequency, particularly below ∼1MHz,
due to the gradual reduction in the contribution of
space-charge, interfacial, dipolar, and grain boundary
polarization mechanisms. At lower frequencies,
charge carriers and defect dipoles can readily follow
the applied alternating electric field, resulting in
higher polarization and consequently higher dielectric
permittivity. As the frequency increases, these
polarizationmechanisms become progressively unable
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Figure 4. Relative permittivity (εr) of
BaK1−xNaxGd3Fe5O15 from 1MHz to 5MHz (x = 0.10,

0.20, 0.30). (a) At T = 400 ◦C; (b) At T = 500 ◦C.

to respond to the rapidly alternating electric field,
leading to reduction in the dielectric constant. Similar
frequency dependent dielectric dispersion has been
reported for iron-containing oxide ceramics and
TTB systems [15, 31]. Among these compositions,
BKGF-2NST2 assisted-sintered at 500 ◦C exhibited the
highest relative permittivity (∼130–135) at 1MHz,
whereas BKGF-1NT1 showed the highest permittivity
(∼50–52) in the 400 ◦C series. This indicates that both
Na+ substitution and assisted sintering temperature
influence the dielectric response.

The observed dielectric relaxation behavior
can be interpreted using the Maxwell–Wagner
interfacial polarization model together with Koop’s
phenomenological theory [36, 37]. According to
this model, the ceramic microstructure consists of
relatively conductive grains separated by highly
resistive grain boundaries. At lower frequencies,
charge carriers accumulate at the grain boundaries,
producing significant space-charge polarization and
consequently higher dielectric permittivity. As the
applied frequency increases, the accumulated charges
become unable to follow the alternating electric field,

Figure 5. Dielectric losses (tan δ) of BaK1−xNaxGd3Fe5O15

from 1MHz to 5MHz (x = 0.10, 0.20, 0.30). (a) At
T = 400 ◦C; (b) At T = 500 ◦C.

resulting in a gradual decrease in dielectric constant.
Similar dielectric relaxation behavior governed
by interfacial polarization has been reported for
substituted multifunctional oxide ceramics [38].

In addition to interfacial polarization, the dielectric
behavior may also be influenced by defect chemistry.
Oxygen vacancies generated during ceramic
processing are likely to act as localized charge-trapping
centers, while partial substitution of K+ with Na+ may
introduce local lattice distortion and modify charge
compensation behavior within the TTB framework.
Furthermore, localized Fe2+/Fe3+ electron hopping
may contribute to short range charge transport and
dielectric relaxation. These mechanisms are consistent
with the dielectric behavior reported for substituted
oxide ceramics in the literature [37, 38].

The dielectric loss tangent (tan δ) also decreases
significantly with increasing frequency for most
compositions, indicating reduced energy dissipation
at higher frequencies. The comparatively high
dielectric losses observed at lower frequencies may
be associated with Maxwell–Wagner interfacial
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polarization, electrode polarization, and charge
accumulation at grain boundaries and defect-rich
interfaces. The reduction in dielectric loss observed
around 3.5–4MHz is consistent with dielectric
relaxation processes associated with defect-mediated
and interfacial polarization mechanisms. Among the
investigated samples, BKGF-ST1 exhibited the lowest
dielectric loss within the measured frequency range
after salt-assisted processing, indicating improved
dielectric stability.

The assisted sintering temperature strongly influences
the dielectric response of the ceramics. Samples
sintered at 400 ◦C (T1 series) generally exhibit lower
dielectric losses than those sintered at 500 ◦C (T2

series), particularly at lower frequencies. Although
higher assisted sintering temperatures improve
crystallinity and structural ordering, they may
also modify grain boundary resistance and defect
concentration, thereby influencing dielectric loss and
polarization behavior. Consequently, variations in
dielectric loss among different compositions may
result from changes in defect chemistry and charge
transport associated with the assisted sintering
temperature.

The influence of sodium substitution and salt-assisted
processing is strongly composition dependent.
In the T1 series, the salt-assisted composition
BKGF-ST1 exhibits comparatively lower dielectric loss,
indicating improved dielectric stability and reduced
energy dissipation. In contrast, the BKGF-2NT2

and BKGF-2NST2 samples in the T2 series exhibit
comparatively higher dielectric losses, which may
be associated with changes in defect concentration,
grain boundary resistance, and localized Fe2+/Fe3+
hopping induced by the higher assisted sintering
temperature.

Although increased density generally improves
particle packing and reduces residual porosity,
the results indicate that densification alone
does not determine the dielectric response of
BaK1−xNaxGd3Fe5O15 ceramics. BKGF-1NST2

exhibited the highest bulk density but did not show the
highest dielectric constant. This observation suggests
that dielectric behavior is additionally influenced
by crystallinity, grain-boundary characteristics,
defect chemistry, oxygen-vacancy concentration,
and localized Fe2+/Fe3+ hopping rather than by
densification alone.

The magnetic properties of BaK1−xNaxGd3Fe5O15

ceramics were investigated using vibrating sample

Figure 6. Hysteresis loops of BaK1−xNaxGd3Fe5O15

(x = 0.10, 0.20, 0.30) samples. (a) Calcined powder; (b) CS
at 150 ◦C + AS at 400 ◦C; (c) CS at 150 ◦C + AS at 500 ◦C.

magnetometry (VSM), and the corresponding
M–H hysteresis loops are presented in Figure 6,
while the magnetic parameters including saturation
magnetization (Ms), remanent magnetization (Mr),
and coercivity (Hc) are summarized in Table 2.
All compositions exhibit clear hysteresis loops,
confirming ferromagnetic/ferrimagnetic behavior at
room temperature due to Fe3+-mediated magnetic
interactions within the tetragonal tungsten bronze
(TTB) framework [10, 39–41].

As observed in Figure 6(b, c), assisted sintering at
500 ◦C generally enhances the magnetic response
compared with the 400 ◦C series. The T2 samples
generally exhibit comparable or moderately varied
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Table 2. Hc,Mr,Ms values of BaK1−xNaxGd3Fe5O15 (x = 0.00, 0.10, 0.20, 0.30) ceramics.

Temperature Sample Ms (emu/g) Mr (emu/g) Hc (Oe)

Sintered T1 (400 ◦C)

BKGF-T1 4.38 0.544 151.428
BKGF-ST1 4.36 0.538 147.588

BKGF-1NST1 2.73 0.696 1384.611
BKGF-1NT1 2.92 0.745 1345.312
BKGF-2NT1 5.04 1.55 1417.268
BKGF-2NST1 4.87 1.50 1430.209
BKGF-3NT1 4.19 1.24 1465.517
BKGF-3NST1 3.81 1.12 1474.592

Sintered T2 (500 ◦C)

BKGF-T2 4.92 0.536 143.745
BKGF-ST2 5.01 0.553 146.505

BKGF-1NST2 2.81 0.731 1377.925
BKGF-1NT2 3.04 0.783 1409.759
BKGF-2NT2 4.97 1.59 1435.843
BKGF-2NST2 4.83 1.54 1408.431
BKGF-3NT2 4.14 1.23 1404.644
BKGF-3NST2 3.66 1.05 1410.269

Ms, Mr, and Hc values relative to the T1 series,
with composition-dependent trends reflecting
the interplay between improved crystallinity and
modified defect chemistry at higher assisted sintering
temperatures. Similar improvements in magnetic
behavior after cold-assisted sintering have also
been reported in related TTB ceramics processed
through low-temperature routes [14, 22]. The effect
of sodium substitution is particularly significant in
modifying coercivity and remanent magnetization.
As summarized in Table 2, the undoped compositions
BKGF-T1/T2 and BKGF-ST1/ST2 exhibit low coercivity
values (∼150Oe), characteristic of soft magnetic
behavior. In contrast, sodium-doped samples show
a substantial increase in coercivity, ranging from
approximately 1345 to 1475Oe, indicating enhanced
magnetic anisotropy and stronger domain wall
pinning. Among all investigated compositions, the
BKGF-2NT1 and BKGF-2NT2 samples exhibit the
highest magnetic performance, with Ms values of
approximately 5 emu/g and coercivity exceeding
1400Oe. For x = 0.20, the enhanced magnetic
performance observed suggests an optimum balance
between defect concentration and structural ordering.
Additional lattice distortion may be introduced due
to excessive Na substitution (x = 0.30) that weakens
long-range magnetic exchange interactions despite
improved crystallinity, consistent with observations in
other substituted oxide systems [40, 42]. This suggests
that the intermediate sodium concentration optimizes
magnetic exchange interactions and magnetic domain
stability within the TTB lattice.

The 2N sodium concentration appears to optimize
this magnetically hard behavior, characterized

by enhanced coercivity, likely by influencing the
distribution of magnetic ions or promoting optimal
magnetic domain formation. Conversely, salt-assisted
processing generally results in slightly lower saturation
magnetization compared to the corresponding NT
samples, suggesting a modest reducing effect on the
overall magnetic moment. This complex interplay
of dopants and processing conditions allows for
modification of the magnetic characteristics, which is
crucial for potential multiferroic applications.

The present study focuses on the structural, dielectric,
and magnetic properties of BaK1−xNaxGd3Fe5O15

ceramics processed by cold-assisted sintering.
Although X-ray diffraction and density measurements
provide evidence of phase formation, crystallinity, and
densification, detailed microstructural characteristics
such as grain morphology, grain size, and pore
distribution could not be directly examined because
SEM analysis was beyond the scope of the present
work. Future investigations will include SEM
characterization to establish a direct correlation
between the microstructure and the observed
dielectric and magnetic properties.

4 Conclusion
BaK1−xNaxGd3Fe5O15 tetragonal tungsten bronze
ceramics were successfully synthesized by a
cold-assisted sintering route followed by assisted
sintering at 400 ◦C and 500 ◦C. XRD analysis confirmed
the formation of the TTB phase, while assisted
sintering improved the crystallinity and densification
of the ceramics. BKGF-1NST2 exhibited the highest
bulk density of 4.32 g/cm3. Dielectric measurements
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revealed the characteristic frequency-dependent
response of TTB ceramics, with the BKGF-2NST2

exhibiting the highest relative permittivity
(approximately 130–135 at ∼1MHz), whereas the
salt-assisted BKGF-ST1 showed the lowest dielectric
loss within the investigated frequency range. Magnetic
measurements confirmed ferrimagnetic behavior for
all compositions, with the BKGF-2NT2 demonstrating
optimal overall magnetic performance, including
saturation magnetization (Ms = 4.97 emu/g),
remanent magnetization (Mr = 1.59 emu/g), and
coercivity (Hc = 1435.84Oe), attributed to optimized
magnetic exchange interactions and improved grain
connectivity at 500 ◦C assisted sintering. Overall,
the combined effects of Na+ substitution and
assisted sintering provide an effective strategy for
optimizing the structural, dielectric, and magnetic
properties of BaK1−xNaxGd3Fe5O15 ceramics through
a low-temperature processing route.
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