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ARTICLE INFO ABSTRACT

Keywords: This paper addresses a crucial gap in the effect of adding BaZrg 1Tig.9O3 (BZT) on the structural, microstructural,

Ceramic dielectric, and electrical properties of MgTiO3 (MT) material. These ceramics with the chemical composition (1-

]S321T-M1T x) MT - x BZT were synthesized with different compositions ranging from x = 0.0 to 1.0 with a 0.1 step using
ol-ge

the sol-gel reaction process. The X-ray diffraction (XRD) results and Rietveld refinement analysis showed the
formation of a tetragonal phase with the P4mm space group for the BZT sample and a hexagonal phase with the
R-3 space group for MT ceramics, without any secondary phases. However, (1-x) MT — x BZT composites with x
ranging from x = 0.1 to 0.9, showed a coexistence of tetragonal (P4mm) and hexagonal (R-3) phases. Scanning
Electron Microscopy (SEM) was used to investigate the morphology and grain size of the compounds. The SEM
results revealed a clear decrease in grain growth for x = 0.6 of BZT content with the higher density. Furthermore,
the dielectric properties of these composites were studied by impedance spectroscopy, which showed a single
diffuse dielectric phase transition for all the BZT-MT composites. There was a clear increase in dielectric

X-ray diffraction
Dielectric properties
Phase transition

permittivity (e,) value with the increase of the BZT content. This broad phase transition is highly desired and has
not been observed in previous studies. The obtained composite ceramics could open the way to lead new ap-

plications in microelectronic devices.

1. Introduction

In recent years, a lot of interest has been focused on the development
of lead-free perovskites due to their excellent dielectric, electrical pro-
prieties, and environmental friendliness (Mondal et al., 2018). Barium
titanate BaTiOs (BT) ceramic is the first lead-free metal oxide material
with ferroelectric behavior (Zheng et al., 2023; Chen, 2020). Serval
years after its invention, BT has become one of the most important base
materials for dielectric ceramics due to its excellent dielectric pro-
prieties, such as a high dielectric constant with a high curie temperature
(T,), low dielectric loss, and environmental friendliness (Gouitaa et al.,
2018; Yang et al., 2021). These proprieties make BT the perfect candi-
date for many technological and industrial applications, like dynamic
memories, capacitors, sensors, microwave tunable devices, and so on
(Amu-Darko et al., 2022; Baryshnikov et al., 2015).

The BT has a perovskite structure ABOs, in which the A-site is filled
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with an alkaline metal ion (Ba™2), and the B-site is represented by a

transition metal ion (Ti‘”) (Hu et al., 2020). The BT structure possesses
an octahedrally organized small metal cation in tightly packed layers on
the B-site and a large metal cation with oxygen ions placed closely
together in layers on the A-site (Fahad et al., 2022; Yang et al., 2021).
In its pure form, BT is an electrically insulating material, but it be-
comes semi-conducting by inserting dopants. These dopants affect and/
or enhance the material structure, dielectric proprieties, polarization
process, and transition temperature (Gouitaa et al., 2018; Dai, 2020;
Zhou et al., 2019). Similarly, BT exhibits improved properties as a result
of foreign ions being doped at the Ba-site and/or Ti-site at suitable
dopant concentrations to generate a material widely used in a variety of
applications (Fahad et al., 2022; Shukla et al., 2019; Yang et al., 2020).
Recently, several works have investigated the substitution of BT by
zirconium (Zr) as a dopant at the Ti-site to form barium zirconate tita-
nate BaZryTi; xO3 (BZ<T) (Elbasset et al., 2015; Sateesh et al., 2015),
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Fig. 1. Flow chart of the sol-gel elaboration of (1-x) MT — x BZT composites ceramics.

where x represents the Zr concentration. The Zr** ionic radius (0.087
nm) is greater than that of Ti** (0.0685 nm), which can improve the
chemical stability of the BZ,T materials, enhancing their dielectric
proprieties and reducing the transition temperature. The characteristics
of BZ,T make them more appropriate for different applications, such as
ceramic capacitors, sensors, solar cells, piezoelectric actuators, and
tunable microwave devices like phase shifters and filters (Binhayeeniyi
et al., 2010). A study by A. Elbasset et al. investigated the impact of Zr
content in BZ,T material (x = 0 -15 at % with a step of 2.5 %). They
found that at x = 10 %, the material exhibited the best proprieties such
as an increase in the dielectric constant, a reduce in the dielectric loss,
and a lower curie temperature (Elbasset et al., 2015). In this study, we
chose to work with a Zr concentration of 10 % because of its dielectric
constant (g, ~ 2830), dielectric loss (& ~ 0.012), good thermal stability,
and tetragonal perovskite structure with P4mm space group (a = b =
4.0269 A, ¢ = 4.0319 A) at ambient temperature as reported in previous
studies (Jamil et al., 2015).

On the other hand, Magnesium Titanate MgTiO3 (MT) ceramic is still
the most important material widely studied and used in microwave
frequencies (Jo et al., 2015; Kumar et al., 2012). It exhibits an excep-
tionally low dielectric loss (10" and intermediate dielectric constant
(er ~ 17) (Ni et al., 2021), making it an appropriate candidate for
various microwave applications such as antennas, dielectric resonators,
capacitors, and filters (Xu, 2018; Wang and Yan, 2021). However, the
researches revealed that MT ceramic has a hexagonal structure with an
R-3 space group (a = b = 5.441 A and ¢ = 13.644 A) (Li et al., 2022; Ni
et al., 2021).

In 2008, L.N. Gao et al. prepared hetero-structured thin films of
BaZr 2Tip.g03 — MgTiO3 using the sol-gel technique with a concentra-
tion of Zr equal to 20 %. They found that the sample has a perovskite and
polycrystalline structure and MT has a significant impact on reducing
the grain size (Gao et al., 2008). Subsequently, R. Pengrong et al. studied
(1-x) BaZrg 25Tip.7503 — x MgO (x = 0.1, 0.2, 0.3, 0.4) composite ce-
ramics with 25 % of Zr content prepared by solid-state route, demon-
strated that it exists only BZT and MgO phases, with no other phases

present at room temperature. They also revealed that adding MgO
significantly decrease the dielectric permittivity and the dielectric loss
(Ren et al., 2011). Moreover, by employing a similar solid-state method,
Yuan Xu et al. also reported the effect of MgO addition on the proprieties
of BaZrg15Tipgs03 ceramic with 15 % of Zr content according to
BaZrg.25Tip.7503 — x mol % MgO (x = 0.0, 0.25, 0.50, 1.0, 1.5). The
findings indicate that the addition of MgO into the BZT ceramic, give a
decrease in the dielectric constant, reduce in the dielectric loss, and
gradually reduced in the average grain size (Xu, 2019).

The present study focuses on the elaboration of (1-x) MT — x BZT
(where x = 0.0 to 1.0) composite ceramics by the sol-gel route, and
evaluating the impact of BZT (10 % of Zr content) on the structural,
microstructural, dielectric, and electrical proprieties of MT ceramic
through various characterization methods such as DRX, SEM, Fourier-
transform infrared spectroscopy (FT-IR), dielectric and electrical
measurements.

2. Experimental

The solid solution (1-x) MT - x BZT ceramics were synthesized via
the sol-gel reaction, with a composition range from x = 0.0 to 1.0 with a
0.1 step. The different steps related to the preparation of the composites
are schematized in the flow chart shown in Fig. 1.

In the first stage, BZT powder was prepared using barium acetate
trihydrate (Ba (CH3COO),, 3H20), zirconium acetate (Zr (CH3COO)4,
xH50), and sol of titanium, which were dissolved in distilled water as
solvent. The obtained solutions were blended in stoichiometric quanti-
ties following to the chemical formula BaZr( 1Tip 9O3 (BZT) and stirred
for 1 h to increase the homogeneity of the solution. Then, the solution
was destabilized by drying it in the oven at 80 °C for 72 h. The resulting
powder was ground in an agate mortar and calcined at 1000 °C/4 h
using a programmable oven to form the desired powder. In the second
stage, MT powder was elaborated using Magnesium acetate (Mg
(CH3COO0)4, xH20) and a titanium sol as initial precursors, then fol-
lowed the same procedure as the BZT powder synthesis. The formed MT
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Fig. 2. X-ray diffraction diagrams of (1-x) MT — x BZT samples for x = 0.0 to 1.0.

powder was calcined at 1000 °C/4h.

The last step involved mixing and grinding the two calcined BZT and
MT powders for 30 min in stoichiometric quantities in molar percent to
form a composite according to the formula (1-x) MT — x BZT, where x
ranged from 0.0 to 1.0. The formed composite powders were pressed
into cylindrical pellets form of about 12 mm in diameter and 1 mm in
thickness under a uniaxial pressure of 8 tons. These pellets were finally
sintered at 1100 °C/6h using a programmable oven with a heating rate
of 3 °C/min.

The phase formation of the obtained compounds was determined by
structural characterization, such as powder XRD and FT-IR. The surface
morphology and grain sizes of the samples were studied by SEM. The
dielectric and electric properties of the synthesized composites were
measured using impedance spectroscopy as a function of frequency and
as a function of temperature.

3. Results and discussion
3.1. X-ray diffraction analysis

The XRD patterns of the different solid solutions (1-x) MT - x BZT
that were calcined at 1000 °C/4h are collected in the 26 angle range of
5° — 80°, and presented in Fig. 2. It is evident that the pure MT (x = 0.0)
crystallizes in the hexagonal perovskite structure without any additional
peaks (Jo et al., 2015). The XRD patterns of the pure BZT sample (x =
1.0) indicate that all the peaks have been indexed, and correspond to the
tetragonal phase without the presence of secondary peaks (Elbasset
et al., 2015), while the XRD results of the solid solutions (1-x) MT — x
BZT with 0.9 > x > 0.1, show the coexistence of the hexagonal and the
tetragonal phases. The structure of BZT-MT composite ceramics gradu-
ally transitions from the hexagonal phase to the tetragonal phase as the
BZT concentration increases. This evolution shows that the Ba?*, Zr®*,
and Ti*" ions are completely diffused into the host lattice of the MT
structures to form a solid solution.

To analyze the structural change, crystal system, and lattice pa-
rameters variation of (1-x) MT - x BZT composite samples, Rietveld

refinement was performed utilizing the Fullprof software. The refine-
ment quality is related to the reliability factor ? which represents the
ratio between the experimental and calculated patterns and indicates
the good crystallinity of the powder (y? < 2 indicate a higher crystal-
linity of the powder). The refinement results are presented in Fig. 3.

For pure MT powder, it was adjusted with a hexagonal phase of R-3
space group. As depicted in Fig. 3.a, the refinement was successful and
the fitted unit cell parameters area =b =5.0529 A, ¢ = 13.897 A, a = B
=y =90°,V = 307.3712 A with a y? = 0.949. These results are in a good
agreement with those reported by the researchers in the literature
(Elbasset et al., 2015). For pure BZT sample, the spectrum fitting was
performed with the tetragonal phase of P4mm space group, the refine-
ment determined the following lattice parameters a = b = 4.0181 A, ¢ =
4.0168 A, a = p = 90°, y = 120°, V = 65.1977 A with a ¥20.96. The
obtained results are in accord with that reported in the previously
studies (Jo et al., 2015). Furthermore, (1-x) MT — x BZT composites with
x ranging from 0.1 to 0.9, the fitting of the solid solution was executed
considering a two-phase system, and a considerable y2 values were
obtained between 0.90 and 1.66. Therefore, we can conclude that the
calculated models and the measured models are in a good agreement,
indicating the reliability of the refinement process and the high crys-
tallinity of the prepared samples.

The obtained parameters corresponding to different compositions
are grouped in Table 1. the unit cell parameters (a) and (c) evolve with
high composition of BZT concentration, indicating a gradual transition
from the hexagonal phase to the tetragonal phase. Moreover, the tet-
ragonality (c/a) of BZT reduces largely as the BZT content rises, sug-
gesting the tendency to the cubic phase. The variation of lattice
parameters in zigzag could be attributed to cation substitution, the
Mg2+ (ionic radius = 0.072 nm, coordination number = 6) ions can
substitute Ti*" (0.061 nm, CN = 6), or Ba*>" (CN = 12), or Zr*" (0.072
nm, CN = 6) sites.

3.2. Rietveld refinement

(See ).
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Fig. 3. Rietveld refinement of (1-x) MT - x BZT composites for x = 0.0 (a), 0.1 (b), 0.2 (c), 0.3 (d), 0.4 (e), 0.5 (f), 0.6 (g), 0.7 (h), 0.8 (i), 0.9 (j), 1.0 (k).
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Table 1
Parameters of (1-x) MT — x BZT obtained via the Rietveld refinement.
X x BZT (1-x) MT 1’4 x2
Tetragonal (P4mm) Hexagonal (R —3)
a=Db(A") c(A°) c/a a=b(A°) c (A°)
0.0 5.0533 13.8990 307.3712 0.949
0.1 3.9913 4.0328 1.010397 5.0526 13.8986 307.2808 1.04
0.2 4.0191 4.0422 1.005747 5.0548 13.9067 307.7250 1.16
0.3 4.0221 4.0303 1.002038 5.0520 13.8963 307.1534 1.03
0.4 4.0284 4.0203 0.997989 5.0531 13.8978 307.3273 0.90
0.5 4.0220 4.0317 1.002411 5.0527 13.8965 307.2409 1.66
0.6 4.0237 4.0320 1.002062 5.0535 13.9020 307.4634 1.34
0.7 4.0237 4.0329 1.002286 5.0517 13.8955 307.0993 1.19
0.8 4.0249 4.0315 1.001639 5.0539 13.9016 307.5081 0.95
0.9 4.0232 4.0330 1.002435 5.0531 13.8977 307.3125 0.95
1.0 4.0250 4.0243 0.999676 .. . 65.1977 0.96
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Y
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Fig. 4. FT-IR spectra of (1-x) MT - x BZT composites measured at room temperature.

3.3. Fourier-transform infrared spectroscopy analysis

To understand the crystal structure, we conducted the Fourier-
transform infrared spectroscopy (FT-IR). This technique uses the vi-
brations of molecules, more specifically, the variations of these vibra-
tions that occur when the sample is exposed to an electromagnetic wave
of adequate frequency. Fig. 4 represent the FT-IR spectra of (1-x) MT —x
BZT powders for different x percentage (x = 0.0 — 1.0) in wavenumber
range of 450-4000 cm ™. The FT-IR data shows two different absorption
areas, that change with the BZT content. The first area with a large band
and it’s located at a wavenumber range of 720-450 cm ™, and for the
second area is found at a high wavenumber range of 2350 cm™!. How-
ever, the first absorption area reveals the MT’s characteristic bands at
530 and 692 cm L. These bands are assigned to the stretching vibration
of M—O bonds (Ti-O and Mg-O), confirming the hexagonal structure
(space group R-3) of the sample. The obtained results are in good
accordance with those reported by H. Yang et al. for MgTiO3 ceramic
(Yang et al., 2020), and by R. Bahloul et al. for the CdTiO3 ceramic
(Bahloul et al., 2017). As the BZT concentration increases in the MT
lattice, the characteristic bands of M—O shift to the lower energy values
from 530 cm ™ in pure MT to 485 em™!in pure BZT, indicating the
change in the unit cell size. The second absorption area attributed to

symmetrical and antisymmetric vibrations (stretching of carboxyl
groups (COO)) in the prepared samples. The obtained FT-IR results are
in good accord with those of XRD and Rietveld refinement.

3.4. SEM analysis

Microstructural analysis is an important tool for evaluating the size
and shape of the grains, as well as the porosity, which considerably af-
fects the dielectric properties of the material. For that reason, the
morphology surface of the prepared ceramics was examined using SEM.
The SEM micrographs of the (1-x) MT - x BZT composites, sintered at
1100 °C/8h, at a scale of 1 pm are presented in Fig. 5. For the pure MT
(Fig. 5. a), the obtained grains are homogeneous in size, exhibiting a
relatively regular and quasi-quadratic shape, with an average particle
size around 1260.75 nm. The achieved results are similar to those re-
ported by V. Sharon Samyuktha et al. in their study of the surface
morphology and microstructure of MgTiO3 (Sharon Samyuktha et al.,
2016). It is well observed that the size and shape of the samples change
depending on the BZT content. Fig. 5 shows that the grains shape be-
comes more semi-spherical with a high number of pores and a less ho-
mogeneity and grain size with a big concentration of BZT (Table 2). This
evolution can be explained by the coexistence of the tetragonal and
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Fig. 5. SEM micrographs of (1-x) MT — x BZT samples for x = 0.0 (a), 0.1 (b), 0.2 (c), 0.3 (d), 0.4 (e), 0.5 (f), 0.6 (g), 0.7 (h), 0.8 (i), 0.9 (j), 1.0 (k).

Table 2

Average grains size of (1-x) MT — x BZT solid solution

composition.

X

Average grains size (nm)

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

1.0

1260.75

1076.97
903.025
701.225
667.1
596.225
344.27
434.87
474.17
489.57
360.67

hexagonal phases, as it indicated previously in the XRD results. A similar
change in the shape and the size of the grains were observed in the
previous studies, such as the study reported by L.N. Gao et al. on the
BaZrg 2Tip.g03 — MgTiO3 ceramics (Gao et al., 2008), and the work re-
ported by R. Pengrong et al. for the (1-x) BaZrg 25Tip 7503 — x MgO
samples (Ren et al., 2011). Furthermore, a significant decrease in grains
size is observed for the sample with x = 0.6, indicating that the grains
size is minimal with a good density (Fig. 5. g). For the pure BZT sample
(Fig. 5.k), the majority of the grains are homogeneous with a semi-
spherical shape. This observation is in a good accord with Wei Cai
et al. (Cai et al., 2009).

3.5. Dielectric properties

The variation of dielectric permittivity (e,) as a function of frequency
(100 Hz — 2 MHz) of (1-x) MT - x BZT composites at different tem-
peratures (Tam — 500 °C) is presented in Fig. 6. It clearly shows that for
x between 0.0 and 0.6, the e’r decreases rapidly at low frequency regions,
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Fig. 6. Variation of the dielectric permittivity as a function of frequency for (1 — x) MT - x BZT composites with x = 0.0 (a), 0.2 (b), 0.4 (c), 0.6 (d), 0.8 (e), 1.0 (f).

then it remains constant and independent of frequency at high ranges.
The high s/, values were observed in the low frequencies, it is caused by
the polarization of space charge, which relates to the accumulation of
free charges at the grain boundary and at the interface of the electrode
and the sample. This effect is also owed to the oscillation of the induced
dipoles following the applied external electric field. Furthermore, as the
frequency increases, the dipoles start not following the applied electric
field anymore, and that explains the observed reduction in ¢, value at
higher frequencies. In a similar study, N. Gouitaa et al. investigated (1-x)
CaTiO3-xFeTiO3 composites with various compositions (x = 0.0 to 1.0)

and observed the same behavior in their research (Gouitaa et al., 2022).
However, for the percentage of BZT above 0.6, two different regions can
be distinguished. The first one in the low frequency range where ¢, re-
mains constant forming a plateau behavior, followed by a second one at
high frequency range with high dispersion. The observed dispersion
could be attributed to the polarization mechanism associated with the
thermoactivated conduction of mobile ions and/or other defects within
the material.

Fig. 7. shows the variation of the ¢, at different frequencies as a
function of temperature, ranging from ambient temperature to 500 °C,
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Fig. 7. Dielectric permittivity evolution as a function of temperature of (1 - x) MT - x BZT composites for x = 0.0 (a), 0.1 (b), 0.2 (c), 0.3 (d), 0.4 (e), 0.5 (f), 0.6 (g),

0.7 (h), 0.8 (), 0.9 (j), 1.0 (k).

for various compositions of (1-x) MT - x BZT solid solution. We can
notice that the pure MT compound (Fig. 7.a) exhibits an e', value of 17 at
ambient temperature, which is well suited to the literature (Ni et al.,
2021; Shanker et al., 2012). Starting from 10 % of the BZT content, the
(1-x) MT - x BZT composites reach a phase transition T. from the
ferroelectric phase (tetragonal symmetry) to the paraelectric phase
(cubic symmetry). This transition has a diffuse character at low tem-
peratures around 150 °C, corresponding to the BZT phase transition.
Furthermore, the augmentation of &, values is related to the high per-
centage of BZT, while the T, shifts to lower temperatures for x values
above 0.5. As mentioned in the SEM results, the BZT doping inhibits the

grain growth at these percentages, increasing the internal stress inside
the hetero-structured that is responsible for the downward shifting of T..
This observation agrees with the results of Chen et al. (Chen et al., 2005).

The maximum value of e; is relatively broad without any significant
shift as a function of frequency, except for x = 0.8 which demonstrates a
diffuse and non-relaxer behavior of the phase transition. For this per-
centage of BZT, we notice a clear deviation of this maximum at the
higher temperatures as the frequency increases, suggesting a relaxer
behavior of phase transition (Gouitaa et al., 2021). However, the relaxer
behavior becomes more pronounced with a reduction in grain size,
which is confirmed in this investigation. The parameters associated to
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Table 3
0ac values of (1-x) MT - x BZT composites at 2 MHz.

X content 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Gac(S.m™Y)  6.60x10% 803x10% 1.16x107 3.14x107 7.39x107 294x10° 515x10° 1.65x10° 209x10° 470x10° 1.59 x10*

these relaxer and diffuse behaviors, as found in this work, will be studied
in the next works. By comparing these results with those reported in the
literature by L.N. Gao et al. (Gao et al., 2008), the broad phase transition
observed in the present study has not been reported for BZT-MT com-
posites, possibly because the Zr content in BZT chosen in their study at

0.2 (20 %), which is higher than the percentage chosen in the current
study.

For pure BZT material (Fig. 7.k), the &, reaches maximum values
about 3150 at room temperature, which is more higher than that
mentioned by A. El basset et al., who studied the effect of the Zr rate on

1,5%107
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Fig. 9. Cole-Cole plots of the (1-x) MT - x BZT (x = 0—100 %) ceramics at 240 °C.
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the structural and dielectric properties of BTZy samples (0 < x < 15 %)
= 2830) (Elbasset et al., 2015).

,

by the sol-gel process (g,

r.max

3.6. Electric properties

Fig. 8 depicts the evolution of conductivity (c) as a function of fre-
quency (10 Hz - 2 MHz) at 240 °C of tested temperature of the (1 — x) MT
—x BZT samples with different compositions (x = 0.0—1.0). The ¢ plots
can be remarkably divided into two different regions. In the first region
at low frequencies, the ¢ remains relatively constant, indicating a linear
behavior. This shows that it is independent of frequency, which can be
assigned to the long-range migration of the charge carriers, confirming
the direct current conductivity (DC conductivity o4.). Therefore, in this
region the conductivity is followed by a continuous current. In the
second region at high frequencies, the o starts to increase as a function of
frequency with a highly dispersive behavior. This behavior is caused by
the successive hopping of charges over a long range (AC conductivity
oqc) (Gouitaa et al., 2017). It’s also clear that the addition of BZT
enhanced ¢ (Table 3). Thus, the ¢ values of (1-x) MT - x BZT solid so-
lutions increase with high concentrations of the BZT content. The ob-
tained results are in good agreement with those of M. Slaoui et al., who
studied (1-x) CCTO - x PT samples for x = 0.0 to 1.0 (Slaoui et al., 2021).

The impedance characteristic was analyzed using the Cole-Cole
function associated with the processes of grains, grains boundaries,
and electrode. Fig. 9 presents the Cole-Cole tracing of (1-x) MT - x BZT
ceramics with various compositions (x = 0.0 — 1.0) at a temperature of
240 °C. These plots can be fitted by a circuit composed of R-C (R-C in
parallel) in series with an R-CPE (R-CPE in parallel). The fitted Cole-Cole
curves obtained for all compositions are characterized by a tendency to
curve to the real abscissa axis, creating semicircles with their centers
located on a line below the real axis. This phenomenon demonstrates the
presence of a non-Debye type of relaxation mechanism in this solution
solid (Gouitaa et al., 2018). For the compositions range from x = 0.0 to x
= 0.3, it can be observed that the semicircle radius decreases with high
concentrations of BZT content, showing a low grain boundary resistivity
(Rgg). However, the radius grows as the concentration of BZT rises at x
> 0.3, indicating an enhancement of Rgp.

4. Conclusion

A series of (1-x) MT- x BZT (x = 0.0 — 1.0) composite ceramics were
successfully synthesized through the sol-gel process. The XRD and
Rietveld refinement studies showed that all the prepared compounds
crystallize in the perovskite structure without the presence of any sec-
ondary phases, indicating that a calcination treatment at 1000 °C for 4 h
is suitable for the complete crystallization of the samples. SEM micro-
graphs showed a transformation in grain shape from semi-quadratic to
semi-spherical, and a decrease in size with the increase of BZT content.
Dielectric permittivity as a function of frequency and temperature
confirms a phase transition from the ferroelectric phase to the para-
electric phase with a diffuse character. Thus, the dielectric permittivity
values enhanced and T, shifted to the lower temperatures as the BZT
content increases. the electrical properties indicate that the conductivity
evolved with higher BZT content. The Cole-Cole plots demonstrate that
the grain boundary resistivity (Rgg) has the higher values for x > 0.3 and
confirm the presence of a non-Debye relaxation mechanism.

These results provide valuable insights into the structural, micro-
structural, dielectric, and electrical properties of (1-x) MT- x BZT
composite ceramics, approving that the synthesized ceramics are
promising materials for the development of advanced applications in
various technological fields.
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