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lizing SiO, and Al,O; oxides, respectively, from Si(C,H50), and Al (NO;);.9H,0,
respectively. Structural phases were identified using XRD and refined using the
Rietveld method. Microstructure, grain size, and elemental composition were
examined by SEM/EDX. Density and porosity were measured via Archimedes’
method. XRD showed pure crystalline mullite for all compositions, while cordier-
ite remained amorphous. Increasing cordierite content reduced grain size by 55%,
lowered porosity, and increased bulk density (up to 2.643 g/cm?® for Mu-C30).
The dielectric constant decreased with both frequency and cordierite content. A
temperature-activated rise in ¢’ and ¢" above 280 °C was observed. AC conductiv-
ity followed Jonscher’s power law, and activation energies decreased from 0.14
to 0.10 eV with increasing cordierite, indicating facilitated ionic transport. The
variation in the maximum imaginary component of the modulus and impedance
with frequency implies the presence of a non-Debye relaxation phenomenon.
These results demonstrate that dense, sol-gel-derived Mu/C composites exhibit
low dielectric loss and stable dielectric behavior at high frequency, making them
promising candidates for electronic substrates, high-frequency circuit packaging,
and ceramic capacitor applications.
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Introduction

Aluminosilicate-based ceramics have garnered consid-
erable attention in the past few years [1-3]. Among the
various compositions, cordierite (2MgO.2Al,0,.55i0,)
and mullite (3A1,0;.25i0,) have been extensively stud-
ied in the literature. Known for their excellent mechan-
ical strength, chemical stability, low coefficient of ther-
mal expansion («), high resistivity, and low dielectric
constant, these composites are highly valued [4-6].
These attributes make cordierite—-mullite ceramics
well suited for numerous applications, including use
as refractory materials and electronic substrates. Given
their potential in the electronics industry, numerous
studies have investigated their dielectric behavior [7,
8], employing various shaping techniques, for exam-
ple, slip casting, tape casting, or pressing [9-12].

Dielectric ceramics are widely used as insulating
materials in high-temperature environments, prompt-
ing extensive research into their dielectric properties
[13-15]. A comprehensive study of their dielectric
behavior requires analyzing the temperature- and
frequency dependence of parameters such as dielec-
tric constant, dielectric losses, and impedance. Factors
such as phase composition, synthesis techniques, and
thermal processing greatly influence these observa-
tions, impacting both the structure and microstruc-
ture. Key variables, including porosity, grain size, and
defects, play critical roles in defining these properties
[16]. Ceramic materials with high dielectric constants
and low losses at high frequencies, which are electri-
cally and thermally stable, are suitable for applications
in ceramic capacitors, high-speed electronic device
coatings, and spark plugs [13]. Several factors can
influence the electrical conductivity and conduction
mechanism of mullite and cordierite, including com-
position, synthesis method, and presence of impuri-
ties, thermal treatment, number of crystalline phases
formed, and porosity [14].

It is essential to note that, although numerous lit-
erature reports exist on the dielectric properties of
ceramics, high-temperature data on the dielectric
constant and loss factor are currently available only
for commercial products based on Si;N, and glass
ceramics [14]. Furthermore, only a limited number
of studies have examined the low-cost fabrication
of cordierite-mullite ceramics and their relation-
ship with dielectric properties. None of these studies
has assessed how dielectric properties change with
increasing temperature [7-9]. In this context and with
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the objective of continuing the studies involving the
use of substrate materials by using cordierite—-mullite
technical ceramic. The main objective is to produce
a mullite-cordierite composite utilizing the sol-gel
technique. This technique includes mixing tetraethyl
orthosilicate (TEOS), magnesium nitrate hexahydrate
(Mg(NO;),.6H,0), and aluminum nitrate nonahy-
drate (AI(NO;);29H,0) based on the stoichiometric
formula for mullite-cordierite composition. The for-
mation of composite phases will be monitored using
X-ray diffraction across varying temperatures. The
structural, microstructural, and dielectric characteris-
tics of mullite ceramics produced through the sol-gel
method followed by reaction sintering have been
illustrated. Research aims to address current knowl-
edge gaps by thoroughly examining the electrical and
dielectric characteristics of (Mu/C Com.). Conductiv-
ity values will be comparatively analyzed to evaluate
their potential for practical applications in electronic
devices and energy storage systems. The goal is to
fabricate (Mu/C Com.) with dielectric constants and
minimal losses at high frequencies, ensuring their
applicability in engineering contexts like high-fre-
quency circuit packaging, electronic substrates, and
ceramic capacitors. The electrical and dielectric char-
acteristics of mullite-based materials are known to be
significantly impacted by their chemical composition,
phase composition, and porosity.

Experimental
Starting materials

In this study, tetraethyl orthosilicate (TEOS)
(S51(C,H50),), 99% purity, sourced from Fluka, along
with magnesium nitrate hexahydrate Mg(NO;),-6H,O,
and aluminum nitrate nonahydrate AI(NO;);-9H,0,
obtained from Biochem Chemopharma, Georgia, USA,
were utilized as materials.

Sample preparation

Tetraethyl orthosilicate (TEOS), serving as a source
of Si0,, was dissolved in ethanol, while aluminum
nitrate nonahydrate (ANN) provided Al,O; dissolved
in distilled water. Magnesium nitrate hexahydrate
(MNH), dissolved in water, supplied MgO for cordier-
ite formation. These chemicals were blended to syn-
thesize a composite material comprising mullite and



cordierite. Six samples —designated Mu-C00, Mu-C10,
Mu-C20, and Mu-C30—contained (0, 10, 20, and 30
wt.%) cordierite, respectively (as detailed in Table 1).

TEOS, MNH, and ANN were dissolved separately
in ethanol and deionized water. The TEOS-to-ethanol
ratio was 1:4 by volume, while the TEOS-to-water
ratio was 20:1 by mole. Each component was vigor-
ously mixed with its respective solvent for 30 min to
ensure uniformity, followed by combining and stir-
ring briskly at room temperature for 2 h. The solution
underwent gelation by incubating at 60 °C for 48 h.

Table 1 Weight percentage (wt.%) composition of the fabricated
samples

Samples Muwt.% Cwt.% AlO;

Si0, wt.% MgO wt.%

wt.%
Mu-C00 100 00 71.8 28.2 0
Mu-C10 90 10 68.1 30.52 1.38
Mu-C20 80 20 64.41 32.83 2.76
Mu-C30 70 30 60.72 35.15 4.13
Mg(NO, ). 64,0
& ’ pH meter
Deionized water |
- -".
& -
TOES
&
Ethanol _ s ™
*s B
£\

The resulting gel was then dried for 24 h at 120 °C. The
white powder obtained was gathered and processed
by grinding with a mortar and pestle.

Compact samples were formed by uniaxially cold-
pressing the powder, followed by calcination and sin-
tering at various temperatures (see Fig. 1) to complete
the process. This methodical approach aimed to con-
trol the composition and microstructure of the (M/C
Com.), optimizing their properties for applications
such as high-frequency circuit packaging, electronic
substrates, and ceramic capacitors.

The SiO,~Al,0;-MgO ternary diagram served as a
basis for an initial assessment of the potential phases
present in the studied formulations. Figure 2 illus-
trates that the cordierite-mullite composites Mu-C00,
Mu-C10, Mu-C20, and Mu-C30 are located within the
mullite, cordierite, and spinel phase region.

Characterization techniques

The phase analysis of mullite samples was con-
ducted utilizing a X-ray powder diffractometer (XRD,

—— Drying at 60°C for 24 h

.
[ 3]
.

Figure 1 Process flowchart for synthesizing mullite/cordierite composite.
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Figure 2 Locations of

Mu-C00, Mu-C10, Mu-C20,
and Mu-C30 formulations on
ternary equilibrium diagram.
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model H12, Ultima IV, Japan) with Cu Ka radiation
(A=1.5418 A), scanning from 10° to 80° 20 at 40 kV
and 40 mA, with a scan speed of 1°/sec. Microstruc-
tural properties were employed utilizing a ZEISS scan-
ning electron microscope (SEM) at 20 kV, and AP and
BD of sintered samples at 1600 °C for 1 h were deter-
mined utilizing Archimedes principle. For dielectric
measurements, pellets were silver-pasted to create
electrodes on opposite sample surfaces and placed in
a furnace utilizing a sample holder. AC parameters,
including capacitance (C), dissipation factor (tand),
and impedance (Z), were measured utilizing an LCR
meter (NF model ZM2376, Japan) throughout the fre-
quency bands 100 Hz to 1 MHz. The dielectric con-
stant and AC conductivity were computed, and their
changes with frequency (from 100 Hz to 1 MHz) and
temperature (from room temperature to 400 °C) were
investigated.
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Results and discussion

Structural characterization
XRD spectra

Figures 3 and 4a, b, ¢, and d depict the XRD profiles
of Mu-C00, Mu-C10, Mu-C20, and Mu-C30 ceramics
sintered at 1600 °C for 1 h. The spectrum indicates
that all samples consist solely of crystalline mullite,
with cordierite appearing amorphous. The strength
or intensity of mullite increased as the proportion of
cordierite in the mullite/cordierite composite sam-
ples rose.

Figure 4e, f, and g shows the Rietveld XRD diffrac-
tion structure development of the mullite/cordierite
composite samples that were heated at 1600 °C. The
straight lines show calculated levels, while the cross
shows real-world data. Below the profile is a graph
that shows the difference between the actual and
predicted levels. Every design has its Bragg position
shown above it. The results show that the actual and
estimated standards are very similar, which means
that the right structures and starting factors were
chosen for the tuning process. The Rietveld XRD
analysis of mullite Al;Si,O,; shows that it has an
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Figure 3 X-ray diffraction profiles of (Mu-C Com.) sintered at 1600 °C for 1 h.

orthorhombic structure and is in the Pbam space
group.

The suggested model closely fit the X-ray diffrac-
tion pattern of the mullite/cordierite mixtures, but it
had low confidence factors. The final Rietveld refine-
ment plot of the mullite/cordierite mixtures is shown
in Fig. 4e, f, and g. The image of the unit cell from the
Crystals Information File (CIF) is shown in Fig. 4e,
f, and g.

The exact data from the structure study of mul-
lite are given in Table 2. We studied the structure of
the mullite/cordierite composite sample both as it
was made and after being heated to 1600 °C using
Rietveld refinement of the X-ray diffraction pattern.
This was done to make sure the suggested adsorp-
tion process works and to find out exactly where
action transfers happen. Profex tools and Vesta were
utilized together to look at the scans and investigate
the structure.

Microstructural analysis

Figure 5 shows micrographs taken with a scanning
electron microscope that show the surface features
and microstructure of the sample that was heated to
1600 °C for 1 h. This microstructure showcases a dense
assembly of mullite granules with diverse shapes and
sizes, and many of them exhibit a porous morphol-
ogy. Additionally, there are a few grains that exhibit
a needlelike form. The surface morphologies and
microstructures of the samples sintered at 1600 °C for
1 h were observed under a SEM and are compiled in
Fig. 5. Figure 5a evidently shows that sample Mu-C00
lacks cordierite. The microstructure reveals densely
packed mullite granules of heterogeneous shapes
and sizes, with numerous pores. Some grains appear
needle-shaped. In Fig. 5b, for sample Mu-C30, nee-
dle-shaped mullite grains are prominently observed,
indicating the presence of a glassy phase along grain
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Figure 4 a, b, ¢, and d Structural characteristics of the mullite/cordierite composites heat-treated samples at 1600 °C as determined
from Rietveld refinement of XRD data, and e, f, g unit cell’s projection of the (Mu-C Com.).

boundaries due to liquid phase sintering. This facili- Figure 5c-d depicts the grain count versus particle
tates higher density in cordierite-rich materials [14, 17, size (um) for Mu-C00 and Mu-C30 samples, with the
18]. distribution following a Lorentzian fitting curve, as

@ Springer



Table 2 Rietveld refinement
results of the (Mu-C Com.)

heat-treated sample at 1600 Lattice parameters Space group: Pbam; a=p=y=90°
°C, focusing on the structural

Phase formula Mullite “3A1,05-25i0,”

) Mu-C00 Mu-C10 Mu-C20 Mu-C30
arameters
’ a(A) 7.55831 7.55320 7.55085 7.55918
b(A) 7.70574 7.69512 7.6934 7.69964
c(A) 2.88952 2.88697 2.88637 2.88882
V(A% 168.29249 167.79872 167.67416 168.13788
Reliability factors Rwp (%) 12.88 15.90 13.71 12.31
Rexp (%) 13.13 12.82 13.12 13.53
7 0.96 1.54 1.09 0.83
GoF 0.98 1.24 1.04 0.91

. - -
— 10pm JEOL-DAC
12.0kV SEI SEM WD 13.1mm 10:08:56

144 Xc : 2.96 pum (©) Xec : 1.33 pm (d)

Count
Count

.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Particule size (um)

Particule size (um)

Figure 5 SEM micrographs of (Mu/C C) sintered at 1600 °C for 1 h: a Mu-C00; b Mu-C30. c—d Distribution histogram of grains.

determined by Image] analysis of SEM images. The The chemical composition of the mullite (Mu-C00)
average grain sizes were 2.96 um for Mu-C00 and and Mu-C30 sintered at 1600 °C for 1 h was assessed
1.33 um for Mu-C30, indicating a *55% reduction in ~ utilizing energy-dispersive spectroscopy (EDX), as
grain size. depicted in Fig. 6.
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Figure 6 Composition of chemical elements in Mu-C00 and Mu-C30 through mass and atomic percentages.

Table 3 Mass and atomic percentages of chemical elements for
Mu-C00 and Mu-C30

Samples Elements Conc.% Atomic%
Mu-C00 (0] 49.057 62.116
Al 38.445 29.857
Si 12.497 9.015
Mu-C30 (0] 60.40 47.27
Al 25.40 34.45
Si 10.85 14.89
Mg 4.45 4.61

The presence of intended elements (Al, Si, and O)
and the absence of impurities in the fabricated sam-
ples were verified through EDX analysis, as depicted
in Fig. 6a. The weight percentage ratio of aluminum to
silicon, determined via EDX analysis and presented in
Table 3, closely matches the expected ratio established
during the synthesis of the ceramics. Figure 6b shows
the EDX analysis, which confirmed the presence of
desired constituents (Al Si, O, Mg) and the absence
of any impurity atoms in the prepared samples.
The aluminum-to-silicon weight percentage ratios
obtained from EDX analysis, detailed in Table 2, cor-
relate well with the ratios specified during the ceram-
ics’ synthesis.

Bulk density and apparent porosity (BD
and (AP)

To assess the AP and BD of samples at 1600 °C for
1 h, calculations were based on the Archimedes prin-
ciple [14, 15]. Figure 7 illustrates the relationship
between AP and BD of the MCxx composites varying
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with cordierite content. As depicted in Fig. 7a, as the
amount of cordierite increases, the BD of all samples
also increases (Table 4), with the highest BD observed
in Mu-C30 sintered at 1600 °C, reaching 2.643 g/cm?>.
This trend indicates that sample density rises with
increasing cordierite content. The enhanced densifi-
cation at higher temperatures is attributed to increased
liquid content in the samples, facilitating densification
[19-23-]. This aligns with earlier findings from shrink-
age analyses, where cordierite transforms into a glassy
phase at elevated temperatures, promoting grain rear-
rangement and higher density [20-24].

Figure 7b illustrates the influence of cordierite on
the AP of sintered mixtures at 1600 °C. It shows that
AP decreases with increasing cordierite content, sug-
gesting that cordierite dissolves within mullite, gen-
erating a glassy phase that aids in the densification
process of the samples [4, 25, 26]. The XRD patterns of
the sintered samples for 1 h at 1600 °C (Fig. 3) confirm
that only the multiple phase is present.

Dielectric analysis

Expression of the relative dielectric constant as a com-
plicated entity including both a real and an imaginary
component helps one to grasp the dielectric charac-
teristics of a solid material: £*=¢’~je”’, where ¢” and
¢”” denote the real and imaginary components of the
dielectric constant, respectively. These elements reflect
the stored energy in the material as polarization and
the energy dissipation under an electric field. Utilizing
the following approach, one may recover the actual
dielectric constant (¢”) from complicated impedance
data [24, 27, 28];
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Figure 7 a BD and b the AP of (Mu/C C) sintered at 1600 °C for 1 h, varying with cordierite content.

Table 4 Apparent density and porosity values of the samples at
1600 °C for 1 h

1600 °C Sample
Vo (%) BD(g.cm™>)

14.23 2.159 Mu-C00
16.51 2.489 Mu-C10
13.41 2.537 Mu-C20
09.69 2.643 Mu-C30

, an
£=- 1

w x Co(Z"? +2'%)

One may get the imaginary component of the
dielectric constant (¢”’) by utilizing the following
approach [24, 27, 28].

Z/
€= @
w0+ Co(27 + 27)

where Z’, Z”, w, and C, denote the real and imagi-
nary components of impedance, angular frequency,
and geometrical capacitance, respectively.

Frequency-dependent dielectric characterization

The frequency-dependent behavior of the real
(¢’) and imaginary (¢'") components of the dielec-
tric constant for Mu-C00, Mu-C10, Mu-C20, and
Mu-C30 ceramics sintered at 1600 °C for 1 h is
analyzed across an extensive frequency spectrum

(100 Hz-1 MHz), (see Fig. 8). This behavior is remi-
niscent of that seen in other dielectric ceramics such
alumina, cordierite (Mg,Al,Si50;g), and perovskite
ceramics like BaTiO; [29, 30]. The high dielectric
constant observed at low frequencies in multiphase
ceramics arises from multiple polarization mecha-
nisms under an applied electric field, including ionic,
dipolar (orientation), and electronic contributions.
Among these, Maxwell-Wagner (interfacial) polari-
zation plays a key role, explaining the frequency-
dependent permittivity through charge accumula-
tion at interfaces between different phases. In this
frequency regime, dipolar polarization and space
charge effects dominate, as defects, structural imper-
fections, and mobile ions facilitate localized charge
buildup at grain boundaries or surfaces when sub-
jected to an electric field.

Interfacial polarization primarily arises from con-
ductivity differences among the constituent phases,
such as cordierite, mullite, and the glassy matrix
[31, 32]. Since grain boundaries hinder charge car-
rier movement across crystallites, electrons and
ions accumulate at these interfaces, leading to local-
ized space charge effects. This charge segregation
enhances the material’s overall dielectric constant,
particularly at lower frequencies where interfacial
contributions dominate.

Dipoles cannot orient themselves in the field
direction in such short a timescale, and the charge
carriers cannot react fast enough to the fast changes
in the applied electric field at higher frequencies.
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Figure 8 Variation of the real component (¢’) of the dielectric constant with frequency for Mu-C00, Mu-C10, Mu-C20, and Mu-C30

ceramics.

Consequently, only electronic polarization adds to
the dielectric constant at high frequencies, thereby
reducing the dielectric constant with increasing
frequency for both Mu-C00, Mu-C10, Mu-C20, and
Mu-C30 (see Fig. 8).

Across the same frequency range (100 Hz-1 MHz),
the dielectric imaginary component (¢’’) was evalu-
ated for the Mu-C00, Mu-C10, Mu-C20, and Mu-C30
ceramic samples.

Mu-C20 and Mu-C30 are also shown in the inset of
Fig. 9. Ion hopping, ion/dipole polarization inside the
material, and charge carrier migration all affect the
imaginary (¢’) component of the dielectric constant
at low frequencies. Dipoles become immobilized at
high frequencies, however, and ion vibrations mostly
contribute to the imaginary (¢’) component of the
dielectric constant, thereby reducing ¢” with increas-
ing frequency [33, 34]. Still, in comparison with the
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dielectric constant values of these ceramics, the value
of ¢" is negligible.

Temperature-dependent dielectric analysis

The real (¢’) and imaginary (¢") components of the
dielectric constant for Mu-C00, Mu-C10, Mu-C20,
and Mu-C30 ceramics are depicted in Figs. 10a—d and
11a—d, respectively, across selected frequencies (10 Hz,
100 Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz) within
the temperature range of 40 °C to 400 °C. The dielectric
property measurements were limited to 400 °C due to
instrument constraints.

The non-dispersive behavior of the dielectric
constant is evident in the plots of temperature ver-
sus the real (¢’) and imaginary (¢'") components
below 280 °C. The dielectric constant experiences
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Figure 9 Variation of the imaginary component (¢”) of the dielectric constant with frequency for Mu-C00, Mu-C10, Mu-C20, and

Mu-C30 ceramics.

a substantial increase in response to temperatures
beyond 280 °C because of the enhanced temperature-
dependent dipolar polarization. Electrical conduc-
tion increases as dipoles align more with increasing
temperature, leading to an increase in both dielectric
constant and dielectric loss values. However, ini-
tially, up to 100 °C for Mu-C00, Mu-C10, Mu-C20,
and Mu-C30 ceramics, the dielectric constant shows
a decreasing trend with temperature.

This can be attributed to the effect of heat on ori-
entational polarization. At lower temperatures, mol-
ecules are in a frozen state with insufficient energy to
overcome barriers, leading to a decrease in dielectric
constant and loss. As the temperature rises further,
dipoles gain sufficient energy to align along the
electric field direction, progressively increasing the

quantities of the real (¢’) and imaginary (¢”) compo-
nents of the dielectric constant [35, 36].

Compositional dependence dielectric properties

Figures 12 and 13 demonstrate the modulation of the
real (¢) and imaginary (¢'") components of the die-
lectric constant as a function of cordierite content at
specific frequencies (10 Hz, 100 Hz, 1 kHz, 10 kHz,
100 kHz, and 1 MHz) and varying temperatures for
(M/C Com.) sintered at 1600 °C for 1 h. The dielectric
properties in this study were investigated at a sinter-
ing temperature of 1600 °C due to its capacity to attain
greater densification. It is evident from the figures that
the real (¢’) and imaginary (¢"") components of the
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ceramics.

dielectric constant of the composites diminish as the
proportion of cordierite increases. This is most likely
due to the decreased porosity as the relative quantity
of cordierite increased. Sample Mu-C30 exhibited the
lowest values for both the real (¢) and imaginary (¢")
portions of the dielectric constant, with porosity values
of 9.69. The dissolution of the cordierite phase in the
mélange has resulted in the presence of a glass phase,
which can be attributed to the reduction in porosity.
This suggests that the porosity and processing condi-
tions of the composite under investigation affect its
dielectric behavior [37]. At temperatures exceeding
1600 °C, the predominance of mullite and vitreous
phases resulted in a substantial decrease in porosity
and a decrease in interfacial area (interfacial polari-
zation) per unit volume. The real (¢’) and imaginary
(¢") components of the dielectric constant were both
influenced by these factors. This effect was apparent
in all the formulations that were examined, despite
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fluctuations in the vitreous phase. This underscores
the fact that the predominant phases (mullite) were
the primary contributors to the dielectric constant. The
growth of mullite and cordierite crystals is facilitated
by an increase in the sintering temperature, which also
reduces the material’s porosity, according to research
findings [38—40]. The interfacial area per unit volume
is reduced, consequently, which has a substantial
impact on the material’s dielectric constant. Minimiz-
ing the glass phase’s presence in ceramic bodies is
essential for achieving optimal dielectric performance,
particularly at high frequencies, as it tends to reduce
the dielectric constant [41].

AC conductivity studies

Conductivity assessments in alternating current
(AC) play a vital role in studying the ionic transport
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characteristics of materials. The AC conductivity data
were obtained using the following expression [42—44];

oac = w.e" .y =2nf.e" g 3)

where f denotes the frequency of the applied field, f”
represents the imaginary component of the dielectric
constant, w =27f is the angular frequency, and ¢, is the
permittivity of free space.

Figure 14 illustrates how the AC conductivity var-
ies with frequency for Mu-C00, Mu-C10, Mu-C20,
and Mu-C30 ceramics synthesized via the sol-gel
technique and sintered at 1600 °C under diverse
temperatures. It shows typical behavior observed in

ionic materials: conductivity remains constant (DC
plateau) at low frequencies but rises as frequency
increases. The characterization of conductivity dis-
persion often follows Jonscher’s universal power law
[5, 27, 45, 46].

oac = 0pc + A (4)

opc represents the direct current (DC) conductivity,
which is based on the frequency-independent plateau
examined at low frequencies; A denotes a parameter
influenced by temperature; and n indicates the fre-
quency exponent related to mobile ions.
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To determine the activation energy (E,), the DC
electrical conductivity (og4.), extracted from low-fre-
quency measurements, was analyzed using the ther-
mally activated Arrhenius relation (Eq. 5) [31]:

_Ea
O4c = 00 €Xp T )

where ¢ is a pre-exponential factor, kg is the Boltz-
mann constant, and E, gives activation energy.

Figure 14e-h presents the Arrhenius plots of In(cg.)
versus 10%/T for Mu-C00, Mu-C10, Mu-C20, and
Mu-C30 ceramics, from which the activation energy
(E,) values were determined using the slope of each
linear fit. The calculated E, values for all mullite/
cordierite composite ceramics, summarized in Table 5,
align well with the findings reported by Ahcen et al.
[35], confirming the consistency of the electrical con-
duction mechanism across these materials.

Impedance analysis

The change in the real part of impedance (Z') with fre-
quency at various temperatures for Mu-C00, Mu-C10,
Mu-C20, and Mu-C30 is illustrated in Fig. 15a-d,
respectively. As frequency increases, the impedance
decreases, which is consistent with the observed
increase in AC conductivity as frequency increases.
Space charge polarization is indicated by the spikes
observed at lower frequencies in the Z' versus fre-
quency curve. The Z' curves converge for all tempera-
tures at higher frequencies (> 100 kHz), which suggests
a relaxation process resulting from the discharge of
space charges near particle boundaries [27, 46, 47]. It is
important to note that Z' increases with temperature at
lower frequencies (from room temperature to 150 °C)
and then decreases at higher temperatures. Accord-
ing to this behavior, the ceramics exhibit positive
temperature coefficient of resistance (PTCR) behavior
up to 150 °C, which transitions to negative tempera-
ture coefficient of resistance (NTCR) behavior from
250 to 450 °C. The PTCR behavior is ascribed to the
decreased ion hopping between adjacent sites as the
temperature increases, a phenomenon that becomes
more pronounced above 150 °C.

Figure 16a-d also illustrates the variation in
the imaginary part of impedance (Z") with fre-
quency for Mu-C00, Mu-C10, Mu-C20, and Mu-C30
ceramics, respectively. Z" decreases with increas-
ing frequency at lower temperatures and becomes

frequency-independent beyond 100 kHz. Further-
more, peaks that correspond to Z"'max are observed
at 350 °C and 450 °C for Mu-C00, Mu-C10, Mu-C20,
and Mu-C30, respectively. These peaks begin to man-
ifest at temperatures of 250 °C and higher. The elec-
trical relaxation frequency is the frequency at which
Z"max peaks appear for a specific temperature, and
the peak height is indicative of the bulk resistance
of the material. These peaks become asymmetrically
broadened and shift toward higher frequencies as
the temperature increases, which is a characteristic
of electrical relaxation phenomena with prolonged
relaxation periods within the materials at high
temperatures [48-51]. In contrast, the monotonic
decrease in Z" without a peak appearance at lower
temperatures implies that relaxation phenomena in
these materials are only present at elevated tempera-
tures, where immobile defects in the material may
function as relaxation species [52].

Nyquist curve

Nyquist plots (- Z" vs. Z') for Mu-C00, Mu-C10,
Mu-C20, and Mu-C30 ceramics are illustrated in
Fig. 17. The transport properties of the material are
elucidated by these graphs, which demonstrate the
contributions of electrode interfaces, grain boundaries,
and grains. In a manner similar to an equivalent RC
circuit model, each contribution is depicted by semicir-
cular arcs [53, 54]. The electrical relaxation phenomena
within the dielectrics are reflected in the geometry of
these arcs. Our synthesized ceramics exhibit depressed
semicircles that are inclined toward the real imped-
ance (Z') axis, as is typical of ceramics that exhibit non-
Debye-type relaxation because of variations in particle
size distribution and electromagnetic diffusion [55]. As
the temperature rises, the semicircular arcs decrease
in radius, suggesting a stronger influence of thermal
effects on impedance behavior at higher tempera-
tures and a decrease in total electrical resistance. This
is consistent with the ceramics’ negative temperature
coefficient (NTC) behavior, which has been observed
in high-temperature regions [27, 56]. The impedance
spectrum exhibits virtually linear behavior at tempera-
tures below 250 °C, suggesting that the ceramics have
a higher grain boundary resistance. The combined
effects of both grains and grain boundaries on imped-
ance are confirmed by the appearance of semicircular
arcs at elevated temperatures.
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<«Figure 14 Changes in AC conductivity with both frequency
and temperature for (M/C C) ceramics Variation of In (c,.T) as a
function of 10%/T for (M/C C) ceramics.

Table 5 Activation energy

values of mullite/cordierite

composite ceramics

Mullite/ Activation
Cordierite energy (eV)
composite

Mu-C00 0.14
Mu-C10 0.13
Mu-C20 0.11
Mu-C30 0.10

Complex modulus analysis

The electrical modulus can be precisely defined utiliz-
ing the equations provided in [56]:
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The following expressions were employed to cal-
culate the real and imaginary components of the com-
plex electrical modulus, as outlined in [57, 58].

/

' _ &

M=l em) (©)
. e

M" = (512 +£//2) (7)

The M’ versus frequency contours for Mu-CO00,
Mu-C10, Mu-C20, and Mu-C30 are illustrated in
Fig. 18a—d at varying temperatures. The presence
of multiple relaxation processes in these ceramics is
suggested by the broad asymmetric peak that shifts

toward higher frequencies as temperature increases
[27, 59].
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Figure 15 Real component of impedance (Z') changes across different frequencies and temperatures in composites made of mullite and
cordierite for Mu-C00, Mu-C10, Mu-C20, and Mu-C30 ceramics.

@ Springer



MuC 00 40°C

10" 10° 100 100 100 10* 1058 10°
Log f (Hz)

10 10" 10 100 10t 1wt 108 10t 1’
Log f (Hz)

MuC 10

400°C

10" 10" 10 10t 10! 10t 108 10°
Log f (Hz)

|MuC 30 ~40°C

=

10" 10 100 100 10 10 105 10°

Log f (Hz)

Figure 16 Changes in the imaginary component of impedance (Z") across diverse frequencies and temperatures in composites consist-
ing of mullite and cordierite for Mu-C00, Mu-C10, Mu-C20, and Mu-C30 ceramics.

Figure 19a—d illustrates the frequency depend-
ence of M" at varying temperatures for Mu-C00,
Mu-C10, Mu-C20, and Mu-C30, respectively. The
low-frequency side of these M" curves exhibits peaks
that migrate toward higher frequencies as the tem-
perature increases. This behavior implies a transition
from long-range to short-range motion of charge car-
riers or dipoles as the frequency increases. The high
dielectric constant observed at this low frequency is a
direct result of the exceedingly low value of M (almost
negative) at 100 Hz. Furthermore, the minimal elec-
trode effects at low frequencies are suggested by the

@ Springer

convergence of M’ values to a minimum value (close to
zero) [60]. The modest positive temperature coefficient
of resistance (PTCR) effect observed in these ceram-
ics can be attributed to the anomalous increase in M"
values toward Mee [27, 61]. A discrepancy in the peak
positions between Z" and M" curves is evident for
both Mu-C00, Mu-C10, Mu-C20, and Mu-C30 ceram-
ics, as shown in Fig. 20a—d. This behavior implies that
charge carriers are moving in our samples at a short-
range or localized level at the experimental temper-
ature of 400 °C [27, 61]. The absence of overlapping
between the Z" and M" peaks further suggests that our
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Figure 17 Nyquist curves (—Z" vs. Z') for Mu-C00, Mu-C10, Mu-C20, and Mu-C30 ceramics.

ceramics deviate from the ideal Debye-type behavior
[62].

Conclusions

A dense cordierite-mullite nanocomposite has been
successfully obtained by a simple sol-gel method. All
samples were sintered at 1600 °C for 1 h in order to
study how the processing might influence the struc-
ture, microstructure, and dielectric properties of this
kind of ceramic.

Based on the analysis, the Rietveld XRD diffrac-
tion structure development of the mullite/cordierite
composite samples heated at 1600 °C demonstrates
that the calculated and real-world data levels are very
similar, indicating that the correct structures and start-
ing factors were chosen for the tuning process. The
Rietveld XRD analysis of mullite AlSi,O;; confirms its
orthorhombic structure within the Pbam space group.
Despite the low confidence factors, the suggested
model closely fits the X-ray diffraction pattern of the
mullite/cordierite mixtures. The results of the Rietveld
refinement, including lattice parameters and reliability
factors, support the validity of the adsorption process

@ Springer
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and provide precise information on the structural
parameters of the heat-treated samples.

The Mu-C30 sample prepared by the sol-gel
method and treated at 1600 °C for 1 h presents a
larger- content of the glass phase, a lower grain size,
and a more homogeneous distribution of crystals in
the presence of the glassy phase. Moreover, Mu-C30
exhibits a lower porosity than Mu-C00, Mu-C10, and
Mu-C20 samples. Temperature-dependent dielectric
and the frequency-dependent behavior of the real (¢")
and imaginary (¢") parts of the dielectric constant for
all samples was studied across a wide frequency range

@ Springer

(100 Hz — 1 MHz) and within the temperature range of
40 °C to 400 °C. The variation of the real (¢’) and imagi-
nary (¢") parts of the dielectric constant as a function
of cordierite content has been studied. The impedance
and modulus analyses suggest the relaxation of space
charges at the grain boundaries and the spreading of
relaxation time with an increase in temperature. The
Nyquist plots of both the mullite samples confirm the
effect of both grain and grain boundary on the trans-
port phenomena and the non-Debye-type relaxation
mechanism in these samples.
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