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Abstract

Mullite (Al6Si2O13), an aluminosilicate with remarkable thermal and dielectric proper-
ties, is a promising material for advanced electronic applications. This study focuses on
a sintered mullite composite and examines its structural, morphological, dielectric, and
electrical properties. X-ray diffraction and scanning electron microscopy analyses confirm
a well-defined crystalline structure and a homogeneous microstructure. Impedance spec-
troscopy measurements reveal a high relative permittivity at low frequencies, dominated
by interfacial and jump polarization mechanisms. Electrical conductivity follows Jonscher’s
double-power law, reflecting mixed ionic and electronic conduction due to contributions
from grains and grain boundaries. Analysis of the Nyquist diagrams shows a marked
decrease in resistances with increasing temperature: The grain resistance decreases from
21.87 MΩ to 4.85 MΩ, while that of the grain boundaries decreases from 89.44 MΩ to
5.94 MΩ between 450 ◦C and 900 ◦C. In addition, the relative permittivity increases sharply
with temperature, from 25 × 103 to 350 × 103 at 1 kHz and from 200 to 1 × 103 at 1 MHz
over the same temperature range, highlighting the dominant influence of temperature and
low frequencies on polarization mechanisms. These results confirm the strong potential of
sintered mullite for electronic applications. The activation energy of the grain and grain
boundary were determined to be Ea,g = 0.18 eV and Ea,bg = 0.22 eV, respectively.

Keywords: aluminum compounds; monocrystalline alumina; impedance spectroscopy;
Jonscher’s power law; relative permittivity

1. Introduction
Mullite is a ceramic belonging to the aluminosilicate family, primarily composed of

alumina (Al2O3) and silica (SiO2), with the chemical formula Al6Si2O13. It takes its name
from the locality of mulla in Norway, where it was first identified in the 19th century [1].
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Thanks to its exceptional properties [2], mullite is widely used in refractory materials and
high-temperature ceramics.

Mullite is generally formed by the thermal transformation of minerals such as and
alusite, sillimanite, or kaolin [3,4]. It exhibits excellent thermal resistance, low thermal
conductivity, good resistance to thermal shock and high chemical stability [5–8], making it
particularly suitable for high-temperature applications, especially in refractories, furnace
linings, catalytic supports and combustion systems [9–11].

Furthermore, mullite possesses good mechanical properties, a low coefficient of ther-
mal expansion, and high wear resistance, making it suitable for use in harsh environ-
ments, particularly in tribology, aerospace, and energy applications [12–16]. Its importance
has led to the development of numerous synthesis methods aimed at improving its mi-
crostructure and performance, such as reactive sintering, polymer pioneers, and coating
techniques [17–24].

Due to its remarkable thermal, mechanical, and chemical properties, mullite remains a
ceramic material of choice for advanced industrial and electronic applications [5,25,26]. The
study of its structural and functional properties using techniques such as X-ray diffraction
(XRD), infrared spectroscopy (IR), scanning electron microscopy (SEM), and analysis of
electrical (R) dielectric (C) properties allows for a more thorough understanding of its
physico-chemical behavior and an evaluation of its application potential.

In this context, impedance spectroscopy is used to study the electrical and dielectric
behavior of mullite as a function of temperature and frequency using various frequency
representations, including Bode and Nyquist plots of the complex impedance Z*, as well
as analysis of the electrical modulus M*, the complex conductivity σ*, and the loss factor
tan (δ). Fitting the experimental data using an equivalent electrical circuit model allows
for the identification of the respective contributions of the grains and grain boundaries
and the extraction of the activation energies associated with the different transport mech-
anisms, as well as that of the mullite sample itself, within the studied frequency and
temperature range.

More generally, impedance spectroscopy applied to dielectric materials is a valuable
tool for characterizing their electrical and dielectric properties. In particular, it allows
us to evaluate the dielectric constant, relaxation phenomena, electrical conductivity and
its evolution as a function of temperature and frequency, as well as the influence of the
microstructure on these physico-chemical parameters.

2. Structure of Mullite
2.1. Mullite Crystal

Fischer and Schneider described and categorized mullite systems [27,28]. According
to reports, the fundamental building block of the mullite crystal structure is a sequence of
facet-sharing octahedra organized in a tetragonal configuration with the highest topological
symmetry. Mullite normally has an orthorhombic aluminosilicate crystal structure with
the overall chemical formula Al2(Al2+2xSi2−2x)O10−x with 0.17 ≤ x ≤ 0.5 [29]. The essential
structural aspect of mullite, that is parallel to the crystallographic c-axis, consists of chains
of AlO6 octahedra at the edges of the unit cell and in its middle. Double-chain (Al,Si)O4

tetrahedra parallel to the c-axis connect these chains of octahedra [7]. Figure 1 shows the
[001] projection of a mullite crystal unit cellular. Mullite includes a faulty crystal structure
inclusive of AlO octahedral chains and runs parallel to the c-axis of the orthorhombic
unit cell. These distortion chains in the crystal structure are related by using the Al-O
and Si-O tetrahedral double chains with Al and Si atoms. This faulty shape has formed a
brand-new stoichiometry, and the composition of mullite can alternate from 3Al2O3·2SiO2

(3/2) to 3Al2O3·SiO2 (3/1). The compositional variation in mullite is accomplished through
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substitution of a Si4 and elimination of an oxygen ion from an (Al,Si)O4 tetrahedron, leaving
an oxygen vacancy after the following response:

2SiSi + OO ⇌ 2AlSi
− + VO

2+

where V0 represents an oxygen emptiness, when exhibiting three:two stoichiometry, mullite
crystallizes inside the orthorhombic device (Figure 1) of area group Pbam with lattice
parameters a = 7.54 Å, b = 7.68 Å and c = 2.885 Å. The positional adjustments of partially
occupied cations are illustrated in Figure 1 [27,30,31].

Figure 1. Structure of mullite projected in the plane (a-b-c).

Table 1 summarizes the fractional atomic coordinates (x, y, z), site occupancy rates, and
Wyckoff positions of the atoms in the crystal structure of mullite refined in the orthorhombic
space group Pbam. The structure exhibits several partially occupied aluminum sites,
reflecting the intrinsic non-stoichiometry of mullite and the coexistence of Al and Si atoms in
equivalent crystallographic positions. The oxygen atoms occupy all sites and are distributed
across multiple Wyckoff sites, thus ensuring structural stability. The reported atomic
parameters are consistent with previously published crystallographic data for mullite.

Table 1. Atomic coordinates and site occupancies in the mullite structure.

Atom x y z Occupancy Site (Wyckoff)

Al1 0.15530 0.33920 0.50000 0.75 4 h
Al2 0.00000 0.00000 0.00000 1.00 2 a
Al3 0.26080 0.19270 0.50000 0.50 4 h
Si1 0.26080 0.19270 0.50000 1.00 4 h
Si2 0.14133 0.33953 0.50000 1.00 4 h
O1 0.35840 0.42240 0.50000 1.00 4 g
O2 0.50000 0.00000 0.50000 1.00 2 d
O3 0.41800 0.07500 0.50000 1.00 4 h
O4 0.25000 0.25000 0.00000 1.00 4 g

The identified phase corresponds to mullite, with the chemical formula 3Al2O3·2SiO2.
It crystallizes in the orthorhombic space group Pbam, with the following lattice pa-

rameters: a = 7.55831 Å, b = 7.70574 Å, c = 2.88952 Å, α = β = γ = 90◦, for a lattice volume
V = 168.29 Å3.
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The Rietveld refinement shows a good fit, characterized by the following reliability
factors: Rwp = 12.88%, Rexp = 13.13%, χ2 = 0.97, and an overall quality factor (GoF) of 0.98.

2.2. Chemistry of Mullite

The stoichiometry of mullite, 3Al2O3•2SiO2, is well-known. Commercially produced
mullite today, known as three/two mullite, is normally made from a strong solution of
71–76 wt% Al2O3 and 23–24 wt% SiO2. To adjust the sintering temperature, sure sintering
aids are brought, along with TiO2, Fe2O3, CaO, and MgO. Glassy grain limitations form
whilst the stoichiometric composition deviates, lowering the homes [28,32]. Without the
glassy grain boundary segment (quartz), 3/2 mullite (stoichiometric mullite) is created,
which has more extraordinary mechanical skills at very excessive temperatures [7].

2.3. Microstructure of Mullite

Processing strategies have a substantial effect on how mullite grows, and combining in
the atomic or molecular stage has been proven to make a significant difference.The strategies
used to manner mullite have an effect on its microstructure and physical characteristics.
There must be several glassy levels and tiny crystals in mullite ceramic [33]. Mullite ought
to be free of glassy sections in high-temperature structural applications, and a larger crystal
length is preferred. The liquid silica section gift is inside the prismatic microstructure of
mullite grains [34,35].

3. Material and Methods
3.1. Material

The following materials were used: silicon dioxide (98% purity, 20–30 nm), and α-
Al2O3 (99.85% purity, average particle size (APS) 150 nm) purchased from ChemPUR
(Karlsruhe, Germany).

3.2. Methods

In this work, mullite was synthesized using the solid-state reaction method from
high-purity precursor powders. Aluminum oxide (Al2O3) and silicon dioxide (SiO2), each
with a purity of at least 99%, were used as starting materials. The powders were mixed
according to the stoichiometric composition of mullite (3Al2O3·2SiO2), corresponding to a
molar ratio of 3 moles of Al2O3 to 2 moles of SiO2, i.e., approximately 71–76 wt% Al2O3

and 23–24 wt% SiO2. No additives or sintering aids were introduced during the synthesis
process. The precursor powders were mixed by dry milling (solid-state route) to ensure a
homogeneous and uniform dispersion of the oxides. Milling was carried out for 30 min,
which was sufficient to achieve good homogeneity. The resulting powder was then placed
in an alumina crucible, compatible with the oxides used and resistant to high temperatures
during the subsequent thermal treatments. Sintering was performed at 1400 ◦C for 3 h,
with a controlled heating rate of 5 ◦C/min. After holding at the maximum temperature, the
samples were cooled down to room temperature at a rate of 5 ◦C/min inside the furnace
under ambient air atmosphere. The influence of several key parameters, including sintering
temperature, powder particle size distribution, and granulation method, was investigated
using various characterization techniques. X-ray diffraction (XRD) (Bruker, Billerica, MA,
USA) was employed for phase identification and structural analysis, Fourier transform
infrared spectroscopy (FT-IR) (Bruker, Billerica, MA, USA) for chemical bond identifica-
tion, field-emission scanning electron microscopy (FESEM) (FEI Company, Hillsboro, OR,
USA) for microstructural and morphological observations, and impedance spectroscopy
(Solartron Analytical, Farnborough, UK) for evaluating the electrical properties of the
synthesized material.
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3.3. Characterizations

The evaluation of crystalline materials after sintering was carried out by X-ray diffrac-
tion (XRD) on powder and sintered samples, using a Bruker diffractometer (version D8,
made within the USA) running at forty kV and forty mA. Measurements were performed
inside the angular range of 2θ from 10◦ to 80◦, at a scanning velocity of 2.4◦/min, us-
ing CuKα radiation (λ = 1.5406 Å). Phase identification was carried out using the JCPDS
software program (PDF-2 Database, version 2023), and graphical representation of the
information was executed with OriginPro 2022 (version 9.9).

The crystalline particle length (Dhkl) was estimated using the corrected Debye–Scherrer
formulation.

Morphological characterization was executed by area-effect scanning electron mi-
croscopy (FE-SEM, FEI Quanta 250 version) (FEI Company, Hillsboro, OR, USA) prepared
with an Oxford EDS detector (one hundred fifty mm2) (Oxford Instruments, Abingdon,
UK). Raw nanopowders, sonicated combinations, and fracture surfaces of sintered sam-
ples were discovered after deposition of a thin platinum layer using a Quorum metallizer
(Q150R model) (Quorum Technologies Ltd., Lewes, East Sussex, UK). Nanoparticle size
was measured using the ImageJ® software program (version 1.53t).

Far infrared absorption spectra (FT-IR) were analyzed on samples organized as KBr
pellets (99% purity) using a BRUKER spectrometer (Bruker, Billerica, MA, USA), protecting
the frequency range 4000–400 cm−1, to study vibrational modes at room temperature.

Finally, the electric reaction of the materials were studied by means of impedance
spectroscopy. This experimental method blanketed pattern training, tool setup, application
of a low-amplitude sinusoidal signal with variable frequency, and simultaneous recording
of the associated voltages and currents. This method makes it possible to gain the complex
impedance of the gadget, decomposed directly into an actual element (resistance) and an
imaginary part.

3.4. Impedance Spectroscopy Measurement

The samples studied were pressed into pellets approximately 1 mm thick and 13 mm
in diameter. Measurements were performed using a Solartron S1260 impedance bridge (So-
lartron Analytical, Farnborough, UK) At each temperature, a stabilization time of several min-
utes was observed before data acquisition. A low-amplitude alternating voltage of approxi-
mately 20 mV was applied to remain within the linear range, with ten data points recorded
per decade. Measurements were performed over a frequency range of 0.1 Hz to 10 MHz.

4. Results and Discussion
4.1. X-Ray Diffraction (XRD) Analysis

The X-ray diffractogram shown in Figure 2 corresponds to a mullite sample calcined at
1400 ◦C. Analysis of this pattern allows the identification of the crystalline phases present in
the material based on the positions and intensities of the diffraction peaks. Intense, sharp,
and well-defined peaks are observed, indicating a highly crystallized structure. These peaks
correspond mainly to mullite (M), which is the principal phase. The high intensity and
sharpness of these reflections indicate that mullite is well-formed and highly crystallized at
this temperature, consistent with the fact that mullite becomes the dominant phase around
1400 ◦C. In addition to mullite, minor peaks corresponding to secondary phases are also
detected. These include corundum (C), a refractory phase that may remain when free
alumina has not fully reacted, and quartz (Q), whose presence may indicate excess silica or
an incomplete reaction between the precursor oxides. Moreover, the progressive increase
in sintering temperature promotes the transformation of intermediate phases into mullite
and enhances its degree of crystallinity. This behavior is well-documented in the literature,
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which shows that, at higher sintering temperatures, the mullite content (M) increases at the
expense of residual phases such as alumina (C) and silica (Q) [36–38].
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Figure 2. X-ray diffraction analysis of mullite after calcination at 1400 ◦C.

4.2. FT-IR Analysis

Figure 3, acquired through Fourier transform infrared spectroscopy (FTIR), shows
the principle absorption bands feature of mullite-based total ceramics. In the location
between 3400 and 3200 cm−1, a broad band is determined, attributed to the stretching
vibrations of the hydroxyl corporations (O–H), probably related to slight residual humidity
or water adsorption on the floor of the cloth. Another, greater discrete band appears around
1650 cm−1, corresponding to the deformation vibrations of certain water (H–O–H) bonds,
indicating the viable presence of bodily adsorbed water [39]. The bands located between
1100 and one thousand cm−1 are attributed to the asymmetric elongation vibrations of
the Si–O–Al bonds, characteristic of the crystalline structure of mullite [40,41]. The band
placed round 800–750 cm−1 is associated with the vibrations of the Si–O bonds, whilst
the ones located between six hundred and 500 cm−1 correspond to the vibrations of the
Si–O–Si bonds. All of these bands affirm the presence of a crystallized alumino-silicate
segment, typical of the mullite fashioned after the heat remedy [42]. The vibrational
signature accordingly received consequently validates the formation of mullite in the
analyzed ceramic.

Figure 3. FTIR spectra of mullite samples after heat treatment at 1400 ◦C.
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4.3. SEM Microstructural Characterization

Figure 4 shows a scanning electron micrograph (SEM) of mullite after calcination at
1400 ◦C. Two complementary perspectives illustrate the morphology of the material at
exceptional scales. The normal well-known view shows a surface composed of properly
individualized grains of varying sizes, reflecting the fact that good-sized crystal increases
following heat treatment. Grain length analysis, accomplished using ImageJ® software
program (version 1.48e), suggests a median grain size of 11.149 µm. Some grains (classi-
fied MT5, MT6, MT7) were decided on as areas of interest for further evaluation. Their
density and sharp edges suggest green crystallization, without marked sintering, which is
consistent with a remedy temperature of 1400 ◦C. Magnification of the primary vicinity
exhibits acicular (needle-fashioned) systems, common of mullite. These acicular crystals
mirror orientated crystal boom and the right crystallinity of the fabric. This morphology
is characteristic of mullite formations because of the reaction between alumina and silica
at excessive temperature. Overall, the statement shows that the formation of the mullite
segment is properly underway at 1400 ◦C, with coexistence among coarse grains and acicu-
lar crystals. Prolonged warmness treatment should choose the evolution towards a denser
and greater homogeneous structure. Micrograph (b), obtained at a higher magnification
(scale bar: 3 µm), reveals a fibrous/needle-like morphology characterized by elongated and
intertwined structures. This organization suggests anisotropic crystallite growth, typical
of certain aluminosilicate phases or of directional crystallization mechanisms during heat
treatment. The interlocking needles create an open porous network, likely to influence the
mechanical and electrical properties of the material.

 

Figure 4. (a,b) SEM micrograph and grain size distribution analysis of ceramics sintered at 1400 ◦C.
(c) Presents the grain size distribution of the sample.

Figure 4c presents the grain size distribution of the sample, obtained from SEM
image analysis, as a histogram showing the percentage of grains as a function of their
size, accompanied by a fitted distribution curve. The average grain size is estimated at
11.149 µm, indicating an overall micrometric microstructure.

The histogram reveals an asymmetric (skewed) distribution, with a high concentration
of grains in the small size range, primarily less than 15 µm. This predominance of fine
grains suggests moderate granular growth, likely limited by the sintering conditions and
diffusion kinetics at the applied temperature.

The presence of a tail towards larger sizes, extending to approximately 80 µm, indicates
the presence of abnormally enlarged grains or particle agglomerates, consistent with
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the morphological observations from the SEM micrographs. This phenomenon can be
attributed to local heterogeneity in solid diffusion or to preferential coalescence of certain
grains during heat treatment.

The relatively wide grain size distribution reflects a heterogeneous microstructure,
characteristic of ceramic materials produced by solid-state reaction. This heterogeneity
can directly influence the dielectric and electrical properties of the material, notably by
enhancing the contribution of grain boundaries and inducing a dispersion of relaxation
times, which is consistent with the results obtained by impedance spectroscopy.

5. Dielectric Properties
5.1. Study of Dielectric Properties

Complex impedance spectroscopy is an analytical approach used to examinethe elec-
trical residences of substances [43]. The dielectric behavior of a solid material can be
described by representing the relative dielectric constant as a complex entity, where ε′

and ε′′ represent the real and imaginary parts of the dielectric permittivity. They corre-
spond, respectively, to the energy stored in the dielectric material as polarization and to the
energy loss experienced when it is subjected to an electric field generated by a very low
electric potential.

The expression for complex permittivity is as follows:

ε∗ = ε′ − jε′′ (1)

Modulus of the complex permittivity:

|ε∗| =
√
(ε′)2 + (ε′′ )2 (2)

The relative permittivity (dielectric steady εr) and dielectric loss (tan δ) values were
obtained from the complicated impedance facts Z* (Z* = Z′ (Zcos θ) + jZ′′ (Zsin θ)) with the
aid of making use of the subsequent equations:

Real part of the complex permittivity:

ε′ =
1

ωC0
× −Z′′(

Z′)2
+ (Z′′ )2

(3)

Imaginary part of the complex permittivity:

ε′′ =
1

ωC0
× Z′

(Z′)2 + (Z′′ )2 (4)

where Z′, Z′′, ω and C0 respectively represent the real and imaginary components of
impedance, angular frequency and geometric capacitance.

Dielectric loss tangent:

tan(δ) =
ε′′

ε′
(5)

In Figure 5a, we examine the evolution of the dielectric constant (εr) of Mullite ceramic
over a frequency range from 10 Hz to 1 MHz for different temperatures. We observe a
gradual decrease in this constant as the frequency increases from 10 Hz to 100 Hz, followed
by an almost complete stabilization beyond 100 Hz. This steady reduction in the dielectric
constant with increasing frequency is a well-established characteristic of dielectric materials.

In Figure 5a, we examine the evolution of the relative dielectric permittivity (εr) of
mullite ceramic over a frequency range from 10 Hz to at least 1 MHz for a given temperature.
We observe a slow decrease in this constant as the frequency increases from 10 Hz to
100 Hz, followed by almost complete stabilization above 100 Hz. This steady decrease
in the dielectric constant with increasing frequency is a well-established characteristic of
dielectric substances. The excessive permittivity observed at low frequencies is attributed

https://doi.org/10.3390/jcs10030118
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to many types of polarization present in these materials, including dipole polarization, such
as interfacial polarization and jump polarization, where there are two types of conduction:
ionic and electronic. At higher frequencies, the relative permittivity decreases to a plateau,
suggesting the presence of charged species that cannot keep up with the rapid variations in
the applied alternating electric field [39,44]. These results show a dominant mechanism:
thermally activated conduction of the mixed ionic/electronic hopping type.
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Figure 5. Diagram showing the evolution of the relative permittivity (a) and (b) dielectric losses as a
function of temperature, from 450 ◦C to 900 ◦C, for mullite ceramic.

The variant of dielectric losses, expressed with the aid of tan (δ), as a feature of
frequency and for extraordinary temperatures is illustrated in Figure 5b. For Al6Si2O13

ceramic, the values of tan (δ) display a behavior much like that of the dielectric regular;
they lower with growing frequency to attain a strong value at high frequency. This trend
of dielectric losses may be explained by using the dipolar rest phenomenon. The increase
in dielectric loss values as a feature of temperature may be attributed to the presence of
thermally activated rate vendors [45].

The temperature dependence of the dielectric consistent and dielectric loss for
Al6Si2O13 ceramic is proven in Figure 6, at numerous selected frequencies (10 Hz, a hun-
dred Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz) over a temperature variety from 100 ◦C to
900 ◦C. Dielectric property measurements are carried out up to 450 ◦C because of instru-
mental obstacles. The temperature-based evolution of the dielectric steady demonstrates
an absence of frequency dispersion under 300 ◦C. Beyond this temperature, the dielectric
consistent will increase drastically with temperature, because of the enhancement of the
temperature-sensitive dipole polarization. In parallel, the dipole alignment induced by
using increasing temperature additionally enhances electric conduction, therefore leading
to a growth in each the dielectric regular and the dielectric loss. However, for this pattern,
a decrease inside the dielectric consistent is initially discovered with increasing tempera-
ture up to 400 ◦C. This phenomenon can be explained by using the impact of heat on the
orientation of polarization. Up to this temperature, the molecules continue to be frozen,
missing the energy to overcome the barrier, mainly to a decrease within the dielectric
regular and dielectric loss. Subsequently, with growing temperature, the dipoles collect
enough electricity to triumph over the potential barrier and align within the route of the
electric subject, which explains a sluggish increase in the dielectric consistent and dielectric
loss [46,47].
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Figure 6. Diagram illustrating the evolution of relative permittivity and dielectric losses as a function
of temperature (from 100 ◦C to 900 ◦C) and frequency.

5.2. Complex Impedance Analysis (CIA)

Analysis of the experimental data on complex impedance allowed us to determine the
electrical circuit modeling the different processes of the system under study. The equivalent
electrical circuit is therefore the one shown in Figure 7a.
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Figure 7. (a) Proposed circuit modeling the complex impedance spectrum and (b) the Nyquist
diagram contains all the deconvolutions of the different processes.

Subcircuit block 1 represents the electrical and dielectric behavior of the measuring
electrodes, whose contribution is predominant in the low-frequency range.
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Block 2 describes the electrical (grain resistance, Rg) and dielectric (geometric capacity
of the grain, Cgg) behavior, as well as the non-ideality related to grain surface roughness,
accounted for using a constant phase element (CPEg).

Block 3 models the electrical (grain boundary resistance, Rbg) and dielectric (geometric
capacity of grain joint, Cgbg) behavior, while also incorporating the non-ideality associated
with grain boundary surface roughness (CPEbg).

Deconvolution of the various contributions is not trivial and remains challenging to
perform using the equivalent electrical circuit, particularly within the framework of the
formalism implemented in the ZView software (version 3.5d).

The mathematical expression for the complex impedance of the sample, neglecting the
contribution of the electrode impedance, is written as follows:

Z∗(ω) = Zg + Zbg =
1

R−1
g + Tg(jω)

pg + jωCg
+

1
R−1

bg + Tbg(jω)pb b + jωCbg
(6)

Here, Z′ = Re(Ztot) and Z′′ = Im(Ztot) represent the real and imaginary parts of the
impedance, respectively, while

(
j2 =

√
−1) is the imaginary factor [48,49].

Real part of the total impedance:

R(Ztot) = −
(

R−1
g +Tgωαg cos

(
παg

2

)
[

R−1
g +Tgωαg cos

(
παg

2

)]2
+
[
ωCg+Tgωαg sin

(
παg

2

)]2

+
R−1

b +Tbωαb cos(
παb

2 )

[R−1
b +Tbωαb cos(

παb
2 )]

2
+[ωCb+Tbωαb sin(

παb
2 )]

2

) (7)

Imaginary part of the total impedance:

I(Ztot) = −
(

ωCg+Tgωαg sin
(

παg
2

)
[

R−1
g +Tgωαg cos

(
παg

2

)]2
+
[
ωCg+Tgωαg sin

(
παg

2

)]2

+
ωCbg+Tbgωαbb sin

( παbg
2

)
[R−1

b +Tbωαb cos(
παb

2 )]
2
+
[
ωCbg+Tbgωαb gsin

( παbg
2

)]2

) (8)

The use of Nyquist diagrams by impedance spectroscopy allows us to understand the
effects of grains, grain boundaries, and the influence of electrodes on the capacitive, reactive,
resistive, and inductive properties of materials. The diagrams obtained by modeling are
then superimposed on those obtained by impedance spectroscopy. For a truly effective
comparison, a detailed calculation of the complex impedance Z*, found by modeling via
the equivalent electrical circuit, is required.

The expression for the impedance is as follows:

Z∗ = R(Ztot) + jI(Ztot) (9)

The parameters R(g), R(gb), and R(e) correspond respectively to the resistances of
the grains, grain boundaries, and electrodes, while C(gg), C(ggb), and C(e) denote the
associated capacitances [48]. Figure 8a illustrates the Nyquist plots of the Al6Si2O13 mullite
ceramic recorded at different temperatures. These plots are characterized by flattened
semicircles, which can be decomposed, using the deconvolution technique, into two distinct
contributions of the equivalent electrical circuit, clearly identified for the entire temperature
range studied (450 ◦C to 900 ◦C). Increasing the temperature leads to a decrease in the
radius of the semicircles, reflecting a decrease in resistance. This behavior indicates that
conduction is thermally activated in these materials, thus confirming their semiconducting
nature [49–53].
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Figure 8. (a) Nyquist curves obtained for the heat-treated ceramic between 450 ◦C and 900 ◦C,
(b) schematic of the associated equivalent circuit at 450 ◦C, (c) Arrhenius representation of the grain
impedance, and (d) Arrhenius representation of the grain boundary impedance.

To describe the electrical properties of mullite, an equivalent circuit consisting of
two branches in series is used, representing the electrical properties of the grains and the
grain boundaries, respectively. Furthermore, the Z-View software allows the parameters
of each element in this circuit to be determined, as illustrated in Figure 8b. In the first
branch, element Q1, a constant phase element (CPE), simulates the irregularities in charge
distribution at the interfaces. The resistance R1 reflects the strong interference with current
drift in the grain boundaries, often related to defects or impurities. The capacitance C1
represents the capacity of these interfaces to store charges, which can slow their mobility.
The second branch of the circuit represents the grains themselves. Q2, also a CPE, generates
a less-than-ideal but larger electrical response due to the stronger internal interaction
between the grains. R2 is a resistance that is always lower than R1.

In this version, constant phase element (CPE) factors are incorporated to represent
deviations from the ideal behavior of grains and grain boundaries. These deviations
are generally attributed to the coexistence of several electrical and interfacial relaxation
mechanisms. A mathematical model expresses the active capacitances of grains (Cg) and
grain boundaries (Cbg) as a function of the parameters CPEg and Tg, as well as CPEbg and
Tb, thus providing a more precise and rigorous interpretation of the observed electrical
phenomena and indicating the degree of frequency dispersion and the ionic strength of
the material.

Effective capacitance of the grains:

Cg =
(
RgxTg

)1/αg (10)

Effective capacitance of the grain boundaries:
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Cbg =
(

RbgxT
αbg
bg

) 1
αbg (11)

Figure 8c provides an Arrhenius representation of grain impedance, and Figure 8d
provides an Arrhenius representation of grain boundary impedance, determined by the
corresponding equivalent electrical circuits, generated using ZView software version 2.2.
The adjusted values of the R, C, and CPE, related respectively to grains and grain bound-
aries, agree well with the experimental results, confirming the relevance of the model
used. Table 1 suggests that the resistances related to grains (Rg) and grain boundaries (Rgb)
decrease steadily with increasing temperature. This evolution is defined by the thermal
activation of charge carriers and the discharge of trapped charges, thus confirming the
semiconductor behavior of the fabric. At each measured temperature, the grain resistance
remains lower than that of the grain barriers. The corresponding activation energies were
adjusted using the Arrhenius law.

Resistance of the grains:

Rg = R0gexp
(

Eag

kBT

)
(12)

Resistance of the grain boundaries:

Rbg = R0bgexp
(Eabg

kBT

)
(13)

where Rg, Rbg: resistance of the grains and grain boundaries. R0g, R0b: pre-exponential
factors (resistances at infinite temperature). Eag, Eagb: activation energies for conduc-
tion through the grains and grain boundaries. KB: Boltzmann constant. T: absolute
temperature (K).

Where Ea represents the activation energy, KB the Boltzmann constant, R0 the pre-
exponential factor, and T the temperature in kelvins. Figure 8c,d show the Arrhenius
diagram for the resistance of the grains and grain boundaries, used to determine the
activation energies, respectively. Both resistances increase at low temperatures and decrease
at high temperatures. The activation energies of the grains and grain boundaries are 0.18 eV
and 0.22 eV, respectively.

Table 2 gives the electrical parameters extracted from the equivalent circuit version
suited to the complex impedance spectra of the mullite-based ceramic. The table includes
the resistance (R), capacitance (C), and constant phase element (CPE) parameters (T and α),
and associated grain (g) and grain boundary (bg) contributions. These parameters provide
perception into the electrical response of the material, distinguishing the respective roles of
grains and grain limitations in rate transport and polarization phenomena.

Table 2. Electrical parameters of the equivalent circuit obtained from the complex impedance
spectrum of mullite-based ceramic.

T (◦C) Rgb (Ω) Cgb (nF) Qgb (nF.sα1) α1 Rg (Ω) Cg (pF) Qg (F.sα2) α2

450 ◦C 89.484 × 106 0.1952 1.391 0.1855 21.871 × 106 1.728 1.376 × 10−9 0.35
500 ◦C 54.392 × 106 0.1948 1.505 0.2298 16.404 × 106 1.704 1.756 × 10−9 0.36
550 ◦C 34.650 × 106 0.1892 2.247 0.2329 12.826 × 106 1.6248 2.553 × 10−9 0.35
600 ◦C 24.382 × 106 0.1736 2.253 0.2495 10.824 × 106 1.571 2.704 × 10−9 0.31
650 ◦C 18.641 × 106 0.1632 2.754 0.3986 8.916 × 106 1.553 3.083 × 10−9 0.39
700 ◦C 13.180 × 106 0.1538 2.253 0.4234 7.904 × 106 1.486 3.358 × 10−9 0.34
750 ◦C 10.473 × 106 0.1428 3.536 0.5762 6.909 × 106 1.406 3.783 × 10−9 0.35
800 ◦C 8.841 × 106 0.1403 5.881 0.6447 5.978 × 106 1.364 4.128 × 10−9 0.34
850 ◦C 7.390 × 106 0.1368 8.589 0.2298 5.418 × 106 1.336 5.187 × 10−9 0.33
900 ◦C 5.943 × 106 0.1252 8.232 0.2495 4.856 × 106 1.262 5.886 × 10−9 0.36
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The values of Rg and Rb represent the resistive components attributed to grains and
grain obstacles, respectively. Similarly, Cg and Cbg denote the effective capacitances, whilst
Tg, Tbg, αbg and αg correspond to the CPE parameters characterizing the non-best dielectric
conduct of every vicinity. The combination of those elements helps to assemble a specific
equal circuit model for decoding the impedance information of the ceramic.

5.3. Conductivity Study via Equivalent Circuit Electric

The electrical conductivity of a cloth measures its ability to permit the passage of
electric cutting edge, decided by way of the convenience with which electric powered costs
pass through the fabric. This conductivity can be obtained from the dielectric information
using the following formulation [54]:

σAC = wε0εrtan(δ) (14)

where ε0 represents the vacuum permittivity, εr is the relative permittivity, and tan (δ)
denotes the dielectric losses. The AC conductivity conduct of the Al6Si2O13 pattern is
analyzed through plotting σAC as opposed to ω (angular frequency). The low-temperature
(450–900 ◦C) conductivity curves are substantially in three areas, as shown in Figure 9. The
low-frequency plateau place corresponds to DC conduction at the same time, because the
nonlinear intermediate region indicates quick-range hopping of charge groups, and the
excessive frequency behavior is as follows:

σ(ω) = σDC + AωS1 + BωS2 (15)

σAC = σDC + AωS (16)

 

Figure 9. (a) Variation in AC conductivity as a function of frequency for mullite ceramic at different
temperatures, from 450 ◦C to 900 ◦C. (b) Variation in the parameter “s” according of temperature.

This phenomenon is attributed to step conduction for grains and grain boundaries [55].
The curves clearly show an evolution that begins with direct current conduction at low
frequencies, followed by an increasing slope of varying gradients that follows the Jonscher
double-power law, where s1 and s2 are the exponents describing the slope for each conduc-
tion in the low-frequency (10 kHz–1 MHz) and medium-frequency (>1 MHz) regions, and
high-frequency (>1 MHz) regions, respectively, with A and B being the pre-exponential
factors of the conductivity. However, as the temperature increases, (s1, s2) tends towards 0,
thus confirming the predominance of direct current conductivity at low frequencies. The
relaxation times are very close for both relaxations, resulting in a single slope in the expres-
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sion for the conductivity; in other words, the expression goes from the double Jonscher law
to a simple Jonscher power law, in accordance with Equation 16. The conductivity curves
of the Al6Si2O13 sample appear to follow the Jonscher power law [52,56,57].

In this expression, σDc represents the material’s forward conductivity, while “A” is
the pre-exponential factor that defines the polarization intensity. Figure 9b illustrates
that the frequency-independent parameter “S” is influenced by both temperature and the
intrinsic properties of the material [52]. The initial decrease in conductivity with increasing
temperature suggests the presence of a significant temperature coefficient of resistance
(TCR) in mullite ceramics, attributed to the contribution of intergranular barriers that
impede conduction. However, above 450 ◦C, the increase in conductivity with temperature
has a temperature effect on grain and grain boundary resistance.

5.4. Study Through the Bode Diagram of Impedance and Modulus Complex

Figure 10b illustrates the variation in the real part of the impedance Z′ as a function
of frequency for all temperatures studied for the Al6Si2O13 ceramic. It can be observed
that the values of Z′ decrease with increasing frequency, tending towards Z′ = 0.1 ohm
at high frequencies. At low frequencies, the real part of the impedance Z′ exhibits high
values due to the presence of various polarizations, including electronic, ionic, orientational,
and interfacial. However, at high frequencies, the contributions of the dipole orientation
and interfacial polarization decrease, leading to a constant value for the real part of the
impedance Z′ [57]. The decrease in Z′ with increasing frequency and temperature suggests
an increase in AC conductivity [58–61].

 

 

 

Figure 10. (a) Diagram showing the evolution of the imaginary part (Z′′) and (b) the real part (Z′) of
the impedance as a function of frequency at different temperatures, from 450 ◦C to 900 ◦C, for Mullite
ceramic. (c) Variation in the relaxation frequency extracted from Z′′ as a function of frequency for
all temperatures.
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Figure 10c shows the evolution of the relaxation frequency as a function of 1000/T in
order to determine the overall activation energy of the sample, which was approximately
1.23 eV.

6. Module Spectroscopy Study
Complex dielectric modulus evaluation offers a convenient approach to explore elec-

trical delivery mechanisms inside ceramics, in addition to differentiating microscopic
processes contributing to dielectric rest [62]. It is defined by the inverse of the complex
dielectric constant, the complex dielectric modulus, denoted M*

M* = 1/ε * = j C0Z* = M′ + j M′′ (17)

M′ and M′′ respectively denote the real and imaginary part of the dielectric module;
the geometric capacity, noted C, can be expressed as follows:

C0 =
Aε0

d
(18)

where ε0 represents the permittivity of vacuum, A is the surface location, and d is the
thickness of the fabric. This expression quantifies the intrinsic capacity of the fabric to save
electrical strength as a characteristic of its geometry and dielectric homes [63].

Real and imaginary parts of the electric modulus:

M′ =
ε′

ε′2 + ε′′ 2
; M′′ =

ε′′

ε′′ 2 + ε′′ 2 (19)

where ε′ and ε′′ represent the real and imaginary parts of the dielectric permittivity, respec-
tively. Figure 11a illustrates the evolution of the real part of the electric modulus M′ as a
function of frequency at different temperatures. It can be observed that, at low frequencies,
M′ tends towards 0. However, as the frequency increases, M′ gradually increases and
reaches saturation after a certain frequency threshold. This saturation of M′ results from
the conduction process induced by the movement of available charge carriers [64,65]. Fur-
thermore, increasing the temperature increases the mobility of the charge carriers, which
leads to a general increase in the saturation of M′ with temperature.

The study of the electrical modulus plays a fundamental role in characterizing the
electrical properties of materials. This evaluation provides information on the electrical
transport, dielectric strength, and electrical homogeneity of the materials under study. By
analyzing the material’s response to an alternating electric field over a frequency range
from 1 Hz to 1 MHz and at different temperatures, as illustrated in Figure 11b, relevant
observations emerge. The modulus ratio increases with frequency, and reaches a maximum
at the relaxation frequency, which indicates the frequency of change in behavior, and then
decreases at higher frequencies. Furthermore, all the functions M′′ of the normalized
modulus shift towards higher frequencies and higher temperatures. For an electrically
homogeneous pellet, only a symmetrical variation in the modulus M′′ with respect to
frequency is observed [66,67]. However, when only one variation is determined, the effects
of grains and grain barriers are almost identical. Moreover, the peaks shift towards higher
temperatures, indicating the thermal activation of the relaxation process. The irregular
shape of the peaks indicates non-Debye relaxation.

Figure 11c highlights the dielectric behavior of mullite-based ceramics through the
evolution of the relaxation parameter β, an indicator of the degree of frequency dispersion.
The results reveal a progressive increase in β with increasing temperature, rising from
0.45 to 0.80. This trend is accompanied by a reduction in the dispersion of relaxation
times, reflecting a more uniform relaxation process at higher temperatures. This evolution
confirms the non-Debye nature of the relaxation mechanism, associated with a temperature-
dependent distribution of relaxation times.
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Figure 11. (a) Evolution of the real part of the electric module M′ as a function of frequency,
(b) variation in the imaginary part of the module M′′ as a function of frequency at different tempera-
tures, and (c) curve representing the evolution of the parameter β as a function of temperature for
mullite-based ceramics. (d) Arrhenius diagram of ln (Fr)M′′ as a function of 1000/T.

Figure 11d shows the evolution of the relaxation frequency extracted from the imag-
inary part of M* as a function of 1000/T in order to determine the activation energy of
the sample.

The electrical modulus approach is employed to investigate the electrical relaxation
mechanism in ion-conducting materials. A benefit of this technology is its ability to mitigate
the impact of electrode polarization effects.

The figure illustrates the frequency dependence of the real part of the electrical modu-
lus (M′) at different temperatures for mullite samples at various temperatures. It can be
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observed that, at low frequencies, M′ tends towards zero at all temperatures, indicating
that electrode polarization has a negligible impact. Conversely, at high frequencies, M′

exhibits a maximum value.
This study additionally investigated the modulus formalism. Figure 12 indicates the

variations in M′′ with respect to M′. The effects highlighted the emergence of semicircles,
associated with each extent of obstacles and grains. These observations are in agreement
with similar patterns stated in the specialized literature.

 
Figure 12. Complex modulus diagram (M′′ versus M′) for ceramics at different temperatures
(450–900 ◦C).

Figure 13 illustrates the comparison between the curves of the imaginary part of the
impedance (Z′′/Z′′

max) and the normalized electrical modulus (M′′/M′′
max) as a feature

of frequency (1 Hz–1 MHz) at 900 ◦C. The twist of fate or overlap of the peaks of M′′ and
Z′′ shows a prolonged or delocalized rest. In our evaluation, we study marked differences
inside the peak positions, accordingly confirming a quick-range relaxation within the tested
compounds, specifically in the compound the peak positions of (Z′′/Z′′

max) as a feature
of frequency and (M′′/M′′

max) as a function of frequency, is very near. In this context,
we recommend that the coexistence of localized and prolonged relaxations ought to be
considered [63,68,69].

Comparing electrical modulus and impedance data allows us to determine the bulk-
state response of ceramics in terms of localized defect relaxation and/or non-localized ionic
or electronic conduction [70]. The Debye model is linked to an ideal frequency response
of localized relaxation. In reality, the process is dominated by non-localized relaxation at
low frequencies. In the absence of interfacial effects, non-localized conductivity is known
as direct current (DC) conductivity. However, for current systems, the overlap of the
Z′′/Z′′

max and M′′/M′′
max peaks suggests the presence of components of both: long-range

transport and localized relaxation. Indeed, in order to mobilize the localized charge carrier,
the assistance of lattice oscillations is necessary. In these circumstances, the charge carriers
are considered as if they do not move by themselves, but by the jumping mechanism
activated by the lattice oscillations. Furthermore, the magnitude of the activation energies
indicates that the transport of charge carriers is due to jump conduction [71–73].
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Figure 13. Evolution of the Z”/Z”max and M”/M”max ratio as a function of frequency for Mullite
ceramic at 900 ◦C.

7. Conclusions
Mullite has been validated to be a high-overall-performance ceramic material with

super dielectric properties that supply it with outstanding capability in numerous electrical
and electronic packages. Its excessive thermal balance, low dielectric loss, and excessive
resistance to electric strain make it favored for harsh environments, being resistant to
intense temperatures and high electrical stresses. It reveals strategic packages inside the
electronics enterprise, particularly in the manufacture of incorporated circuit substrates,
excessive-overall performance capacitors, and dependable and sturdy insulators. In the
telecommunications discipline, mullite contributes to improving the performance of anten-
nas, waveguides, and high-frequency communique gadgets with the aid of successfully
reducing energy losses. Its use in the manufacture of refractory ceramics and corrosion-
resistant coatings additionally enhances its value in excessive-temperature commercial
packages. Compared to different advanced ceramics, together with certain perovskites (e.g.,
barium titanate BaTiO3 and strontium titanate SrTiO3), that have very excessive dielectric
constants and are utilized in multilayer capacitors, piezoelectric devices, and photovoltaic
cells, mullite offers an appealing compromise between performance, thermal stability, and
value. Although perovskites outperform mullite for packages requiring extremely sensitive
electrical homes, they remain more expensive and every now and then are constrained
in phases of chemical and thermal balance. Thanks to its versatility, chemical robustness,
and affordability, mullite is rising as a key material to support innovation in sustainable
technology, mainly in the development of high-overall-performance batteries and power
garage structures. Continued studies in this area will open new avenues to completely take
advantage of mullite’s capacity and aid destiny technological advances.

The non-overlap of the Z′′ (imaginary impedance) and M′′ (imaginary electrical modu-
lus) curves in the same figure reveals that the relaxation mechanisms involved are different.
Indeed, Z′′ is primarily sensitive to the most resistive regions of the material, such as
interfaces, grain boundaries, or electrodes, while M′′ highlights the contributions of the
least capacitive regions, often associated with bulk. The difference between the Z′′ and
M′′ peaks suggests the presence of several relaxation processes with distinct time con-
stants, reflecting a distribution of relaxation times rather than an ideal Debye-type behavior.
This non-superposition confirms the non-Debye character of the material, linked to its
microstructural heterogeneity, to defects or complex interactions between charge carriers,
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and may also indicate the influence of interfacial polarization (Maxwell-Wagner type),
particularly visible in the impedance but attenuated in the modulus.
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