
Citation: Alraddadi, S. Crystal

Structure, Microstructure, and

Dielectric and Electrical Properties of

Ceramic Material Prepared Using

Volcanic Ash. Crystals 2024, 14, 817.

https://doi.org/10.3390/

cryst14090817

Academic Editor: Zhonghua Yao

Received: 21 August 2024

Revised: 10 September 2024

Accepted: 15 September 2024

Published: 18 September 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Crystal Structure, Microstructure, and Dielectric and Electrical
Properties of Ceramic Material Prepared Using Volcanic Ash
Shoroog Alraddadi

Department of Physics, University College in AlJumum, Umm Al-Qura University, P.O. Box 715, Makkah 21955,
Saudi Arabia; swraddadi@uqu.edu.sa

Abstract: In the present work, the electrical and dielectric properties of ceramic samples prepared
from volcanic ash were investigated. For this purpose, ceramic samples were prepared using milled
volcanic ash with a binder material at a sintering temperature of 950 ◦C for 2 h. The chemical
content of the milled volcanic ash was investigated using XRF. Differential thermal analysis and
thermogravimetry were performed to determine the firing conditions. The crystalline phases and
microstructures of the ceramic samples were investigated using XRD and SEM, respectively. Finally,
the electrical and dielectric properties of the obtained samples were evaluated at a frequency ranging
from 1 × 102 to 4 × 106 Hz and temperatures ranging from room temperature to 800 ◦C. The XRD
results revealed that the ceramic samples contained three main phases: albite, hematite, and augite.
Moreover, the microstructures of the samples exhibited a large crystal size with a dense surface. The
conductivities and dielectric constants of the samples remained stable up to 500 ◦C. The real and
imaginary parts of the dielectric constant decreased with an increase in frequency and increased with
an increase in temperature. The results indicated that ceramics based on volcanic ash are promising
for use in technological applications such as high-voltage power insulators.

Keywords: volcanic ash; XRD; sintering; electrical properties; dielectric properties

1. Introduction

In recent years, ceramic materials have garnered significant attention because of their
excellent properties and potential applications in numerous fields [1–4]. They are used
in the fabrication of refractories and filters and in high-tech applications such as solid
oxide fuel cell components. In the building sector, they are utilized in clay bricks and
blocks, sanitary ware, wall and floor tiles, and so on. Currently, there is considerable
focus on producing ceramics from low-cost, ecofriendly materials and improving their
properties. Volcanic ash is a naturally abundant material that can be utilized in a wide
range of applications [5–11]. Owing to its physical properties, such as its good chemical
and thermal stability, high-temperature strength, high melting point, low density, and
low expansion coefficient, it is a cost-effective source. Volcanic ash has been used as a
ceramic material owing to its high contents of aluminosilicates, cement, concrete, and
geopolymer materials [9,12–15]. In a previous study, researchers examined the thermal,
structural, and mechanical characteristics of different ceramic samples that use volcanic ash
paste as a substitute for ceramic products [16]. X-ray diffraction (XRD) analysis revealed
large quantities of amorphous phases with varying chemical contents, such as plagioclase,
olivine, and pyroxene, as the main minerals. Thus, the thermal and mechanical properties
of these volcanic ash samples were affected by their crystalline phases and chemical
compositions. In other studies, volcanic ash was used to replace feldspar in clay-based
ceramic products as a flux fraction. The resulting ceramics had appropriate mechanical and
textural characteristics similar to those of ceramics made from feldspar—a conventional raw
material. The use of these ceramics can reduce the energy consumption related to feldspar
production [17]. Additionally, ceramic samples with photoluminescent characteristics of
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construction applications have been produced. Mixtures containing different percentages
of volcanic ash were sintered at 950 ◦C for 14 h to create materials for photoluminescent
pottery. Strong photoluminescent surfaces were achieved that met the requirements for
second-class bricks appropriate for regular weathering and absorption [18]. A ceramic
building was created via die pressing and sintering at 1000 ◦C using clay, volcanic ash, and
seawater. The sample with the highest density and compressive strength comprised 50%
volcanic ash and 50% saltwater and was characterized by the formation of a SiO2 phase [19].
In another study, an ideal mixture of clay and volcanic ash was prepared for the formulation
of a ceramic paste. Four samples were prepared using 30, 20, 10, and 0 wt% volcanic ash;
60 wt% ball clay; and 10, 20, 30, and 40 wt% kaolin [20]. It was discovered that the clay
samples’ ceramic performance increased with the addition of additional volcanic ashes.
Thus, the addition of volcanic ash as a flux improves the ceramic properties of clay. Recently,
the possibility of using volcanic ash—a low-cost, naturally produced ceramic material—for
thermal energy storage (TES) was investigated [21]. The results indicated enhanced solar
absorption, excellent thermal and chemical stability even in the presence of molten salts,
slight mass gain that was consistent over time, and high-temperature stability up to 750 ◦C.
However, few studies have been performed to evaluate the electrical properties of volcanic
ash. In particular, investigations of crystal phases, electrical conductivity, and dielectric
constant of ceramics prepared from volcanic ash are rare. Most research has focused on
the production of ceramics and the characterization of their structures, microstructures,
and mechanical properties. Therefore, in the present work, the electrical conductivity,
dielectric constant, and dielectric loss of ceramic samples prepared with volcanic ash were
examined. Mineralogical characterization was performed using X-ray fluorescence (XRF)
spectroscopy. Additionally, the thermal characteristics of volcanic ash were investigated by
performing thermogravimetric analysis as well as differential scanning calorimetry analysis
(TGA-DSC) in order to establish the firing conditions of the prepared ceramic samples.
The mineral phases and morphological characteristics of the samples were examined via
XRD and scanning electron microscopy (SEM), respectively. The electrical and dielectric
properties of the samples were examined at temperatures up to 800 ◦C in the frequency
range of 100 Hz to 4 × 106 Hz. This work contributes to the growing understanding of the
electrical properties of ceramic samples prepared using volcanic ash and similar materials,
along with the effects of the thermal treatment of ceramic raw materials on their physical
characteristics. The results of this study may be applicable to materials from similar sources
and with similar properties.

2. Materials and Methods
2.1. Materials and Ceramic Sample Preparation

Volcanic ash was collected from western Saudi Arabia and ground to a fine powder via
ball milling. The ceramic samples were shaped into disks with diameters and thicknesses
of 15 and 2 mm, respectively. The volcanic ash powder was mixed with polyvinyl alcohol
(PVA) as a binder and compressed using a manual hydraulic press, followed by sintering
at 950 ◦C for 2 h in air. The ceramic preparation process is illustrated in Figure 1.

2.2. Chemical Composition and Differential Thermal Analysis (DTA)

XRF spectroscopy was performed using a SPECTRO XEPOS (AMETEK Inc.,
Cassatt Rd Berwyn, PA, USA) to identify the oxide minerals (wt%) in volcanic ash. For
the XRF analysis, 8 g of lithium borate and 1 g of volcanic ash were mixed thoroughly
in a platinum crucible which most oxides dissolve the best in lithium borate salts. The
mixture was then placed in a fusion system for 20 min to form a glass disk. To determine
the firing temperatures of the ceramic samples, thermal measurement was carried out
using TGA-DSC (NETZSCH-Gebrüder-Netzsch-Straße, Selb, Germany) at a heating rate of
5 ◦C/min over a temperature range of room temperature (RT) to 1300 ◦C.
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Figure 1. A schematic of the preparation process of ceramic specimens.

2.3. XRD Analysis and SEM

The mineral phases of the ceramic samples were identified using an X-ray diffrac-
tometer (D8 Advance, Bruker, Billerica, MA, USA) and Cu Kα Ni-filtered radiation with a
wavelength of 1.54 Å. The XRD patterns of the samples were scanned over the 2θ range of
5–80◦. The morphologies of the volcanic ash and ceramics were examined using a scanning
electron microscope (JEOL, Tokyo, Japan).

2.4. Electrical and Dielectric Measurements

The ceramic samples were polished on both faces to ensure perfect electrical contact for
electrical and dielectric measurements. A high-performance silver paste was used to create
the electrodes. The samples were then dried for 1 h at 150 ◦C. Alternating-current (AC)
electrical and dielectric measurements were performed using a Hioki 3532-50 LCR Hi-Tester
(Hioki, Nagano, Japan) impedance analyzer at various frequencies and temperatures up
to 800 ◦C.

3. Results and Discussion
3.1. Chemical Composition and Thermal Analyses of Volcanic Ash

XRF was used to determine the major and minor oxides in volcanic ash, which were
expressed as percentages. SiO2, Al2O3, CaO, and Fe2O3 were the major oxides found in
volcanic ash, and the minor oxides included K2O, MgO, MnO, Na2O, P2O5, TiO2, and SO3
(Figure 2). These results agree with those in a previous report [22]. Owing to its high silica
and alumina concentrations, volcanic ash oxide is ideal for producing ceramics.

From DSC analysis, volcanic ash was thermally stable up to 820 ◦C, as illustrated in
Figure 3. The reason for the low heat absorption (endothermic peak) at approximately 820 ◦C
may be that after crystallization, atoms start to organize themselves into a basic structural
element. Additionally, a significant endothermal peak is observed in the DSC thermogram at
1200 ◦C, which may be explained by the fusion and structural disintegration of volcanic ash
mineral components during densification–vitrification [23,24]. According to the findings of
the thermal analysis, ceramic samples of volcanic ash were produced at 950 ◦C.
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Figure 2. The chemical compositions (wt.%) of the collected volcanic ash.
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Figure 3. Thermal analysis of volcanic ash powder DSC curve and TGA.

3.2. XRD and SEM Analysis

The mineral phases of the ceramic samples were detected using XRD (Figure 4).
The samples exhibit distinct peaks in the 2θ range of 5◦–80◦, indicating the presence of
different minerals and a high degree of crystallinity. Based on ICCD card Nos. 00-020-0548,
00-024-0072, and 01-073-8546, the main mineral phases are albite (d = 4.0458, 3.757, 3.215,
and 3.1882) and hematite (d = 3.688, 2.702, 2.522, 2.210, 1.843, 1.697, and 1.488), and the
minor mineral is augite (d = 2.1995). The structural phases and mineral proportions of the
ceramic sample were analyzed using the Rietveld refinement technique.
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Figure 4. XRD patterns of ceramic sample prepared using volcanic ash at 950 ◦C for 2 h.

Figure 5a–f provide the images of the microstructures of the volcanic ash and ceramic
samples at different magnifications. The volcanic ash microstructure comprises a variety
of particles with large and small aggregates and a mixture of nano- and microsized par-
ticles, none of which exhibit a clear shape. Meanwhile, the ceramic sample prepared at
950 ◦C shows a dense matrix devoid of distinct particle boundaries (Figure 5d–f). This
phenomenon is due to the formation of a solid solution that can fuse particles of the mineral
composition. These results are consistent with those of a previous study [25].
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3.3. Dielectric and Electrical Properties
3.3.1. Dielectric Constants and Dielectric Losses

Numerous parameters, including the crystal phases, porosity, grain boundaries, chem-
ical components, water content, and the melting temperature, affect the electrical and
dielectric characteristics of ceramic materials. The study of dielectric behavior and param-
eters, including the dielectric constant and loss, in ceramics has attracted considerable
interest in recent years because of its potential utility in energy storage. The complex
dielectric permittivity (ε*) can be used to comprehend the polarization of materials. It is
expressed as follows [26–28]:

ε∗ = ε′ − jε′′ (1)

where the real (ε’) and imaginary (jε′′) parts of the complex dielectric permittivity are the
dielectric constant and dielectric loss, respectively. The sample’s dielectric constant (ε’),
which represents the capacity of the materials to polarize or store electrical energy, was
measured. Equation (2) expresses the relationship between the electrical capacitance (C)
and the real component of the dielectric constant (ε’) [29]:

ε′ =
Cd
εoA

, (2)

where εo = 8.85 × 10−12 F/m represents the free-space permittivity, d represents the
thickness, and A represents the electrode area. The dielectric loss tangent D = tan δ = ε′′/ε′

is the ratio between the dielectric constant ε′ and dielectric loss ε′′. The dielectric constant
and dielectric loss can be determined using the following formula [28,30,31]:

ε′′= ε′ D (3)

(i). Frequency-dependent dielectric analysis

Figures 6 and 7 show how the dielectric constants and dielectric losses of the samples
vary with frequency at different temperatures. The dielectric constant shows a high value at
low frequencies and a progressive reduction with increasing frequency until it approaches
a plateau at high frequencies. This result is explained by the fact that all polarization
processes take place mostly in the low-frequency range, which results in full polarization
when an electric field is applied. Moreover, the high dielectric constant values in the
low-frequency region are maintained by the buildup of charges at the interface and the
amplification of polarization. As the frequency is increased to over 10 kHz, the space
charge polarization decreases and becomes insignificant due to the inertia of the rapidly
moving ions (dipoles) and the small value of the dielectric constant [32]. This finding
is consistent with Koops’ theory, which states that the presence of several polarization
processes is the reason why a composite system’s dielectric constant has a large value at low
frequencies. In the presence of an electric field, these processes help induce full polarization,
which results in the buildup of charges at the interface and intensified polarization. The
dielectric constant, however, decreases as the frequency increases because the dipoles of the
composite system are unable to react rapidly enough to the electric field. This phenomenon
is explained by the heterogeneous conduction mechanism of the composite system, which
results in space charge polarization [32]. A frequency-independent dielectric constant
results from a decrease in space charge polarization when the frequency increases to over
10 kHz. Free dipoles oscillating in a comparable field are associated with the modified
Debye law. At lower frequencies, the measurements and dipole relaxation time follow
the field; at higher frequencies, the dipoles do not follow the oscillatory field. Strongly
conducting grains with weakly conducting grain borders are required for a medium to
be a dielectric. However, the grains seem to be more effective at higher frequencies, and
the grain boundaries often have a significant impact in the low-frequency range. It takes
more energy to move charge carriers at low frequencies. Due to the high resistance of the
material, the charge carriers cluster close to the grain boundary, which raises the dielectric
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constant in this area. In the high-frequency region, the energy needed to move the charge
carriers is lower because of the low resistance supplied by the grains. Consequently, the
dielectric constant is quite low at high frequencies [32].
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(ii). Temperature-dependent dielectric analysis

Figures 8 and 9 show how the dielectric constants and dielectric losses of the ceramic
samples vary with temperature at different frequencies. The behaviors of the dielectric
constant and dielectric loss curves remain unchanged as the temperature increases from
RT to 500 ◦C at all applied frequencies. The dielectric loss and dielectric constant seemed
to be frequency- and temperature-independent within this temperature range. This find-
ing indicates that the dielectric characteristics of the samples exhibit outstanding thermal
stability within these temperature and frequency ranges. However, the dielectric constant
and dielectric loss curves begin at approximately 500 ◦C and continue until 800 ◦C, espe-
cially at low frequencies. The dielectric loss and dielectric constant in this area appear
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to be temperature-dependent, although they decrease as the frequency increases. The
dielectric constant has a large value at low frequencies due to the contributions of the
dipolar and interfacial polarization, but at higher frequencies, only electronic polarization
contributes to the dielectric constants [32]. At lower temperatures, the dielectric constants
and dielectric losses seem to be lower, indicating that the contributions of the ionic and
electronic components to all polarizabilities could be minimal and constant [33]. However,
an increase in the dielectric constant, which indicates the alignment of dipoles, may become
easier at lower frequencies and higher temperatures [25,33]. Furthermore, an increase
in temperature appears to act as a pumping force, releasing trapped charge carriers and
increasing the charge carrier mobility, thereby enhancing the polarization, conductivity,
and dielectric constant of the sample [25]. However, the dielectric constants eventually de-
crease at higher temperatures due to an increase in the thermal oscillation of the molecules
and an increase in the degree of disorder of dipoles. The dipoles cannot rapidly realign
themselves in response to a fast-applied field (higher frequency) [34,35]. This result has
been reported by numerous authors [25,34,35]. Table 1 displays the values of the dielectric
constant for selected frequencies measured at different temperatures. The results indi-
cate that the dielectric constant decreases as the frequency increases and almost becomes
frequency-independent at 103 Hz.
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Table 1. Dielectric constant (ε′) and conductivity (σ′) of ceramic samples for selected frequency at
different temperatures.

Freq. (Hz)
RT 300 ◦C 400 ◦C 500 ◦C 600 ◦C 800 ◦C

ε′ σ′ ε′ σ′ ε′ σ′ ε′ σ′ ε′ σ′ ε′ σ′

100 17.0 7.60 × 10−10 32.27 1.44 × 10−9 39.06 3.71 × 10−9 128.22 2.65 × 10−8 482.74 2.80 × 10−7 2845.17 8.68 × 10−6

1000 15.18 6.75 × 10−9 14.46 7.59 × 10−9 22.94 1.33 × 10−8 50.93 4.84 × 10−8 124.80 2.48 × 10−7 766.17 9.08 × 10−6

10,000 13.35 6.63 × 10−8 12.45 6.73 × 10−8 15.18 8.12 × 10−8 23.31 1.44 × 10−7 47.10 4.20 × 10−7 173.42 9.88 × 10−6

100,000 11.53 5.61 × 10−7 11.72 6.44 × 10−7 12.91 6.97 × 10−7 16.05 8.82 × 10−7 23.19 1.35 × 10−6 68.07 1.24 × 10−5

1,000,000 9.51 5.55 × 10−6 10.73 5.90 × 10−6 11.46 6.21 × 10−6 13.51 7.36 × 10−6 16.88 9.20 × 10−6 31.09 2.54 × 10−5

3.3.2. Tangent Dielectric Loss Study

(i). Frequency-dependent dielectric analysis

The tangent curves for the dielectric loss versus the applied frequency at various
temperatures are shown in Figure 10. The tan δ values decrease in the presence of an AC
electric field, and they exhibit frequency-independent behavior at higher frequencies. This
trend may be explained by the theory that higher energy is needed for electron hopping
between ions in the low-frequency region, where weakly conducting grain boundaries are
much more effective, resulting in higher losses. Nonetheless, a small amount of energy
dissipation is caused by electron interaction between ions in the high-frequency region,
which is associated with strongly conducting grains [32]. Moreover, the value of the loss
tangent increases with temperature. The rate of rise in tan δ is slow at low temperatures,
but it increases noticeably faster at high ones. Tan δ has a high value in this region because
charge carriers crossing the grain boundary at low frequencies lose a lot of energy, but the
resistance is low in the high-frequency range. Conversely, the tangent loss indicates the
energy required by the applied field to align the dipole. The tangent loss is influenced by
the grain size, DC conductivity, and oxygen vacancies [32].
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Figure 10. Dielectric loss tangent (tan δ) versus frequency for ceramic sample at different tempera-
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(ii). Temperature-dependent dielectric analysis

The tangent curves for the dielectric loss versus temperature at different applied
frequencies are shown in Figure 11. Up to 500 ◦C, the curves exhibit stable behavior, above
which the dielectric loss tangent increases with the temperature. Nevertheless, at high
temperatures, the dielectric loss tangent decreases as the frequency increases. This finding
is reasonable considering that the dielectric constant exhibits similar characteristics. The
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authors noted in a previous study [30] that as the dielectric constant increases (indicating
an increase in energy storage capacity), so does the dielectric loss (indicating an increase in
energy dissipation). This increase in tan δ is the most pronounced at high temperatures and
low frequencies due to the high electrical conductivity. As a result, at these temperatures,
the electric dipole motion is at its greatest, and the primary mechanism underlying ionic
conductivity in this system is charge carrier mobility [32]. The tangent δ is slower in the
low-temperature region and faster in the high-temperature region, suggesting the presence
of unknown imperfections, e.g., oxygen vacancies, as well as the distribution of charge
carriers in the sample [32]. The relaxation temperature of the sample was observed to
be approximately 680 ◦C at all the applied frequencies, according to the dielectric loss
tangent curves. Hematite undergoes a phase transition from a canted antiferromagnet to a
paramagnetic phase at this relaxation temperature, which is also known as the hematite
Néel temperature [36,37].
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3.3.3. AC Conductivity Study

The AC conductivities of the ceramic samples were measured at frequencies ranging
from 500 Hz to 4 MHz and temperatures ranging from RT to 800 ◦C. The AC conductivity
significantly affects the electrical performance of the sample and typically increases with
the concentration density and/or free-charge carrier mobility. Equation (4) describes the
relationship between the dielectric loss ε′′ and the conductivity σac [38]:

σac = εoωε′′ (4)

where ω represents the angular frequency, and ε′′ is the imaginary part of the permittivity,
which is called the dielectric loss. The lnσac curves for the ceramic samples determined as
a function of the temperature at various applied frequencies are illustrated in Figure 12.
The conductivities of the samples are divided into two distinct regions. The conductivity is
nearly constant in the first region and appears to be stable. The sample can be considered
an electrical insulator because it exhibits a stable, low conductivity even at temperatures up
to approximately 500 ◦C. Most of the samples were composed of silicate minerals, which
functioned as insulators. Consequently, the electrical conductivities of the samples were
low. This can occur when the thermal energy is insufficient for initiating the hopping of
carriers and ions [25,35]. The second region spans a wider temperature range, from 500 ◦C
to 800 ◦C. The electrical conductivity in this range increases in a temperature-dependent
manner. Generally, the semiconducting properties of a material are indicated by an increase
in electrical conductivity with temperature [25]. Accordingly, the sample exhibited semicon-
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ducting behavior at higher temperatures because the thermal energy at high temperatures
is sufficient for causing more oxygen vacancy defects [39,40], which increases electrical con-
ductivity. The thermal activation process dominates conductivity [26,41]. The conductivity
σac of a sample showing a gradual increase with frequency at low temperatures is plotted
in Figure 13 against the applied frequency at various temperatures. At low temperatures,
charge carrier hopping may be the conduction mechanism because the conductivities of
the samples appeared to be frequency-dependent [34,42]. This result is consistent with
those of previous studies [25,34,35]. Here, the frequency functions as a force to release the
trapped charges from their trapping centers and to help the charge carriers move between
different localized states [25]. On the other hand, the lnσac curves are linear at higher
temperatures. Consequently, the conductivities of the samples appear to be frequency-
independent, and this effect can be eliminated by large lattice vibrations, which can scatter
charge carriers [25]. At high temperatures, the obvious frequency independence indicated
that polaron conduction was the conduction mechanism [25].
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4. Conclusions

In this work, the electrical and dielectric properties of a ceramic sample prepared
from volcanic ash were evaluated at a frequency ranging from 1 × 102 to 4 × 106 Hz and
temperatures ranging from RT to 800 ◦C. The XRD results revealed that the ceramic samples
contained three main phases: albite, hematite, and augite. Moreover, their microstructures
exhibited a large crystal size with a dense surface. Investigations of the dielectric and
electric properties of the samples showed that the conductivities and dielectric constants of
the samples remained stable up to 500 ◦C. In particular, frequency-dependent dielectric
and dielectric loss analysis demonstrated that the dielectric constants and dielectric losses
decreased with an increase in frequency and increased with an increase in temperature
due to increased charge carrier mobility, leading to enhanced space charge polarization
and conductivity. Temperature-dependent dielectric and dielectric loss analysis revealed
that the dielectric constant and dielectric loss remained stable as the temperature increased
from RT to 500 ◦C at all applied frequencies. Over 500 ◦C, the dielectric constant and
dielectric loss started to increase, especially at low frequencies. However, the dielectric
constants decreased at higher temperatures and high frequencies due to increases in the
thermal oscillation of the molecules and in the degree of disorder of dipoles, as the dipoles
could not rapidly realign themselves in response to a fast-applied field. Thus, volcanic ash
ceramic is appropriate for applications involving electrical insulation and energy storage.
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