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Abstract

This work reports the effect of sintering temperature (1400-1500 °C) on the structural, microstructural, and dielectric
properties of forsterite (Mg,SiO,) ceramics synthesized via a sol-gel method. X-ray diffraction confirmed the formation of
phase-pure orthorhombic forsterite 1500 °C, while samples sintered at 1400 °C contained 2.3 wt% MgO. Microstructural
analysis revealed a density increase from 78%—-88% and a reduction in open porosity from 17% to 9% with increasing
sintering temperature. Impedance spectroscopy analysis identified hopping conduction as the dominant mechanism, with DC
activation energy decreasing from ~1.12 eV to ~0.96 eV as the sintering temperature increased from 1400 - 1500 °C. The
ceramics exhibited a low-frequency dielectric constant (g,) that increased with temperature. The results demonstrated that a
sintering temperature of 1500 °C is optimal for achieving high density (2.88 g/cm?3), reduced electrical activation energy, and
superior microstructural properties, crucial for advanced electronic applications.

Graphical Abstract

Sol-gel forsterite ceramics sintered at 1400—1500 °C show improved density (78-88%) and reduced MgO impurities.
Hopping conduction dominates; optimal 1500 °C yields high density (2.88 g/cm?) and low activation energy (0.96 eV).
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e Optimal sintering at 1450 °C yields phase-pure orthorhombic forsterite ceramics.
e Densification improved, reducing porosity from 17% to 9.3% with 88% density.
e Ceramics showed stable dielectric properties ideal for electronic substrates.

o Electrical response is grain-dominated with non-Debye hopping conduction.

1 Introduction

The MgO-SiO, system comprises several important phases,
such as magnesium metasilicate (MgSiO;) with enstatite
type structure, MgO with periclase type structure, and silica
Si0,; however, magnesium orthosilicate (Mg,SiO4) with
forsterite type structure uniquely stands out because of its
exceptional combination of compositional precision and
multifunctional properties. Its stoichiometric composition
(57.29 wt% MgO and 42.71 wt% Si0O,) is critical, as even
slight deviations that generate secondary phases can
severely deteriorate performance, particularly its out-
standing dielectric behavior [1-4]. Forsterite exhibits a
moderate relative permittivity (e,=6-7), ideal for main-
taining signal integrity, together with an extremely high Q
factor (Q x f= 240,000 GHz), indicating minimal dielectric
loss and making it a benchmark material for high-frequency
substrates, microwave dielectrics, and laser components
[5-8]. In addition to its dielectric excellence, forsterite
demonstrates remarkable thermo-mechanical properties,
including a high melting point (~1890 °C), excellent ther-
mal stability, low thermal expansion that mitigates thermal
stresses, and high hardness (~7.68 GPa), all of which
underpin its suitability for refractory, coating, composite,
and electronic packaging applications [9-12]. Beyond
engineering uses, forsterite also exhibits notable bioactivity;
its controlled dissolution and release of Mg and Si*" ions
promote bone cell adhesion, proliferation, and apatite for-
mation, highlighting its strong potential for bone grafts,
scaffolds, and orthopedic implant coatings [13-15].

The various synthesis techniques for forsterite represent
complementary strategies to address its primary challenge:
the intrinsically high formation temperature (>1400 °C)
required for solid-state reactions between MgO and SiO,,
which typically results in coarse powders, chemical inho-
mogeneity, and high energy consumption. While the con-
ventional solid-state route remains a baseline approach, it
demands repeated grinding and prolonged high-temperature
treatments and often suffers from impurity formation [7]. In
contrast, wet-chemical and soft-chemistry methods such as
sol—gel [13], co-precipitation [6], polymer precursor [7],
and hydrothermal techniques [14] promote molecular-level
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mixing of magnesium and silicon precursors, significantly
enhancing reactivity, lowering synthesis and calcination
temperatures, and yielding ultrafine, homogeneous, high-
purity powders with superior sinterability. Energy-efficient
alternatives, including auto-combustion [1] and mechanical
activation [15], further reduce thermal requirements by
generating internal heat through exothermic redox reactions
or by increasing defect density and surface area via high-
energy ball milling. Regardless of the synthesis route, sin-
tering temperature remains a critical processing parameter,
as it directly governs densification and grain growth;
eliminating porosity is essential to achieving high
mechanical strength and minimizing dielectric loss (max-
imizing Q), while grain growth must be carefully controlled
to avoid microstructural degradation [16, 17]. From a
dielectric performance standpoint, a fine, uniform, and
dense microstructure is generally optimal for achieving low
loss and stable permittivity, making precise tailoring of the
sintering profile crucial for optimizing €, and Q. Addition-
ally, the use of sintering aids such as B,03, V,0s, or Li,CO3
can markedly enhance densification at reduced temperatures
by forming transient liquid phases, but their content must be
carefully optimized to avoid the formation of lossy sec-
ondary phases at grain boundaries that would compromise
the exceptional dielectric Q factor of forsterite [18, 19].
Despite the extensive investigations into forsterite cera-
mics, several research gaps remain unresolved. Although
numerous synthesis routes have been explored to reduce
calcination temperatures and enhance purity, there is still
limited understanding of how microstructural evolution
particularly grain growth dynamics and grain boundary
chemistry directly governs the dielectric and conduction
behavior across wide frequency ranges. Existing studies
widely acknowledge the significance of sintering tempera-
ture, yet systematic correlations between sintering-induced
microstructural  transitions and frequency-dependent
dielectric responses remain insufficiently addressed. More-
over, the interplay between grain interior and grain
boundary contributions to AC conductivity, as well as the
mechanisms driving hopping behavior, require deeper
clarification through combined structural, microstructural,
and electrical analyses. Therefore, a comprehensive,
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temperature-dependent investigation linking phase purity,
grain development, and dielectric performance is essential
to bridge these gaps and optimize forsterite ceramics for
advanced electronic applications.

Herein in this article, we investigate the effect of sin-
tering temperature on structural, and dielectric and proper-
ties of forsterite (Mg,Si0,4) ceramics. This study focuses on
the synthesis of forsterite (Mg,SiO,4) precursor powder via
the sol-gel method using tetraethyl orthosilicate (TEOS) and
magnesium nitrate hexahydrate (Mg(NO3),-6H,0) as start-
ing materials, with detailed characterization of samples
sintered at 1400, 1450 and 1500 °C for 2 h. X-ray diffrac-
tion (XRD) analysis confirmed the formation of phase-pure
orthorhombic forsterite (space group Pbnm) with high
crystallinity. Field-emission scanning electron microscopy
(FESEM) revealed a well-defined microstructure char-
acterized by distinct grains separated by grain boundaries.
Grain boundaries were clearly resolved, with energy-
dispersive spectroscopy (EDS) verifying stoichiometric
Mg,SiO, composition. This work further investigated the
dielectric and AC conductivity properties of sintered pellets
across a wide frequency range (0.1 kHz-1MHz).
Frequency-dependent permittivity and loss tangent trends
correlated with microstructural features observed in SEM,
where grain boundary effects dominated low-frequency
responses while bulk contributions prevailed at higher fre-
quencies. AC conductivity analysis, supported by Jon-
scher’s power law, identified hopping conduction as the
dominant mechanism, with activation energies derived from
Arrhenius plots.

2 Materials and methods
2.1 Materials

Magnesium nitrate hexahydrate (Mg(NOs),-6H,0, 299.8%
purity) was procured from Biochem Chemopharma (Geor-
gia, USA), serving as the magnesium source for the
synthesis. Tetraethyl orthosilicate (TEOS, Si(C,Hs0)4, 99%
purity) was obtained from Fluka and acted as the silicon
precursor, while absolute ethanol (CH;CH,OH, 299.8%
purity) from Sigma-Aldrich was used as the solvent. These
high-purity reagents were deliberately selected to minimize
impurities that could affect the synthesis process or the final
properties of the forsterite material.

2.2 Processing of powders

Forsterite precursor powders were synthesized via a sol-gel
route using tetraethyl orthosilicate (TEOS) and magnesium
nitrate hexahydrate and magnesium nitrate hexahydrate as
silicon and magnesium sources, respectively. TEOS was

dissolved in ethanol at a volumetric ratio of TEOS: ethanol
= 1:4, while and magnesium nitrate hexahydrate was
separately dissolved in deionized water at TEOS: water =
1:20. Each solution was magnetically stirred for 30 min to
ensure complete homogenization prior to mixing [13].
Subsequently, diluted nitric acid (HNOj;, 0.1 M) was gra-
dually added to the mixture under continuous magnetic
stirring for 2 h at room temperature until a transparent and
homogeneous solution was obtained. Nitric acid plays a key
role in accelerating hydrolysis and condensation reactions,
thereby promoting the formation of a highly homogeneous
gel network. The acidic oxidizing medium also facilitates
the removal of residual organic groups and solvents, redu-
cing carbon residues and enhancing crystalline purity after
calcination. Furthermore, it promotes the homogeneous
reaction between Mg2+ ions and silica (SiO;) and sup-
presses the formation of undesirable secondary phases such
as MgO or free silica. The resulting sol was aged at 60 °C
for 48 h to induce gelation. The obtained gel was dried at
120 °C for 24h to remove residual solvents, yielding a
yellowish precursor powder. The dried powder was manu-
ally ground using an agate mortar and pestle to reduce
agglomeration and then uniaxially cold-pressed into pellets.
Finally, the samples were calcined and sintered at 1400,
1450, and 1500 °C for 2 h to obtain crystalline forsterite and
achieve densification. This optimized protocol ensures high
phase purity and a controlled microstructure, which are
essential for tailoring the electrical and mechanical prop-
erties of the material.

2.3 Sample sintering

Cylindrical samples (13 mm in diameter and ~4 mm in
height) were prepared from the previously synthesized
powders using a hardened steel mold. The powders were
uniaxially pressed under 150 MPa using a hydrostatic press,
with the samples held under pressure for a specified dura-
tion to ensure uniform stress distribution. An air pump was
employed to remove trapped air during pressing. The
compacted samples were then sintered at 1400, 1450, and
1500 °C in an electric muffle furnace (Nabertherm) equip-
ped with an automated program for precise temperature and
time control. The heating rate was 5 °C/min until the target
temperature was reached, maintained for 2 h, followed by
cooling at the same rate to room temperature before sample
removal.

2.4 Characterization and analysis
Phase purity, crystallinity, and crystal structure were sys-
tematically evaluated using high-resolution X-ray diffrac-

tion (XRD), employing a PANalytical X’Pert Pro
diffractometer with Cu Ko radiation (A= 1.5418 A)
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operated at 40 kV and 30 mA. Data were collected over a 20
range of 10-80° with a step size of 0.02° and a scan time of
30 min per sample, which provides an optimal balance of
intensity and resolution for oxide ceramics. Quantitative
phase analysis was carried out using Rietveld refinement,
the benchmark method for structural characterization,
enabling precise determination of lattice parameters, esti-
mation of crystallite size through peak-broadening analysis,
and assessment of microstrain; any deviation in the refined
unit cell constants serves as a sensitive indicator of non-
stoichiometry, residual stress, or possible dopant incor-
poration. Complementary microstructural and composi-
tional analyses were performed using field-emission
scanning electron microscopy (FESEM) equipped with
energy-dispersive spectroscopy (EDS) (QUANTA 250
FEG), where the field emission gun ensured superior spatial
resolution and clear visualization of grain surfaces and
boundaries. FESEM analysis provided detailed insight into
grain size and distribution, grain morphology, porosity, and
the cleanliness of grain boundaries, all of which are critical
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factors influencing dielectric loss. EDS point analysis and
elemental mapping verified the expected stoichiometry
(Mg:Si:0=2:1:4), assessed elemental homogeneity, and
detected any incidental impurities or segregated sintering
aids at grain boundaries. For dielectric measurements, sin-
tered samples were prepared as pellets with standardized
dimensions (~12 mm diameter and ~1.5 mm thickness) and
coated on both faces with silver paste to form parallel-plate
capacitor electrodes, ensuring reliable electrical contact and
accurate determination of intrinsic dielectric parameters.
The electrical response was investigated using Solartron
impedance spectroscopy (IS), the core technique for
deconvoluting the contributions of grains, grain boundaries,
and electrode interfaces, over a broad frequency range
(0.1 kHz-1 MHz) and temperature interval (40—-400 °C) an
applied AC voltage of 50 mV, where frequency sweeps
distinguish slow interfacial and space-charge processes
from fast intrinsic polarizations, and temperature variation
activates thermally driven conduction and relaxation
mechanisms.
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Fig. 1 A XRD spectra of forsterite sintered for 2 h at 1400, 1450, and 1500 °C, B-D the structural characteristics of the sintered forsterite samples
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3 Results and discussion
3.1 XRD analysis

The phase purity of forsterite (Mg,SiO,4) prepared via the
sol-gel method and sintered at 1400, 1450, and 1500 °C for
2 h was investigated using X-ray powder diffraction (XRD),
as shown in Fig. 1A. The XRD patterns of the samples
sintered at 1400 and 1450 °C show reflections from both the
forsterite phase and MgO, with a notable decrease in MgO
reflection intensity at 1450 °C. In contrast, the sample sin-
tered at 1500 °C for 2 h exhibits reflections corresponding
exclusively to the forsterite phase, indicating the completion
of the crystallization process and the elimination of sec-
ondary phases at the higher sintering temperature. Figure

(A)

1B-D present the Rietveld refinement of the XRD patterns
for the samples sintered at 1400, 1450, and 1500 °C,
respectively. Solid lines represent the calculated diffraction
intensities, whereas crosses correspond to the experimental
data. The difference between the calculated and experi-
mental intensities is displayed above each profile, allowing
an accurate assessment of the refinement quality.

The Bragg peak positions corresponding to each identi-
fied phase—forsterite and magnesium oxide for the samples
sintered at 1400 and 1450 °C, and forsterite only for the
sample sintered at 1500 °C are marked above the picks in
the patterns as shown in Fig. 2A—C. All sintered Mg,SiO,
samples crystallized in an orthorhombic structure belonging
to the Pbnm space group. Structural parameters derived
from the Rietveld analysis of the sintered forsterite are

(B)

Fig. 2 The mutual arrangement of the structural elements of the unit cell in different projections for samples sintered at A) 1400, B) 1450, and C)

1500 °C.
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Table 1 The structural

characteristics of the forsterite
heat-treated sample at 1400 °C

Phase Formula

Lattice parameters

Reliability factors

Forsterite # Mg,Si04

Space group: P b n m, a=4.74930 +0.00035 (A) ; b= 10.20902 0. 00077

(A); ¢ =5.98276 +0.00044 (A); a = p =7y = 900; V =290.078287A°

Rwp = 8.43%; Rexp = 11.40%; x> = 0.5352

X y z B Occupancy Site
Mg (1) 0.00000 0.00000 0.00000 —0.000 1 4a
Mg (2) 0.98840 0.27730 0.25000 0.776 1 4c
0 () 0.76290 0.08840 0.25000 3.683 1 4c
O 4) 0.23280 0.42740 0.25000 —0.000 1 4c
[ X®)) 0.26880 0.17290 0.01560 0.855 1 8d
Si (6) 0.42990 0.09746 0.25000 0.292 1 4c

Magnesium Oxide (Periclase) “MgO”

Space group: Fm —3 m, a=b =c =4.2124£0.00019 (A); a=p =y =900;
V =74.746145 A’

Mg (1)
0@

0.00000
0.50000

Refined Chemical Composition

Phase Quantity (wt-%)

Forsterite

97.70

0.00000
0.50000

0.00000
0.50000

9.602 1
0.000 1
MgO
2.30

4a
4b

Table 2 The structural characteristics of the forsterite heat-treated sample at 1450 °C

Phase Formula

Lattice parameters

Reliability factors

Forsterite # Mg,Si04

Space group: P b n m, a=4.748871 +0.00041 (A); b = 10.20408 £ 0. 00079 (A); ¢ = 5.98162 +0.00044 (A);
a=p=y=900; V=289.846666A°

Rwp = 7.90%; Rexp = 11.35%; x> = 0.4845

X y z B Occupancy Site
Mg (1) 0.00000 0.00000 0.00000 0.148 1 4a
Mg (2) 0.99400 0.27529 0.25000 1.470 1 4c
0 (3) 0.75000 0.09510 0.25000 4.034 1 4c
(ONE)) 0.24170 0.42960 0.25000 0.987 1 4c
O (5) 0.26530 0.16990 0.01560 1.301 1 8d
Si (6) 0.42520 0.09551 0.25000 0.731 1 4c

Magnesium Oxide (Periclase) “MgO”
Space group: Fm —3 m, a=b=c=4.2123 +0.00040 (A); a=p =y =900; V =74.740815 A’

Mg (1)
0 (2)

0.00000
0.50000

Refined Chemical Composition

Forsterite

Phase Quantity (wt-%) 98.51

0.00000
0.50000

0.00000
0.50000

2.000
0.000

MgO
01.49

1
1

4a
4b

summarized in Tables 1-3. The Profex program, in com-

bination with Vesta, was used to extract the structural data,

including lattice parameters and unit cell volumes, enabling
evaluation of phase purity, grain size, and possible sec-

ondary phases [20, 21].

@ Springer

respectively,

reveal

a

3.2 Microstructure analysis

The SEM micrographs of forsterite pellets sintered at 1400,
1450, and 1500 °C for 2h are presented in Fig. 3A-C

well-defined  microstructure



Journal of Sol-Gel Science and Technology (2026)118:64 Page 7 of 18 64

Table 3 The structural characteristics of the forsterite heat-treated sample at 1500 °C

Phase Formula Forsterite # Mg,SiO4

Lattice parameters Space group: P b n m, a=4.75161 + 0.00038 (10\); b =10.21060 + 0. 00078 (A); ¢ =5.98235 +0.00046 (A);
a=p=y="900; V=290.244392 A’

Reliability factors Rwp =9.71%; Rexp = 11.57%; x2 =0.7043

X y z B Occupancy Site
Mg (1) 0.00000 0.00000 0.00000 1.035 1 4a
Mg (2) 0.99010 0.27620 0.25000 2.902 1 4c
0 (3) 0.74390 0.09760 0.25000 6.301 1 4c
O @) 0.23570 0.42950 0.25000 0.675 1 4c
0O (5) 0.25240 0.17379 0.01190 2.483 1 8d
Si (6) 0.43720 0.09926 0.25000 1.897 1 4c
Refined Chemical Composition

Forsterite MgO
Phase Quantity (wt-%) 100 00

)
-

'

A \ ¢

M SE VD 1000kV 20000x 96mm 20.7pm 30Pa

Fig. 3 The SEM micrographs of the sintered forsterite samples at A)1400, B)1450, and C)1500 °C
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Fig. 4 Density, relative density, 94
. 5 . 3.0 - 18
and open porosity of forsterite
sintered at various temperatures |1 [
: 294 c\? L 90 g
g B PP
IR g S
E’ L 12 g - 86 §
= s E
8271 . ‘:l 84 :3
C |
2.6 E F 80
-6 78
25 . T T
1400 1450 1500 1550
: 3
Tablg 4 Den§ ity p (glem’), p Open Relative Open Relative p Open Relative
relative density (%), and open 0rosit densit 0rosit densit Orosit densit
porosity (%) of forsterite P Y Y P Y Y P Y Y
sintered for 2 h at various 1400 °C 1450 °C 1500 °C
temperatures
2.56 16.99 78.27 27126 12.84 82.95 2.8765 9.26 87.97
characterized by distinct grains separated by grain bound- v
. . . . m; —m
aries. The images depict a dense arrangement of forsterite Xy % = V” ° %100 = 22— "+ 100. (6)
T mp — ms3

granules with varying shapes and sizes, indicating a het-
erogeneous morphology. The average grain size was found
to grow as the sintering temperature rose. This indicates that
big grains formed as a result of the crystallite diffusing.
Consequently, microscopic grains that are irregular in size
and form, irregularly aligned, and closely related compose
SEM images.

3.3 Apparent porosity and bulk density

In order to measure both the density p (g/cm?), open por-
osity (%), and relative density for of the sintered forsterite
(Mg,Si0Oy) samples at 1400, 1450, and 1500 °C for 2 h, the
following equations served as the foundation for our
application of the Archimedes approach [22, 23]:

my = m, +pH20*Vpo~ (1)
m3 =mi=(Vr = Vyo)py,o- (2)
m; —m
(Ve = V) = m=m) o)
P H>0
m ny
pzviT:mz_m\ Xszo. (4)
(my —my)
Vo = : (5)
PH,0

@ Springer

where p represents density, m; the mass of sample in air, m,
the mass of the sample after it has been emptied of air, Vr is
the total volume, and (V) is the volume of open pores. The
ratio of the measured and theoretical densities is used to
determine the relative density (densification) of the sintered
forsterite.

Figure 4 and Table 4 show the density p (g/cm3), open
porosity (%), and relative density (%) of forsterite that was
sintered for two hours at various temperatures (1400, 1450,
and 1500 °C) without being subjected to grinding. It is
easily observable from Fig. 4 that the open porosity
decreases with the increase in sintering temperature from
1400 to 1500 °C. This decrease is accompanied with an
increase in both the density and relative density as seen in
Fig. 4. The better densification caused by enhanced diffu-
sion is the reason for the decreases in open porosity and
increases in density and relative density as the sintering
temperature rises. This is because diffusion primarily reg-
ulates the thermally activated process of sintering. Conse-
quently, the diffusion percentage and the percentage of
pores eliminated increase with increasing sintering tem-
perature [24, 25]. However, the relative density measure-
ments show that the forsterite sintered samples are not
100% dense since they still have some closed pores. For
instance, a forsterite sample sintered for 2 h at 1500 °C had
a relative density of 87.97% and an open porosity of 9.26%.
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3.4 Impedance analyses

The electrical properties of forsterite samples obtained using
a sol-gel process that were thermally treated by sintered at
1400, 1450, and 1500 °C for two hours were examined
using complex impedance spectroscopy.

The variation of the real part of impedance (Z’) for for-
sterite sintered at 1400, 1450, and 1500 °C for 2h with
range frequency (10°—10°Hz) at various temperatures (from
40 to 400 °C) are plotted in Fig. SA-C, respectively. Evi-
dently, for all sintered samples the real part impedance (Z')
decreases as the temperature and frequency drops, indicat-
ing a rise in the AC conductivity [26, 27]. The real com-
ponent of impedance (Z') values at lower frequencies
decrease as the temperature rises, exhibiting behavior
similar to those of ceramics [28], bioceramics [29], PZT
[30] and semiconductors [31]. The real part of the

A) =9=RT -9-80°C —Q@-100°C-9-120°C~-9~140°C
10 @160 °C—Q~ 180 °C =@~ 200 °C—~Q— 220 °C—~P— 240 °C
=@-260°C 280 °C =@~ 300 °C 320°C-Q9~-340°C

360 °C- 9 380 °C =@~ 400 °C

Z'(Q)*10®

impedance (Z') converges and becomes nearly independent
of frequency in the high-frequency region at all measured
temperatures. This behavior can be attributed to the reduc-
tion of potential barrier effects within the material, which
weakens space-charge polarization and enhances the
mobility of charge carriers [32].

The variation of imaginary part of impedance (-Z") for
sintered forsterite samples with range frequency
(10>-10°Hz) at room temperature to 400 °C are depicted
in Fig. 6A-C, respectively. One observes a big, asym-
metrical peak. The imaginary part of the impedance (-Z")
increased in value as the frequencies increased. Achieving
a maximum value (-Z"m,,), additionally, as the tempera-
ture increases, the maximum value (-Z"m,) of
imaginary part rises to higher frequencies, proving that the
relaxation time in the forsterite samples is temperature
dependent [1, 33].

" (B) =9—RT —Q9-80°C —@—100°C~Q—120°C 140 °C
1 =@ 160 °C=Q— 180 °C =@=200 °C 220°C=9-240°C
=@~ 260 °C—=Q—280 °C ~3— 300 °C 320°C=Q—=340°C

64 =@~ 360 °C—~3~ 380 °C —@— 400 °C

Z'()*10*

w' w w w w
f(Hz)

.....................

Fig. 5 The real part of impedance (Z) versus frequency for the forsterite samples sintered at A) 1400, B) 1450, and C) 1500 °C.

04 - — ~
10" 10° 0 10 10° 10! 10° 10° 10" 10° 10' 10° 10° 10 10° 10
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One useful, non-destructive method for evaluating a
material’s electrical characteristics is impedance spectro-
scopy (IS). Typical Nyquist plots or complex impedance
spectra for forsterite samples sintered at 1400, 1450, and
1500 °C for 2h at various temperatures are shown in
Fig. 7A-C, respectively [1, 33-35]. The Nyquist plots
exhibit a semicircular arc. As the temperature rises, the
semi-circular arc’s radius decreases. The latter phenomenon
is ascribed to the only existence of electrical relaxation
processes and suggests non-Debye type behavior within the
forsterite samples being studied [34, 35]. At higher tem-
peratures, the effect of temperature on impedance behavior
becomes more evident. It’s noteworthy that the presence of
an only semicircular arc indicates the dominance of the
grain’s contribution [34, 35].

3.5 Electrical conductivity

In order to ascertain electrical conductivity behavior of
sintered forsterite at 1400, 1450, and 1500 °C for 2 h with

@ Springer

range frequency (10°"10°Hz) at various temperatures, the
following Eq. (8) was utilized to calculate the electrical
conductivity (o) utilizing the measurements given by
impedance spectroscopy [36]:

_t(Z)
= A (21/2 + ZIZ) (7)
where A and t are the area and thickness of the forsterite
samples.

The behavior of electrical conductivity with frequency
for forsterite samples sintered at 1400, 1450, and 1500 °C
for two hours at different temperatures is shown in
Fig. 8A—C. The electrical conductivity exhibits two distinct
tendencies. For lower frequencies, the electrical con-
ductivity value is stable and appear as a plateau. This pla-
teau demonstrates the direct current conductivity (o) of the
sintered forsterite [36]. The second part shows following the
plateau at high frequencies. It depicts a variation in the trend
of the electrical conductivity (c,.) with change of frequency.
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This can be explained by a different conduction mechanism
from that of the plateau region [37]. 64, corresponds to the
low-frequency conductivity because only at low frequencies
do charge carriers have sufficient time to undergo long-
range transport and contribute to a steady current. At higher

frequencies, carrier motion becomes localized and con-
tributes only to AC conductivity.

3.6 Dielectric analyses

3.6.1 Frequency dependent dielectric characterization

A solid material’s dielectric behavior can be explained by
the relative dielectric constant (g,), the following method

At high frequencies, the conductivity dispersion phe-
nomena are commonly interpreted using Jonscher’s law
[38, 39]. When the frequency changes, it explains how the
electrical conductivity of forsterite changes. Jonscher’s law

states that the electrical conductivity (o) of a forsterite can
be expressed as in Eq. (10) [40, 41]:

6 =04 + A’ (8)
where o is the angular frequency, o4 is the temperature-
dependent low-frequency conductivity, A is the
temperature-dependent coefficient, and s represents the

degree of interaction between mobile charge carriers and
their surroundings.

@ Springer

can be used to calculate the relative dielectric permittivity
(g;) from capacitance data [42]:
d

r=C—
€ ASO

©)

Where d is the sample thickness, A is the electrode area, C
is the measured capacitance, g, is the permittivity of free
space (8.854 x 10~'2F/m) [42].

Figures 9A—-C and 10A-C illustrate the spectra of rela-
tive dielectric permittivity (e;) and tangent of the dielectric
loss angle (tgd) for forsterite samples sintered for 2h at
1400, 1450, and 1500 °C respectively. It is evident from the
graph that as the frequency increases, the forsterite sample’s
relative dielectric constant (g;) and tangent of the dielectric
loss angle (tgd) decreases. The combined effects of several
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types of polarization (atomic, ionic, and electronic) could
account for this dielectric trend [1, 32, 43, 44]. Both ¢, and
(tgd) of a forsterite decrease significantly with increasing
frequency due to polarization, which reduces the electric
field inside a medium [45, 46]. At high frequencies, the (g;)
attains a steady state low value because of interfacial
polarization [33, 47]. Their potential application in multi-
functional substrates and electrical components makes their
low dielectric constant relevant [48].

3.6.2 Temperature dependent dielectric characterization

Figures 11 and 12 represent the variation of &, and tgd as a
function of temperature at 100 Hz for forsterite sintered at
1400, 1450, and 1500 °C for 2 h, respectively. It is evident
from the graph that as the temperatures increases, the for-
sterite sample’s relative dielectric constant (g,) increases,
suggesting that greater temperatures favor dipole orienta-
tion, increasing the relative dielectric constant (g;) and
tangent of the dielectric loss angle (tgd) values [49-51].

@ Springer

3.7 Electrical modulus spectroscopy

Electrical modulus spectroscopy is a crucial method to dis-
cover more about the polarization and relaxation mechanisms
generated by electrode effects, grain, and grain boundaries.
There are two components to the complex electrical modulus
(M*); the real part (M’) and the imaginary part (M”). The
following equations provide the formula for the two com-
ponents of the electrical modulus [52, 53].

M*=M +J " (10)
e
I
M = (8/2—1-8"2) (11)
e’
" __
M= (8'2 +e//2) (12)

with ¢ and €” are the real part and the imaginary part of the
dielectric constant for forsterite samples.
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The variation in the real part of the electric modulus (M’)
with frequency at various temperatures for (Mg;SiOy4)
samples sintered at 1400, 1450, and 1500 °C for 2h are
displayed in Fig. 13A-C. It was noted that at lower-fre-
quency, M’ for all sintered samples is slanted to null at all
various temperatures, which indicates that electrode polar-
ization’s impact is minimal and insignificant. However, the
(M’) exhibited the maximum value at higher frequencies.
The conductivity relaxation process could be the source of
the dispersion between these frequencies [54, 55]. The
phenomenon of continuous dispersion is occurring more
frequently, indicating that charge carriers’ short-range
mobility is limited [56, 57].

Figure 14A-C display the frequency dependence of the
imaginary portion of the electric modulus (M”) at different
temperatures for forsterite samples sintered at 1400, 1450,
and 1500 °C for 2h. As the temperature rises, the plots
show a relaxation peak that shifts towards higher fre-
quencies. The asymmetry noted in the broadening of the
relaxation peak implies the dispersion of relaxation time
with different time constants, exhibiting the non-Debye type
of relaxation in the forsterite samples at 1400, 1450, and
1500 °C for 2h [57, 58].

4 Conclusions

This work successfully demonstrated the critical influence
of sintering temperature on the structural, microstructural,
and dielectric properties of forsterite (Mg,SiO4) ceramics
synthesized via a sol-gel method. XRD analysis confirmed
the achievement of phase-pure, highly crystalline orthor-
hombic forsterite (space group Pbnm) at 1500 °C, while a
minor MgO secondary phase persisted at 1400 and 1450 °C
and. Microstructural analysis via FESEM revealed a pro-
gressive increase in grain size and a significant reduction in
open porosity (from ~17% - ~9%) with increasing sintering
temperature, leading to enhanced densification and a max-
imum relative density of 88% at 1500 °C. The electrical and
dielectric characterization revealed that the conduction
mechanism is governed by hopping charge transport, as
described by Jonscher’s power law. The dielectric proper-
ties were strongly frequency and temperature-dependent,
with the low-frequency response dominated by grain
boundary effects and interfacial polarization. The observed
low dielectric constant and loss tangent across a wide fre-
quency range affirm forsterite’s excellent potential for
microwave substrate and insulating applications. Ulti-
mately, the optimal sintering temperature was identified as
1500 °C, which yielded the best combination of phase
purity, density, microstructural development, and desirable
dielectric properties for advanced electronic applications
such as high-frequency and microwave device, Sensors and
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electronic components operating in harsh environments and
electronic substrates and packaging materials (biocompa-
tible metallic alloys stainless steel, Ti-alloy, Co—Cr alloys).
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