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Abstract

This study investigates the effect of MgO addition on the microstructural and
dielectric properties of Al203 ceramics. The dielectric properties of Al203-
based ceramics with MgO addition were investigated in the terahertz (THz)
range. The fabricated ceramic composites are characterized utilizing THz time-
domain spectroscopy (THz-TDS). The relative density reached 99.5% with the
addition of MgO, while the particle size decreased significantly. Although
microstructural analysis indicated a more homogeneous distribution, complete
effectiveness could not be achieved. THz-TDS measurements revealed that
MgO-added samples exhibited a higher dielectric constant, lower absorption
coefficient, and reduced loss tangent. These findings confirm that, although
MgO cannot entirely suppress grain growth, it effectively reduces dielectric
losses and enhances the suitability of Al203-based ceramics for terahertz
applications.
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1. Introduction

Terahertz (THz) radiation, typically defined in the frequency range of 0.1-10 THz, has
attracted increasing attention in recent years due to its unique ability to penetrate many non-
conductive materials while being non-ionizing and safe for biological tissues (Tonouchi,
2007). Owing to these properties, THz technology has found promising applications in fields
such as biomedical imaging, security screening, non-destructive testing, wireless
communications, and materials characterization. However, despite these broad prospects, the
practical implementation of THz systems is often limited by the availability of suitable
materials and components that can operate efficiently in this spectral region. Ceramic
materials stand out as strong candidates for THz applications because of their high thermal
stability, mechanical properties, and tunable dielectric properties. In particular, alumina
(Al203)-based ceramics have been extensively investigated as substrates, dielectric
components, and protective coatings for THz devices (Naftaly et al., 2009). Their relatively
low dielectric loss, chemical stability, and compatibility with various processing methods,
including additive manufacturing, make them highly attractive for the development of
advanced THz components. Moreover, by tailoring their microstructure, porosity, or by
introducing specific additives, the dielectric response of ceramics in the THz band can be
significantly modified, opening pathways for both low-loss transmission components and
high-resolution imaging systems.

Hakobyan et al. (2022) investigated the dielectric properties of Al2O3 ceramics with
different porosity ratios (0, 5, 10, 15, and 20 vol.%) in the THz frequency range (0.4-2
THz). The study revealed a linear relationship between the porosity ratio of the samples and
both the dielectric constant and the dielectric loss tangent in the THz frequency range.
(Hakobyan et al., 2022). In another study, the densification, microstructure, and dielectric
properties in the 0.3-1.5 THz frequency range of Al.Oz-based ceramics containing
samarium oxide (Sm203) and ZrO, additives separately and together were investigated. It
was found that the addition of ZrO increased the refractive index, whereas the addition of
Sm;03 reduced the losses. Therefore, Al,Oz-based ceramics with ZrO, additives were
emphasized as suitable for applications requiring higher confinement and enhanced
resolution, whereas Sm»Os-added Al,O3 ceramics were indicated for applications where low
losses are essential (Purlu et al., 2025). Palka et al. utilized THz radiation for the non-
destructive evaluation of assess damage in Al>Os ceramic ballistic armor samples. The THz-
TDS technique was employed to determine the refractive indices of the materials, which
were then used in simulations based on the transfer matrix method. Using the transfer matrix
method, the THz signals reflected from the sample were accurately simulated, the
thicknesses of the sample layers were determined, and hidden defects were successfully
identified. Additionally, the THz-TDS has been reported as an effective method for the non-
destructive 3D imaging of Al,Oz-based ballistic armor (Patka et al., 2024). The dielectric
behavior of Al>O3 ceramics produced through a stereolithography-based additive
manufacturing method was investigated by Ornik et al. The study determined the refractive
index and absorption coefficient of Al>Os ceramics in a wide frequency range (0.3-2.5
THz). It was reported that samples produced via additive manufacturing exhibit a high
refractive index (n>3) and a low absorption coefficient (<2 cm™ at 1 THz), highlighting the
broad opportunities offered by additive manufacturing for implementing complex structures
and compact devices in the THz frequency range (Ornik et al., 2021).

In this study, the dielectric properties of MgO-added Al.Os-based ceramics prepared
by dry pressing were systematically investigated in the THz frequency range. This work
uniquely focuses on the THz dielectric loss behavior of MgO-modified Al.Os, a topic that
has not been systematically examined in the existing literature. In addition, the densification
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and microstructural characteristics of the samples were analyzed to explore the correlation
between their microstructure and dielectric response. The results are presented in a
comparative manner between pure Al-Os and MgO-added compositions.

2. Material and Method
2.1. Sample preparation and microstructural characterization

In this study, the raw materials were a-Al203 powder (purity 99.95%, 0.25-0.45
average grain size, Alfa Aesar), magnesium nitrate (Mg(NO3)2.6H20, Sigma Aldrich) as the
MgO source, polyacrylic acid (Darvan 821A, MSE Tech Co. Ltd., Turkey) as the dispersant,
polyvinyl alcohol as the binder (PVA, binder, Sigma Aldrich), and glycerol as the plasticizer
(Sigma Aldrich). For the fabrication of pure Al,O3 samples, a-Al.O3 powder and 0.5 wt%
dispersant were ball-milled in distilled water for 24 hours. A binder solution containing 2
wt% polymer was added to the ball-milled powder. Subsequently, the prepared powder
mixture was dried, ground in an agate mortar, and granulated by sieving through a 90 um
mesh. For the samples containing MgO, the ball-milled and dried powder mixture with
magnesium nitrate was calcined at 800 °C for 2 h before the binder solution was added.
Through this calcination process, MgO was obtained from the Mg(NO3)2.6H>O source. To
provide a homogeneous distribution of MgO in the microstructure, MgO was obtained
through calcination from the Mg(NO3)2.6H20 source instead of using MgO powder directly.
After the calcination process, the binder solution was added to the powder mixture, followed
by drying, grinding, and sieving. The granulated powders were initially shaped using a
uniaxial press at 40 MPa and subsequently subjected to cold isostatic pressing at 200 MPa.
The production parameters were determined based on the results of previous studies
(Tagdemir et al., 2023; Kafkaslhioglu Yildiz et al., 2024; Usta et al., 2024).

The pressed samples were exposed to a binder burn-out process at 600°C for 2 hours,
then pressureless sintered at 1600°C for 2 hours in air atmosphere. A lapping process was
applied to grind and parallelize the surfaces of the sintered samples. The density of the
fabricated samples was determined via Archimedes' method. The relative density is
calculated as the ratio of the experimental density to the theoretical density of the ceramic
sample. The theoretical densities of the MgO-added samples were calculated according to
the mixing rule. For microstructural analysis, the samples were thermally etched for 90 min
at 1500°C. The microstructural analysis of the thermally etched samples was carried out
using scanning electron microscopy (SEM). The grain size measurements were also
performed on SEM images using the linear intercept method (Usta et al., 2024).

2.2. Dielectric properties characterization

The dielectric properties of the ceramic samples were investigated using a terahertz
time-domain spectroscopy (THz-TDS) system operating in transmission mode. In this
technique, ultrafast femtosecond laser pulses generate broadband THz radiation, which is
transmitted through the sample, and the transmitted electric field is directly recorded in the
time domain. This allows simultaneous access to both amplitude and phase information of
the THz wave, enabling the extraction of complex dielectric parameters without relying on
Kramers—Kronig relations. In the present study, measurements were performed using a
Toptica Photonics TeraFlash Pro system, which provides a dynamic range of approximately
95 dB and a spectral bandwidth extending up to 6 THz. The setup includes a high-precision
mechanical delay stage capable of scanning a 50 ps time window, recording up to 60
temporal waveforms per second. Prior to each measurement, a reference spectrum was
recorded. The collected time-domain signals were converted into frequency-domain spectra
via fast Fourier transform (FFT). From these spectra, the complex refractive index n
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(0)=n(w)+ix(w) was determined, where n(®) is the real refractive index and k(w) is the
extinction coefficient. The absorption coefficient was calculated from (Purlu et al., 2025):

a(o)=2ok(w)/c
1)

where ¢ is the speed of light. The real part of permittivity was obtained from
¢'(w)=n2(w), while the imaginary part £"”(®) was derived from the extinction coefficient. The
dielectric loss tangent was then calculated as (Purlu et al., 2025):

tand=c¢""/¢’
2)

Sample thicknesses were precisely measured with a micrometer (accuracy +5 pm) and
incorporated into the calculations. Data analysis was carried out using a custom MATLAB
routine to extract frequency-dependent refractive index, permittivity, absorption coefficient,
and loss tangent in the 0.3—-1 THz range.

3. Results and Discussion
3.1. Density measurement and microstructural analysis

Table 1 presents the relative density and grain size values of the pure Al,O3 and Al,Os-
MgO samples (abbreviated as AIMgO). Based on the results, the relative density increased
from 98.9% to 99.5% after the addition of MgO. This indicates that the MgO additive acts as
a sintering aid and enhances densification. A similar effect was observed in the grain size,
which was found to decrease with the addition of MgO. The high sintering temperature
(1600°C) resulted in grain growth in the pure Al.O3z sample. It can be seen in the SEM images
in Fig. 1 that the grain size distributions of the pure Al.O3 samples are not homogeneous, with
large grains forming alongside very fine grains. It was observed that, with the addition of
MgO, the grain size decreased to 4.1 um and the grain size distribution became more uniform
compared to that of pure Al2Os. However, despite the decrease in grain size in AIMgO
samples, the presence of large grains in the microstructure indicates that MgO was not
entirely effective with the possibility of not being sufficiently homogeneously distributed. The
literature reports that the addition of MgO inhibits grain growth, resulting in a finer, more
homogeneous, and denser microstructure. Consistent with these literature findings, the present
study observed a reduction in grain size and an increase in densification with the addition of
MgO (Rittidech et al., 2006; Yang et al., 2024).

Table 1. Relative density and grain size values of the samples

Composition Relative Density (%) Grain size (um)
Pure Al203 98.9 8.0
AlMgO 99.5 4.1
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Figure 1. SEM images of the pure a) Al,O3; and b) AIMgO samples sintered at 1600°C for 2 h

3.2. Dielectric properties characterization

The THz-TDS measurements provided a comprehensive dataset on the dielectric
response of the prepared ceramic samples, allowing the frequency-dependent refractive
index, absorption coefficient, and dielectric function to be extracted. By comparing the
spectral features of Al.Oz and AIMgO ceramics, clear trends associated with compositional
modifications and microstructural effects could be observed (Gao et al., 2025). These results
form the basis for the following discussion, where the impact of additive, porosity, and
additive engineering on the THz optical properties of ceramics is analyzed in detail, with
particular attention to their potential role in practical THz device applications.

The refractive index spectra of Al,Oz and AIMgO ceramics in the 0.3-1.0 THz
frequency range are shown in Fig. 2. Both materials exhibited relatively stable refractive
indices with only a slight frequency dispersion. Pure Al>O3z maintained values around n =
3.05, which is consistent with previously reported values for dense alumina ceramics (Ma et
al., 2019). In contrast, the AIMgO ceramic displayed slightly higher refractive index values
across the entire frequency range, starting from ~3.3 at 0.3 THz and gradually decreasing
toward ~3.1 at 1.0 THz. This enhancement suggests that Mg incorporation into the alumina
lattice modifies the polarization response of the material, possibly by influencing grain
boundary phases and improving densification. The weak downward trend with frequency,
observed in both samples, reflects normal dielectric dispersion, where the refractive index
approaches a constant value at higher THz frequencies. The higher refractive index of
AIMgO compared to pure Al2O3 indicates an increase in effective permittivity (since &' =
n?), suggesting that Mg substitution enhances the polarizability of the ceramic matrix. This
behavior highlights AIMgO as a promising candidate for THz applications requiring
materials with slightly higher dielectric constants and stable refractive index behavior.
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Figure 2. Refractive index of the ceramic samples in the THz range.

The absorption coefficient spectra of Al2Os and AIMgO ceramics in the 0.3-1.0 THz
range are presented in Fig. 3. Both materials showed an increasing absorption with
frequency, consistent with typical phonon-related loss mechanisms in the THz region. Pure
Al>O3 exhibited significantly higher absorption values compared to AIMgO, exceeding 20
cm™' at 1.0 THz. In contrast, AIMgO ceramics displayed lower absorption coefficients
across the entire spectrum, remaining below 15 cm™ at the upper frequency limit. At low
frequencies (<0.5 THz), the difference between the two materials was minimal; however, as
the frequency increased, the separation became more pronounced. This indicates that Mg
incorporation into the alumina lattice effectively suppresses high-frequency scattering and
reduces vibrational losses (Gao et al., 2025). This reduction in absorption in AIMgO can be
directly linked to the microstructural modifications induced by MgO. As reported in
previous studies, Mg addition inhibits abnormal grain growth and promotes a finer and more
densely packed microstructure. (Rittidech et al., 2006; Yang et al., 2024). In our samples as
well, grain refinement and improved densification were observed. Such microstructural
refinement reduces phonon—boundary scattering and suppresses defect-mediated vibrational
damping, both of which contribute to THz absorption. Consequently, fewer high-frequency
scattering pathways are available in AIMgO, leading to a lower overall absorption
coefficient. Therefore, the observed trends confirm that Mg incorporation effectively
mitigates phonon-related loss processes, making AIMgO a lower-loss dielectric material
than pure Al:Os, particularly for applications operating above 0.7 THz.
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Figure 3. Absorption coefficient of the ceramic samples in the THz range.
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The dielectric loss tangent spectra of Al,O3 and AIMgO ceramics are shown in Fig. 4.
Pure Al2O3 exhibited tan & values in the range of 0.05-0.1, with a gradual increase as the
frequency approached 1.0 THz. This frequency-dependent rise in dielectric losses can be
attributed to enhanced phonon—polariton interactions and extrinsic scattering from grain
boundaries and residual porosity. By contrast, the AIMgO ceramic consistently
demonstrated lower loss tangent values across the entire frequency range, remaining below
0.05 even at 1.0 THz. At low frequencies (<0.5 THz), AIMgO maintained tan & values
around 0.02-0.03, almost half of that measured for pure Al2Os. This reduction indicates that
Mg incorporation effectively suppresses dielectric dissipation mechanisms (Wang et al.,
2013). The reduction in dielectric loss observed in AIMgO can be directly linked to the
microstructural improvements induced by MgO addition. As shown in previous studies, Mg
suppresses abnormal grain growth and promotes a finer, more homogeneous, and denser
microstructure. In our samples as well, a noticeable decrease in grain size and an increase in
densification were observed. Such microstructural refinement reduces the density of
scattering centers, enhances grain-boundary continuity, and limits defect-mediated
polarization processes. These improvements effectively suppress phonon—boundary
scattering and defect-related relaxation mechanisms both of which play major roles in
dielectric dissipation in the THz regime. Therefore, the lower tan 6 values in AIMgO
confirm that Mg incorporation mitigates phonon—polariton damping and diminishes defect-
assisted energy loss pathways. Overall, these results demonstrate that Mg-modified alumina
ceramics provide a more favorable low-loss dielectric response in the THz region, making
them better suited for THz applications where dielectric transparency and minimal energy
dissipation are critical.
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Figure 4. Loss tangent (tan 8) of the ceramic samples in the THz range.

The real part of the dielectric permittivity (¢') of Al.Oz and AIMgO ceramics is
illustrated in Fig. 5. Pure Al,O3 exhibited permittivity values around 9-9.5 in the measured
range, which aligns with previously reported values for dense alumina ceramics in the THz
regime (Ma et al.,, 2019). A mild frequency-dependent decrease was observed, with &’
gradually decreasing from ~9.5 at 0.3 THz to ~8.7 at 1.0 THz. In contrast, AIMgO ceramics
consistently displayed higher permittivity values, starting from ~11 at 0.3 THz and
converging to ~9.8 at 1.0 THz. This enhancement in permittivity directly correlates with the
observed increase in refractive index, as & =~ n? and suggests that Mg incorporation
improves the polarization capacity of the ceramic. The elevated &’ values may be attributed
to enhanced densification and reduced porosity in the AIMgO structure, as well as the
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possible contribution of Mg-O bonds to lattice polarizability. The frequency dispersion in
both samples reflects typical dielectric behavior, where permittivity decreases with
frequency due to the reduced contribution of dipolar polarization at higher THz frequencies.
Nevertheless, the higher ¢’ values of AIMgO across the entire spectrum indicate that Mg
modification of alumina enables tuning of the dielectric constant while maintaining
relatively low losses, as confirmed by the corresponding loss tangent spectra.
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Figure 5. Dielectric permittivity (¢') of the ceramic samples in the THz range.

Overall, the comparative THz characterization of Al,O3 and AIMgO ceramics
demonstrates that Mg incorporation substantially modifies the dielectric response of alumina
in the 0.3-1.0 THz range. AIMgO exhibited slightly higher refractive index and permittivity
values compared to pure alumina, indicating enhanced polarization capability. More
importantly, the absorption coefficient and dielectric loss tangent of AIMgO were
consistently lower, particularly at higher frequencies, suggesting reduced phonon-related
dissipation and minimized scattering from microstructural defects. These improvements are
attributed to the stabilizing role of Mg in the alumina lattice, which enhances densification
and suppresses extrinsic loss pathways. Consequently, AIMgO ceramics combine
moderately higher permittivity with significantly reduced absorption and loss, making them
promising candidates for terahertz components such as substrates, lenses, and waveguides
where low-loss and stable dielectric performance are essential (Meeporn et al., 2023).

4. Conclusion

In the presented work, the densification, microstructural characteristics, and dielectric
properties in the THz band of the pure Al>Os and MgO-added Al>Oz ceramics were
investigated. The relative density of samples prepared by dry pressing increased to 99.5%
and the particle size decreased to 4.1 um after the addition of MgO. Compared to the pure
Al>03, the grain size was found to be reduced by 48.7%. Microstructural images revealed
that the addition of MgO resulted more homogeneous grain size and morphology compared
to the pure AIl,O3. However, due to the possibility of insufficiently homogeneous
distribution, large grains were still present in the microstructure, and therefore MgO could
not be entirely effective. The THz-TDS results further demonstrated the influence of MgO
addition on the dielectric response. The refractive index of AIMgO ceramics remained
slightly higher than that of pure Al.O3z across the measured frequency range, indicating
enhanced permittivity values. More importantly, the absorption coefficient of the MgO-
added samples was significantly lower, particularly at higher frequencies, leading to a
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substantial reduction in dielectric losses. This trend was also confirmed by the dielectric loss
tangent, which showed consistently lower values for AIMgO ceramics compared to pure
Al>Ogz, highlighting their superior low-loss performance. Furthermore, the real part of the
permittivity was found to be higher and more stable in the MgO-added samples, suggesting
improved dielectric uniformity. These results confirm that while MgO addition alone cannot
completely suppress grain coarsening, it effectively tailors the dielectric properties, reducing
losses and enhancing the suitability of Al.Oz-based ceramics for terahertz applications.
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