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The present study investigates the synthesis and characterization of SrTiOs (ST) and SrTiOs—hydroxyapatite (HA) composite
ceramics prepared via a solid-state reaction combined with microwave-assisted sintering. The microwave processing enabled
controlled microstructural development with reduced grain growth. Structural analysis by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) confirmed phase purity of ST and the formation of a homogeneous biphasic ST-HA
composite. The dielectric constant of pure ST measured at 1 MHz decreased from 248 to 188 in the 50ST-50HA composite,
accompanied by a reduction in electrical conductivity from 4.98 x 107 to 3.76 x 107 S-cm™". These changes are attributed to
the incorporation of electrically insulating HA, which modifies interfacial polarization processes. Nanoindentation analysis
revealed differences in mechanical response, with the composite exhibiting improved load-bearing capacity and enhanced
elastic recovery compared to pure ST. The combined structural, electrical, and mechanical characteristics suggest that ST—
HA composites are promising candidates for electroactive ceramic systems, where a balance between dielectric response

and mechanical compliance is required.

INTRODUCTION

Because of its remarkable dielectric properties,
perovskite structure, and wide range of possible uses
in electronics, optoelectronics, and energy devices,
strontium titanate (SrTiOs, ST) has attracted considerable
scientific attention [1-4]. Its enhanced permittivity and
tunable electrical characteristics render it particularly
beneficial for capacitor technology and other functional
ceramic elements [5]. In recent years, ST has emerged
as an attractive material for biomedical applications,
largely due to the incorporation of strontium ions, which
can stimulate bone growth and boost osteogenic activity
[6, 7]. Notwithstanding these benefits, the intrinsic
brittleness of ST and its restricted biocompatibility
impede its direct deployment in mechanically demanding
applications [8]. Hydroxyapatite (HA) is a renowned
bioceramic noted for its exceptional biocompatibility,
chemical stability, and structural similarities to the
mineral component of natural bone [9-11]. Nonetheless,
HA demonstrates inadequate mechanical strength and
decreased fracture toughness, which hinder its utilization
in load-bearing implants [12, 13]. The integration of ST
with HA presents a potential technique to overcome the

inadequacies of each constituent, resulting in composites
that display superior dielectric and mechanical properties,
as well as increased bioactivity [14]. The merging of ST's
electrical capabilities with HA's biological compatibility
presents a potential foundation for the evolution of next-
generation biomedical materials [15]. Precise control of
microstructure and grain formation is crucial to maximize
the structural and functional performance of these
composites [16]. Traditional sintering processes usually
lead to grain coarsening and uneven microstructural
growth, severely compromising mechanical strength
and dielectric properties [17, 18]. In this environment,
microwave-assisted sintering has emerged as an effective
alternative, delivering enhanced densification, energy
efficiency, and microstructural uniformity through
rapid and volumetric heating. This approach, when
linked with solid-state + microwave sintering, enables
greater control over phase purity, morphology, and
material homogeneity at the nanoscale [19, 20]. Despite
extensive research on SrTiOs and hydroxyapatite-based
systems, there remains a need for improved control of
microstructure and functional properties in composite
electroactive ceramics. In particular, the combination
of microwave-assisted sintering with SrTiOs—HA
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systems has not been sufficiently explored in terms
of its influence on the coupled dielectric-mechanical
behavior. The present work aims to address this gap by
systematically evaluating the effect of HA incorporation
on microstructure, dielectric response, and local
mechanical properties of microwave-sintered ST-based
composites.

EXPERIMENTAL

SrTiOs (ST) powder was synthesized using a
conventional solid-state reaction route. High-purity
SrCOs and TiO: powders were mixed in stoichiometric
proportions and ball-milled for 10 h in ethanol to
ensure homogeneity. The dried mixture was calcined at
1100 °C for 30 min to obtain phase-pure SrTiOs. After
calcination, the product was finely crushed and sieved
to produce uniform SrTiOs powder. To prepare the
composite, calcined SrTiOs powder was mixed with
50 wt. % hydroxyapatite (HA) powder using wet ball
milling for 10 hours to guarantee uniform dispersion
and intimate mixing of both phases. The pure SrTiOs
and SrTiOs-50HA powders were combined with 1 wt. %
polyvinyl alcohol (PVA) solution as a temporary binder
and uniaxially pressed using a 10 mm die.

To improve mechanical integrity before sintering,
the green compacts were treated to cold isostatic pressing
at 10 t load. The sintering procedure was tailored for
each composition. Pure SrTiOs pellets were sintered
at 1350 °C for 30 minutes, whereas SrTiOs-50HA
composites were sintered at 1200 °C for 20 minutes
to prevent HA disintegration. To determine their

— - Stoichiometric =N Ball Milling |
| Mixing_,, * (10 b, ethanol) E i
srco, ). |

Calcination
1100°C, 30 min

=

i 1 S
/ SITI0, + 50 with HAp Powder
= v/ —
P V. =h
' i » & 1wt% PVA Binder We(?]aél:‘;ll\hng
1 IR

+1 wi% PVA Binder +1 wi% PVA Binder

{ !

Pellet Pressing — Pellet Pressing
10 mm die) (10 mm «stee dinge
| | |

+ +

MW Sintering MW Sintering
1350 °C, 30 min 1200 °C, 30 min

Pellet Pressing >
(10 mm die)

SITiO, Pellets 505T-50HAp Pellets

| XRD, TEM, SEM, IMPEDANCE, Nanoindentation |

Figure 1. The synthesis and processing processes for
SrTiOs (ST) and S0ST-50HA composite ceramics.

suitability for biomedical applications, the structural,
morphological, electrical, and mechanical properties
of the sintered samples were characterized using X-ray
diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), impedance
analysis, and a Hysitron TriboScope nanomechanical
testing system.

RESULTS

XRD analysis

The XRD patterns (Figure 2a) confirm the formation
of phase-pure cubic SrTiOs; and a biphasic ST-HA
composite. All diffraction peaks of ST correspond to the
perovskite structure [21], while additional reflections
in the composite match hexagonal hydroxyapatite. No
secondary phases were detected within the sensitivity of
the method, indicating phase stability during sintering.
The absence of peak shifts suggests negligible solid-
solution formation between ST and HA, confirming that
both phases retain their structural identity. This is further
supported by SAED patterns (Figure 2c—d), which show
distinct diffraction rings corresponding to both phases.
The SAED pattern of the 100 ST-0 HA sample in
Figure 2c exhibits well defined diffraction rings indexed
to perovskite ST with (100), (110), and (111) planes,
confirming the polycrystalline nature and good long
range order of the ST grains [22]. The structural integrity,
evidenced in Figure 2, suggests that the composite can
simultaneously provide the mechanical and dielectric
functionality of SrTiOs and the bioactivity of HA, which
is advantageous for load bearing and electroactive
bioceramics scaffold or electret applications [23].
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Figure 2. (a) X-ray diffraction patterns of pure SrTiOs
(black curve) and the 50ST-50 HA composite (red curve),
(b) schematic representation of the crystal structure of
SrTiOs generated using VESTA software, (¢, d) Selected
Area Electron Diffraction (SAED) images for pure
SrTiOs (¢) and the SOST-50 HA composite (d).
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Morphological analysis

SEM analysis (Figure 3) shows that pure ST consists
of agglomerated grains with average size on the order
of ~170 nm, indicating grain growth during sintering.
In contrast, the ST-HA composite exhibits a finer and
more heterogeneous microstructure, suggesting that HA
inhibits grain coarsening [24]. The increased porosity
observed in the composite is consistent with the presence
of a secondary phase and may influence both dielectric
and mechanical properties [25].

Figure 3¢ shows the EDS measurements for pure
SrTiOs, confirming the presence of the expected ele-
ments with an approximate Sr:Ti ratio of 1:1, indicating
that ST nanocrystals maintain an ordered lattice even
after mixing with HA [26]. The combined XRD, SAED,
SEM, and EDS data confirm that the synthesized
materials consist of a crystalline ST perovskite phase
and a crystalline HA phase, resulting in a stable two-
phase composite in the SOST-50HA sample. The ST
phase maintains its crystal structure and nanocrystalline
character in the presence of HA, while the addition of
HA refines the microstructure and increases the apparent

porosity, which may collectively influence the dielectric
and mechanical behavior.

Frequency dependence
of dielectric constant

The dielectric response (Figure 4a) shows a typical
decrease of &' with increasing frequency, which can be
attributed to the progressive limitation of polarization
mechanisms. At low frequencies, mobile charges and
dipoles can follow the external field and accumulate at
interfaces (ST grain boundaries and ST/HA interfaces),
where interfacial (Maxwell-Wagner) polarization do-
minates [28, 29]. At higher frequencies, these species
cannot reorient fast enough, and only electronic and
ionic polarization contribute, resulting in a plateau in €'.

The pure ST ceramic exhibits a higher low-
frequency dielectric constant than the S50ST-50HA
composite, reflecting the significant polarizability of
the perovskite ST network and the contribution of
space-charge polarization at grain boundaries. The
incorporation of HA reduces the dielectric constant,
reflecting the lower intrinsic polarizability of HA and
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Figure 3. Morphology and lattice structure of the synthesized pure ST and 50ST-50HA composite samples: (a, b)
SEM images showing particle aggregation and surface texture at a scale of 200 nm; (c) EDX of SrTiO; sample
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the disruption of continuous ST polarization pathways.
This also contributes to reduced dielectric losses and
improved electrical stability of the composite [30, 31].

AC conductivity analysis

The AC conductivity curves reveal that cac increases
with frequency for both compositions, consistent with
a hopping-type conduction mechanism [32]. This is
consistent with previous work on ST/HA bioceramic
composites [33]. The incorporation of insulating HA
disrupts conducting paths in the ST network, reducing
the number and mobility of available charge carriers,
which is consistent with the porous and two-phase
microstructure observed by SEM. Pure ST exhibits
slightly higher conductivity than the composite over the
entire frequency range. The lower conductivity of the
composite is attributed to the insulating nature of HA
and the increased microstructural heterogeneity, which
collectively limit charge transport pathways. The reduced
cac in the composite is also accompanied by lower
dielectric losses, contributing to improved electrical
stability. The 50ST-50HA composite thus offers a tu-
nable balance between dielectric constant and electrical
conductivity, which may be relevant for functional
ceramic applications requiring coupled dielectric—
mechanical performance [34—39]. The saturation of &’
and the gradual rise of cac at higher frequencies (Figure
4) indicate that the dielectric and conductive responses of
both compositions are frequency-dependent, suggesting
that the ST/HA ratio and sintering conditions could be
further optimized to tailor the dielectric performance for
specific functional ceramic applications [40-42].

Mechanical properties
Nanoindentation results reveal differences in
the mechanical response between pure ST and the
composite. Pure ST exhibits higher stiffness, as indicated
by the steeper unloading slope, whereas the composite
shows a more gradual response, suggesting reduced
stiffness but increased capacity for inelastic deformation.
Figure 5 compares nanoindentation load—displacement
curves for pure SrTiOs and the S0ST-50HA composite,
demonstrating how HA addition alters the local
mechanical response. The loading branch for ST-0 % HA
(Figure 5a) is steep once the indenter penetrates beyond
~170-200 nm, and the unloading branch closely follows
the loading path, indicating limited plastic deformation
and a high fraction of elastic recovery, consistent with
the intrinsic stiffness of dense SrTiOs ceramics [43—
45]. In contrast, the loading curve of the S0ST-50HA
composite (Figure 5b) shows a more gradual increase
in load with displacement and a noticeable separation
between loading and unloading branches, indicating
increased capacity for inelastic deformation. This
behavior is typical when a stiff ceramic phase is mixed
with a more compliant and porous phase such as HA
[46—-47]. According to Oliver—Pharr analysis, the steeper
unloading slope of pure ST corresponds to higher contact
stiffness and thus a higher indentation modulus, whereas
the 50ST-50HA composite exhibits a lower modulus but
enhanced energy dissipation via inelastic mechanisms
such as microcrack initiation, grain boundary sliding,
or local pore collapse within the ST/HA microstructure
[48-51].
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Figure 4. Frequency-dependent dielectric and AC conductivity behavior of ST and SOST-50HA ceramics at room temperature: (a)
dielectric constant versus frequency showing a gradual decrease and stabilization at higher frequencies, (b) AC conductivity versus
frequency exhibiting a strong increase at high frequencies, with ST consistently higher than 50ST-50HA across the measured range.
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Figure 5. Typical load—displacement curves obtained from

nanoindentation tests for pure ST and the 50ST-50HA
composite, both measured at room temperature.

CONCLUSIONS

In this study, SrTiOs and SrTiOs—hydroxyapatite
composites were successfully synthesized using a
solid-state route combined with microwave-assisted
sintering. Structural analysis confirmed phase purity and
the formation of a stable biphasic system. The addition
of HA resulted in reduced dielectric constant and
electrical conductivity, reflecting changes in polarization
mechanisms and charge transport. Mechanical
characterization indicated a decrease in stiffness
accompanied by improved deformation tolerance. These
results demonstrate that the ST-HA system provides
a tunable balance between dielectric and mechanical
properties, making it a promising candidate for functional
ceramic applications where coupled electromechanical
behavior is required.
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