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Abstract

The influence of nano-sized barium titanate addition on the compressive strength and output voltage of
silica/barium titanate nanocomposites was investigated. Nano silica powder, synthesized from silica sand via an
alkaline fusion method assisted by 200 Hz speaker membrane vibration, was combined with nano barium titanate
using the solid-state method at 10, 20, 30, and 40 wt% variations. Samples were uniaxially compacted at 75 MPa
and sintered at 1390 °C for 2 hours under atmospheric conditions. The highest bulk density (2.72 g/cm®) and
compressive strength (37.01 MPa) were achieved at 10 wt% barium titanates. XRD analysis revealed quartz,
tridymite, and cristobalite phases and the emergence of fresnoite (Ba-TiSi2Os) and BaTiSiOs phases at higher
BT contents. The maximum output voltage (5.51 mV) was obtained at 40 wt% barium titanate, indicating the

material's potential for piezoelectric applications.
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1 Introduction

Piezoelectric ceramics are widely used in various
high-tech fields, such as sensors, actuators,
electronics, and energy harvesters [1]-[3]. The
advancement of piezoelectric materials and the
structural design of piezoelectric nanogenerators
(PENG) tailored for specific applications have been
thoroughly explored. Applications of PENG across
various sectors, including energy harvesting, sensing
systems, biomedical electronics, and emerging
innovative sensing technologies, have also been
comprehensively reviewed [4]. Ceramic particles
effectively obstruct the movement of dislocations,
which suppresses plastic deformation and enhances
the composite's overall mechanical strength [5]. In the
last decade, many countries or regions have reduced

the use of electronic equipment made from lead oxide
because of its impact on human and environmental
sustainability. Therefore, a new material free of lead
that can be used long-term is needed. One natural
material that can be used as a substitute for lead is
silica (quartz).

Silica, a chemical compound with the molecular
formula SiO: (silicon dioxide), can be produced from
various sources, including mineral sands, plants, and
agricultural waste. This material is highly valued due
to its abundant availability, eco-friendly nature, ease
of synthesis, strong mechanical properties, excellent
chemical stability, and ability to withstand high
temperatures [6]. Silica also has electrical properties
[7]. Silica is a non-metallic material that is non-toxic
and pollution-free [8]. Silica is widely used in various
applications, including concrete mixes [9], bone tissue
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engineering and biosensors [10], biomedical [11],
[12], energy diversion materials and lithium battery
filling materials [13], [14]. The fabrication of
nanocomposite materials for antifungal packaging
based on polystyrene has been explored [15].
However, in terms of electricity properties, silica has
low dielectric and piezoelectric (output voltage)
properties. Therefore, an effort should be made to
improve such properties. An alternative to do so is to
add barium titanate to silica.

Barium titanate with a tetragonal perovskite
crystal structure as a ferroelectric ceramic material is
widely used in various applications, such as multi-
layer  capacitors, detectors, thermistors, and
transducers [16]. Barium titanate has a cubic structure
at high temperatures. At room temperature, a
tetragonal phase, lead-free barium titanate has
excellent ferroelectric properties and a high dielectric
constant [17].

In the previous study, barium titanate was widely
used as a piezoelectric material, such as an energy
harvester [18], and sensors [19], and actuators [20].
Hamzah et al., conducted a study to investigate how
different sintering temperatures of nano silica affect its
physical, mechanical, dielectric, and output voltage
characteristics. Their findings revealed that the highest
bulk density and relative density, 2.49 £+ 0.03 g/cm?3
and 94.03 + 0.01%, were achieved when sintered at
1390 °C. X-ray diffraction (XRD) analysis of the
sintered silica showed the presence of quartz,
tridymite, and cristobalite phases, with the most
prominent peak corresponding to cristobalite. The
compressive strength and diametral tensile strength
were also highest at 1390 °C, measuring 17.23 = 0.27
MPa and 6.06 + 0.71 MPa, respectively [7], [21].
Zheng et al., investigated silica-based ceramics
reinforced with SiC fibers fabricated using
stereolithography. The study focused on examining
the effect of SiC fiber content on the mechanical
properties of the resulting ceramics. The results
demonstrated that as the SiC fiber content increased,
the linear shrinkage progressively decreased.
Meanwhile, both room-temperature and high-
temperature flexural strengths initially improved
before declining. When the SiC fiber content reached
4.0 wt%, the linear shrinkage was reduced to 0.62%,
primarily due to the oxidation of SiC [22]. Chomyen etal.,
investigated the influence of fly ash incorporation on
the physical, dielectric, and piezoelectric properties of
0-3 barium zirconate titanate—Portland cement
composites. The findings revealed that the dielectric

constant decreased with higher fly ash content. In
contrast, the piezoelectric coefficient (dss) of the
composite containing 10% fly ash by volume
remained comparable to that of the composite without
fly ash [16]. Hu et al., also conducted a study on lead-
free piezoelectric ceramics based on barium titanate,
synthesized using a simple modified solid-state
method employing nano-scale precursors. Piezoelectric
characterization revealed that the samples sintered at
this temperature exhibited the highest dielectric
constant (&) of 3533, remnant polarization (P) of
16.24 uC/cm?, and piezoelectric coefficient (dss) of
420 pC/N. [23].

Although several studies have previously
explored similar materials, research on the mechanical
properties and piezoelectric (output voltage) characteristics
of silica/barium titanate nanocomposites remains
limited. Therefore, this study addresses that gap by
developing a new silica-based material. We have also
included a discussion of the challenges encountered
during the synthesis and characterization processes.

2 Experimental Methodology
2.1 Materials

Barium titanate powder with a density of 6.08 g/cm?®
and an average size of 180 nm was purchased from
Nanography Turkey. The nano-silica particles used
had a purity of 99.31% and an average size of 207.4
nm, which were synthesized from silica sand using the
alkaline fusion method assisted by a 200 Hz speaker
vibration. Silica sand was obtained from Poso
Regency, Central Sulawesi, Indonesia. The sodium
hydroxide and hydrochloric acid used in this work
were purchased from Merck.

2.2 Experimental setup

Silica/barium titanate nanocomposite with barium
titanate content of 10%, 20%, 30%, and 40% weight
fraction (wt%), each mixture was coded BT10, BT20,
BT30, and BT40. The mixture was prepared using a
tubular mixer (Stuart Scientific, UK) and mixed for 45
minutes. The green body is formed by applying a
uniaxial pressure of 75 MPa in the compaction
process. The green body is cylindrical, with a diameter
of 15 mm and a thickness of 3.5 mm. The green body
was sintered at 1390 °C and held for 2 h in a Carbolite
furnace in an air atmospheric environment.
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Silica/barium titanate nanocomposite phase
structure analysis was performed by X-ray Diffraction
(Malvern PANalytical type HR-XRD Empyrean DY
3831, Netherland) using Cu Ko radiation (1.5405A), a
diffraction angle range of 20 from 5° to 90°, an
increment angle of 0.03°, and a scanning speed of
3°/min. SEM observed the silica/barium titanate
morphology. Energy Dispersion Spectrometer (EDS)
coupled with SEM was used for chemical analysis.
The specimen for SEM observation was thermally
etched at a temperature of 1300 °C for 30 min.
Archimedes principle in the mercury medium
determined the bulk density of sintered composite
samples. The Triplicate of each sample was used to
measure the average density.

The compressive strength was tested using the
Torsee universal testing machine. The method used to
measure compressive strength refers to the ASTM C
1424-04 standard. Equation (1) is used to calculate
compressive strength as follows:

o =F
€7 A

@

where o¢ is compressive strength, F is maximum load,
and A is cross-sectional area of the test sample. The

Specimen
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Arduino

output voltage on the silica/barium titanate
nanocomposite was measured using Arduino as a
microcontroller. Arduino has been utilized to measure
the electrical voltage signal magnitude [7]. It is
employed to quantify the electrical voltage generated
under mechanical stress. As a microcontroller, arduino
is used to characterize the output signals of the
nanocomposite. Oscilloscopes are known for their
ability to measure a wide range of AC and DC
voltages, and they are typically used for fault detection
in circuits. Additionally, oscilloscopes can measure
frequency and signal phase [24]. In this study, arduino
was selected as a practical and cost-effective solution
to measure output voltage and collect baseline data on
the generator system's performance. Although it has
limitations in resolution and accuracy compared to
standard equipment such as an oscilloscope or source
meter, the arduino setup, which includes a load cell,
allows for simultaneous measurement of external
force and voltage, providing reliable data on output
voltage behavior, especially for DC or rectified AC
signals. The system was calibrated using a commercial
piezoelectric device with a known output voltage
magnitude.

Power
Supply

Voltage

Load

Figure 1: Schematic of a piezoelectric testing tool [7].

The schematic of the voltage magnitude test
setup is shown in Figure 1. An operational amplifier,
or Op-Amp, is a category of linear ICS (integrated
circuits) that boost electrical signals. Constructed
using a network of transistors, resistors, capacitors,
and diodes within a single chip, the Op-Amp is
engineered to deliver significant signal amplification
across a broad range of frequencies. It operates by

receiving and amplifying an input signal, regardless of
its initial magnitude. Depending on the configuration
and application, the amplified output typically
manifests in terms of voltage, current, or frequency.
The thermal characteristics were analyzed using
differential thermal analysis (DTA) of Hitachi
STAA7300 Japan, to record the DTA curve.
Measurements were made by placing 26 mg of the
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sample in a crucible and heating with a temperature
interval of 30-1400 °C at a heating rate of 10°C/min
under oxygen atmosphere conditions. The differential
thermal analysis was analyzed using NETZSCH
Proteus Thermal Analysis 8.0.3 software.

3 Results and Discussion

Figure 2(a) shows the XRD patterns of sintered nano
silica particles at 1390 °C. The nano-silica particles
indicated that the phases formed were tridymite and
cristobalite (database_code_amcsd 0000531, 0001629).
Figure 2(b) shows the XRD pattern of 100% barium
titanate, where all the peaks in the pattern belong to
barium titanate and are in the cubic phase.
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Figure 2: XRD pattern of silica and barium titanate
with sintering temperature of 1390 °C: (a). Nanosilika;
(b). Barium titanate.

Figure 3 shows the diffraction pattern of a
silica/barium titanate nanocomposite sintered at 1390 °C,
the peaks are visible without noise. In the composition
of BT10 and BT20, the phases formed are tridymite
and cristobalite, and new phases have started to
appear, but the peaks are still weak. At BT30 and
BT40, it was confirmed that cristobalite, tridymite,
and secondary phases, namely BaTiSiOs and
Ba,TiSi,Og (fresnoite), based on a review of the three
prominent peaks.
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Figure 3: XRD patterns of silica/barium titanate
nanocomposite with a sintering temperature of 1390
°C at various compositions: (a). BT10; (b). BT20; (c).
BT30; (d). BT40.

The fresnoite phase at an angle of 20 shows a
diffraction pattern related to the crystal index plane
(hkl), which is 29.09° (211); 27.09° (201); 33.28°
(310), and BaTiSiOs, which is 29.06° (102); 27.10°
(201). The phase corresponds to the AMCSD card
number (database_code_amcsd 0000531, 0001629)
and software high score. This study is in line with
previous research, which reported that the addition of
barium titanate to silica in large quantities would
produce a secondary phase was fresnoite [21], [25].

3.1 Morphology of the silica/barium titanate
nanocomposite

SEM observations were carried out to determine the
morphology of silica and barium titanate
nanoparticles, as shown in Figure 4. The nano-silica
particles are irregular, spherical, and agglomerated. In
barium titanate particles, the shape is regular and
spherical, and agglomeration occurs. After sintering,
several specific changes occur in the composite,
including the appearance of liquid on the surface.
SEM observations confirmed changes in structure,
grain size, porosity, and agglomeration of BT0, BT10,
BT20, BT30, and BT40, as shown in Figure 5.

The microstructure of nano-silica/barium titanate
particle composites sintered at 1390 °C can be seen in
Figure 5. Compared to pure silica (BT0), BT10 and
BT20, BT10 show more homogeneous grain growth
and much less porosity. In the composite with 0% BT,
the porosity value is recorded at 6.0 with a relative
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percentage of 0.940. As the BT content increases, at
10% BT, the porosity decreases to 3.050, and the
relative percentage slightly increases to 0.9609.
However, as the BT percentage increases further to
20% and 30%, the porosity increases significantly,
reaching 9.287 and 14.613, with relative percentages

H‘tmm 5534
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LPPT LIGM., »

-~ Pores
]
w e

of 0.907 and 0.854, respectively. BT20 displays an
unclear grain surface shape due to melting on the
composite surface. At BT30 and BT40, the grain
shape is irregular, and the grain boundaries are
unclear. The grain shapes are regular at 100% barium
titanate, and the grain boundaries are visible.

Figure 5: SEM image of 5111ca/bar1um titanate nanocomposite sintered at 1390°C with various barium titanate
compositions, a). BT0, b). BT10, ¢). BT20, d). BT30, e). BT40, f). BT100.

The bonds between the particles are strong due
to the sintering temperature. On the other hand, much
porosity is formed during sintering. The least porosity
is found in the BT10 composite, and it can be
concluded that the optimum composition is found in
BT10 sintered at 1390 °C. In general, the composite
surface shows the presence of a liquid phase, as shown
in Figure 5.

The liquid phase produced in nano silica/barium
titanate composites sintered at high temperatures will
likely come from oxide melts. The liquid phase can
improve inter-particle bonding and mechanical
properties. This study’s results align with silica-based
research that sintered at high temperatures produces a
liquid phase that improves grain bonding and
mechanical properties of ceramics [26].
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3.2 EDX test results for barium titanate and
silica/barium titanate nanocomposite

Tests were carried out using energy-dispersive X-ray
analysis for the composition analysis of various
variations of barium titanate and silica/barium titanate
nanocomposites. The results of the EDX test, as
shown in Figures 6 and 7, show that the elements
contained in barium titanate, when viewed from the %
mole of atoms, are dominated by O (19.73%), Ti
(23.07%), and Ba (57, 20%). In contrast, in the
silica/barium titanate nanocomposite, when viewed
from the % mole of atoms, the elements are dominated
by O (62.00%), Si (30.98%), Ti (2.40%), and Ba
(4.62%). Ba and Ti elements are the leading indicators
of the piezoelectric phase of BaTiOs, which has a
perovskite structure with high piezoelectric properties.

———1pm oK 10 pm nK

Figure 6: SEM/EDX test results for barium titanate
powder: (a). The results of the distribution of EDS
elements; (b). SEM photos; (c). Element of Ba; (d).
Elements of O; (e). Ti element.

The oxygen element forms a stable oxide
network in the perovskite structure, and its deficiency
can cause lattice defects that negatively affect the
material’s polarity. Meanwhile, the Si element comes
from the silica matrix and has no direct contribution to
the piezoelectric properties, but can form secondary
phases such as Ba.TiSi20s or BaTiSiOs, which have
the potential to disrupt the continuity of the perovskite
phase and reduce piezoelectric performance.
Increasing the proportion of Ba and Ti is generally
positively correlated with the increase in piezoelectric
response, if the perovskite structure is maintained.
Conversely, an excessive increase in Si content can
cause the formation of non-piezoelectric phases,
reduce homogeneity, and disrupt domain orientation,
thereby reducing piezoelectric output. Therefore, the
composition ratio between elements is critical to
control and optimize the piezoelectric performance of
the resulting nanocomposite.
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Figure 7: SEM/EDX test results for silica/barium
titanate nanocomposite (BT10): (a). The results of the
distribution of EDS elements; (b). SEM photos; (c).
Element of Ba; (d). Element of Ti; (e). Element of Si;
(f). Element of O.
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3.3 Bulk density

Figure 8 shows the result of bulk density measurement
using Archimedes’ principle. The results showed a
change in bulk density with an increasing weight% of
barium titanate. In the composition of BT10, BT20,
and BT30, the bulk density experienced an
insignificant increase. At BT40, the bulk density of the
specimen decreased significantly. The highest bulk
density occurs at BT10 due to the sintering
temperature of 1390 °C, which is suitable so that
densification occurs between the particle surfaces.
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% barium titanate

Figure 8: Effect of weight % of barium titanate on the
bulk density of silica/barium titanate nanocomposites.

The decreased bulk density of the specimen at
the BT40 was due to the increased porosity. This can
be seen in the SEM photo in Figure 5. The increase in
porosity is probably due to the very high sintering
temperature of silica/barium titanate nanocomposite
with increasing barium titanate variations or a
decrease in sintering temperature with increasing
barium titanate. The sintering temperature suitable for
densification between barium titanate particles is
1350 °C [27], so the more barium titanate content, the
porosity of the silica/barium titanate nanocomposite
will increase, as shown in Figure 5.

Given the relatively stable bulk density values
observed between BT10 and BT30 compositions,
there is an opportunity to optimize the material
formulation by reducing the amount of barium titanate
without significantly affecting the targeted density-
related properties. Lowering the barium titanate
content while preserving comparable material
performance presents notable advantages, particularly

cost savings and improved manufacturing efficiency.
As a result, identifying an optimal filler concentration
within this range not only maintains the mechanical
integrity of the composites but also enhances the
economic feasibility of silica/barium titanate
nanocomposite production.

3.4 Compressive strength

Figure 9 shows the results of compressive strength
testing of nano silica and BT10, BT20, BT30, and
BT40 sintered at 1390 °C. The test results show
increased compressive strength properties with each
addition of barium titanate. Compressive strength
values respectively 9.24, 37.01, 25.91, 24.59, and
19.51 MPa. The highest compressive strength value
occurs at BT10 of 37.01 MPa; the increase in
compressive strength is due to the high density at
BT10. The compressive strength of the composites is
observed to peak at 10 wt% barium titanates (BT10),
followed by a gradual decline with further increases in
BT content. This behavior is primarily attributed to the
rise in porosity and elasticity caused by the excessive
addition of barium titanate, which compromises the
structural cohesion and diminishes the material’s
capacity to endure compressive loads beyond the
optimal composition. To provide a clearer
understanding, a combined graph comparing bulk
density and compressive strength has been proposed,
emphasizing the correlation between material density
and mechanical performance. From a practical
perspective, the BT10 composition achieves the most
favorable balance between bulk density and
compressive strength, positioning it as the optimal
choice for applications that demand superior structural
integrity. On the other hand, although higher barium
titanate contents may offer advantages in terms of
piezoelectric enhancements, they lead to a reduction
in compressive strength, thus requiring careful
consideration when selecting materials based on
specific application needs.

The composite density caused by the sintering of
atoms in the particles diffuses across the particle
boundaries, fusing the particles, thus forming a nearly
perfect solid part. However, the compressive strength
decreased as the barium titanate composition
increased. The decrease in compressive strength is
affected by the amount of porosity, which increases
with the increase in barium titanate composition. The
increased porosity was due to the high sintering
temperature of barium titanate.
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Figure 10: Effect of weight % of barium titanate on
the output voltage of silica/barium titanate nanocomposites.

3.5 The output voltage of the silica/barium titanate
nanocomposite

The silica/barium titanate nanocomposites output
voltage has piezoelectric properties. Suppose no
mechanical stress is applied to the silica/barium
titanate nanocomposite material. In that case, the
output voltage is zero because the electric dipole is
still in equilibrium, so no electric polarization occurs.
On the other hand, if the composite is subjected to
mechanical stress, it will cause external stress, as
shown in Figure 10.

Figure 10 shows the output voltage results on
nano-silica particles and nanocomposites BT10,

BT20, BT30, and BT40 sintered at 1390 °C. The test
results show an increase in the output voltage value for
each addition of barium titanate. The output voltage
values are 1.58, 3.95, 5.21, 548, and 5.51 mV,
respectively. This trend highlights the important role
of barium titanate in enhancing piezoelectric
performance, which is attributed to its inherent
material properties. However, when these results are
compared with findings from bulk density and
compressive strength measurements, it becomes clear
that higher barium titanate content increases electrical
output, resulting in greater porosity and compromising
mechanical strength. This highlights the critical
balance that must be maintained between mechanical
integrity and piezoelectric efficiency. Furthermore,
compared to polymer-based piezoelectric composites
[28], which generally offer superior flexibility but
lower output voltage, silica/barium titanate
nanocomposites present an attractive alternative for
industrial applications requiring high electrical
performance and adequate structural stability.

The output voltage increased from 1.58 mV to
5.51 mV. The highest output voltage value occurs in
BT40 of 5.51 mV MPa. The increase in the output
voltage occurs at BT40 because the high content of BT
is dispersed on the surface of the silica/barium titanate
ceramic nanoparticles, causing continuous
polarization. In BT30 and BT40, secondary phases are
formed, namely BaTiSiOs and Ba,TiSiOs, where
these phases generally include single crystals with
good piezoelectric, dielectric, and optical properties.
The thermal and electrical properties of Ba:TiSi20s
crystals indicate their potential as alternative materials
for high-temperature piezoelectric sensors [29]. The
magnitude of the output stress is affected by defects in
the material; the more significant the defect, the
smaller the output value [30]. BT40 shows the
smallest bulk density, as shown in Figure 7, so it can
be concluded that the high weight fraction of barium
titanate contributes to the increased output stress in the
nano-silica/barium titanate particle composite.
Barium titanate is a material that has high
piezoelectric properties, so with an increase in the
weight fraction of barium titanate, its piezoelectric
properties will increase [25], [31]. Figure 3 shows that
a new phase appears in BaTiSi»Os and Ba,TiSi;Os
(BTS), in which this phase is tetragonal, which is a
strong source of spontaneous polarization in crystals.
The crystal polarization of BTS shows excellent
quality, affecting the output voltage value (piezoelectricity).
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BTS crystals show good dielectric, optical, and
piezoelectric properties.

Figure 11 illustrates the relationship between
dielectric constant and dielectric loss as frequency
functions at room temperature, within the 10 to 500
kHz range. The graph reveals that the dielectric
constant and dielectric losses exhibit higher values at
lower frequencies, followed by a decline as frequency
increases, eventually stabilizing at higher frequencies.
This behavior is a typical characteristic of dielectric
materials.
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Figure 11: Frequency-dependent plot of permittivity

for BTO, BT10, BT300, and BT40, (a) dielectric

constant, and (b) dielectric loss.

As shown in Figure 11(a), the constant dielectric
values for BT 0, BT 10, BT 20, BT 30, and BT 40%
samples are initially high at low frequencies and
decline sharply with increasing frequency, reaching a

steady state beyond 250 kHz. Such a trend is common
among dielectric materials: at low frequencies, various
polarization  mechanisms, including  dipolar,
interfacial, ionic, and electronic polarization, can
effectively respond to the external electric field.
However, at higher frequencies, only electronic
polarization can follow the rapid oscillations of the
field, resulting in a notable decrease in dielectric
constant values. Although adding barium titanate
generally enhances the dielectric constant due to its
intrinsically high dielectric properties, the results of
this study indicate that increasing the barium titanate
volume fraction from 10% to 40% does not
significantly improve the dielectric constant. This
phenomenon is attributed to the rise in porosity
accompanying higher barium titanate content. The
increase of porosity stems from differences in
sintering behavior and particle size mismatch between
barium titanate and silica, forming voids during
consolidation. Higher porosity adversely affects the
material’s charge storage capacity, as the air within the
pores has a substantially lower dielectric constant.

Meanwhile, Figure 11(b) shows a similar trend
in dielectric loss: high values at lower frequencies,
with a sharp decrease at higher frequencies. Elevated
dielectric losses at low frequencies are mainly caused
by charge accumulation at grain boundaries through
interfacial polarization, where restricted charge
mobility occurs. As the frequency increases, the
interface cannot respond quickly enough, resulting in
lower dielectric losses. Increasing barium titanate
content notably correlates with reduced dielectric loss
at high frequencies, suggesting that greater porosity
limits charge migration pathways and reduces energy
dissipation. In summary, although barium titanate
enhances dielectric properties, its addition in silica-
based systems must be carefully optimized, as
excessive porosity can undermine the overall
dielectric performance.

The DTA curve in Figure 12 shows that an
exothermic peak occurs during the heating process. At
122.8,154.7, and 160.0 °C, a peak is formed, probably
due to loss of moisture or air molecules bound to the
pores of the silica or barium powder. At a temperature
of 550 °C to 800 °C, a peak occurs. At temperatures of
800 °C to 1400 °C, weak peaks also appear. The peak
in Figure 13 is associated with the phase changes that
occur in silica. Based on the thermal behavior of silica
at temperatures of 570-870 °C, quartz is formed, and
tridymite is formed at temperatures of 870-1470 °C [32].
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Figure 13: XRD pattern of silica powder at: (a) 510
°C; (b) 700 °C; (¢) 910 °C; (d) 1100 °C; (e) 1400 °C.

The XRD test results prove the phase
transformation that occurs in silica at each
temperature, as shown in Figure 13. In Figure 13, the
quartz phase transforms into the cristobalite phase at
temperatures of 700-1400 °C, or the process of
forming the cristobalite phase is faster because silica
still contains impurities, which can increase the
transformation of the quartz phase into the cristobalite
phase.

4 Conclusions

This research confirms that adding barium titanate
influences the physical, mechanical, and piezoelectric
properties of silica/barium titanate nanocomposites.
The results show that optimizing the barium titanate
content, particularly at 10 wt%, leads to superior
mechanical performance, as evidenced by the highest
recorded bulk density (2.72 g/cm3) and compressive
strength  (37.01 MPa). Furthermore, phase
transformations into tridymite, cristobalite, fresnoite,
and BaTiSiOs were observed at higher barium titanate
contents (BT30 and BT40), suggesting the potential to
tailor functional characteristics, even though the phase
intensities remain relatively low. The highest output
voltage, measured at 5.51 mV for BT40, further
demonstrates the promising application of these
composites in piezoelectric devices.

The main aim of this study was to develop a
silica-based composite material with improved
mechanical strength and piezoelectric performance
through the controlled incorporation of barium
titanate. The findings indicate that the resulting
nanocomposites offer strong potential for cost-
effective, scalable use in energy harvesting, sensor
technologies, and innovative material applications,
contributing valuable insights for future material
development strategies.
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