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mechanical, and microstructural properties. In research, Silica was
successfully incorporated up to 42 wt.%, exceeding the typical 25 wt.%
inorganic threshold. This incorporation significantly boosts the
compressive, flexural, and tensile strengths of the nanocomposites to
113.685 MPa, 49.723 MPa, and 33.452 MPa, respectively, showing
increases of 57.49%, 40.33%, and 37.31% over pure epoxy. The optimal energy ball milling, Mechanical
silica content for maximizing mechanical properties lies between 32 Wt.% roperties, Microstructure,
and 42 wt.%. Scanning electron microscopy (SEM) reveals that pure epoxy Fracture surface
has a smooth and brittle fracture surface, whereas epoxy/SiO, composites
exhibit cohesive deformations and fractures due to the silica. However,
silica content above 42 wt.% leads to nanoparticle agglomeration, which
reduces performance. The study concludes that silica nanoparticles
improve the mechanical properties of epoxy resin, making the
nanocomposites more economical, durable, and suitable for various
industrial and domestic applications. These findings support the
development of high-performance materials from abundant natural
byproducts.
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1. INTRODUCTION Numerous studies [6] have focused on
improving the mechanical properties of pure
epoxy resin, particularly by incorporating fillers
such as glass particles, ceramics, silicates, and

rubbers [7-9]. Other research [10,11] has

Epoxy resins are versatile thermosetting
polymers with high performance and ease of
processing, typically containing at least two epoxy

groups per molecule. Their high reactivity makes
them suitable for various mechanical applications,
owing to their excellent adhesive properties,
rigidity, dimensional stability, chemical resistance,
and high fluidity before curing [1-4]. However,
epoxy resins, when made from highly cross-linked
polymers, are often brittle and prone to low
resistance to crack propagation [5].

examined the impact of particle size, degree of
dispersion, and filler content on the resulting
composite's mechanical strength. The mechanical
properties of particulate composites can vary
considerably depending on factors such as
chemical composition, particle shape and size, the
particle-matrix interface, particle distribution, and
manufacturing conditions (such as curing
temperature and resin-to-hardener ratio) [12,13].
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In contrast to prior studies, which examined
many fillers for their individual effects on epoxy
resins, this paper introduces a novel approach by
incorporating silica-rich sand powder to form a
particulate composite. The inclusion of this
naturally sourced sand powder is advantageous
due to its strong adsorption capabilities when
combined with epoxy resin [14]. Unlike previous
research, in which nanoparticles are typically
produced synthetically at a higher cost, this study
presents a cost-effective ball-milling technique to
produce nanosized mineral fillers from natural
siliceous sand. This approach addresses the need
for a more sustainable and economically viable
method of improving epoxy composites, especially
for applications requiring low-cost production.

Furthermore, this research uniquely explores
the effects of varying filler content (12 wt.%,
22 wt.%, 32 wt.%, 42 wt.%, 52 wt.%, and 62 wt.%)
on the physical, mechanical, and microstructural
properties of the epoxy composite. Particular focus
is placed on the high SiO; content and low epoxy
resin content, resulting in an "economical"
composite with reduced resin usage. This is an
important development for industries aiming to
reduce material costs without sacrificing
performance.

The aim of this research is twofold: 1) to
produce nano-sized mineral fillers from natural
siliceous sand using a cost-effective ball-milling
technique, and 2) to investigate the influence of
these nanofillers, used as a partial substitute for
epoxy resin, on the physical, mechanical, and
fracture surface microstructure of the composite.
This dual- focus approach offers new insights into
optimizing epoxy composites for cost-effective and
high- performance applications.

2. MATERIALS AND METHODS

2.1. Preparation of Silica Sand Nanoparticle

High-energy ball milling of natural silica sand
can yield anisotropic silica nanoparticles with
controlled structures [15,16]. An optimal grinding
time of 48 h converts micrometric sand into truly
nanometric particles (~76 nm) while preserving
quartz crystallinity (SiO3) and high purity.

This duration balances effective size reduction
with minimal agglomeration, phase change, or
contamination, remaining practical and cost-
effective for large-scale composites.

Silica sand from Tebessa (Algeria) was washed,
dried at 105°C, dry ball-milled with zirconia balls,
and sieved (Sieve Shaker/EFL2000) using a top-
down approach. Particle size was measured by

Zetasizer Nano ZS (ZEN 3600, MALVERN),
morphology by SEM, and composition by XRF at
LMOPS/SUPELEC Metz (France) [17].

2.2. Specimen Preparation and Curing

The polymer and hardener were used in a
100/60 ratio as recommended, with silica powder
firstdried at 105°C for 1 h, then weighed and mixed
with MEDAPOXY HR EA (pre-polymer) for 3 min,
followed by the addition of MEDAPOXY HR EB
(curing agent) and another 3 min of mixing. The
mixture was cast into molds coated with a
debonding agent, demolded after 24 h, and allowed
to cure at room temperature for up to 28 days
before mechanical testing [18].

Processing, which accounts for about 50—-60% of
production costs, strongly affects microstructure
and final properties, so improving particulate-
reinforced epoxy composites is a major concern for
industry and research [19]. Typical manufacturing
routes aim to reduce resin viscosity and surface
tension and enhance particle dispersion through
mechanical shear mixing, ultrasound sonication,
chemical and thermal methods, vacuum degassing,
and nanoparticle reinforcement [20-22], as these
combined techniques improve particle dispersion
and, in turn, composite performance. Key
limitations in processing particulate polymeric
composites include controlling dispersion and
homogeneity, avoiding agglomeration, and
managing matrix-reinforcement interfacial effects.

Adding reinforcement changes most polymer
properties (sometimes positively, sometimes
negatively), and in this work, residual stresses were
reduced by a simple manual mixing sequence
where particles were first dispersed in the polymer
and then in the hardener. Studies report that
simple mechanical stirrers may not supply enough
energy to generate adequate shear stress, leading
to poor particle coverage by the epoxy matrix [23],
while particle size, shape, aspect ratio,
agglomeration tendency, and moisture absorption
also affect mechanical behaviour [24].

Industrial-scale processes such as flow-through
bins and pneumatic moulds improve properties by
inducing disturbance and vibration, so that fine
particles fill the voids between larger ones and
increase packing density [25,26]. However, hand
mixing was ultimately chosen here for its low cost,
ease of use, flexibility in size and thickness, broad
applicability, and reproducibility, as confirmed by a
coefficient of variation below 20%, indicating
variability lower than wusually expected in
manufacturing [27].
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2.3. Specimen Dimensions and Testing Procedures

Mechanical tests in compression, uniaxial
tension, and three-point bending were carried out
on a Zwick/Rowell machine equipped with a 2.5 kN
static load cell: for compressive tests, 5 cubic
samples (40 mm x 40 mm x 40 mm) per mix were
tested at 1.25 mm/min, in accordance with ASTM
C349. For three-point bending tests, 5

parallelepipedic samples (4x4x16 cm) per mix
were machined at a rate of 1 mm/min, in
accordance with ASTM C 348-97. For tensile tests,
5 samples per mix were used, with dimensions of
105+2 mm long, 102 mm wide, and 42 mm thick,
in accordance with ASTM D-638-91 (Type 1). For
density tests, samples are tested in accordance
with ASTM D 792-08. A displacement-controlled
machine was used for compression, three-point
bending, and tensile tests, as shown in Fig. 1.

Fig. 1. Control machine for: (a) compression test, (b) three-point bending test and (c) tensile test

2.4. Characterization Methods

Pure epoxy, silica nanoparticles, and epoxy—
silica nanoparticle hybrid samples with various
silica contents were characterized using the
techniques described below.

2.4.1. Energy Dispersive X-Ray Analysis (EDAX)

EDAX microanalysis is an elemental analysis
technique coupled with electron microscopy,
based on the generation of characteristic X-rays
that identify the elements present in the
specimens. Our samples were analyzed by EDAX at
the Laboratory for the Study of Microstructures
and Mechanics of Materials, National School of
Mines and Metallurgy, Annaba (Algeria).

2.4.2. X-Ray Diffraction (XRD)

XRD analysis is used to determine the silica
phase of the sand powder samples, which are
scanned using an X-ray diffractometer at the
Laboratory for the Study of Microstructures and
Mechanics of Materials (LEM3), Metz, University of
Lorraine (France).

2.4.3. X-Ray-Fluorescence Spectroscopy (XRF)
The chemical composition of the Ground

Natural Silica Sand GNSS, obtained by ball milling
process, and of the hybrid nanocomposites was

analyzed using X-Ray Fluorescence spectroscopy
(XRF) in the Analysis Laboratory LMOPS / SUPELEC
Metz (France).

2.4.4. Scanning Electron Microscopy (SEM)

The dispersion of silica nanoparticles and
morphological studies were carried out by SEM
available at the Material Laboratory of the National
School of Arts and Crafts (NSAC), Paris-Tech, Lille
(France), and the National School of Mines and
Metallurgy, Annaba (Algeria). Nanocomposites are
placed on analumina plate and sputter-coated with
a thin gold layer under vacuum to prevent the
accumulation of static electric fields caused by
electro-irradiation during imaging and to avoid
charging before SEM observation.

2.5. Physical Measurements

The density of the epoxy—silica nanocomposites
was measured at room temperature according to
ASTM D792-20 using Archimedes’ principle, with
distilled water as the flotation fluid and cubic
samples. An analytical balance (accuracy + 1 mg)
was used to weigh each sample in air and in water.
Five specimens were measured for each system.
The density of the samples ps was calculated using
the following expression according to ASTM D792-
20 [28]:

ps = 1= p) (1)

Wsa—Wsi
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where: wsq - is its weight in air; wg - is its weight in
a liquid; p; - is the liquid’s density (for distilled
water, p/= 1.0 g/cm3).

2.6. Mechanical Measurements

All mechanical tests (traction, bending, and
compression) were carried out in the Civil
Engineering Department laboratory at Badji
Mokhtar University of Annaba using a Zwick ZHU
2.5 universal testing machine (Fig. 1), and
mechanical performance refers to strength in
flexure, tension, and compression.

2.6.1. Compressive Testing

The compressive strength (o:) of the
nanocomposite  specimens was  measured
according to ASTM (C349 [29] using a Zwick ZHU
2.5 machine with a maximum load of 2.5 KN (Fig.
1a). Cubic specimens of 40 mm x 40 mm x 40 mm
(Fig. 1a) were tested at a displacement rate of 1.25
mm/min, and a temperature of 23 + 1°C, and the
reported (o.) values are the averages of five
specimens loaded until failure.

2.6.2. Flexure Testing

The flexural strength (o7 of nanocomposite
specimens was measured according to ASTM C
348- 97 using a Zwick ZHU 2.5 Universal Testing
Machine with a maximum load capacity of 2.5 kN
(Fig. 1b), following a three-point bending method
with a support span of 100 mm, a crosshead speed
of 1.0 mm/min, and a temperature of 231 °C.
Specimens measuring 40 mm x 40 mm x 160 mm
(Fig. 1b) were tested, and the reported flexural
strength (of) is the average of five specimens
loaded to failure.

2.6.3. Tensile Testing

Tensile tests were carried out at room
temperature (23%1°C) on dumbbell-shaped
specimens (ASTM D- 638-91, Type |) machined by
CNC from 4 mm thick moulded plates, using a Zwick
ZHU 2.5 universal testing machine at a constant
crosshead speed of 1 mm/min, in accordance with
BS EN ISO 527:1996 (Fig. 1c). The dumbbell
specimens had an overall length of 170 mm, with a
narrow section 10 mm long and 4 mm wide (Fig.
1c), and the reported tensile strength values (o)

are averages from five specimens loaded until
failure.

3. RESULTS AND DISCUSSIONS

3.1. Morphology, Size and Distribution Analysis
of Silica Sand Nanoparticles

Silica sand particles in the macro/micro-scale
were reduced by high-energy milling (comminution
by collisions) to nanoscale silica sand (SiO,)
nanoparticles, with an initial size d < 630 um
(manufacturer/supplier) and final average size
76.34 nm as measured by Zeta-Sizer (Fig. 2, Table
1), thus qualifying them as SiO; nanoparticles. SEM
images (Fig. 3) show SiO; nanoparticles with
spherical and irregular shapes, forming
agglomerates in which primary particles cluster or
fuse at their faces, likely due to growth and
‘sintering’ during the ball-milling process, with a
strong tendency to agglomerate induced by Van
der Waals forces.
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Fig. 2. PSA results of 48 hours of milled silica sand
produced by Zeta-Sizer Nano Analyzer: Size and
distribution of the silica sand nanoparticles (the

average is 76.34 nm)

silica sand
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The agglomerates exhibit morphologies ranging
from chainlike (1-D) to heavily aggregated (3-D),
and such soft agglomerates, held only by Van der
Waals forces, are not considered a major problem
and can even be beneficial for good thermal
conduction [30].

Table 1. Size of milled natural silica sand

Sample Duration Particle | Percentage (%)
type of grinding size reduction in
(h) (Average) size
UMSS - <630 um -
MNSS 48 76.34 nm 74.95

Note: UMSS - UnMilled Silica Sand, MNSS - Milled Nano
Silica Sand.

3.2. Energy Dispersive X-Ray Analysis (EDAX)

Fig. 4 presents the EDAX spectrum of natural silica
sand milled for 48 hours, showing mainly silicon (Si)
and oxygen (0), with low percentages of aluminium
(Al) and potassium (K), confirming SiO, and
indicating that Al and K are natural sand constituents
with no other contaminations detected after 48
hours of milling.

Because ball milling is performed under
atmospheric conditions for extended periods, the
EDAX results show oxygen atomic percentages
approximately twice those of silicon, confirming the
presence of silicon and oxygen in all samples.

Si Kal
315k Elements 0 Al Si K Total
' O Kal - ;
Weight (%) | 51.64 1.80 45.34 1.21 95.59
ZE0K Atomic (%) | 65.34 | 1.35 | 32.68 | 0.62 | 100.00
245k
2,10k
1,75k
1,40k
1,05k Al k@
0,70k Akl s
0,35k SilKp1 . i’
000k o 10 20 30 40 50 60 7.0 80 9.0 10
Lsec: 500 0 Cnts 0.000 keV Det: Octane Pro A

Fig. 4. EDAX Images (analysis) of 48 hours ball milled sand: EDAX spectrum (Energy Selection Spectroscopy)
confirming the composition of the siliceous sand reinforcement

3.3. X-Ray Diffraction (XRD)

X-ray diffraction of SiO, nanopowder prepared
from natural silica sand (quartz sand) milled for 48
hours showed peaks at orientations (100), (101),
(110), (200), (112), (103), (203), (231)..., confirming
that the milled powder is SiO, material. The XRD

pattern in Fig. 5 corresponds to quartz (SiO,) peaks
reported in the Joint Committee on Powder
Diffraction Standards (JCPDS) database and
relevant literature [31], with a typical silicon
dioxide peak and identification of quartz (SiO,) as
the main crystalline phase in the filler.
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Fig. 5. XRD pattern obtained for 48 hours milled silica sand (MSS)
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3.4. Chemical Composition of Tebessa Silica Sand
Nanoparticles

Table 2 presents the XRF analysis results of
(MNSS) nanoparticles from Tebessa (North East of

Algeria), showing Si, Al, K, Ca and Fe as the
predominant elements, with their oxides SiO,,
Al,03, K;0, CaO and Fe;03 having percentages of
97.56 wt.%, 1.37 wt.%, 0.390 wt.%, 0.285 wt.% and
0.160 wt.%, respectively.

Table 2. Chemical analysis data from X-ray fluorescence spectroscopy (XRF) of the Silica Sand nanoparticles

Raw material Silica sand nanoparticles
Elements Al;O3 SiO K20 Ca0 Fe,03 Others
Oxide (wt.%) 1.37 97.56 | 0.390 | 0.285 | 0.160 <0.10%

3.5. Characterization of Epoxy-Silica Sand
Nanocomposites

3.5.1. SEM Observations and Microstructure
Analysis of Epoxy/Silica Nanocomposite

In this study, a near-uniform distribution of silica
sand nanoparticles was obtained within the epoxy
matrix. Representative SEM images of the epoxy
nanocomposites containing 42 wt.% and 62 wt.%
silica, respectively (Figs. 6a and 6b), reveal the

distribution of the silica nanoparticles: (Fig. 6a)
shows a uniform distribution of silica nanoparticles
within the epoxy matrix for Nano Composite
NC(42), while (Fig. 6b) shows a less uniform
distribution for NC(62), where the silica
nanoparticles are less dispersed, forming
agglomerates up to 2 um in diameter, clearly visible
at 5000x magnification. Since the average size of
the introduced particles is less than 100 nm, the
Si0, epoxy system can be defined as a
nanocomposite.

Fig. 6. SEM images of the epoxy/SiO, nanocomposites filled with: a) 42wt.% and b) 62 wt. % SiO, nanofillers

3.5.2. Development of Physical and Mechanical
Properties

The study evaluated how reinforcing epoxy resin
with silica sand nanoparticles affects its density and
mechanical properties (tensile, flexural, and
compressive strengths), with the corresponding
results presented in Table 3.

Optimal mechanical properties of the epoxy-
based hybrid nanocomposite were obtained by
varying the constituents (epoxy, nano-SiO;
reinforcement, and hardener) and averaging the
responses for each independent variable, with the

best formulation given in Table 3. The formulation
containing 42 wt.% silica corresponds to “the
overall optimal composition” when considering
compressive strength, flexural strength,
microstructural homogeneity, and material
economy simultaneously.

It should be noted that the optimum filler
content depends on the targeted property: while
32 wt.% silica yields the maximum tensile strength,
the composition containing 42 wt.% silica provides
the best overall balance of compressive strength,
flexural strength, microstructural quality, and
material economy.
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Table 3. Physical and mechanical properties of different (silica sand/epoxy) nanocomposites

Sample Mix proportion (%) Density Compressive Flexure Tensile
Nanocomposite Epoxy resin | Nano-silica (g/cm?3) strength strength strength
NC (SiO2) (wt. %) (wt.%) (wt.%) (MPa) (MPa) (MPa)
NC (00) 100% 00 % 1.153 72.185 35.432 24.362
NC (12) 88 % 12% 1.211 89.895 37.657 26.245
NC (22) 78 % 22 % 1.266 104.525 40.752 29.572
NC(32) 68 % 32% 1.320 109.587 44.685 33.452
NC (42) 58 % 42 % 1.376 113.685 49.723 28.375
NC (52) 48 % 52% 1.441 110.583 43.822 21.663
NC (62) 38% 62 % 1.514 104.758 36.275 15.245

The density values of the epoxy/silica sand
nanocomposites, listed in Table 3 and plotted in
Fig. 7a, increase slightly with increasing silica sand
nanoparticle content from 12-62 wt.%, because
silica sand is denser than neat epoxy, so its addition

as reinforcement increases the overall density of
te. Nanocomposite samples
with higher density values are therefore heavier

the

nanocomposi

than those with lower density values [32].

Density vs Mano-Silica Content
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Fig. 7. Influence of nanosilica content (weight percentage) on: a) Density of epoxy/SiO, hanocomposites,
b) Compressive strengths of epoxy/SiO2 nanocomposites
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The uniaxial compression test (UAC) was used to
determine the compressive properties of nano-
silica/epoxy-based nanocomposites (Fig. 1a), with
nanosilica loadings ranging from 12 to 62 wt.%. The
best mechanical test results were obtained in
compression (Fig. 7b and Table 3), showing a
significant, monotonically increasing improvement
in compressive strength with increasing nanosilica
concentration (Fig. 7b); the average strain at break
increased by 57.49% over pure epoxy resin with the
addition of 42 wt.% silica nanoparticles, indicating a
very favorable nanofiller— matrix interaction that
ensures efficient stress transfer at the interface and

results in higher strength compared to the pure
epoxy.

The flexural tests (Fig. 1b) show that, as
illustrated in Fig. 8a and Table 3, the average
flexure values at break increase with the nano-
SiO, content up to 42 wt.%. The maximum
average strength at break is then 40.33% higher
than that of pure epoxy resin. For nano-SiO,
contents above 42 wt.%, average flexural
strengths decrease (similarly to compression
tests), due to particle agglomeration and the
consequent reduction of matrix/load interaction.

Flexure Strenght vs Nano-slica Content
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Fig. 8. Influence of nanosilica content (wt.%) on: a) Flexural strength of epoxy/SiO2 nanocomposites, b) Tensile
strength of epoxy/SiO2 nanocomposites

From Table 3 and Fig. 8b, the maximum
tensile strength is obtained at 32 wt.% silica
content, indicating that this composition
represents the optimum for tensile performance.

The average tensile strength at break is 37.31%
higher than pure epoxy (reference). Adding more
than 32 wt.% nano SiO, causes a decrease in
compression and flexural results, due to increased
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particle agglomeration and reduced matrix/filler
interaction.

3.5.3. Fracture Surface Study

The fracture surfaces after tensile tests of neat
epoxy and epoxy/SiO, nanocomposites are shown
in Fig. 9. Pure epoxy (Fig. 9a) exhibits a relatively
smooth, glassy, river-lined surface typical of a
brittle thermosetting polymer with no large-scale
plastic deformation [33]. The epoxy/silica
nanocomposite with 42 wt.% SiO, (Fig. 9b) shows
numerous holes (pores), cavities, and “sea wave”
features, likely resulting from small molecular
compounds adhering to silica nanoparticles. These

features can act as obstacles to crack propagation,
causing crack deflection and energy dissipation.

Magnified images (Figs. 9c and 9d) highlight tiny
crack lines, with white arrows indicating slow-
propagating crack areas. The crack moves from
right to left and is toughened by deflection around
silica particles [34].

Cavities and pores, along with white SEM zones
indicating deformation and cohesive failure where
silica nanoparticles surround large parts of the
polymer matrix, demonstrate that agglomeration
of silica nanoparticles at higher loadings (more
than 42 wt.% SiO,) contributes to the decreasing
trend in mechanical properties, consistent with
SEM observations such as Fig. 6b.

A Tl
D mag [ | det
PM|12.50 kV|11.2 mm/| 17 ETD[1.73 mm

WD | mag 1| det | HFW

18 PM|12.50 kv|11.8 mm| 3000 x | ETD|59.7 ym

Fig. 9. SEM micrographs of the fracture surfaces of: a) pure epoxy (0 wt. % SiOz), b) nanocomposites (42 wt. %
Si02); (c) and (d) are magnified views of two selected areas of Fig. b), after tensile testing - crack propagation as a
result of cavities and holes formed, due to improper mixture process

4. CONCLUSIONS

SiO, nanoparticles were successfully produced
from natural silica sand by dry and ball milling,
yielding high-purity SiO, (>95%) of spherical

particles (~76 nm). This route is strongly
recommended from a profitability standpoint.

The mechanical (tensile, flexural, compressive),
physical (density) and microstructural
(morphology) properties of epoxy-based hybrid
composites with nano-silica reinforcement were
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optimized using a mixture design approach,
showing that only nanocomposites with 42 wt.%
nanofillers (58 wt.% epoxy) offer the best
mechanical properties, morphology and economy.

Compared to neat epoxy, Epoxy-Resin/SiO,
(ER/SiO2) nanocomposites increased ultimate
compressive, flexure and tensile strengths by up to
57.49%, 40.33% and 37.31%, respectively, and SEM
observations confirmed a correlation between

nanocomposite morphology and mechanical
properties.
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