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The transition to a green economy is motivating industries to replace non-renewable materials with sustainable
alternatives derived from agricultural and industrial waste. Therefore, this study aims to evaluate palm-oil
mesocarp fiber (MF) and denim textile waste as reinforcing constituents for hybrid fiber-reinforced polymer
composites (FRPC) to address performance limitations of natural-fiber composites in structural and safety-
sensitive applications. Two separate sets of hybrid composites were fabricated: one modified with silicon di-
oxide (SiO2, 1-3 wt%) and another modified with melamine cyanurate (MCA, 5-15 wt%). The characterization
process included physical, mechanical (tensile, flexural, and buckling tests), vibration (natural frequency and
damping ratio), and flammability (vertical and horizontal burning) tests. The experimental results showed that
hybridization with denim improved load transfer, flexural or tensile response, and damping capacity. SiOy
loading also increased density, stiffness, and strength but reduced ductility and damping, which are associated
with matrix stiffening and particle agglomeration at higher filler loadings. Among the MCA-filled composites,
5 wt% MCA provided the highest tensile strength, while 10 wt% MCA resulted in the highest tensile modulus.
The 15 wt% MCA formulation exhibited the greatest reduction in water absorption and the highest flame-
retardant performance. The observations indicated that SiOo-filled composites were more effective in
enhancing stiffness-related properties, whereas MCA-filled composites provided greater improvements in mois-
ture resistance and flame-retardant behavior. These findings highlight the importance of selecting appropriate
filler types and loading levels according to the intended structural application.

bunch (FFB) [3]. This shows the need to ensure sustainable utilization of
the biomass waste becomes an important component in the circular

1. Introduction

Oil palm (Elaeis guineensis) is a strategic tropical agricultural com-
modity with high economic and industrial importance, particularly in
developing countries such as Indonesia. The vast plantation areas and
favorable climatic conditions make Indonesia the largest palm oil pro-
ducer in the world, with approximately 60% of global consumption, and
the commodity also contributes an estimated 7.5% to national export
earnings [1]. This large-scale production is supported by more than
1150 palm oil mills distributed across the archipelago [2]. However, the
extensive processing of oil palm generates a considerable amount of
lignocellulosic biomass waste, including empty fruit bunches (22%),
kernel shells (7%), and mesocarp fibers (MF) (15%) from fresh fruit
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bioeconomy agenda of the country.

MF derived from the pulp residue of oil palm fruit after oil extraction
is part of the most abundant lignocellulosic waste. The rich content of
cellulose, hemicellulose, and lignin allows MF to possess a natural hi-
erarchical structure suitable for reinforcement in composite materials.
Currently, approximately 70% of MF is used as boiler fuel while the rest
is discarded or left to decompose around processing facilities [4]. This
underutilization represents a missed opportunity for value addition
considering the fact that the chemical composition and morphology
reflect excellent potential as reinforcement for natural fiber polymer
composites. Moreover, the valorization of MF into composite materials
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is in line with global efforts toward sustainable materials, promoting
resource efficiency, waste minimization, and carbon footprint reduction.

Natural fiber-reinforced polymer composites (NFRPCs) are currently
identified as promising substitutes for synthetic composites over the past
two decades in line with global sustainability goals. The mechanical
strength is generally lower than those possessed by synthetic fibers such
as glass or carbon but the vibration-damping, acoustic-insulation, and
impact-resistance properties can be comparable or even superior in
specific applications [5,6]. The composites also offer a combination of
desirable attributes including low density, high specific strength,
corrosion resistance, biodegradability, and recyclability [7]. Structur-
ally, a composite consists of two or more distinct phases which are
typically a polymeric matrix and a reinforcing fiber working synergis-
tically to enhance overall performance [8]. This has led to the increasing
adoption of NFRPCs in sectors such as automotive, aerospace, con-
struction, and furniture manufacturing [9,10]. The context shows oil
palm MF as a sustainable, low-cost, and locally available reinforcement
candidate for next-generation green composites.

Several experimental studies have explored the incorporation of MF
to improve the structural performance of polymer matrices. Olu-
sunmade et al. [11] fabricated linear low-density polyethylene (LLDPE)
composites reinforced with MF at 5-25% volume fractions and reported
that excessive fiber content reduced tensile strength due to poor inter-
facial bonding. Huisken et al. [12] also showed that optimum mechan-
ical performance was achieved at 5% fiber volume as a confirmation of
weak matrix—fiber adhesion without surface modification. Another
study by Eng et al. [13] improved flexural and impact strengths by 17%
and 48% respectively through silane (5% methacrylate) treatment while
Mahakur et al. [14] reported that alkaline (NaOH) treatment of jute fi-
bers enhanced tensile strength by 11.3%. These results collectively
suggested that surface modification improved interfacial adhesion, but
mechanical improvements remain limited when only chemical treat-
ments were adopted.

Nanoparticle addition has been identified as an effective route to
enhance interfacial bonding and mechanical performance of fiber
composites beyond surface treatment. Jotiram et al. [15] observed that
adding 2% nano-SiO» to a kenaf-polymer composite increased tensile,
flexural, and impact strengths by more than 20%. Velmurugan et al. [16]
also reported a significant improvement in tensile strength from 72 MPa
to 167 MPa by incorporating 3% CuO nanoparticles in a ramie com-
posite. Another study by Sumesh and Kanthavel [17] showed that the
addition of TiO, nanoparticles to pineapple/sisal hybrid composites
enhanced both static and dynamic properties. However, excessive
nanoparticle concentration can cause agglomeration which leads to
non-uniform dispersion and reduced mechanical performance. An
important observation from the results is that the synergistic role of
nanoparticles in hybrid composites reinforced with agricultural waste
fibers such as MF remains insufficiently explored.

Hybridization which is the combination of two or more fiber types
has recently gained attention as another strategy to achieve balanced
mechanical and functional properties in composites. Ikbal et al. [6] re-
ported that a 40% ramie-glass hybrid composite exhibited the highest
natural frequency and damping ratio. Masood et al. [18] also produced
hybrid composites from cotton textile waste, jute, and glass fibers with
competitive performance compared to pure glass fibers while Khalid
et al. [19] showed that jute—carbon fiber hybrid achieved tensile
strengths nearly equivalent to carbon fiber composites. Several other
studies reported that hybridization with waste textile or animal fibers
improved both strength and thermal insulation properties [20—22].
Textile waste shows promise as a reinforcement for structural compos-
ites: one review found that discarded denim provides adequate strength,
comparable to that of natural fibers [23,24]. However, no prior study
has investigated the integration of oil palm MF with textile waste and
nanoparticle additives in a hybrid composite system, despite promising
developments. This represents a key study gap that limits the broader
utilization of MF-based composites for advanced structural or functional
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applications.

The review shows that oil palm mesocarp fiber holds strong potential
as reinforcement for sustainable composite materials. However, chal-
lenges remain in achieving adequate interfacial bonding, mechanical
strength, and thermal stability. In addition, comprehensive studies
examining the relationships among the mechanical, vibrational, and
flame-retardant properties of MF-based hybrid composites remain
limited. Previous studies have not simultaneously investigated the
combined effects of fiber hybridization using MF and denim waste,
nanoparticle reinforcement, and flame-retardant additives on the
structural, vibration, and flammability performance of polymer com-
posites. Although nanoparticle and flame-retardant modifications have
individually been reported to improve composite performance, a sys-
tematic understanding of how filler type and concentration govern the
interphase characteristics at the fiber-matrix interface in hybrid meso-
carp fiber/textile waste composites is still lacking. Moreover, the
compatibility between the hybrid reinforcement architecture and par-
ticulate modifiers, as well as the specific roles of each filler system in
controlling stress-transfer efficiency, micro-void generation, crack
propagation, and vibration energy dissipation, have not been clearly
established. Consequently, a critical gap remains in elucidating the
structure—property relationships between SiO5 and MCA loading and the
mechanical, dynamic, and flammability responses of MF/denim-based
hybrid composites.

The specific contribution of this study is the comparative investiga-
tion of two distinct modification routes within the same MF/denim
epoxy composite system. Therefore, this study aims to fabricate two sets
of hybrid composites: one modified with silicon dioxide (SiO2, 1-3 wt%)
and another modified with melamine cyanurate (MCA, 5-15 wt%). The
composites were systematically characterized in terms of physical
(density and water absorption), mechanical (tensile, flexural, and
buckling), vibration (natural frequency and damping ratio), flamma-
bility (UL—94 vertical and horizontal burning tests), and microstructural
(SEM) properties to elucidate the influence of filler type and loading on
the evolution of the fiber-matrix interphase and the associated struc-
ture-property relationships. The novelty of this study lies not only in
integrating agricultural and textile waste streams with targeted nano-
particle and flame-retardant modifications, but also in establishing the
role of Si05 and MCA loading in governing interfacial characteristics and
their correlations with stiffness, damping behavior, moisture resistance,
and fire performance in multifunctional green composite panels inten-
ded for structural applications.

2. Experimental methodology
2.1. Materials preparation

The waste of oil palm MF was obtained from residues of a local mill
as a by-product of the pressed fruit during the extraction process. It
accounts for approximately 11% of the total oil palm fruit mass and
consists of a mixture of fruit fibers, shell fragments, and crushed kernels
[25]. The fibers were thoroughly cleaned before use to remove surface
contaminants and subsequently subjected to an alkali treatment with the
aim of eliminating residual oil, wax, lignin, and hemicellulose. The
purpose of the process was to improve the fiber-matrix interfacial
adhesion. The treatment included immersing the fibers in a 5 wt% so-
dium hydroxide (NaOH) solution for 4 h followed by thorough washing
and drying under ambient conditions to ensure the removal of excess
alkali and moisture.

The denim fabric waste was collected from post-consumer domestic
sources and prepared as an additional reinforcement material. Denim is
a widely used twilled cotton fabric that possesses several favorable
characteristics such as biodegradability, high mechanical durability,
and cost-effective large-scale production potential. Chemically, cotton
fibers consist primarily of 94% cellulose with minor constituents such as
1.2% proteins, pectic substances, and approximately 0.6% waxes which
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contribute to the unique structural integrity of the fabric [26]. Denim
fabrics were cut into rectangular sheets measuring 360 mm x 260 mm
with a surface density of approximately 398 g/m?2. The detailed speci-
fications of the denim fabric are presented in Table 1 [27].

The hybrid composite panels were fabricated using the hand-lay-up
method, followed by compression molding in a closed mold. The total
laminate thickness was approximately 5 mm, consisting of two layers of
denim fabric at 1.2 mm and a randomly distributed MF mat at 3.8 mm.
The overall reinforcement content was fixed at 25 wt% in the composite,
comprising 12.5 wt% denim fabric and 12.5 wt% MF, resulting in an
equal hybrid reinforcement ratio of 50:50 by weight. The remaining
75 wt% consisted of the epoxy matrix. The matrix material was a
transparent, two-component epoxy system based on diglycidyl ether of
bisphenol-A (DGEBA) with an aliphatic amine hardener (Rapid Resin,
Indonesia). The viscosity of epoxy resin is approximately 2500 mPa-s at
25 °C and a cured-state glass transition temperature Tg of 80 + 5 °C. The
resin and hardener were mixed at a 4:1 mass ratio prior to impregnating
the reinforcement. The laminates were produced with an overall
dimension of 360 x 260 mm?2. Moreover, SiO, nanoparticles and MCA
particles were incorporated into the epoxy matrix as additives. The MCA
powder had an average particle size of approximately 25 pm and was
used without any surface treatment. The SiO, nanoparticles were added
at concentrations of 1%, 2%, and 3%, while the MCA particles were
introduced at 5%, 10%, and 15% by weight. The SiO, content was
limited to 1-3 wt% because previous studies have shown that low silica
loadings are sufficient to enhance interfacial bonding and mechanical
properties, while higher contents may lead to particle agglomeration
[28]. In contrast, MCA was varied from 5 to 15 wt% because
flame-retardant additives generally require higher loadings to achieve
effective fire resistance, and this range has been widely reported as
optimal for polymer composites [29]. No surface treatment was applied
to filler particles prior to composite fabrication. Both fillers were used in
their as-received condition. SiO5 or MCA particles were gradually added
to the epoxy resin and mechanically stirred for 30 min at room tem-
perature to ensure uniform dispersion. Subsequently, the curing agent
was added and mixed for an additional 3 min before the impregnation
process. After the lay-up process, the mold was closed and secured using
a clamping system to apply a constant compressive pressure during
curing. The composite panels were then cured under ambient laboratory
conditions. Upon completion of the curing process, the panels were
demolded and machined into test specimens in accordance with the
relevant testing standards. The experimental combinations of the
MF/denim hybrid composites are summarized in Table 2.

2.2. Physical characterizations

2.2.1. Density measurement

The density of the composite specimens was determined using the
geometrical method. This was achieved by measuring the mass (m) of
each specimen using a high-precision digital balance with an accuracy of

+0.01 g. The volume (V) of the specimen was also calculated from the

measured dimensions including length (L), width (W), and thickness (T)
using a digital caliper. The density of a substance is the mass per unit

Table 1

Main physical and mechanical characteristics of denim fabric.
Material Properties Unit Value
Surface density g/m? 398
Thickness mm 0.74
Weft density picks/cm 22.0
Warp density ends/cm 29.4
Ultimate tensile strength N 810.3
Breaking work J 9.8
Strain % 24.3
Weft rigidity N/m 41274
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Table 2
Different types of composite combinations with varying SiO, and MCA filler
proportions.

No. Exp. Code Combinations

1 MF/E Mesocarp Fiber + Epoxy

2 MF/D/E Mesocarp Fiber/Denim + Epoxy

3 MEF/D/E/Sil Mesocarp Fiber /Denim + Epoxy + SiO2(1%)
4 MF/D/E/Si2 Mesocarp Fiber /Denim + Epoxy + Si02(2%)
5 MF/D/E/Si3 Mesocarp Fiber /Denim + Epoxy + SiO2(3%)
6 MF/D/E/MC5 Mesocarp Fiber /Denim + Epoxy + MCA(5%)
7 MEFE/D/E/MC10 Mesocarp Fiber /Denim + Epoxy + MCA(10%)
8 MF/D/E/MC15 Mesocarp Fiber /Denim + Epoxy + MCA(15%)

volume as shown in the following equation:

mass E o)

Volume  V

bensiy. s ) -
Where, m is the specimen weight and V is the volume of the composite.

2.2.2. Water absorption test

The water absorption test was conducted to assess the hydrophilic
tendency and porosity level of the denim/MF-MF-reinforced epoxy
composites in line with the ASTM D570 standard. Rectangular speci-
mens with dimensions of 25 mm x 25 mm were cut from the fabricated
panels and were pre-conditioned in an oven at 50 °C for 6 h to remove
residual moisture and achieve a stable dry mass (wg). Each specimen was
immersed in distilled water at room temperature after the condition and
periodically removed from the water bath every 24 h, gently wiped with
absorbent tissue to eliminate surface water, and weighed to obtain the
wet mass (w;). The immersion-weighing process continued until the
mass difference between consecutive measurements became negligible
to show that the water absorption equilibrium or saturation state had
been achieved. The water absorption % was subsequently determined
using the following equation:

WA(%) = %wa% @
0

Where, WA represents the percentage of water absorption, w; is the
weight of the composite specimen after immersion, and wy is the initial
weight before immersion.

2.3. Mechanical tests

The mechanical performance of the fabricated hybrid composites
was evaluated through tensile, flexural, and buckling tests which were
important for characterizing the strength and structural stability under
different loading conditions. The experimental configurations for each
test are presented in Fig. 1.

2.3.1. Tensile test

The tensile properties of the hybrid composite specimens were
evaluated in accordance with the ASTM D3039 standard. The specimens
were carefully cut from the fabricated laminate panels with dimensions
of 250 mm in length and 25 mm in width and subjected to an MTS
Landmark Servohydraulic Universal Testing Machine as shown in Fig. 1.
The test was conducted under a cross-head speed of 3 mm/min with the
load applied progressively until the failure of the specimen. The applied
load and corresponding elongation were continuously recorded during
the test to obtain the stress-strain characteristics. The values were
subsequently used to determine the tensile strength, modulus of elas-
ticity, and elongation at break. Moreover, each composite configuration
was tested using three replicate specimens to ensure data reliability and
repeatability.

2.3.2. Flexural test
The flexural behavior of the composites was evaluated using the
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Buckling Test

Flexural Test

Fig. 1. Experimental setup for tensile, flexural, and buckling tests for each of the three specimens.

three-point bending method in accordance with ASTM D790-10 [30].
This test is important for determining the resistance of a material to
bending loads in order to provide key insights into the stiffness,
ductility, and load-bearing capability. Therefore, specimens with di-
mensions of 250 mm x 25 mm x 5 mm were prepared from the com-
posite panels. The three-point bending tests were conducted using a
support span of 75 mm, corresponding to a span-to-depth ratio of 15:1,
in accordance with ASTM D790-10. Three specimens were tested for
each composite configuration. The tests were conducted using a Uni-
versal Testing Machine (UTM) at a loading rate of 3 mm/min and the
load was applied continuously until the failure of the specimen. The
equation used to calculate the maximum flexural stress is presented as
follows:

3PpaxL

Omax = bR 3

Where, Pp,qx represents the maximum load at failure (N), L is the span of
two supports (mm) while b and h are the width and thickness of the
specimen (mm) respectively. The flexural modulus was also determined
from the starting section of the slope in the load-deflection curve and
calculated using the following equation:

Tn.L3

E= om0

@
Where, m is the gradient constant of the starting slope in the load-
deflection curve.

2.3.3. Buckling test

The buckling test was used to assess the stability of structural ma-
terials under compressive loads by identifying the ability to resist sud-
den deformation or collapse. The process provided important insights
into the buckling strength and structural integrity of slender compo-
nents, aiding design optimization and material selection. The test was
performed according to ASTM E2954 [31] using a 5kN Universal
Testing Machine. During the test, both ends of the specimen were rigidly
clamped, corresponding to a fixed-fixed end condition, in order to pre-
vent rotation and translational movement at the supports. The speci-
mens measuring 250 mm x 25 mm x 5 mm were axially compressed at
a crosshead speed of 3 mm/min. Three specimens were tested for each
composite type, and the average values were used for further analysis.

2.3.4. Morphological analysis

The fractured surface morphology of the hybrid denim/MF with
particle composite specimens was examined using a scanning electron
microscope (SEM, Thermo-Scientific Prisma E SEM 16.0). This analysis

offered detailed microstructural visualization to enable clearer inter-
pretation of the matrix-fiber interfacial behavior and bonding failure
mechanisms. The high-resolution imaging further showed a more uni-
form fiber distribution across the composite surface.

2.4. Vibration analysis

The vibrational behavior of the fabricated composite structures was
evaluated to determine their natural frequencies and damping ratios.
These parameters are critical for preventing resonance and for assessing
the material's ability to dissipate vibrational energy in dynamic appli-
cations. The vibration test was conducted in accordance with ASTM
E756-05 by exciting a beam specimen using an impact hammer (PCB
Model—-086C03), while the response was measured using a Piezotronic
accelerometer (PCB Model—352C33). The experimental setup for the
vibration test on the composite panel is shown in Fig. 2. The signals were
acquired using an NI-9250 data acquisition system and LabVIEW
software at a sampling rate of 52 kHz. Subsequently, the acquired time-
domain signals were transformed to the frequency domain using the Fast
Fourier Transform (FFT) in MATLAB to obtain the frequency response
and identify resonance peaks. The damping ratio was determined using
the Half-Power Bandwidth (HPBW) method by measuring the band-
width between the two half-power frequencies on either side of the
resonance peak.

_f-h
2fn

¢ )

where { is the damping ratio, f; is the natural frequency corresponding to
the resonance peak, and f; and f> are the lower and upper half-power
frequencies, respectively.

2.5. Flame retardancy test

The flame retardancy test was conducted to evaluate the resistance
and response of the composite materials under direct flame exposure.
This was achieved using two standard methods which were the Vertical
Burning Test (ASTM D3801 / UL 94) and the Horizontal Burning Test
(ASTM D635 / UL 94HB). The evaluation parameters included ignition
duration, burning length, and flame propagation rate which were
measured over controlled exposure times. The overall experimental
configuration for the flame retardancy test is shown in Fig. 3.
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Fig. 2. Vibration test configuration of composite panel.
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Fig. 3. Flame retardancy test configuration.

3. Results and discussion
3.1. Density and water absorption properties

The density value is the main indicator of mechanical performance in
most studies related to natural fiber composite materials. Baghaei et al.
[32] previously reported that the density range of the denim
fabric-reinforced composite was 1.36-1.43 g/cm®. Meanwhile, the
values for the hybrid composites developed in this study using MF and
epoxy (MF/E), denim, and particle fillers ranged from 1.122 to
1.196 g/cm?® . The trend reflects a consistent correlation between filler
addition and matrix compactness even though the value is slightly lower
than those in the MF/E composite.

The composite specimens have different density values depending on
the types of fillers and the combination as summarize in Table 3. An
increase in density was observed with the addition of SiO; particles in
MF/D/E/Sil, MF/D/E/Si2, and MF/D/E/Si3, reaching values in the
range of 1.163-1.189 g/cm®. The trend showed that the incorporation of

Table 3

Density of hybrid MF/D/E with different particle fillers loading.
No. Exp. Type of Composite Density (g/cm®)
1 MF/E 1.140
2 MF/D/E 1.122
3 MF/D/E/Sil 1.163
4 MF/D/E/Si2 1.166
5 MF/D/E/Si3 1.189
6 MF/D/E/MC5 1.166
7 MF/D/E/MC10 1.190
8 MF/D/E/MC15 1.196

SiO; led to a denser microstructure. The inclusion of MCA also resulted
in higher composite density compared to the unfilled counterparts, with
the density increasing from 1.122 g/cm?® for MF/D/E to 1.196 g/cm® for
MF/D/E/MC15, representing a 6.6% increase. These results indicate
that MCA addition contributed to improved compactness and overall
structural integrity of the composite.

The water absorption behavior of the composite specimens with
different filler additions is presented in Figs. 4(a) and 4(b). All the
specimens generally exhibited a rapid increase in water absorption
during the first 2-3 days of immersion followed by a gradual movement
towards saturation after approximately 10-12 days. The final water
absorption for the unfilled composites such as MF/E and MF/D/E
reached 6.38% and 6.27% respectively. Meanwhile, the incorporation of
SiOy particles into MF/D/E/Sil to MF/D/E/Si3 caused a consistent
reduction in the equilibrium water uptake. This was specifically
observed from the decrease in the saturation water absorption from
6.04% to 4.48% as the SiO, content increased from 1% to 3%. The
composite containing 3 wt% SiOp (MF/D/E/Si3) exhibited a 28.5%
reduction in water absorption compared to MF/D/E. The trend
confirmed that the hydrophobic SiO; particles effectively filled micro-
voids and strengthened the epoxy network to produce a more tortuous
diffusion pathway for water molecules. This was consistent with the
previous report of Gautam et al. [33] that the addition of nano-silica to
epoxy composites decreased water absorption by approximately 30%
mainly due to the improved cross-link density and reduced
micro-porosity within the matrix.

The comparison to composite specimens containing 15 wt% MCA
showed an equilibrium water absorption of 4.04% which corresponded
to a 35.5% reduction relative to MF/D/E. This was a sign that the MCA-
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Fig. 4. Percentage water absorption of hybrid MF/D/E with particle fillers: (a) MF/D/E/SiO, and (b) MF/D/MCA.

modified composite exhibited even greater moisture resistance than the
SiOo-filled version under the present conditions. The improved perfor-
mance of MCA was mainly due to the capability to provide a denser
interfacial region and strengthen the bonding between the epoxy matrix
and the fiber which assisted in minimizing the micro-void formation and
preventing water penetration.

3.2. Mechanical properties

Fig. 5 shows the tensile behavior of hybrid MF and denim fabric
composites containing SiO3 (a) and MCA (b). All the specimens exhibi-
ted typical nonlinear stress-strain curves of fiber-reinforced polymers.
This is because the stress—strain curves in both figures show an initial
linear region up to approximately 0.2% strain followed by a gradual
nonlinear increase until fracture. The linear segment represents the
elastic deformation zone where the relationship between stress and
strain follows Hooke’s law to determine the modulus of elasticity for the
composite. Beyond this region, the curves deviate from linearity to show
the onset of plastic deformation as local debonding and micro-slipping
occur between the fiber and the matrix.

The incorporation of denim fabric increased the elongation at break
from 0.87% for MF/E to 1.19% for MF/D/E, as summarized in Table 4,
indicating improved deformation capability. The SiO»-filled composites

25
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Eog | 7/ }

0 1 1 1 1

0 0.25 0.5 05 1 1.25 1.5
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exhibited elongation values ranging from 0.93% to 1.17%. Although
these values were slightly lower than those of MF/D/E at lower SiOg
loadings, the elongation remained comparable to the hybrid composite
without filler, particularly at 3 wt% SiO,. At the same time, the SiO5-
filled composites exhibited improved tensile strength and modulus,
suggesting that the incorporation of SiO; enhanced the mechanical
performance without substantially compromising the deformation
capability of the composites within the investigated filler range.

The MCA-filled composites exhibited the highest elongation values,
reaching 1.24% for MF/D/E/MC5 and remaining above 1.10% for all
MCA loadings. This indicates that MCA generally preserved the defor-
mation capability of the composites. However, increasing the MCA
content from 5 wt% to 15 wt% was accompanied by a gradual reduction
in tensile strength. This behavior may be associated with particle
accumulation at higher filler loadings, which can create localized stress
concentration sites and reduce the effectiveness of stress transfer within
the composite, thereby leading to a reduction in tensile strength [34,35].

The flexural stress-strain behavior in Fig. 6 shows that the hybrid
MF/D/E composite exhibits improved flexural strength and strain
compared to only MF/E. The trend is a reflection of enhanced load-
bearing capacity and ductility due to denim reinforcement. Fig. 6(a)
shows that the incorporation of SiO, fillers increased the flexural
strength at lower loadings of 1 wt% and 2 wt%. However, at a higher
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Fig. 5. Typical tensile stress-strain curve of hybrid MF/D/E with different particle fillers: (a) MF/D/E/SiO; and (b) MF/D/E/MCA.
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Table 4
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Summary of tensile, flexural and buckling properties of hybrid of MF/D epoxy composite with different particle fillers.

Type of Composite Tensile Strength (MPa) Elongation at break

Tensile Modulus

Flexural Strength (MPa) Flexural Modulus Buckling Critical Load (kN)

(%) (MPa) (MPa)
MEF/E 17.3+ 2.1 0.87 £ 0.084 2602.5 £+ 53.1 35.4+5.1 3273.7 + 243.6 1.47 £ 0.15
MF/D/E 19.4 + 0.5 1.19 + 0.018 2467.5 £104.7 48.2 £ 4.3 2735.3 £ 257.5 1.45 + 0.07
MEF/D/E/Sil 18.8 +£ 0.7 0.93 £+ 0.068 2754.4 £ 30.3 47.4 £2.0 3285.9 +£187.0 1.81 £0.15
MEF/D/E/Si2 19.2+1.1 1.03 + 0.108 2733.0 £ 107.1 46.6 £ 5.0 3558.1 + 294.7 1.76 +£ 0.07
ME/D/E/Si3 21.6 £ 0.5 1.17 £ 0.013 2725.9 £51.5 44.1 £3.2 3485.2 £ 84.2 1.68 +0.12
MF/D/E/MC5 221 +1.1 1.24 + 0.052 2727.9 £137 44.7 £5.2 3273.7 £ 243.6 1.68 £ 0.17
MEF/D/E/MC10 21.0+0.3 1.10 + 0.007 2803.6 £ 54.6 43.2 £ 4.6 3559.2 +£100.3 1.74 £ 0.13
MF/D/E/MC15 19.8 + 0.4 1.20 + 0.078 2615.2 +£110.6 429 +£1.7 3596.2 + 136.2 1.63 + 0.15
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Fig. 6. Typical flexural stress-strain curve of hybrid MF/D/E with different particle fillers: (a) MF/D/E/SiO2 and (b) MF/D/E/MCA.

loading of 3 wt%, a reduction in strength was observed, which may be
associated with reduced particle dispersion uniformity within the epoxy
matrix. This condition can disrupt matrix continuity and limit the
effectiveness of stress transfer, thereby reducing the flexural perfor-
mance. Fig. 6(b) signals that MCA-filled composite specimens exhibited
smoother and more ductile curves with 10% MCA achieving a balanced
combination of strength and flexibility [36].

Fig. 7 shows the axial load-displacement behavior of all composite
variants. The results showed that all specimens exhibited a typical
buckling response characterized by a rapid increase in load up to the
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critical buckling load, followed by a reduction in load-carrying capacity
during post-buckling deformation. The MF/E specimen exhibited an
abrupt loss of load-carrying capacity after reaching its peak load, indi-
cating limited post-buckling stability. In contrast, the hybrid and filler-
modified composites showed a more gradual reduction in load with
increasing displacement, suggesting an improved ability to sustain
compressive loading after buckling initiation. Among the SiOs-filled
composites, the highest critical load was obtained for MF/D/E/Sil
rather than MF/D/E/Si3, despite the latter exhibiting superior tensile
properties. This observation indicates that improvements in material
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Fig. 7. Axial load-load-displacement curves of hybrid MF/D/E with different particle fillers: (a) MF/D/E/SiO2 and (b) MF/D/E/MCA.
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strength and stiffness do not necessarily translate into proportional gains
in buckling resistance. A moderate SiOy loading appears to provide a
more favorable balance between stiffness and structural stability under
compressive loading. Similar behavior was observed for the MCA-filled
composites, where the highest buckling load was achieved at 10 wt%
MCA, while further filler addition produced only marginal improve-
ments in post-buckling performance. These results suggest that the
buckling behavior of the composites is governed not only by material
stiffness but also by their ability to maintain structural integrity and
redistribute stresses during post-buckling deformation.

The effect of hybrid MF/D with different particle fillers reinforced
epoxy composite specimens on tensile, flexural, and buckling properties
is summarized in Table 4. The tensile strength showed a clear
improvement trend with the incorporation of denim fibers and filler
materials. The reference composite (MF/E) exhibited a tensile strength
of 17.27 MPa while the hybrid MF/D/E fibers without fillers increased
the strength to 19.35 MPa as a representation of 12% improvement. This
increase was attributed to the load transfer capability provided by the
denim fiber reinforcement which effectively bridged stress between the
polymer chains and delayed crack propagation during tensile loading.

The introduction of SiO; nanoparticles at concentrations of 1-3%
further increased the tensile strength to 21.61 MPa at the highest con-
centration on specimen MF/D/E/Si3. This represented a 25.1%
improvement compared to MF/E and approximately 11.6% relative to
the hybrid MF/D/E. The increase is attributed to the strong interfacial
bonding and efficient stress transfer between the SiO, particles and the
epoxy matrix. SiO particles formed via sol-gel dispersed in epoxy act as
interlocking pins at the interphase, which increases the friction between
the fiber and the matrix and strengthens the interfacial adhesion [37].
The trend was consistent with the reports of previous studies that the
addition of 2-4% silica nanoparticles enhanced the tensile strength of
fiber-reinforced composites by approximately 20-30% [15,38].

Composite specimens containing MCA as a flame-retardant filler
showed a different trend by exhibiting a less consistent improvement.
The highest strength was observed in MF/D/E/MC5 at 22.05 MPa which
represented a 27.6% increase compared to MF/E but the strength
slightly decreased at higher concentrations with 19.82 MPa at MF/D/E/
MC15. This behavior showed that a moderate amount of MCA could
improve interfacial cohesion due to the fine dispersion and possible
hydrogen bonding with the polymer matrix. However, higher MCA
loadings such as 15 wt% may be associated with filler accumulation at
higher loadings, resulting in a less uniform matrix structure and reduced
interfacial compatibility, which can promote localized stress concen-
tration sites [35,39].

The tensile modulus results showed that hybridization with denim
fabric slightly reduced the composite stiffness from 2602 MPa for MF/E
to 2467 MPa for MF/D/E. This behavior may be associated with the
woven architecture of the denim reinforcement. The crimped yarn
structure requires an initial realignment during tensile loading, causing
part of the applied strain to be consumed in straightening the yarn un-
dulations before effective fiber stretching occurs, thereby reducing the
effective tensile modulus [40,41]. Moreover, the incorporation of SiOy
particles successfully counteracted the effect by increasing the modulus
up to 2754 MPa which was approximately 14% improvement compared
to MF/D/E. These results showed that the rigid SiO; particles effectively
enhanced matrix stiffness and promoted better stress transfer. This
enhancement can be attributed to the ability of SiO; particles to increase
the surface roughness of the fibers, thereby strengthening the mechan-
ical interlocking between the fibers and the matrix [42]. However, a
slight declination was observed at 3% concentration which reflected the
onset of particle crowding limiting additional modulus gains.

A similar behavior was identified in the MCA-filled composite
specimens where the modulus increased from 2728 MPa at MC5 to a
maximum of 2804 MPa at MC10 as a reflection of an improved inter-
facial adhesion and uniform particle dispersion at moderate loading.
Meanwhile, the modulus decreased to 2615 MPa at MC15, which may be
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associated with a less uniform particle distribution at higher filler con-
centrations that disrupted matrix continuity and reduced reinforcement
efficiency. Both SiO, and MCA successfully restored and enhanced the
stiffness lost during composite hybridization. SiOy provided steadier
improvements across concentrations while MCA exhibited a more pro-
nounced optimum effect at intermediate loading. These results showed
the importance of balancing filler content and dispersion quality to
optimize the tensile modulus of hybrid reinforced composites [15,43].

The hybridization of MF/E with MF/D/E increased flexural strength
from 35.4 MPa to 48.2 MPa, corresponding to a 36% increase. This in-
crease is attributed to the reinforcing role of denim fabric which im-
proves load-bearing capacity through structural contribution. However,
the enhancement is accompanied by a decrease in flexural modulus to
2735.3 MPa due to the inherent stretchability and compliant nature of
denim fabric, which tends to deform more under flexural stress. The
woven structure of denim allows for internal sliding and fabric
realignment during bending [44].

The incorporation of SiOy particle fillers restored and further
improved the modulus to a peak of 3558 MPa at a filler content of 3%
(MF/D/E/Si3). This enhancement reflected the stiffening capability of
rigid SiO5 particles which limited polymer chain mobility and reinforced
the matrix structure [45]. However, the flexural strength shows a slight
downward trend with increasing SiO, content from 1% to 3%, ranging
from 47.4 MPa to 44.1 MPa respectively. This decrease, which may be
associated with reduced dispersion uniformity at higher filler loadings
and localized stress concentrations that act as failure initiation sites
[46].

The MCA-filled composite specimens had a more stable mechanical
performance where the flexural modulus increased progressively from
3273 MPa at 5% MCA to 3596 MPa at 15% MCA to reflect a 31.5% gain
over the unfilled hybrid. The flexural strength decreased slightly with
increasing MCA content from 44.7 MPa to 42.9 MPa but the trend was
less drastic compared to the SiO; particle. This showed better compat-
ibility and dispersion of MCA within the matrix particularly at an in-
termediate loading (10% MCA) which achieved a favorable balance
between modulus with 3559 MPa and strength with 43.2 MPa.

Table 4 shows that the addition of SiO5 particles to the MF/D/E
matrix improves the critical axial load. The MF/D/E/Sil specimen
reached the highest peak at 1.807 kN, which was approximately a 23%
increase over the MF/E reference. The specimens with 2% and 3% SiO4
also showed enhanced performance of 20% and 14%, respectively,
reflecting increased stiffness and good dispersion of SiO; fillers, which
contributed to improved load transfer and local rigidity. However, the
slight reduction from 1 wt% to 3 wt% suggests that further increases in
filler content may result in excessive matrix stiffening and reduced strain
accommodation, thereby reducing the composite's ability to effectively
redistribute compressive stresses during buckling. MCA-filled composite
specimens exhibit improved critical loads compared to MF/E, with 10%
MCA achieving the highest value of 1.739 kN, which was an 18% in-
crease. The increases of 14% and 11% observed for MCA 5 wt% and
15 wt%, respectively, suggest that particle reinforcement was more
effective at intermediate filler concentrations. The bar chart emphasizes
that the hybrid composite without filler (MF/D/E) performs slightly
lower than MF/E, confirming that only denim fabric cannot improve
axial stability. Meanwhile, both SiO3 and MCA fillers enhanced buckling
resistance most effectively at controlled loadings to emphasize the role
of filler dispersion and interfacial bonding in axial load-bearing capacity
[47].

3.3. SEM morphology

Fig. 8 shows the surface morphology of tensile-tested specimens as
observed under SEM to study the failure mechanism. The SEM obser-
vations showed apparent variations in damage mechanisms and inter-
facial bonding quality in different composite types. The MF/E analysis
showed fiber pull-out and a relatively smooth epoxy matrix as dominant
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features, reflecting weak interfacial adhesion between the MF and the
resin in Fig. 8(a). Such extensive fiber pull-out indicates that the applied
tensile load could not be efficiently transferred from the matrix to the
reinforcement, which is consistent with the relatively low tensile and
flexural strengths of the MF/E composite. The fracture surfaces of the
hybrid MF/D/E showed a shift toward dominant denim fiber breakage,
accompanied by the presence of voids in Fig. 8(b). This morphology
indicates improved load transfer compared to MF/E, despite some in-
consistencies in resin impregnation. The increased tensile strength of
MEF/D/E relative to MF/E is consistent with SEM evidence of denim
fabric breakage, which shows the denim fabric's ability to enhance load
distribution. The improved fiber breakage behavior also suggests
stronger interfacial interactions between the reinforcement and the
epoxy matrix, contributing to the observed enhancement in flexural
strength of the hybrid composite. The trend was consistent with the
observation by Arshad et al. [48] that hybridizing weak fibers with
stronger fibers effectively redistributed mechanical loads.

More pronounced improvements were evident in the SiO,-filled
composites in Fig. 8(c) to (e), where the fracture surfaces display finer
particle dispersion, enhanced fiber-matrix interlocking, and fewer
voids. These microstructural features are consistent with the improved
tensile modulus and flexural strength, where the SiO, particles distrib-
uted around the fiber-matrix interface may have enhanced interfacial
adhesion. Nevertheless, even with mechanical stirring, partial nano-
particle agglomeration persisted at 2 wt% SiO,, underscoring the
limited dispersion efficiency in the epoxy matrix. The overall fracture
morphology remained comparatively uniform at 3 wt% SiO», indicating
a sustained interfacial-strengthening contribution from the filler,
although agglomerated regions likely diminished stress-transfer path-
ways and reinforcement efficiency by introducing localized stress con-
centrations. This limitation could be mitigated by combining
mechanical mixing with subsequent ultrasonication to promote more
homogeneous nanoparticle dispersion [49]. Meanwhile, the MCA-filled
composites exhibited a less uniform fracture morphology, particularly in
specimens containing 10 wt% and 15 wt% MCA. This condition coin-
cided with more extensive fiber pull-out and a less cohesive fracture
surface compared to the lower MCA loading. In contrast, the specimen
containing 5 wt% MCA exhibited a more homogeneous fracture surface
and improved fiber-matrix interaction, consistent with its superior
tensile strength. The results generally indicated that each particle filler
exhibited distinct characteristics. Increasing SiO, concentrations tended
to enhance interfacial bonding and mechanical integrity, whereas
higher MCA concentrations were associated with a less pronounced
improvement in mechanical performance. However, the reduction in
strength at higher MCA loadings was relatively moderate, indicating
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that MCA remains a viable additive when used within an appropriate
loading range.

3.4. Vibration behavior

Fig. 9 presents the vibration response curves of the composite panels
as a function of SiO, and MCA content. The dominant vibration mode
was observed at the second mode. The pure MF/E and hybrid MF/D/E
composites exhibited the same natural frequency of 174.1 Hz. However,
the hybrid composite showed a slightly lower spectral amplitude than
the pure MF/E composite, indicating a greater damping capability. This
behavior can be attributed to the inherent viscoelastic nature of the
denim fabric, which enhances internal energy dissipation and absorbs a
portion of the vibration energy during resonance [50,51]. The natural
frequencies of all hybrid composite specimens with filler particles also
decreased by approximately 3-11% compared to the panel without
fillers. This reduction in natural frequency may be associated with
changes in the composite's dynamic characteristics following filler
incorporation. In addition to increasing the composite mass, the fillers
may have enhanced internal energy dissipation and modified the
matrix's viscoelastic response, resulting in a lower natural frequency.
This result is consistent with previous studies reporting that particulate
fillers can modify the mass-stiffness balance and damping characteris-
tics of polymer composites, thereby influencing their vibration response
and natural frequency [52].

Fig. 10 compares the damping ratio (¢) of the MF/E, the hybrid MF/
D/E, MF/D/E/SiO,, and MF/D/E/MCA. The filler-free hybrid had the
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Fig. 10. Damping ratio of hybrid MF/D/E with different particle fillers.
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highest damping ratio (¢) of 0.0324 which represented an increase of
35.6% relative to the neat MF/E with 0.0239. This improvement sug-
gested that hybridizing MF with denim fabric promoted greater energy
dissipation possibly due to increased internal interfaces and interfacial
friction with mechanisms consistently identified in hybrid and other
plant-fiber composite systems [53].

The hybrids filled with SiO, particles had a progressive reduction in
damping ratio due to the increase in the filler content. The reduction
compared to the 0.0324 recorded for the filler-free hybrid was approx-
imately 12%, 20%, and 30% at 1%, 2% and 3% concentration respec-
tively. These results were consistent with the observation of Bozkurt
et al. [28] that the addition of SiO5 particles enhanced the damping ratio
at low concentrations of 0.5-1% but the effect was reversed at 1.5-2%.
The downward trend suggested that SiOy nanoparticles tended to
agglomerate and stiffen the matrix at higher loadings with subsequent
reduction in the ability of the composite to dissipate vibrational energy
via interfacial sliding and viscoelastic loss [54].

The damping ratios of 0.024, 0.0255, and 0.0302 recorded for MCA-
filled hybrids at 5, 10, and 15% respectively showed an initial decrease
of approximately 26% relative to the filler-free hybrid followed by a
substantial recovery at the highest loading which reached 25% from the
minimum point. This trend suggested that low to moderate MCA con-
tents tended to limit viscoelastic energy dissipation while higher con-
centrations restored and partially enhanced the damping ratio. The
hybridization generally increased damping performance compared to
the MF composite while the filler effect depended strongly on the type
and concentration. This was because SiO, tended to reduce damping at
higher loadings while MCA improved the value at higher concentrations.

3.5. Flame retardancy properties

The flame retardation of the composite was evaluated using vertical
and horizontal burning tests (UL—94 VB and HB) with the conditions of
the specimens during the test presented in Figs. 11 and 12. The vertical
test results showed that all the specimens ignited within the first 10 s of
flame exposure but no flaming drips were observed. The trend was a
reflection that the molten polymer remained stable and did not trigger
secondary ignition. The after-flame time also showed that all specimens
were in the non-rated UL—94 category even though the flame intensity
and propagation rate differed among different composite specimens.
The neat MF had the most aggressive flame spread with the burning zone
extending nearly across the entire specimen by 40 s while the addition of
fillers slowed the flame front progression.

The reduction in flame propagation observed for the SiO2-filled
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composites may primarily be attributed to the barrier effect of the
inorganic particles, which restricts heat transfer and suppresses the
diffusion of volatile combustible products from the matrix to the com-
bustion zone, as reported by Thenmozhi and Murugavel [55]. However,
increasing the SiOy content beyond 2 wt% provided only a limited
additional benefit, suggesting that the barrier layer's effectiveness
reached a relatively stable level within the investigated loading range.
Meanwhile, the MCA-filled composites exhibited a progressive reduc-
tion in flame propagation with increasing filler content.

The horizontal burning results further supported the behavior with
the neat MF/E specimen having the highest burning rate of 20.45 mm/
min as a confirmation of its low resistance to horizontal flame propa-
gation. The incorporation of denim fibers reduced the burning rate to
15.79 mm/min which was a 22.8% improvement associated with the
char-forming ability of cellulose to enhance thermal insulation and limit
lateral heat diffusion. SiOy-filled hybrids showed only modest variations
in burning rate (14.75-15.63 mm/min), with the lowest value observed
at 2 wt% SiOs, corresponding to a 27.9% reduction relative to MF/E.
The slight increase at 3 wt% suggested that excessively rigid particulates
could disrupt char continuity and reduce the shielding efficiency.

MCA provided the most substantial improvement with the burning
rates decreasing to 15.10 mm/min (5 wt%), 13.55 mm/min (10 wt%),
and 10.98 mm/min (15 wt%) which represented 26.2-46.3% enhance-
ment compared to neat MF/E. The results were consistent with the
flame-retardant mechanism of MCA which required endothermic
decomposition, the release of inert nitrogen gases, and the formation of
an expanded intumescent char layer effectively hindering heat transfer
and flame propagation [56]. The thicker and more cohesive char
observed at higher MCA loadings was very important in reducing the
horizontal burning rate. Despite the reduced burning rate achieved with
MCA, all specimens remained non-rated in the UL—94 test due to the
highly combustible nature of the mesocarp fiber and cotton-based denim
reinforcement. Although MCA enhanced char formation, the maximum
loading of 15wt% was insufficient to achieve self-extinguishing
behavior. Future studies should explore higher MCA loadings or syner-
gistic flame-retardant systems to further improve fire performance.

4. Conclusion

In conclusion, this study showed that hybridizing MF composite with
denim fabric and incorporating SiO5 and MCA particulate fillers led to
improvements in the physical, mechanical, vibration, and flame-
retardant performance. The density of all hybrids increased with filler
addition to confirm enhanced matrix compactness. Water absorption
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Fig. 11. Image captured from the UL—94 vertical burning test.
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Fig. 12. Burning behavior of mesocarp/denim/particle composite in UL—94 HB test: (a) image captured after 2 min and (b) burning rate.

also decreased by up to 28.5% for SiO, and 35.5% for MCA due to
reduced micro porosity and improved interfacial sealing. Moreover, the
mechanical characterization of the hybrid MF/D/E composite showed
improved tensile and flexural strength compared to the pure MF/E
composite as a reflection of more efficient load transfer enabled by
denim reinforcement. An increase in SiOy content at 1-3 wt% steadily
led to an improvement in the density, reduction in water absorption by
up to 28.5%, as well as an enhancement of tensile and flexural modulus
due to the rigid, well-dispersed nanoparticle structure. SiO, particles
also improved buckling resistance and provided moderate flame-
retardant benefits. However, higher SiOy loading tended to reduce
ductility and damping ratio, which was consistent with increased matrix
stiffening at elevated filler contents. Moderate MCA contents of 5-10 wt
% enhanced tensile strength, modulus, and buckling load through
improved reinforcement efficiency. The 15 wt% MCA formulation
increased density, reduced water absorption by 35.5%, enhanced
damping ratio, and provided the greatest improvement in flame
retardancy. However, excessive MCA loading may promote particle
agglomeration, resulting in lower tensile and flexural strengths than
with intermediate filler contents. MCA particles in MF/D/E composites
at 10-15 wt% reduced the horizontal burning rate by up to 46.3%;
however, all specimens remained in the UL—94 non-rated category
during vertical burning tests. Although the results exhibited clear and
consistent trends, the present study was limited to three replicate
specimens per testing condition. These results confirmed that hybridi-
zation and appropriate filler selection can effectively tailor the multi-
functional properties of natural fiber composites for indoor structural
applications requiring moderate flame-retardant performance.
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