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ABSTRACT: The two distinct types of composite materials (5% to 10%) were developed using recycled polyvinyl
alcohol fiber (RPA), silicon nitride fiber (SN), and reduced carbon nanoparticles (RCN). Enhanced microstructural
properties and mechanical strength were attained through the application of the 3-glycidoxypropyltrimethoxysilane
coupling method. The combination of the resin-like properties of RPA-SN fiber resulted in the formation of robust
outer strength and a high bonding structure. RPA-RCN composite materials with a weight percentage of 10% exhibited
a tensile strength of 42 MPa. In contrast, RPA-SN-RCN composite materials containing 5% to 10% demonstrated
enhanced tensile, bending, and hardness properties. Pyramid structures, solid structures, and crystal phases were
formed using RCN particles. The resin and silane properties on hardness were gradually 14% increasing the outside
region, whereas RPA-SN-RCN (10 wt%) on average hardness were attained at 86 (Shore-D). The microstructures on
RPA-RCN (5% to 10%) samples were observed solid structure, twin boundary’s structure and lattice structure. The
tensile strength of RPA-SN-RCN (10%) was 67.3 MPa, whereas the impact strength of RPA-RCN (10 wt%) was 53 J/mm2.
The scanning electron microscopies (SEM) were used to investigate the microstructure of the RPA-SN-RCN (5%) and
RPA-SN-RCN (10%) composite materials, respectively.

KEYWORDS: Recycled polyvinyl alcohol fiber; silicon nitride fiber; reduced carbon; microstructure; mechanical
properties

1 Introduction
The growing emphasis on sustainable development and ecological responsibility has driven increasing

interest in using recycled materials in composite manufacturing [1]. The accumulation of textile, plastic,
and fibre-based wastes presents severe environmental challenges, including landfill overflow and greenhouse
gas emissions. To mitigate these effects, embedding recycled fibres into polymer composites offers an eco-
friendly route to reduce raw material demand, lower costs, and promote circular economy principles [2,3].

Recycled polyvinyl alcohol (PVA) fibres are gaining attention for their biodegradability, strength, and
recyclability [4]. When added to polymer matrices, they improve sustainability while enhancing tensile,
flexural, and impact properties [5]. In cementitious composites, PVA fibres control cracks and increase
ductility and fatigue resistance [6]. In polymer composites, they provide toughness, tear resistance, and
cost-effective reinforcement [7]. Recently, Ram et al. [8] reported that recycled polyvinyl alcohol (PVA)

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/JPM
https://www.techscience.com/
https://doi.org/10.32604/jpm.2026.075026
https://www.techscience.com/doi/10.32604/jpm.2026.075026
mailto:subashmat25@gmail.com


2 J Polym Mater. 2026;43(1):18

fibers exhibit tensile strength between 400–600 MPa and modulus of 12–15 GPa, with water solubility
improving interfacial bonding in cementitious and polymer composites. However, recycled fibres may
face issues like contamination, reduced aspect ratio, and residual material. Treatments such as washing,
surface modification, coupling agents, and optimised fibre dispersion can restore performance close to virgin
PVA fibres.

Silicon nitride (Si3N4) fibre as reinforcement offers significant promise due to its excellent mechanical,
thermal, and chemical properties [9]. Its high tensile strength, toughness, thermal shock resistance, low ther-
mal expansion coefficient, and stability at elevated temperatures make it suitable for composite applications
under demanding conditions [10,11]. Si3N4 fibre-reinforced epoxy composites have shown improvements in
hardness, tensile strength, wear resistance, and high-temperature performance. Functionalization of Si3N4
fibres has been used to improve adhesion with the polymer matrix; for instance, silane coupling agents
can improve resin/fibre interface bonding, translating into enhanced load transfer and superior mechanical
behaviour [12]. Recently, Kumar et al. noted that silicon nitride fibers possess high hardness (15–18 GPa) and
fracture toughness of 6–8 MPa⋅m1/2, along with chemical stability and resistance to oxidation up to 1200○C,
making them excellent reinforcements in structural composites [13].

Alongside fibre reinforcements, carbon-based nanomaterials, especially reduced carbon nanoparticles
are increasingly being used in polymer composites to improve electrical, thermal, and tribological prop-
erties [14]. Reduced carbon nano-fillers can enhance stiffness, wear resistance, and friction performance
while maintaining low density [15]. Their large surface area enables strong interfacial interactions if well
dispersed, though challenges such as agglomeration, poor wetting, and stress concentration need to be
considered [16,17]. In epoxy and thermoset composites, small loadings of reduced carbon nanoparticles
improve conductivity and wear resistance; higher loadings can also lead to increased stiffness and thermal
conductivity [18,19]. Sharma et al. demonstrated that reduced carbon nanoparticles such as reduced graphene
oxide and carbon black enhance polymer matrices with tensile strength increases of 20%–35% and thermal
conductivity up to 3–5 W/m⋅K, while also offering corrosion resistance due to high chemical inertness [20].

However, the base polymer composite properties can still be limited by surface interactions, environ-
mental degradation, and wear when exposed to frictional or hostile environments [21]. Coating polymer
composites using standard dipping, spray, or chemical vapour deposition methods has been adopted as a
strategy to protect composite surfaces and improve durability [22,23]. Surface coatings can impart enhanced
hardness, reduce moisture ingress, improve abrasion resistance, and extend service life while retaining the
composite’s bulk properties [24]. Standard dipping methods are advantageous for their simplicity, uniform
coverage, and low equipment cost, but issues such as coating adhesion, thickness uniformity, and long-term
durability under dynamic loads remain to be fully understood. Lee et al. highlighted that coating methods
like dip-coating and plasma spraying improve wear resistance by up to 40%, hardness by 20%–25%, and
reduce friction coefficient from 0.6 to 0.2, thereby extending the life of composite materials [24].

Despite notable progress in polymer composite research, a significant gap remains in the literature.
Most existing studies focus either on single reinforcements or limited hybrid combinations, while the impact
of coating methods, particularly standard dipping on microstructure and mechanical behaviour is rarely
explored. To overcome these limitations, the present work introduces a novel composite reinforced with
recycled PVA fibres, silicon nitride fibres, and reduced carbon nanoparticles, with a standard dipping coating,
targeting enhanced dynamic properties and sustainable, high-performance applications.
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2 Materials and Methods

2.1 Materials and Methods
Recycled polyvinyl alcohol fiber (RPA) was utilized as the primary reinforcement, isolated from

industrial-grade polymer residues and subjected to surface cleaning before drying. The reinforcing fillers
comprised silicon nitride (SN) fibers and reduced carbon nanoparticles (RCN), which were procured from
certified chemical suppliers. The process involved the creation of recycled polyvinyl alcohol fiber and silicon
nitride fibers by first separating the fiber layer and then subjecting it to a 24-h alkali treatment, followed by
drying in sunlight. RPA was chosen for its resin-like toughness and high bonding capability when integrated
with nanoparticles and ceramic fibers. Silicon nitride fibers, with an average diameter of 30 nm and a
density of 3.2 g/cm3, offered excellent crystalline stability and hardness enhancement to the composite.
Reduced carbon nanoparticles, with an average particle size of 20 nm and density of 5.22 g/cm3, exhibited
hexagonal lattice bonding, enabling superior outer strength and solid phase formation within the matrix.
These reinforcements were blended with epoxy resin (LY556) and hardener (HY951), which served as the
binding matrix. A silane coupling agent, 3-Glycidoxypropyltrimethoxysilane, in the range of 20%, was
used to improve the fiber–matrix interfacial adhesion and surface bonding. In order to enhance both the
outer surface layer and the inside region of the composite materials, the standard dip coating method was
implemented. The implementation of the 100 dipping was carried out on the surface of the composite. To
minimize voids and bubble formation, composite samples were fabricated with controlled filler contents
of 5%–10% (RPA, SN, and RCN in varying proportions). Two distinct sets of composites were prepared:
RPA–RCN and RPA–SN–RCN. The former enhanced tensile and impact strength, while the latter improved
hardness, bending resistance, and microstructural stability. The fabricated specimens were subsequently
subjected to microstructural and mechanical characterizations. The schematic representation of the current
research work is depicted in the Fig. 1.

Figure 1: Schematic illustration of the methodology adopted in the present research work.
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2.2 Microstructure and Mechanical Properties
The fabricated RPA–SN–RCN and RPA–RCN nanocomposites were subjected to detailed microstruc-

tural and mechanical investigations. The detailed material composition is listed in Table 1. For
microstructural observations, square samples with dimensions of 10 mm × 10 mm × 5 mm were prepared
and analyzed under scanning electron microscopy (SEM) at a magnification of 500×. SEM micrographs
provided insight into fiber–matrix interfacial bonding, crack propagation, and the dispersion of RCN and SN
within the resin-rich regions. Distinct structural morphologies such as lattice formations, solid phases, and
twin boundaries were identified, particularly in RPA–RCN (5%–10%) and RPA–SN–RCN (10%) composites,
corroborating the solid phase construction described in the abstract.

Table 1: Specimen code and its composition.

Specimen code Composition code Composition materials
1. RPA-RCN 95%RPA-RCN (5%)
2. RPA-RCN 90%RPA-RCN (10%)
3. SN-RCN 95%SN-RCN (5%)
4. SN-RCN 90%SN-RCN (10%)
5. RPA-SN-RCN 95%RPA-SN-RCN (5%)
6. RPA-SN-RCN 90%RPA-SN-RCN (10%)

Mechanical testing was conducted following ASTM standards to ensure accuracy and reproducibility.
Tensile strength was measured using an Instron universal testing machine at a crosshead speed of 1
mm/min. The test specimens had dimensions of 175 mm × 25 mm × 5 mm in accordance with ASTM
D3039. Three-point bending tests were carried out on samples of 125 mm × 12.7 mm × 3 mm, following
ASTM D790 guidelines, to evaluate flexural resistance and fracture behavior. The results indicated that
higher RCN content enhanced tensile and impact strength, while SN incorporation significantly improved
bending performance.

Surface hardness of the composites was evaluated using a Shore-D durometer. Measurements were taken
along the outer surface layer with a dwell time of 15 s, and indentations were made at 0.50 mm intervals.
The highest average hardness value, 86 Shore-D, was recorded for RPA–SN–RCN composites with 10%
reinforcement, confirming the improved surface bonding and rigidity imparted by silane treatment and
nanoparticle reinforcement.

3 Results and Discussion

3.1 Microstructure Studies
As depicted in the Fig. 2, the microstructure made it evident that the RC nanoparticle and RPA fiber

were directly mixed with the resin, while the outer layers’ strength and bonding qualities were progressively
improving [3,4]. The silane characteristics helped to strengthen the connection and prevented the inner
and outer layers from developing holes, cracks, or dimples. The elongation ratio, hardness value, and
microstructure of the RPA-RCN (5%) samples all abruptly increased. Better microstructure and bonding
qualities were achieved by the RPA-RCN (10%) composite samples, whereas the inner layer’s crystal structure,
homogenous structure, and twin fiber boundaries structure all exhibited microstructure characteristics.
By improving the density of the resin and silane characteristics, the SN-RCN (5%) composite material
on silicon nitride fiber significantly improved the outer surface region and prevented fractures, holes,
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and dimples. The inner surface layer of SN-RCN (10%) composite materials with silane characteristics
showed yield strength, high hardness value, and strong bonding strength, while the microstructure made it
evident that the twin boundaries structure, coarse structure, and lattice structure were present [12]. When
carbon nanoparticles were directly mixed with RPA-SN-RCN (5%) composite materials, the mechanical
characteristics and bonding strength were significantly amended. Better elongation ratio, yield strength, and
bonding characteristics of the inner layer were achieved by RPA-SN-RCN (10%) composite materials within
silane properties, while the hardness value and microstructure characteristic of the outer surface region were
steadily increased by the silane process [21–23].

Figure 2: (Continued)
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Figure 2: (a–e) SEM images illustrating the interfacial bonding characteristics and micro structural integrity of the
fabricated RPA–SN–RCN composite materials.

3.2 XRD Analysis
The XRD results distinctly demonstrated that the Recycled polyvinyl alcohol fiber (RPA) and silicon

nitride (SN) fibers were predominant in the composite materials, while the RC nanoparticles contributed
significantly to enhancing the microstructure and mechanical properties as shown in Fig. 3. The XRD
pattern of the RPA-RCN composite materials indicated a slight increase in bonding strength and hardness
values, which was evident in both the outer and inner surface regions. The XRD peaks observed for the
RPA-RCN composite were (111), (200), and (222), indicating an enhancement in structural strength and
mechanical properties. The XRD peak angle range for SN-RCN composite materials samples was observed
between 35○ and 45○ angle. The (111) and (222) peaks were reinforcing the SN-RCN composite materials.
The incorporation of silicon nitride fiber and reduced carbon nanoparticles exhibiting silane characteristics
was enhancing the hardness value and structural integrity. The major peaks of the RPA-SN-RCN composite
materials were observed at angles of 45○, 53○, and 76○ in the outer surface region, with the 45○ and 53○ peaks
being more pronounced in the RPA-SN-RCN composite. The FTIR peak locations in the RPA-SN-RCN
composite materials were observed in the inner layer. The FTIR spectrum was discerned within the range of
4000 to 500 cm−1. The fiber and nano particles was increasing the inner bonding strength and mechanical
properties as shown in Fig. 3. The O-H-H stretching of bonding strength was seen at the peak position of
3737.79, while the pyramid structures and secondary’s fiber were observed to reflect into the inner area at
the peak positions of 1511.12 and 1338.51, respectively, as shown in Table 2. The peak position of 766.65 will
enhance the homogeneous structure and increase the strength of the composite materials.
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Figure 3: (a) XRD and (b) FTIR image of interfacial bonding characteristics and micro structural integrity of the
fabricated RPA–SN–RCN composite materials.

Table 2: FTIR peak locations and distributions of chemical stretching.

Peak Positions (Wave Number (cm−1)) Distributions
3737.79 O-H-H stretching of bonding strength (Fiber particle)
1511.12 CH-H stretching of pyramid structures
1338.51 OH-H stretching of secondary’s fiber
982.66 C-OH stretching of crystal structure
766.65 O-CH stretching of homogenous structure

3.3 Tensile Strength
High yield strength, elongation ratio, and yield point were required to achieve the tensile strength of

RPA-SN-RCN particle composite materials, whereas rapid fracture morphological growth was eminent [6,7].
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The tensile strength of RPA-RCN (5%) composite materials with silane properties was 34.6 MPa, whereas the
yield point and ductility strength were abruptly increased by reduced carbon nanoparticles and silane quali-
ties as illustrated in the Fig. 4. The tensile strength of the RPA-RCN (10%) nanoparticle mix resin composite
materials was 38.9 MPa. Recycling-polyvinyl alcohol fiber and silane characteristics were enhancing the
inner region’s primary phase and lattice structure [11–13]. The tensile strength of the SN-RCN (5%) composite
materials was 35.4 MPa, while the ultimate strength, micro structure, and hardness value were enhanced by
the resin, silicon nitride fiber, reduced-carbon nanoparticle, and silane characteristics. The tensile strength of
the SN-RCN (10%) composite materials was 41.5 MPa, while the bonding characteristics were enhanced and
silane qualities predominated on the outer surface region [19,20]. The tensile strength of the RPA-SN-RCN
(5%) composite materials was 54.9 MPa, whereas the mechanical strength and outer surface region of the
RCN particle, RPA fiber, and silane characteristics abruptly increased. The RPA-SN-RCN (10%) composite
materials reached 62.5 MPa, while the yield strength, ultimate point, and outer surface strength increased
due to the characteristics of reduced carbon nanoparticles, resin, and silane. The finite element analysis
methods have been consistently applied under tensile load in the composite structure, while a mesh size
of 200 was progressively divided among the larger particles and structural strength. The tensile load on
composite materials reached a minimum of 33.7 MPa, and this load did not impact the structure of the outer
grain boundaries, whereas 48.0 MPa on tensile load resulted in a slight collapse of the outer surface region.
When the stress reached 63 MPa, the experimental and finite element results were more in line with each
other. The simulation findings were directly fitted to the coarse grain boundaries structure, fine structure,
and lattice structure. The RPA-SN-RCN (10%) composite materials’ tensile strength, as determined by the
finite element modelling approach, was 63 MPa. The bonding strength and microstructure were progressively
increased by the yield strength and elongation ratio [22,23].

Figure 4: (Continued)
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Figure 4: (a–c) Finite element simulation of the composite model under tensile loading, (d, e) illustrating stress
distribution and correlating with the experimental results on the tensile behavior of the fabricated composites.

3.4 Flexible Strength
To increase the mechanical strength and outside surface area, three-point flexible strength testing was

conducted using recycled polyvinyl alcohol fiber, silicon nitride fiber, and reduced carbon nanoparticles.
While recycled polyvinyl alcohol fiber and reduced carbon fiber increased bonding strength and outer
surface by silane characteristics, the RPA-RCN (5%) composite materials reached 39.7 MPa for flexible
strength. The elongation ratio, yield strength, and bonding properties were all steadily refining with the
addition of 5% to 10% of (RCN) nanoparticles and fiber (RPA). The flexible strength of RPA-RCN (10%)
composite materials was 43.2 MPa [17,18]. The silane characteristics of the SN and RCN (5%) composite
materials resulted in a flexible strength of 41.3 MPa as shown in the Fig. 5. The SN fiber and RCN (10%)
particle were directly supported in terms of inner bonding qualities and flexible strength. Fiber content was
progressively increasing the yield strength and elongation properties; while 10% lower carbon nanoparticle
and silane characteristics were boosting the strength and bonding capabilities. The SN-RCN (10%) composite
material’s flexible strength was attained at 44.9 MPa. The RPA-SN-RCN (5%) composite materials’ flexible
strength was 60.8 MPa, with the outer surface region being more dominated by RPA fiber and carbon
nanoparticles. The use of finite element methods have been methodically utilized under compressive load
to evaluate plastic properties, with a mesh size of 200 being progressively subdivided to accommodate
larger dimensions and structural strength considerations. The flexural load applied to composite materials
resulted in a minimum strength of 23.5 MPa, with no damage detected on the outer surface region or inner
boundaries. A flexural load of 63.7 MPa resulted in a minor crack of both the inner and outer surface
regions. The RPA-SN-RCN (10%) composite material’s flexible strength was 64.6 MPa, while its hardness
value, mechanical strength, and microstructure improved when compared to 5% [4,5]. In order to increase
the mechanical strength and elongation ratio, the RPA and SN fiber content did not collapse the outer surface
region and bonding strength. The flexural strength of RPA-SN-RCN (10%) composite materials was 66.7 MPa
according to the finite element modelling method, while the flexible strength was 64.6 MPa [1].
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Figure 5: (a–d) Finite element simulation of the composite model under flexural loading, depicting stress distribution
and deformation behavior consistent with experimental bending test results.

3.5 Impact Strength
The bonding strength of the composite materials was strengthened by silane characteristics employing

recycled polyvinyl alcohol fiber, silicon nitride fiber, and (5% to 10%) reduced carbon nanoparticles.
While RPA fiber and nanoparticles were lowering the abrupt impact load, the RPA-RCN (5%) composite
material achieved an impact strength of 24.7 J/m2 as depicted in the Fig. 6. The RPA fiber’s microstructure
revealed that the outer surface region’s twin boundaries, secondary structure, and primary phase had all
improved [3,4]. The impact strength of the RPA-RCN (10%) composite material was 26.9 J/m2, while the
bonding and impact strengths increased with 10% as compared to 5% nanoparticles. SN fiber and silane
characteristics were abruptly observed to have an impact strength of 26.8 J/m2 for the SN-RCN (5%)
composite material [3]. However, RCN nanoparticles did not sustain the inner and outer layers [19]. The
impact strength of the SN-RCN (10%) composite material was 29.4 J/m2, with the bonding strength, outer
strength, and hardness value being increased by the SN fiber, resin, and nanoparticles [6]. The impact
strength of the RPA-SN-RCN (5%) composite material was 34.7 J/m2, although the secondary phase, lattice
structure, and primary phase were formed by the RPA fiber, SN fiber, and RCN nanoparticle [7]. The impact
strength of the RPA-SN-RCN (10%) composite materials was 37.5 J/m2, while the bonding and outer strength
were improved by the 10% lower carbon nanoparticle and fiber content [9].
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Figure 6: Experimental results showing the impact strength of RPA–SN–RCN composites at varying reinforcement
contents.

3.6 Hardness Value
The hardness value of recycled polyvinyl alcohol fiber, silicon nitride fiber, and reduced carbon

nanoparticles increased as depicted in the Fig. 7. Nanoparticles increased the bonding characteristics and
outer strength by 10% to 5%. The silane characteristics of the RPA-RCN (5%) composite materials were
found to be improving the outer surface layer’s hardness value at 64 D. The hardness values of the inner and
outer surface layers were progressively raised by the 10% addition of RC nanoparticles and RPA fiber [19].
At 74 degrees, the RPA-RCN (10%) composite materials were obtained [23]. The hardness value of 68 D
was evidently seen for the SN fiber, silane, and RC nanoparticles in the SN-RCN (5%) composite material.
5% of nanoparticles were directly supporting the outer surface, and the silane characteristics prevented
the inner layer from cracking, getting holes, or dimpled [17]. The hardness value of the SN-RXN (10%)
composite material was reached at 79 D. The lattice phase of the outer surface, bonding structure, and
homogenous structure were all improved by the SN fiber on the microstructure. The RPA-SN-RCN (5%)
composite material had a hardness value of 81 D, while the outer boundaries structure’s microstructure and
outer strength were being enhanced by RPA and SN fibers. The silane characteristics of the RPA-SN-RCN
(10%) composite material led to a hardness value of 88 D. In order to directly support the outer surface region,
the silane characteristics, resin, and 10% nanoparticle were enhancing the bonding strength, yield point, and
elongation [24].
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Figure 7: Experimental results showing the hardness value of RPA–SN–RCN composites at varying reinforcement
contents.

3.7 Finite Element Simulation
A finite element simulation (FEA) was carried out to validate and predict the mechanical response

of the recycled polyvinyl alcohol fiber (RPA), silicon nitride fiber (SN), and reduced carbon nanoparticle
(RCN) reinforced composites. The experimental material properties, including tensile strength, hardness,
and elastic modulus, were integrated into the computational model to ensure accuracy [14]. The model
geometry, as shown in Fig. 8, was discretized using a structured meshing approach to capture localized stress
and deformation behavior under external loading conditions [21,22].

The loading scenario was applied at the central region, represented by the green arrow, while the
boundary conditions were imposed on the supporting wheels and rim. The color contour map illustrates the
distribution of von Mises stress across the composite structure, ranging from a minimum of 0 MPa (blue) to
a maximum of 154.214 MPa (red). The simulation revealed that the highest stress concentrations occurred
in the central region near the applied load and at the fiber–matrix interaction zones [4]. Meanwhile, the
outer rim and wheel supports demonstrated lower stress levels, highlighting effective load transfer within
the composite material system [11].

The inclusion of RCN and SN fibers improved stress distribution by reducing localized peaks, thus
enhancing structural stability [8]. The observed deformation patterns confirmed that the hybrid composites
resisted bending and crack propagation more effectively compared to single-reinforcement composites.
These findings are consistent with the experimental results, where RPA–SN–RCN (10%) composites achieved
superior tensile and hardness values. Therefore, the FEA results strongly support the experimental outcomes
by demonstrating improved load-bearing capacity and structural reliability [13].
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Figure 8: Stress contour plot (a–c) obtained from finite element analysis of RPA–SN–RCN composites under loading,
showing stress concentration zones at the central region.

4 Conclusion
The present investigation successfully demonstrated the influence of recycled polyvinyl alcohol fiber

(RPA), silicon nitride fiber (SN), and reduced carbon nanoparticles (RCN) on the microstructural devel-
opment and dynamic mechanical performance of composite materials prepared by the standard dipping
and silane-assisted coating process. The experimental results revealed that the inclusion of hybrid rein-
forcements significantly enhanced the tensile, flexural, impact, and hardness properties compared to
single-reinforcement systems. Among the tested samples, the RPA–SN–RCN (10 wt%) composite exhibited
the highest mechanical performance, attaining tensile strength of 62.5 MPa, flexural strength of 64.6 MPa,
impact resistance of 37.5 J/m2, and hardness of 88 (Shore-D). This superior performance is attributed to the
synergistic effect of SN fibers and RCN particles, which contributed to strong interfacial bonding, refined
microstructures, and effective crack arresting mechanisms. The microstructural observations confirmed the
presence of solid phases, lattice structures, and secondary crystalline boundaries, all of which improved
load transfer across the fiber–matrix interface. The gradual increase in hardness with silane-assisted surface
modification also highlighted the importance of resin–silane interactions in reinforcing the outer composite
layers. Comparatively, single reinforcement systems such as RPA–RCN (10 wt%) achieved modest improve-
ments, while hybridized RPA–SN–RCN composites demonstrated clear dominance across all mechanical
indices. The finite element simulation (FEA) further validated these experimental findings by predicting
stress distribution and deformation behavior under applied loads. The color contour mapping revealed
maximum von Mises stresses of 154.214 MPa in the central loading zone, while the hybrid composites
exhibited uniform stress dispersion and reduced localized stress peaks. This indicated effective reinforcement
synergy, which enhanced bending resistance and suppressed crack propagation.

Overall, the integration of RPA, SN, and RCN in optimal proportions provides a sustainable and high-
performance composite system. Both experimental and simulation results confirm that the RPA–SN–RCN
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(10 wt%) composite offers the best balance of strength, toughness, and hardness, making it a promising
candidate for structural and functional applications.
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