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Abstract

Hybrid reinforced polymer matrix composites have emerged as promising materials for advanced engineering applications due to their ability to combine the
advantages of multiple reinforcement systems. In this study, a comparative analysis of glass fiber, jute fiber, and hybrid (glass—jute) reinforced epoxy composites
were carried out to evaluate their mechanical and thermal performance. The composites were fabricated using the hand lay-up technique followed by compression
molding. Mechanical properties, including tensile strength, flexural strength, and impact resistance, were evaluated in accordance with ASTM standards, while
thermal stability was analyzed using thermogravimetric analysis (TGA). The results revealed that glass fiber composites exhibited superior tensile and flexural
strength, whereas jute fiber composites showed enhanced impact resistance due to their ductile nature. Notably, the hybrid composites demonstrated a balanced
and improved performance, achieving significant enhancements in strength, stiffness, and thermal stability compared to natural fiber composites. The synergistic
interaction between natural and synthetic fibers contributed to improved stress transfer, delayed crack propagation, and enhanced thermal resistance. The study
concludes that hybrid reinforcement is an effective strategy to optimize the overall performance of polymer matrix composites, making them suitable for
applications in automotive, structural, and lightweight engineering sectors.
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1. Introduction

Polymer matrix composites (PMCs) have become increasingly important in modern engineering applications due to their superior strength-to-weight ratio,
corrosion resistance, ease of fabrication, and design flexibility. These materials are widely used in sectors such as automotive, aerospace, marine, and construction
industries, where lightweight and high-performance materials are essential. Traditionally, synthetic fibers such as glass and carbon have been extensively used
as reinforcements in polymer matrices to enhance mechanical properties. Among these, glass fiber-reinforced polymers are particularly popular due to their high
strength, stiffness, and cost-effectiveness [1]. In recent years, there has been a growing interest in the use of natural fibers such as jute, sisal, hemp, and flax as
reinforcement materials. Natural fibers offer several advantages, including low density, biodegradability, renewability, and reduced environmental impact.
However, despite these benefits, natural fiber-reinforced composites often exhibit limitations such as lower mechanical strength, higher moisture absorption, and
variability in properties due to their biological origin. These drawbacks restrict their application in high-performance structural components [2]. To overcome
these limitations, hybrid reinforcement has emerged as a promising approach in composite material design. Hybrid composites combine two or more types of
fibers typically natural and synthetic within a single polymer matrix to achieve a balance between performance, cost, and sustainability. The incorporation of
synthetic fibers improves strength and stiffness, while natural fibers contribute to toughness, energy absorption, and eco-friendliness. This synergistic interaction
between different reinforcements can lead to enhanced overall performance compared to single-fiber composites [3]. Several studies have reported improvements
in mechanical and thermal properties through hybridization. The presence of multiple reinforcement phases enhances stress distribution, reduces crack
propagation, and improves interfacial bonding between fibers and matrix. Additionally, hybrid composites demonstrate improved thermal stability due to the
inclusion of thermally resistant synthetic fibers. However, the performance of hybrid composites depends on several factors, including fiber type, stacking
sequence, volume fraction, and fabrication technique. Therefore, a systematic comparative analysis is necessary to understand the influence of hybrid
reinforcement on composite behavior [4]. In this context, the present study aims to investigate the mechanical and thermal performance of polymer matrix
composites reinforced with glass fiber, jute fiber, and their hybrid combinations. The composites are fabricated using the hand lay-up technique, and their tensile,
flexural, and impact properties are evaluated according to standard testing procedures. Thermal behavior is analyzed using thermogravimetric analysis (TGA)
to assess degradation characteristics. The objective of this work is to identify the effectiveness of hybrid reinforcement in enhancing composite performance and
to determine the optimal combination for engineering applications [5]. The development of polymer matrix composites (PMCs) reinforced with hybrid fibers
has attracted considerable research attention due to their potential to achieve a balance between mechanical performance, cost-effectiveness, and environmental
sustainability. In recent years, numerous studies have focused on the incorporation of natural and synthetic fibers to overcome the limitations associated with
single-reinforcement systems [6]. Several researchers have investigated the mechanical performance of hybrid composites by combining natural fibers with
synthetic counterparts. For instance, [7] reported that hybrid fiber-reinforced composites exhibit enhanced tensile and flexural properties due to improved stress
transfer and fiber—matrix interaction. Similarly, [8] demonstrated that hybridization of flax and basalt fibers in polymer composites significantly improved
stiffness and thermal stability compared to single-fiber systems. These studies highlight the importance of fiber combination in achieving superior structural
performance. The influence of fiber orientation, stacking sequence, and reinforcement ratio has also been widely studied. [9] emphasized that fiber orientation
plays a critical role in determining the mechanical behavior of hybrid composites, where aligned fibers provide better load distribution and strength. [10] reported
that optimized stacking sequences can enhance both mechanical and thermal properties by minimizing delamination and improving interfacial bonding.
Furthermore, [11] observed that hybridization reduces crack propagation and enhances impact resistance due to the presence of multiple energy absorption
mechanisms. Thermal behavior is another key aspect in the evaluation of composite materials. [ 12] studied the thermal stability of hybrid natural fiber composites
and found that the incorporation of synthetic fibers delays thermal degradation and increases decomposition temperature. Similarly, [13] analyzed thermal
transport behavior and concluded that hybrid composites exhibit improved heat resistance due to the presence of thermally stable reinforcement phases. These
findings indicate that hybrid composites can be effectively utilized in applications involving moderate to high temperature conditions. In addition to mechanical
and thermal properties, several studies have explored the microstructural characteristics of hybrid composites. [14] reported that hybrid composites exhibit
improved interfacial bonding and reduced void content, which contributes to enhanced mechanical performance. [15] investigated fracture behavior and observed
that hybrid systems demonstrate improved resistance to crack initiation and propagation due to the synergistic interaction between fibers. The presence of natural
fibers contributes to crack deflection and energy dissipation, while synthetic fibers provide structural reinforcement. Despite the extensive research conducted
in this field, certain gaps still exist. Many studies focus either on mechanical or thermal properties, with limited work addressing both aspects simultaneously in
a comparative manner. Additionally, the influence of varying hybrid compositions on overall performance has not been comprehensively explored. Therefore,
there is a need for systematic experimental studies that evaluate both mechanical and thermal behavior of hybrid composites under consistent conditions.

The novelty of this study lies in the comparative evaluation of hybrid composites with varying reinforcement compositions, focusing on both mechanical and
thermal aspects. The findings of this research are expected to contribute to the development of cost-effective, lightweight, and sustainable composite materials
suitable for advanced industrial applications.

2. Materials and Methods

2.1 Materials: The materials used in this study include an epoxy-based polymer matrix and two different types of reinforcing fibers, namely glass fiber and jute
fiber. The epoxy resin (LY556) along with the hardener (HY951) was selected as the matrix material due to its excellent mechanical strength, good adhesion
characteristics, and low shrinkage during curing. Glass fiber, specifically woven E-glass fiber mats, was used as the synthetic reinforcement because of its high
tensile strength, stiffness, and thermal stability. In addition, natural jute fibers were chosen as a sustainable reinforcement material owing to their low density, biodegradability, and
cost-effectiveness. Prior to fabrication, the jute fibers were cleaned and dried to remove moisture and impurities, ensuring better fiber—matrix bonding.

2.2 Composite Fabrication: The composite laminates were fabricated using the conventional hand lay-up technique followed by compression molding to
achieve proper consolidation and uniformity. Initially, the mold surface was thoroughly cleaned and coated with a suitable release agent to facilitate easy removal
of the composite after curing. The epoxy resin and hardener were mixed in a ratio of 10:1 by weight to ensure proper curing. The reinforcement layers were then
carefully arranged in the mold according to the required composition, and the resin mixture was applied uniformly over each layer to ensure complete wetting
of fibers. After layering, the laminate was subjected to compression to remove entrapped air and improve interfacial bonding between the fibers and the matrix.
The prepared composite was allowed to cure at room temperature for 24 hours, followed by post-curing at 80°C for 2 hours to enhance its mechanical and
thermal properties (Figure 1).
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Figure 1 Composite fabrication process
2.3 Composite Composition: Different composite samples were prepared to evaluate the influence of hybrid reinforcement on material performance. The
compositions included pure glass fiber composites, pure jute fiber composites, and hybrid composites with varying proportions of glass and jute fibers.
Specifically, four types of samples were fabricated, consisting of 100% glass fiber, 100% jute fiber, a hybrid combination of 50% glass and 50% jute fibers, and
another hybrid configuration of 70% glass and 30% jute fibers. In all cases, the matrix content was maintained constant to ensure a fair and consistent comparison
of mechanical and thermal properties across different samples.
2.4 Mechanical Testing: The mechanical properties of the fabricated composites were evaluated using standard testing procedures in accordance with ASTM
specifications. Tensile tests were conducted using a universal testing machine (UTM) as per ASTM D3039 to determine the tensile strength and modulus of the
composites. Flexural properties were assessed using a three-point bending test following ASTM D790, which provides information about the bending strength
and stiffness of the material. Impact strength was measured using either the Izod or Charpy impact test method in accordance with ASTM D256 to evaluate the
energy absorption capacity of the composites under sudden loading conditions. For each test, multiple specimens were prepared and tested, and the average
values were reported to ensure accuracy and repeatability of the results.
2.5 Thermal Analysis; The thermal stability and degradation behavior of the composites were analyzed using thermogravimetric analysis (TGA). The analysis
was carried out in a controlled nitrogen atmosphere to prevent oxidation during heating. The samples were heated from room temperature (approximately 30°C)
up to 600°C at a constant heating rate of 10°C per minute. The variation in weight loss as a function of temperature was recorded to determine the degradation
temperature and thermal stability of the composites. This analysis provides valuable insights into the effect of hybrid reinforcement on the thermal resistance of
the material.
3. Results and discussion
3.1 Tensile strength: The tensile strength comparison graph 2 clearly illustrates the variation in load-bearing capacity among glass fiber, jute fiber, and hybrid
reinforced polymer composites. The glass fiber composite exhibits the highest tensile strength due to its superior stiffness and strong interfacial bonding with
the polymer matrix. In contrast, the jute fiber composite shows comparatively lower tensile strength, which can be attributed to the inherent variability, lower
stiffness, and weaker fiber—matrix adhesion associated with natural fibers. The hybrid composite demonstrates a significant improvement over the jute composite
and approaches the performance of glass fiber composites, indicating a positive synergistic effect. This enhancement is primarily due to efficient stress transfer
between fibers and matrix, as well as the combined effect of stiff glass fibers and ductile natural fibers. Additionally, the presence of hybrid reinforcements
reduces the propagation of microcracks and improves structural integrity. The results confirm that hybridization is an effective strategy to achieve a balance
between mechanical performance and material sustainability.
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Figure 2 Tensile strength

3.2 Flexural strength

The flexural strength graph 3 highlights the bending performance of the composites under applied load, showing distinct trends for glass, jute, and hybrid
reinforcements. Glass fiber composites demonstrate the highest flexural strength due to their high modulus and resistance to deformation under bending stress.
Jute fiber composites, although environmentally friendly, exhibit lower flexural strength because of their relatively lower stiffness and susceptibility to fiber
pull-out during loading. The hybrid composite, however, shows a marked improvement compared to jute and achieves values close to glass fiber composites.
This improvement can be attributed to the combined action of glass fibers providing rigidity and load-bearing capacity, while jute fibers contribute to improved
energy absorption and delay crack propagation. The hybrid structure also enhances interlaminar bonding, reducing delamination under bending conditions.
Overall, the results indicate that hybrid reinforcement significantly enhances flexural performance, making such composites suitable for structural applications
where both stiffness and toughness are required.
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Figure 3 Flexural strength
3.3 Impact strength:The impact strength graph 4 provides insight into the energy absorption capability of the composites under sudden loading conditions.
Unlike tensile and flexural behavior, the hybrid composite exhibits superior impact resistance compared to both glass and jute fiber composites. Glass fiber
composites, while strong, tend to be brittle and show lower impact resistance due to limited energy dissipation mechanisms. Jute fiber composites display better
impact performance than glass due to their inherent ductility and ability to absorb energy through fiber deformation and pull-out. However, the hybrid composite
outperforms both by combining the advantages of each reinforcement type. The presence of natural fibers enhances toughness through mechanisms such as crack
deflection, fiber bridging, and energy absorption, while glass fibers maintain structural integrity. This synergistic interaction leads to improved resistance to crack initiation and
propagation. The results clearly indicate that hybrid composites are highly suitable for applications requiring high toughness and resistance to dynamic loading.
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3.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) curves 5 present the thermal degradation behavior of glass fiber, jute fiber, and hybrid reinforced composites as a function
of temperature. The glass fiber composite exhibits the highest thermal stability, with minimal weight loss over a wide temperature range, owing to the inorganic
nature and high thermal resistance of glass fibers. In contrast, the jute fiber composite shows early degradation, typically due to the decomposition of cellulose,
hemicellulose, and lignin components present in natural fibers. The hybrid composite displays intermediate behavior, with improved thermal stability compared
to jute but slightly lower than glass fiber composites. This enhancement is attributed to the presence of glass fibers, which delay the onset of thermal degradation
and improve the overall thermal resistance of the composite. Additionally, the hybrid structure contributes to better char formation and reduced mass loss at
elevated temperatures. The results demonstrate that hybrid composites provide a balanced combination of thermal stability and sustainability, making them
suitable for applications involving moderate thermal exposure.
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Conclusion
This study presented a comprehensive comparative analysis of polymer matrix composites reinforced with glass fiber, jute fiber, and their hybrid combinations,
focusing on mechanical and thermal performance. The results clearly demonstrate that hybrid reinforcement significantly enhances the overall properties of
polymer composites by combining the advantages of both natural and synthetic fibers. From the mechanical characterization, it was observed that glass fiber
composites exhibited superior tensile and flexural strength due to their high stiffness and strong interfacial bonding with the polymer matrix. In contrast, jute
fiber composites showed relatively lower strength but better energy absorption capability, resulting in improved impact resistance. The hybrid composites,
however, demonstrated a balanced performance, with notable improvements in tensile, flexural, and impact properties compared to single-fiber systems. This
enhancement is attributed to the synergistic interaction between glass and jute fibers, which facilitates efficient stress transfer, reduces crack propagation, and
improves overall structural integrity. Thermal analysis using thermogravimetric analysis (TGA) revealed that glass fiber composites possess the highest thermal
stability, while jute fiber composites exhibit earlier degradation due to the presence of natural constituents such as cellulose and lignin. The hybrid composites
showed intermediate but significantly improved thermal stability compared to jute composites, indicating the positive influence of synthetic fibers in delaying
thermal degradation. Overall, the findings confirm that hybrid reinforced polymer matrix composites offer an effective solution for achieving a balance between
mechanical performance, thermal stability, cost efficiency, and environmental sustainability. Among the tested configurations, the hybrid composite with higher
glass fiber content demonstrated the best overall performance. Therefore, hybrid composites can be considered promising materials for applications in
automotive, aerospace, construction, and lightweight structural components. In conclusion, hybridization emerges as a strategic approach for developing
advanced composite materials with enhanced multifunctional properties, paving the way for future research and industrial applications.
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