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Abstract: The present study focuses on sustainable biopolymer composites created from coconut sheath and basalt fibres, which are biodegradable, environmentally benign, and have low carbon footprints. High specific strength, superior mechanical performance, reduced weight, and improved thermal stability are all displayed by these materials. Four hybrid epoxy composites (C1–C4) were produced utilizing five stacking sequences and compression moulding, demonstrating that hybridization considerably enhances mechanical characteristics. The hybrid and pure basalt fibre composites have larger storage moduli than untreated coconut sheath fibre-reinforced epoxy (2.1 GPa). The greatest glass transition temperature (Tg) for C4 has been determined to be 118°C. These low-cost, non-toxic composites provide environmentally friendly options for use in the electronics, packaging, automotive, and construction sectors.
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1  Introduction

In recent decades, there has been an increase in the research area of eco-friendly fibre-reinforced polymer (FRP) composites that use natural fibre as reinforcement due to their low cost, biodegradability, low environmental impact, non-hazardous, good acoustic insulation properties, low density, non-abrasive, high strength to weight ratio, and renewability [1–3]. Abaca, cotton, ramie, pineapple leaf, palm fibre, banana, agave, flax, hemp, jute, wool, silk, cotton, sisal, kenaf, and bagasse are all often used as reinforcing materials [4,5]. While there are many benefits, there are also drawbacks. For example, hydrophilicity, poor wettability with resin-matrix, discontinuous short fibres, highly variable mechanical properties, and weak interfacial bonding decreased the mechanical and thermal properties, which limited their use in construction, aerospace, and nautical environments [6,7]. Natural fibre composites’ qualities have been improved by surface treatment techniques such as silane, isocyanate, alkali, acid, and acid salt; nevertheless, these techniques also degrade the original characteristics of the fibres and alter their chemical composition [8–10]. Synthetic and natural materials were hybridized to conquer these shortcomings and maximize the benefits of each [11–13]. Research revealed that the flax fibre hybrid with basalt fibre was chemically equal to E glass, but because of the manufacturing technique, it produced fewer particles and was less irritating than the latter. It also had better rigidity and resilience to moisture. Natural fibre was thought to be a combination of synthetic fibres like glass [13] carbon [14] and aramid [15]. Variations in the percentage of natural fibre improved the mechanical characteristics of hybrid polymer composites consisting of glass and fibres from nature [16], such as sisal/glass, kenaf/glass [17] and jute/glass [18–20]. Recently, naturally occurring materials have been employed as reinforcing agents, one of which being basalt fibre derived from volcanic rock generated from lava [21]. Pyroxene and plagiocene are two of basalt’s key minerals [22,23]. Silica is the primary component of basalt, followed by alumina [24,25]. The Moscow Research Institute in Russia was the first to create basalt fibre, which is less expensive than glass and carbon fibre [23,24]. Biopolymer composites are increasingly utilized in the consumer goods, packaging, automotive, and aerospace industries due to their versatility and appeal. Their high mechanical strength, lightweight nature, and eco-friendly attributes position them as a compelling alternative to traditional composites, offering both performance and sustainability benefits. Biopolymer composites, with their ecologically friendly properties and renewable supply, represent a significant advancement in material research. Their mechanical properties, including their low weight, superior mechanical performance, and biodegradability, make them ideal for a variety of applications in consumer goods, packaging, automotive, and aerospace industries. These materials offer significant benefits to the environment and lessen the demand for fossil fuels because they are biodegradable and compostable. The hybridization of various fibres, such as coconut sheath and basalt, might result in composites with specialized characteristics for specific purposes. The arrangement of the reinforcing fibres inside the polymer matrix is one of the key elements that affect how well these hybrid composites work. The arrangement or order of the fibre layers is referred to as the “stacking sequence,” and it has a direct impact on the composite’s mechanical properties, thermal stability, and stress distribution. Prior research has demonstrated that the mechanical characteristics of hybrid composites, such as their strength-to-weight ratio, impact resistance, and general durability, may be considerably enhanced by optimizing the stacking sequence.

A survey of the literature reveals a severe dearth of knowledge about the usage of coconut sheath and basalt fibre as reinforcing elements in epoxy matrices. By examining the impacts of different stacking configurations of these fibres inside an epoxy matrix, our work fills that knowledge gap. Furthermore, the mechanical, thermal, and dynamic mechanical properties of the resultant composites have been comprehensively investigated. Scheme 1 illustrates of the work’s methodology.
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Scheme 1: Flow chart of the current research work

2  Materials and Methods

2.1 Materials

Triethylenetetramine (HY 951) and epoxy resin (LY 556) were bought from Sigma-Aldrich, St. Louis, MO, USA. The densities of epoxy resin and triethylenetetramine were 1.15–1.20 g/cm3 and 0.97–0.99 g/cm3, respectively (This was taken from the test report provided by the manufacturer). The basalt fibres (GSM-300) were obtained from NICKUNJ, Mumbai, India. The coconut sheath fibres were obtained from local agricultural resources (Tanjore area, Tamil Nadu, India).

2.2 Instrumentations

The tensile test is used to determine the stress-strain behaviour of an epoxy-based stacking of various layers of coconut sheath/basalt fibre-reinforced composites. A tensile test was performed on a UTM machine (Model H10K-S, Tinius Olsen, San Diego, CA, USA) with a crosshead speed of 5 mm/min, in accordance with ASTM standard D3039. Five samples were obtained for every test, and the outcomes were averaged. There are 115 mm separating the grips. The flexural strength of the epoxy-based composites is ascertained using the 3-point bending test. An Instron testing machine was used to study flexural qualities by ASTM D790-10 standard (Aberdeen, UK), with a cross-head speed of 5 mm/min. A span length of 50 mm was maintained for the testing. Each test was conducted with five samples, and the average of the results was calculated. To assess the energy required to fracture the specimens, an impact test was performed on the epoxy-based composites. The impact test followed ASTM D256-10 standards and was carried out using an Izod impact tester. Unnotched specimens were used for this test. As with the previous tests, five samples were used for each trial, and the average results were recorded. The Dynamic Mechanical Analysis (DMA) of polymeric composite materials is one of the most effective methods for assessing material damping behaviour, which is directly related to molecular structure. Using an SII Nanotechnology, Model DMS-6000 (Seiko Instruments Inc., Chiba, Japan) in a three-point bending configuration, at a temperature range of 25–300°C and an operating frequency of 1 Hz, the dynamic mechanical characterization of the epoxy-based composites was achieved. Morphological observations were conducted using a scanning electron microscopy (SEM) by S4800 (Hitachi, Tokyo, Japan) equipment. The raw, treated coconut sheath fibre surfaces and epoxy-based composite fracture surfaces (photomicrographs) were collected from the specimens produced following the tensile, flexural, and impact tests, which were coated with gold powder. The TGA test is used to determine how much weight loss occurs as a result of temperature. TGA of neat epoxy matrix and their composites was performed by Thermo gravimetric analysis-Thermal Analyzer NETZSCH STA 409 PC (TA instruments, Burlington, NJ, USA) at 10°C per minute heating rate (from 0 to 800°C) with a constant flow of nitrogen to predict percentage weight loss, char yield formation, and thermal degradation temperature. For every thermogravimetric analysis, 5 mg samples were employed.

2.3 Preparation of Composites

Four distinct types of composites were made using two distinct fibres (basalt and coconut fibre) and epoxy resin. For every composite, about five layers of fibres were employed and the schematic representation was given in Fig. 1. The composite C1 was created by combining basalt fibre with epoxy resin. Create the hybrid composites, coconut fibres, and basalt were incorporated alternately. The hybrid composite C2 was created by layering basalt fibre on the top and bottom of the composite. With coconut fibre layered on top and bottom of the composite, the hybrid composite, C4, was created. Three layers of coconut fibres were stacked between basalt fibres to create the hybrid composite or C3.
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Figure 1: Schematic representation of the preparation of composite materials (C1–C4)

In this study, two rectangular steel mould plates, each measuring 220 mm × 220 mm, were used to fabricate coconut sheath and basalt fibre-reinforced epoxy composites. Beads with a thickness of 4 mm were placed over the mould plates. Before pouring the uncured epoxy resin mixture onto the mould surface, the plates were thoroughly cleaned, dried, and treated with a releasing agent such as silicone spray. The coconut sheath and basalt fibres, selected with dimensions of 210 mm × 210 mm, were prepared for layering. Five layers of basalt fibre were used to determine the required amount of epoxy resin. The epoxy resin and hardener were mixed in a 10:1 ratio and stirred to form a homogeneous mixture. The epoxy resin mixture was then poured onto the mould plates and manually spread over the basalt fibres before placing each layer. This process was repeated for all five layers of basalt fibre. Once the layers were positioned, the mould plates were sealed and placed in a compression moulding machine. A pressure of 4 MPa was applied for 24 h to allow the composites to cure at room temperature. After curing, the basalt fibre-reinforced epoxy composites were weighed to determine the final epoxy resin content. The same procedure was followed for fabricating the different stacking sequences of the coconut sheath/basalt fibre-reinforced epoxy composites. The resulting fibre volume fractions for the composites were as follows: C1 = 0.53, C2 = 0.55, C3 = 0.57, and C4 = 0.63.

C+B+C+B+C = This stacking sequence taking as composite 1 (C1)

B+C+B+C+B = This stacking sequence taking as composite 2 (C2)

B+C+C+C+B = This stacking sequence taking as composite 3 (C3)

C+B+B+B+C = This stacking sequence taking as composite 4 (C4)

3  Results and Discussion

3.1 Surface Morphological Characteristics of the Composites

The SEM pictures displayed in Fig. 2a–d depict the fracture surface of the composite consisting of epoxy resin, coconut sheath fibre, and basalt fibre following tensile measurement. Fig. 2a depicts the shattered surface of the composite consisting of pure basalt fibre and epoxy resin (C4). Fig. 2b,d depicts the cracked surface of hybrid composites comprised of basalt fibre and coconut sheath fibre with epoxy resin (C1–C3 composites). The SEM images of the pure basalt fibre composites revealed no signs of void formation during fibre pull-out. Due to the high tensile modulus of basalt fibre, the fibres exhibited acute, trapezoidal, and cylindrical fracture patterns. Additionally, because basalt fibre and epoxy resin have excellent wettability, the interaction between the two materials was not compromised. As a result, the tensile, flexural, and impact strength values of the basalt fibre epoxy composite C4 were significantly higher. In contrast, the SEM analysis of the C1 composite showed noticeable fibre pull-out from the resin matrix, leading to the formation of voids. This reduced the fibre-matrix contact area, ultimately weakening the composite’s overall mechanical performance. This is obvious from the SEM pictures (Fig. 2b). The mechanical characteristics of the C1 composite were thus not as good as those of the C2 and C4 composites. The coconut sheath fibre’s SEM picture (Fig. 2c) reveals larger pores. C2 composite has less vacancy because it contains more basalt fibre, which adds to its strong tensile, flexural, and impact strengths.
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Figure 2: Tensile fractured FE-SEM surface images of (a) C4 composite (b) C1 composite (c) C2 composite (d) C3 composite

In the C3 composite, the coconut sheath fibres were nearly destroyed due to significant fibre pull-out, while the basalt fibres sustained only minor damage. This can be attributed to the higher concentration of coconut sheath fibre and resin matrix, while the basalt fibre content was minimal, being present only in the top and bottom layers of the composite. The reduced percentage of basalt fibre negatively affected the mechanical properties of the composites. The tensile, flexural, and impact characteristics of hybrid composites are influenced by the sequence in which the fibres are arranged. Since basalt fibre possesses superior mechanical properties compared to coconut sheath fibre, the C3 composite demonstrated better mechanical performance than the C1 composite. This improvement is particularly noticeable when basalt fibres are placed in the outer layers, with coconut sheath fibres stacked between them. Additionally, excellent fibre-to-resin adhesion was observed, minimizing crack propagation throughout the composite. The strong interfacial interaction between the fibres and matrix contributed to proper adhesion, thereby enhancing the overall mechanical properties of the composites.

3.2 Thermogravimetric Analysis (TGA)

Fig. 3 depicts the thermal stability of composites made of basalt fibre and coconut sheath fibre with epoxy resin, as evaluated by TGA analysis. The hybrid composites consisting of basalt and coconut sheath fibres showed a 10% temperature degradation (T10) of 426°C for C2 and 438°C for C4. In terms of thermal stability, the pure basalt fibre composite C4 is superior to hybrid composites. This is because pure basalt fibre composites have large concentrations of iron oxides, alumina, and silica. When compared to untreated coconut sheath fibre reinforced epoxy (UTCSE) composites, C2 and C4 composites have stronger thermal stability due to the instability of the coconut sheath fibre, which has a higher cellulose, hemicellulose, and lignin content. Similarly, the char yield values of the hybrid composite C2 and basalt fibre composite (C4) were determined to be 44.1% and 51.8%, respectively (Fig. 3). The addition of basalt fibre to the hybrid composite boosts the composite’s heat stability and char yield.
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Figure 3: TGA thermogram of C2 and C4 composites

3.3 Mechanical Properties of C1, C2, C3 and C4 Composites

The tensile, flexural and impact strengths of C1, C2, C3 and C4 composites are shown in Table 1. Tensile strengths of C1, C2, C3, and C4 composites were measured and found to be 96.76, 125.70, 104.25, and 182.50 MPa, respectively. The untreated coconut sheath fibre-reinforced epoxy composite (UTCSE composite) had a tensile strength of 48.35 MPa. The hybrid composites (C1–C3) had a better tensile strength than the untreated coconut sheath fibre composite (UTCSE composite), although it was lower than that of the pure basalt fibre composite (C4 composite), owing to the basalt fibre’s high stiffness. The tensile strength of the hybrid composite C2 was discovered to be 29.90% more than that of the hybrid composite C1, 18.77% greater than that of the hybrid composite C3, and 159.97% greater than that of UTCSE. The tensile strength of pure basalt fibre composite C4 was found to be 45.18% greater than the hybrid composite C2, and 277.45% higher than UTCSE. The high tensile strength of the basalt fibres was the cause of the hybrid composites’ high tensile strength.
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The results showed that the flexural strengths of the composites C1, C2, C3, and C4 were 218.36, 278.60, 234.20, and 342.26 MPa, in that order. Flexural strength was much higher for pure basalt fibre composite C4 due to the basalt fibre’s high stiffness and minimal elongation [21,22]. C2 has the highest flexural strength of all the hybrid composites. In the C2 composite, the applied force was resisted by basalt fibre, while the remaining force was passed to the natural fibre via the resin matrix. When the fibre in the coconut sheath breaks, another layer of basalt resists the breakage, and so on. The basalt fibre lamina acts as a shield for the coconut sheath fibre, giving C2 better tensile and flexural strength than others. The impact strengths of Composites C1–C4 were measured and found to be 9.14, 13.93, 10.28, and 18.16 J/mm in that order. The impact strength of the hybrid composites C1–C3 was lower than that of the pure basalt fibre composite C4 because of the sliding of the two distinct fibre layers (coconut and basalt fibre). C2 offers the highest impact strength of any hybrid composite because it has top, middle, and bottom layers of basalt fibre. As load bearers, the basalt fibres withstand the force of impact. Fibre-matrix de-bonding, the combinational impact of void content, and fibre defects that contribute to the composites’ strength were some of the aspects that influenced the hybrid composites’ defect. The enhanced value of hybrid composite C2 stems from the creation of voids that are overpowered by the stiffness of the basalt fibres. Whereas the other two hybrid composites, C1 and C3, have lower values, this might be owing to the production of a significant number of voids, which causes debonding of the fibre matrix. The results suggest that the composite made from untreated coconut sheath fibre and epoxy resin exhibited tensile, flexural, and impact strengths of 48.35 MPa, 64.60 MPa, and 4.51 J/mm, respectively. The incorporation of basalt fibres, known for their stiffness, significantly improved all these properties in the hybrid composites.

3.4 Flame Retardancy of the Composites

Biopolymer composites can withstand ignition, slow the propagation of fire, and emit less heat when they come into contact with flames. “Flame retardancy” is the term used to describe this quality [2,3]. Biopolymer composites are materials made by adding various fillers or reinforcements to natural polymers, which are often derived from renewable resources, to improve their properties [11]. To increase their resistance to flames, they can be treated with different substances and materials. An indication of the composites’ flame retardancy assessment is the Limiting Oxygen Index (LOI) value. The char yield value(s) at 800°C from TGA analysis was utilized for the measurement of the LOI value using the van Krevelen and Hoftyzer equation, which is provided below.


LOI=17.5+0.4∗CY


where LOI is the Limiting Oxygen Index value and CY is the char yield determined by TGA analysis. The LOI values for hybrid composite C2 and pure basalt fibre composite C4 were 35.14 and 38.22, respectively. In general, the polymer’s LOI value should be more than 26, indicating that it is self-extinguishing and flame retardant. As the char yield value rises, the composite’s LOI value rises as well. Every composite that was made had a LOI value of more than 26, indicating strong flame retardancy.

3.5 Dynamic Mechanical Analysis (DMA)

Eco-friendly polymer composites’ “dynamic mechanical characteristics” describe how they react to changes in strain, temperature, and stress over time. Comprehending these attributes is crucial in evaluating the effectiveness, longevity, and possible uses of these environmentally beneficial substances [21,22]. Dynamic mechanical analysis was used to determine the storage modulus value (Fig. 4) and the damping behaviour (Tan δ) of the pure basalt fibre composite and hybrid composites (Fig. 5). The storage modulus and plots of Tan δ for the C1, C2, C3, and C4 composites are depicted in Fig. 4.
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Figure 4: Storage modulus of C1, C2, C3 and C4 composites

[image: images]

Figure 5: Tan δ of C1, C2, C3 and C4 composites

The storage modulus of the hybrid composites varied depending on the stacking sequences of basalt and coconut sheath fibres. For C1, composed of both fibres, the storage modulus was determined to be 4.9 GPa, while for C2 it was 5.6 GPa, and for C3 it was 5.1 GPa. In contrast, the pure basalt fibre composite C4 exhibited the highest storage modulus at 6.4 GPa. Among the hybrid composites, C2 had the highest value, whereas C1 had the lowest. The alternating placement of basalt and coconut sheath fibres in C1 and C2 contributed to their differing performance. The higher storage modulus of C2 was attributed to the stiffness of basalt fibres, which restrict the polymer chain’s mobility. Strong interfacial bonding between the fibres and the epoxy resin contributed to this enhanced performance. However, C3, where coconut sheath fibres were positioned between the basalt layers, exhibited slightly reduced interfacial contact, leading to a lower storage modulus of 5.1 GPa. The manufactured hybrid composites and pure basalt fibre composite had higher storage modulus values compared to the untreated coconut sheath fibre-reinforced epoxy composite (UTCSE, which had a storage modulus of 2.1 GPa). The glass transition temperature (Tg), where the tan δ curve reaches its peak, was found to be 96.5°C for C1, 104°C for C2, 99°C for C3, and 118°C for C4. As with the storage modulus, C2 had the highest Tg, while C1 had the lowest. The increased Tg in C2 was a result of the restricted mobility of the epoxy resin caused by the stiff basalt fibres, which also reduced the viscoelastic lag. This limited dissipation of vibrational energy across the matrix led to a lower tan δ value. All four composites had Tg values higher than the 84.1°C observed for UTCSE. The incorporation of both basalt and coconut sheath fibres in hybrid composites improved both the storage modulus and the glass transition temperature, demonstrating their potential for enhancing mechanical and thermal properties. Biopolymer composites are becoming more popular in a variety of industries, including consumer products, packaging, automotive, and aerospace, due to their lightweight design, strong mechanical qualities, and environmentally beneficial attributes [25–28]. Their attractiveness as a sustainable alternative to conventional composites arises from their renewable nature and low environmental effect. These materials have major advantages, including biodegradability, reduced dependency on fossil fuels, and a lesser environmental imprint. The combination of natural fibres with biopolymers improves mechanical and thermal qualities while preserving low density and an attractive look. Notwithstanding these advantages, issues like moisture sensitivity and thermal stability require more investigation. All things considered, biopolymer composites are a viable and sustainable substitute for traditional polymer composites, aiding in the shift to more ecologically friendly raw materials and production techniques [29,30].

This study investigates sustainable biopolymer composites derived from coconut sheath and basalt fibers, which are recognized for their biodegradability, low environmental effect, and low carbon footprint. High specific strength, higher mechanical qualities, reduced weight, and greater thermal stability are all displayed by these composites. Four hybrid epoxy composites (C1–C4) were created utilizing five distinct stacking sequences and compression molding techniques, demonstrating that hybridization considerably enhances mechanical properties. The hybrid and pure basalt fiber composites have larger storage moduli (up to 2.1 GPa) than the untreated coconut sheath fiber-reinforced epoxy. The composite C4 also had the greatest glass transition temperature (Tg), which was 118°C. Applications in the electronics, packaging, automotive, and construction sectors all benefit from these affordable, non-toxic composites. The mechanical parameters of the hybrid composites, notably the C2 variety, show potential increases in specific strength, tensile, flexural, and impact resistance when compared to untreated coconut sheath fiber composites. To put these results into perspective, a comparison with other widely used biopolymer composites demonstrates the C2 composite’s competitive advantage in terms of mechanical performance. C2’s improved qualities are likely due to its optimal stacking sequence and the synergistic interaction of coconut sheath and basalt fibers, which promotes load transmission and matrix reinforcement. This formulation provides a balanced gain in mechanical strength and durability, making it an excellent choice for long-term applications in sectors that require lightweight and high-strength materials.

4  Conclusion

Hybrid epoxy composites reinforced with basalt fibre and coconut sheath have been successfully developed using compression moulding. The integration of basalt fibre with coconut sheath in these hybrid epoxy composites shows promising results, presenting an eco-friendly and sustainable alternative to conventional reinforced polymer composites. Biopolymer composites offer notable advantages including biodegradability, reduced carbon footprint, and reliance on renewable resources that align well with the global focus on environmental responsibility and sustainability. These composites demonstrate impressive material properties, such as high specific strength, lightweight design, and excellent mechanical performance, while also ensuring non-toxicity and safe handling. The hybrid composites exhibit superior tensile, flexural, and impact strengths compared to composites reinforced with untreated coconut sheath fibre alone. Among the tested variations, the C2 composite displays the highest mechanical properties. These composites also offer economic advantages, including cost-effectiveness and potential support for local economies, enhancing their appeal for widespread use. The versatility and potential of biopolymer composites make them suitable for a range of applications across different industries. With ongoing research and development, these materials are likely to have a significant impact on material science, contributing to the advancement of a more sustainable and environmentally responsible society. This study underscores that combining basalt fibre with coconut sheath fibre and epoxy substantially enhances the mechanical properties of hybrid composites, making them viable for applications in construction and related fields.
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Table 1: Tensile, flexural and impact strengths of C1, C2, C3 and C4 composites

Composites Tensile strength (MPa)  Flexural strength(MPa) Impact strength (J/mm)

Cl 96.76 218.36 9.14
C2 125.70 278.60 13.93
C3 104.25 234.20 10.28

C4 182.50 342.26 18.16
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