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Abstract

:

This study looks at how incorporating nanofiller into sisal/flax-fibre-reinforced epoxy-based hybrid composites affects their mechanical and water absorption properties. The green Al2O3 NPs are generated from neem leaves in a proportion of leaf extract to an acceptable aluminium nitrate combination. Both natural fibres were treated with different proportions of NaOH to eliminate moisture absorption. The following parameters were chosen as essential to achieving the objectives mentioned above: (i) 0, 5, 10, and 15% natural fibre concentrations; (ii) 0, 2, 4, and 6% aluminium powder concentrations; and (iii) 0, 1, 3, and 5% NaOH concentrations. Compression moulding was used to create the hybrid nanocomposites and ASTM standards were used for mechanical testing such as tension, bending, and impact. The findings reveal that combining sisal/flax fibre composites with nanofiller improved the mechanical features of the nanocomposite. The sisal and flax fibre hybridised successfully, with 10% fibres and 4% aluminium filler. The water absorption of the hybrids rose as the fibre weight % increased, and during the next 60 h, all of the specimens achieved equilibrium. The failed samples were examined using scanning electron Microscopic (SEM) images better to understand the composite’s failure in the mechanical experimentations. Al2O3 NPs were confirmed through XRD, UV spectroscope and HPLC analysis. According to the HPLC results, the leaf’s overall concentrations of flavonoids (gallocatechin, carnosic acid, and camellia) are determined to be 0.250 mg/g, 0.264 mg/g, and 0.552 mg/g, respectively. The catechin concentration is higher than the phenolic and caffeic acid levels, which could have resulted in a faster rate of reduction among many of the varying configurations, 4 wt.% nano Al2O3 particle, 10 wt.% flax and sisal fibres, as well as 4 h of NaOH with a 5 wt.% concentration, producing the maximum mechanical properties (59.94 MPa tension, 149.52 Mpa bending, and 37.9 KJ/m2 impact resistance). According to the results, it can be concluded that botanical nutrients may be used effectively in the manufacturing of nanomaterials, which might be used in various therapeutic and nanoscale applications.
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1. Introduction


The rise of the fibre-reinforced composites business in the automobile industry has triggered a search for environmentally friendly natural resources. Due to their numerous benefits to engineering construction, composite materials have been widely employed in transportation applications for decades, replacing traditional metals [1]. The lower-weight features of composite materials are particularly intriguing in transportation applications since they may reduce energy consumption. Composite materials, in addition to being lighter than steel, provide several other advantages [2]. Steel has lower fatigue resistance than composite materials. This feature has made composite material utilization in structural applications more appealing. Despite their various benefits, composites are primarily made of artificial fibres such as graphite, glass, and fibreglass.



This situation negatively influences climate change since synthetic fibres are not recyclable. Lignocellulose fibres are being employed to substitute artificial fibres in composite goods, perhaps making them more ecologically friendly. Natural fibres may be better for the environment than synthetic materials [3]. Natural textiles also provide several advantages over synthetic fabrics, including superior characteristics, low cost, low density, lower power consumption, and are ecologically friendly, non-abrasive, non-toxic, and long-lasting [4]. The significant advancement in the mechanical features of sisal-based polymer matrix composites was considered remarkable amongst the numerous natural fibre mixtures. Sisal fibre, derived from the Agave sisalana tree, is one of the most frequently used natural materials and can be quickly grown in any region of Earth. It comes from the sisal plant. According to the global context, the rate of sisal fibre production is expanding due to its wide range of uses [5].



Hybrid composites comprise more than two fibres in a unified framework. By addressing distinct mixtures’ defects, hybridization can improve the mechanical properties of biological-fibre-reinforced polymers [6]. Flaxseed (Linum usitatissimum L.) represents the only intensive agriculturally significant plant in the Linaceae category, including four groups with 400 varieties. Flaxseed, the very first textile formed from grains and solidified into such matrices, was grown from around 5000 B.C. and also unearthed in Egyptian tombs. It is one of the most commonly used bio-fibres [7,8]. Flax has been a critical crop for decades due to its uses in filaments and petroleum. Flaxseed has undergone extensive research and development for favourable features such as herbicide resistance, biogenic drought tolerance, higher oil content, and cellulose qualities. Flaxseed is a perennial tree, having 16–32 mm branches that develop to 0.5–1.25 m in height [9]. In flaxseed cultivation, natural plants are much more effective in low sites, where ambient abiotic stresses induce considerably more morbidity than in rich soils [10].



Moreover, it has been shown that lignocellulosic fibre-based composites exhibit little nick compassion compared to artificial composites. Organic filament-strengthened composites have some benefits over synthetic fibre composites but also have certain disadvantages. The hydrophilic characteristic of cellulosic fibres makes them incompatible with polymeric matrixes, which is one of their primary weaknesses [11]. Because of their hydrophilicity, lignocellulosic materials absorb many environmental moistures. On the other hand, chemical approaches can improve the fibre-polymer matrix interaction. Natural materials are often pre-treated before being used in composites to improve their interactions and produce high mechanical strength. The surface properties of the filaments are altered during treatment, resulting in a heavily cross-linked interfacial region with covalent bonding connections between the reinforcement and the matrix. Alkali pre-processing is one of the most used pre-treatment methods for changing the surface morphology of fibres and dissolving high lignin content, waxes, and impurities [12,13]. During the alkaline chemical modification, the hydroxyl groups of lignocellulosic materials are ionized particles with an alkoxide. The hydrophilic character of the filaments is concentrated and the reinforcement–resin interaction is improved. Furthermore, chemically processed organic filaments have been demonstrated to exhibit improved fibre-dispersal capabilities, resulting in increased stress transmission across the fibre–matrix interaction due to the reduced quantity of hydrophilic groups in the fibres [14].



In the current world of materials and industrial engineering, nanoparticle-reinforced polymers are one of the most reliable and well-known composites for constructing models [15,16]. When nanocrystals are used for reinforcing, several investigations have shown that the synthetic behavioural properties improve more than the mechanical characteristics. Aluminium oxide is another essential ingredient employed for reinforcements due to its exceptional electromagnetic, structural, and thermodynamic characteristics. It has the breadth of a single organism and a multi-dimensional hexagonal strategy. It has been used in many electronic and optical devices [17]. Due to its endurance, it has now been proven to be an excellent filler in epoxy restoration materials. The existence of an oxide position in nano-aluminium material, which acts as a strong adhesive throughout the matrix, is also the leading cause [18].



Implementing green techniques to produce nanoparticles is becoming an active issue in nanotechnology. Because of its numerous uses in physics, economics, physiology, and healthcare, work on synthetic nanoparticles and their characterization has been a developing subject of nanotechnology for the last twenty years [19]. Natural nanoparticle manufacturing techniques based on microbes, enzymes, fungi, and flowers derived from plants were proposed as ecologically sound replacements for chemical and physical approaches. Manufacturing nanoparticles using plants or plant components might sometimes be beneficial over other biological methods because it eliminates the complex procedures of sustaining bacterial culture [20]. Since Al2O3 NPs were chemically bio-inert and hydrogel was more durable, they have received exceptional interest in the leading edge of specialized development in the synthesis and development of contemporary antibacterial drugs with sustainable biological properties. Many researchers have already addressed the bioavailability of Al2O3 NPs ceramics. Highly pure Al2O3 NPs are also the first Phyto commonly used in clinical applications and it was suggested that the life of Al2O3 NPs is greater than that of the people affected [21,22]. As a result, Al2O3 NPs could be used in various fields, including structural ceramics catalysis, textiles, wastewater, and protein isolation. Furthermore, Al2O3 NPs have many biological uses, including biosensing, Phyto, and therapeutic agents [23].



Because of its eco-friendly character and non-harmful approach, green systemization hugely influences today’s and tomorrow’s societies. Plant leaves were formerly used to make nanopowders such as SiO2, TiO2, and Al2O3. The aluminium oxide (Al2O3) nanofiller utilized in the method is extracted from the ‘Neem Leaf’ using a specific ratio of aluminium nitrate. The main objective of the investigation is to find the effectiveness of fibre and nanoparticle weight % in the mechanical and moisture absorption behaviour of sisal/flax-based hybrid composites. The compression moulding technique was used to fabricate the hybrid composites. After fabrication, the composites were tested for various mechanical properties such as tensile, flexural, and impact.




2. Investigational Works


2.1. Reinforcement Materials


The natural fibres sisal and flax were used in this investigation. Rithu Natural Fibres Industry in Salem, Tamil Nadu, India, supplied both fibres. The matrix components used in this investigation were Chembion A-type epoxy resin with a density of 1.12 to 1.14 g/cm3 and aliphatic amine B-type hardener with a density of 1.02 g/cm3. Naga Chemical Industry supplied resin and hardeners in Chennai, Tamil Nadu, India. The family of fundamental components, or cured final product, of elastomers is known as epoxy. Epoxy resins are epoxide-containing reacting prepolymers and polymers, commonly known as polyepoxides. Epoxy functional groups are also known as epoxy structural features. The supplier suggested that the mixing ratio of epoxy resin and hardener be 3:1. Furthermore, the viscosity of the epoxy resin was 550 MPa/s, the pot life was 30 min, and the hardening time was 24–36 h at room temperature. Figure 1 shows the photographic images of fibres and chemicals used in the present research.




2.2. Alkaline Treatment


One of the most common treatments for natural fibres used in composite materials is the alkaline treatment. In this study, sisal and flax fibres were submerged in varying concentrations of NaOH (0, 1, 3, and 5 wt.%) solution for 4 h. New sisal and flax fibres were gathered and carefully cleaned for alkalization. The fibres were then rinsed multi times with distilled water to eradicate any remaining chemicals. The mercerization reactions on reinforcement are expressed in Equation (1) [11].


  Fibre − OH + NaOH → Fibre − O − Na +  H 2   O     



(1)








2.3. Preparation of Aluminium Oxide Nanopowder


Distilled water was often used to clean neem leaves. Neem leaves were chopped into small pieces and combined with 350 mL of distilled water before being cooked for 30 min on a heating mantle at 70 °C and then chilled. Filtration was carried out at 1200 rpm, 15 °C, and for 40 min. The reductions of the metal ions through leaf extract led to the formation of synthesized nanoparticles that are quite stable in solutions. The colour change occurred when we added aluminium nitrate chemical agents to the leaf extract. This colour change indicated the formation of nanoparticles in each stage. In the method, leaf extract containing aluminium nitrate was employed. Aluminium nitrate was combined with distilled water in a 4-molar solution. The leaf extract in the beaker was mixed with aluminium nitrate in the separator funnel at a 4:1 ratio using a magnetic stirrer at 800 rpm. The original green tint changed to a white-coloured residue after 40 min, indicating the presence of aluminium oxide nanopowder. The block diagram of Al2O3 NPs preparation can be seen in Figure 2. Following the production of a white residue, spinning at 15,000 rpm, 20 °C, and for 40 min, it was combined with the fractional distillation. These techniques were performed four times in a row to maximize nano powder separation. In the last stage, nano powder was baked in an oven for 5 h at 150 degrees Celsius. The chemical reactions of Al2O3 NPs formations are expressed in the following Equations (2) to (4).


  Al    (    NO  3   )   3  + 3   NH  4  OH → Al    (  OH  )   3  ↓ + 3   NH  4    NO  3           



(2)






  Al    (  OH  )   3  → AlOOH ↓ +  H 2   O     



(3)






     (  AlOOH  )   2  →   Al  2   O 3  +      H   2   O     



(4)








2.4. Hybrid Composite Preparations


The sixteen composite samples were fabricated as per the Taguchi L16 orthogonal array design. The composite was made with sisal/flax fibres and nano aluminium utilising compression moulding. A stainless steel mould measuring 150 × 150 × 3 mm was used to fabricate the hybrid composites. Mechanical stirring with a glass rod at 150 RPM dispersed varied quantities of nanoparticles (0, 2, 4, and 6 wt.%) in the epoxy resin. The matrix mixture was evenly distributed throughout the fibre layers of the mould. The mould was connected and placed in the compression moulding at 50 bar pressure and 120 °C. The desiccators prevented any additional moisture absorption by the hybrid composite material. Table 1 lists the constraints and their levels utilized for the present research. Table 2 shows the L16 Taguchi orthogonal array.




2.5. Characterization of Hybrid Composites


All of the hybridized nanocomposites were mechanically characterized initially. The Instron 1195 type Universal Testing Machine (UTM) with load limits of 5 KN and a crosshead speed of 2 m/min was used to examine flexural and tensile properties. For the tension experiment, the laminated hybrid samples were cut and converted to ASTM D 638-03 replicas with measurements of 150 × 15 × 3 mm, ASTM D-790 (width 10 mm, length 125 mm, and thickness 3 mm) for bending behaviour. The sample was placed inside the tensometer’s attachment. The equipment was turned on as the tensometer’s stepper motor progressively transmitted the tensile force to the sample. The deformation value was assessed using the strain gauge linked to the tensometer. After applying a critical load to the specimens, they were sliced into two pieces. If the specimen was flexural, it was sliced into three sections. The computer linked to the tensometer recorded the stress and strain values. The un-notched Izod impact test was performed on the composite sample using Tinius Olsen (Model Impact 104, 9.81 kN pendulum capacity) pendulum impact testing equipment with dimensions of 64.3 × 12.7 × 3 mm at room temperature by ASTM D 256. SEM (A Zeiss SUPRA 55-VP, 12 KV model with 10, 20 and 200 µm magnification) was employed to examine broken hybrid materials at a microscopic (fractographic) level. Before SEM clarity, the specimens were laved, dehydrated, and surface coated with 10 nm of gold to increase the electrical conductivity of the composites. All of the mechanical testing and microstructural analysis were carried out in the materials testing laboratory at Sathiyabama University, India.




2.6. Water Absorption Behaviour


Water absorption experiments were performed by UNEEN ISO 62:2008 to investigate the water uptake behaviour of natural-fibre-reinforced nano filler-based epoxy composites. Composite samples were submerged in a water bath for an extended period until saturation was achieved.



The samples were dried for 24 h in a 45 °C oven before being cooled to room temperature. The dehydration procedure was repeated until the items’ weight remained consistent (weight W1). Following 60 h, the specimens were removed from the water and measured (weight W2) with a digital scale immediately after being dried with a dry towel. This procedure was repeated throughout the 60 h of water immersion to weigh the specimens regularly. The following Equation (4) was used to calculate the water absorption behaviour of composites. Figure 3 shows the photographic images of water absorption behaviour.


   Water   Absorption  =    W 2  −  W 1     W 1    ∗ 100  



(5)








2.7. XRD Analysis


A ULVAC-PHI6000 Probe III X-ray diffractometer with Cu-Kα1 emission at 50 kV, 30 Ma, and = 2.41 was employed for X-ray diffraction (XRD). These X-ray diffraction patterns were examined at an ambient temperature of 10 to 80° (2Ѳ) at a rate of 0.05 min−1. The diffraction peaks of biosynthesized nano Al2O3 NPs were compared to the JCPDS database. Furthermore, the morphology of the powder was examined using a 150-CX transmission electron microscope (TEM) at 100 kV.




2.8. HPLC (High-Performance Liquid Chromatography) Analysis


The polyphenols in Azadirachta indica aqueous extracts were quantified using an Agilent 1100 Model HPLC system with diode array detection and injector valves with a 20-µL measured flow. Substances were segregated on a 4.7 mm 260 mm, i.e., 5 m pore diameter, Phenomenex SB RP-C20 column guarded by only a guarding column filled with the same packaging. HPLC-grade methanol (Part A) and water were used as the sample solvent system (Part B). Its flow rate was constantly maintained at 1.0 mL/min [24]. The injection volume was maintained at 10 µL.





3. Result and Discussion


3.1. Characterizations of Al2O3 Nanoparticles


The current study concerns the immediate functionalization of Al2O3-NPs utilizing raw neem leaves. A yellowish-brown white precipitate was observed when a neem leaf extract and an aqueous phase of aluminium nitrates were microwave-irradiated for 6–10 min. Before even being employed by the characteristics and microbiological contact experiments, Al2O3-NPs were characterized using XRD, SEM, and TEM investigations to confirm the main and secondary sizes and forms. In Figure 4a, the SEM micrographs of Al2O3-NPs showed approximately spherical shell NPs with maybe some aggregation [25,26].



The XRD characteristic of Al2O3-NPs exhibited three diffraction patterns (115, 119, and 215) is shown in Figure 5 with spikes around it (115 and 119 being among the strongest). Powder X software was used to identify these peaks, which were discovered to correlate with the composition of Al2O3 (JCPDS card No. 42-1468). The form of Al2O3 nanoparticles were investigated using imaging from a transmission electron microscope (TEM). These specimens were randomly scanned using a 150-CX TEM at 100 kV. Based on the observed data the calculated nanoparticle size is 38.61 nm, which is related to the most intensive crystalline sector (115) [27]. Most nanomaterial shapes were spheres and triglycerides in the 10–500 nm region, as indicated by the TEM image (Figure 4b). Following the figure, the majority of nanomaterial appeared spherical. The XRD image confirmed it as well. The sharpened characteristic of the XRD analysis reveals the crystalline phase of the prepared NPs. There are no further diffraction patterns from Al2O3 NPs in the XRD pattern, demonstrating the excellent phase purity of the synthesized material [28].



The aqueous extracts of neem leaves appeared lighter yellow in hue, whereas the aluminium nitrate solutions appeared white. Initially, the light-yellow hue was generated by adding neem leaf extracts to an aluminium nitrate solution. The mixture was modified and turned light green following a half-hour of heating at 70 °C with mixing, demonstrating the creation of Al2O3 NPs. The hue of aluminium oxide nanoparticles ranges from yellow to light green, according to the size and structure of the Al nanoparticle [29]. The light-green hue was created due to the conversion of Al (III) to Al (0) and the significant improvement in the internal and subcutaneous production of Al NPs. The ultraviolet spectroscopy of biologically-synthesized Al2O3 NPs by neem leaves revealed intense peaks at 543 nm. The wide peak indicates (Figure 6) the presence of large-sized nanoparticles. The MIE concept was employed to analyse the spherical shape and tiny size of NPs formed in the reaction medium, which was identified by producing a single surface plasmon band for Al2O3 NPs [30].




3.2. HPLC (High-Performance Liquid Chromatography) Analysis


A technique is being developed to determine the concentration of polyphenols. Several studies have been described to quantify chosen polyphenols in terms of their biological and medicinal importance. As previously noted in the reference section, the emphasis is placed on significant antioxidants. Zhang et al. [31] adjusted HPLC parameters for simultaneously estimating 14 phenolics in grapes, including gallic acid, caffeic acid, and catechin, because they have significant biochemical effects. Additional research estimating polyphenols such as gallic acid, catechin, and caffeine in tea extracts has been published [32,33].



An earlier study has shown that catechin may serve as a reductant and cap Al2O3 NPs through green packaging. As a result, we experimented with altering the volumetric content of a solvent system (50:50 acetonitrile: water) with fluid velocity. A solitary maximum absorbance was produced with 50:50 and was conducted for greater study in contrast to specific other proportions that produced many signals, which may be related to strongly adsorbed elements inside the solvent system or detector responses. Nevertheless, it may be tweaked or tested using HPLC preservation performance measures such as specimen solvents, heating rates, and solvent system constituents. The established process was performed three times for additional study [34]. Chromatograms have been obtained for gallic acid, caffeic acid, and catechin values at 20, 30, and 40 mg/L. The specimen (a neem leaf extraction) was then injected and analysed. Figure 7 shows the chromatograms for 20 mg/L. The presence of numerous peaks could be attributed to impurity influences. Calculated values of gallic acid, caffeic acid, and flavonoid sample solutions were shown at 20, 30, and 40 mg/L. A chromatogram for the specimen is shown in Figure 7. The leaf extract specimen included organic material containing phenyl rings, including phenolic acids. Among them were aromatic ethanol, o-guaiacol, 2,3-dihydrobenzofuran, p-vinilguaiacol, and dimethyl phthalates. Polyphenol chemicals reduce reagents for nanoparticles, enveloping particles and giving them exceptional resilience to prevent aggregation [35]. According to the findings, the leaf’s overall concentrations of flavonoids (gallocatechin, carnosic acid, and camellia) were determined to be 0.250 mg/g, 0.264 mg/g, and 0.552 mg/g, respectively. The catechin concentration is higher than the phenolic and caffeic acid levels, which could have resulted in a faster rate of reduction. This contributes to the formation of Al2O3 NPs [36].




3.3. Mechanical Properties


3.3.1. Consequence of Fibre Content


The average tension, bending, and impact behaviours of the sisal/flax-based hybrid nanocomposite with 0, 5, 10, and 15% fibre content are shown in Figure 8a,b. The mechanical characteristics of hybrid composites improve with increasing fibre loading up to 10% but then decline to 15%. When compared to a pure epoxy composite, adding 5% sisal or flax to the epoxy composite increases its strength. The 5 wt.% fibre-based composites showed lower strength when compared to others. This is because compared to other fibre content, the 5 wt.% content composites have poor adhesion to the matrix. Therefore, the stress transfer rate is low in 5 wt.% fibre composites. Consequently, matrix-high regions occurred in the composites through a deprived fibre-content link [37]. The fibre reinforcement was pulled out of the matrices when overloaded in this state. It demonstrates that the sisal/flax reinforcing effect of 5% in the epoxy is inadequate to tolerate the applied stress. The material’s overall performance rises as the sisal/flax content increases from 5% to 10%. At 10% fibre-reinforced composite, extreme ductile strength is 59.94 MPa, bending is 149.52 MPa, and impact is 37.0 KJ/m2. This is primarily due to the formation of good bonding between the fibres and the matrix, which occurred due to the natural-fibre pre-treatment (NaOH Treatment). It reduced the void content in the composite by presenting the additional short fibres and confirming adequate load distribution throughout the layers. Figure 9 shows the mean value of the tensile strength of various input parameters.



When 15 wt.% fibre loading was used, the mechanical strength of the composite was reduced. The cause of this might be that the matrix volume % is insufficient to ensure excellent bonding, resulting in poor wettability between the fibres and the matrix and the formation of a fracture in the matrix. It is clear from the data that the 10 wt.% fibre-loaded composite has better mechanical characteristics than the other combinations. The most likely cause is that as fibre content increases, the applied stress is adequately communicated to the fibres via the matrix. It contributes to the ability to bear tensile solid, flexural, and impact loads. The fibre concentration of 10% is better for optimum load distribution in the composites.




3.3.2. Consequence of Nano Filler Loading


The composition of the fillers, polymer, polymer filler adherence, cross-linking chemicals, and preparation techniques influence the mechanical characteristics of a composite. As a result, any enhancement in the characteristic is assessed in comparison to a polymer matrix that has experienced the same procedure. The fillers are saturated at room temperature by the polymer solution, which is then hardened using a cross-linking agent. Tensile, flexural, and impact properties typically improve as the nano filler loading in the formulation increases. Figure 10 demonstrates the average values of mechanical strength based on nano Al2O3 particles. The adherence between the epoxy and the filler reduces beyond a specific limit of filler content based on the treatment methods, leading to a decline in the strength of the end goods [38].



The overall tensile strength of the material during the 4 weight percentage of nano Al2O3 is 59.94 MPa, the bending is 149.52 MPa, and the impact is 37.0 KJ/m2. The composite’s elasticity decreased somewhat, with a filler loading of 6%. That decrease is attributed to the filler’s difficulty sustaining stresses transferred by polymeric composites, as well as poor interfacial interaction resulting in meaningless gaps among fillers and substrate elements, resulting in unsatisfactory outcomes [39]. Whenever the filler loading is excessive, the polymers have a more challenging time entering the tiny diminishing spaces among the fillers, resulting in poor soaking and a decrease in load-transfer effectiveness at the filler–resin contact. The epoxy resin adheres well to various surfaces and may be strengthened further by adding fibres or nanoparticles. Figure 11 Demonstrates the mean values of bending strength based on the different input parameters.




3.3.3. Effect of NaOH Concentration


NaOH processing, also known as mercerization, is a common form of pre-treatment for organic textiles. Due to the apparent alkali treatment, the price of lignocellulosic materials is rising compared to crystal cellulose. The hydroxyl group in the framework was eliminated due to this procedure. In NaOH circumstances, the composite showed a positive outcome in all categories [40]. The mean values of tension, bending, and impact behaviour of sisal/flax-based hybrid composites are shown in Figure 12. Figure 12 shows that the most excellent tensile, flexural, and impact strength values were 59.94 MPa, 149.52 MPa, and 37.9 KJ/m2 at 5% NaOH. Eliminating impurities from the fibre’s surface was not as good at lesser NaOH concentrations (1 and 3 wt.%), resulting in weak fibre binding with matrices. The 5% NaOH pre-treatment with 4 h of alkali increased exterior adhesion by eradicating natural and other foams, resulting in a difficult topography aspect of the surface. Sisal and flax fibres were chemically pre-treated with a 5% sodium hydroxide (NaOH) preparation for 4 h to remove hydrophilic hydroxyl collections and impurities from roughage fibres. Even with the matrix material, this will improve fibre interactions and durability [41]. This enhances the mechanical and microstructural characterization through growing polymerisation stages and fibres’ crystal structures. Figure 13 shows the mean impact strength values of sisal/flax hybrid composites based on various input parameters.



After NaOH treatment, the fibres were extensively rinsed with fresh and deionized water to eliminate the tiny amounts of NaOH. The XRD scans showed no indication of a greater NaOH concentration in the fibre. Except for peaks at 115, 119, and 215, the remaining peaks demonstrated the NaOH presentation in the fibre mat. Only at greater concentrations (5 wt.%) of NaOH processes is sodium aluminate formed. The content of NaOH in such samples appears to be a factor in the production of sodium aluminate from the residual. This shows that greater NaOH levels combined with extremely high temperatures promote the synthesis of aluminate, the substrate for sodium hydroxide nanoparticles [42]. The XRD data show that the concentration of HCl did not affect the procedure. Previous research has found that the proton content highly influences the leaching rate at the start of the reaction in the anion of the oxide (Cl). Larger HCl levels result in much less acid ionization, which reduces the extraction rate and processing efficiency because a rise in titratable acidity raises the number of metallic ions in the solutions. The formation of sodium aluminate is expressed in Equation (6)


    Al  2   O 3  + 2    NaOH  → 2   NaAl  2   O 3  +  H 2   O     



(6)







Figure 14a–d show SEM images of plain epoxy, untreated, and various % alkaline-treated fibre-reinforced composites after tensile behaviour, which may be used to measure the degree of adhesive quality between the fibre reinforcement and the polymer matrices. When opposed to alkaline-treated fibres, untreated fibres exhibit more holes and voids. The discrepancy in bonding among organic compounds and the adherence of fibres in a specific location caused these voids to emerge. These spaces are minimised in treated fibres due to the alkaline solution reacting with the fibres, resulting in the creation of acetic cellulose and the insemination of hydroxide deposits, both of which modify the fibres’ binding properties [43]. Figure 14a shows the microstructural image of plain epoxy resin. Figure 14b–e show the microstructural images of 0 wt.%, 1 wt.%, 3 wt.%, and 5 wt.% concentrations of NaOH pre-treated fibre-based composites. Figure 14e shows fewer fibre pullouts compared to other images. This may reflect the good bonding between the reinforcements and the matrix. This also helps to enhance the interfacial adhesion among the composite systems. The final result was to increase the mechanical strength of the composites. Figure 14f–h show the microstructural images of 5 wt.% NaOH pre-treated composites under a hybrid composite’s tensile, flexural, and impact behaviour. As compared to Figure 14a,b and Figure 8f–h reveal fewer voids and fibre pullouts. They also have evidence of increased bonding strength between the reinforcement and the matrix. The mentioned microstructural image reveals that the 5 wt.% of NaOH pre-treatment effectively alters the fibre surface. It has helped enhance the hybrid composites’ mechanical strength [44].





3.4. Water Absorption Behaviour


Figure 15a–d depict the proportion of water absorbed by sisal- and flax-fibre-reinforced hybrid composites following different concentrations of NaOH treatment (0, 1 wt.%, 3 wt.%, and 5 wt.%). The Indians’ attitudes toward water have shifted drastically through time. Fibre reinforcement generally causes polymer composites to retain a lot of moisture. The moisture absorption of flax- and sisal-fibre-reinforced composite materials with 3 wt.% and 5 wt.% NaOH concentrations was moderate, whereas the moisture content of NaOH-treated flax- and sisal-fibre-reinforced composite materials with 1 wt.% and 0 wt.% concentrations was high. The mechanical-fractured sample study revealed that fibre composites containing 5% NaOH had strong fibre-to-matrix bonding capabilities. As a consequence, excellent water-resistant characteristics were developed. Due to good bonding, the polymer matrix is tightly wrapped around the fibre, preventing water molecules from contacting the exterior [45]. Liquid fragments may effortlessly enter the fibre surface in the 0-wt.% and 1 wt.% fibre-reinforced composites due to the weak interaction between the matrix and the fibre. As a consequence, the water absorption of the material increased. The 0-wt.%, 1 wt.%, 3 & 5 wt.% flax- and sisal-fibre-reinforced composites reached saturation point after 60 h of incubation. As can be observed, all nanomaterials display a normal polymeric water uptake response that follows Fick’s baseline. In general, including nanofillers reduces the water absorption of altered hybrids compared to ordinary epoxy. The nanofiller’s exceptional resistance characteristics cause this phenomenon. Including nanofillers with a high surface area can provide a difficult route for hydrogen atoms to infiltrate into the nanocomposite. The maximal water absorption of aluminium oxide reinforced polymer nanocomposites diminishes steadily as the filler concentration increases [41]. Compared to plain epoxy, the maximum moisture uptake of aluminium-loaded epoxy nanomaterials is reduced by 12.1, 19.4, and 22.4%, respectively, with the inclusion of 2, 4, and 6 wt.% aluminium oxide. Similarly, adding 2, 4, and 6 wt.% aluminium oxide reduces water retention by 9.14, 10.21, and 16.54%, respectively. Surprisingly, the resistance characteristics of nanomaterials loaded with aluminium oxide outperform those of other unfilled biocomposites.





4. Conclusions


This is a new attempt to make a hybrid composite that includes biosynthesized nanoparticles with different concentrations and fibre content with NaOH processing. The flax/sisal-fibre-reinforced epoxy-based hybrid nano Al2O3 NPs particle accompaniments of biocomposites were successfully fabricated through the compression moulding method and the following observations were made.




	
The XRD characteristic of Al2O3-NPs exhibits three diffraction patterns (115, 119, and 215). Powder X software was used to identify these peaks, which were discovered to correlate with the composition of Al2O3 NPs. TEM images were also used to confirm the spherical structure of Al2O3 NPs.



	
According to the HPLC results, the leaf’s overall concentrations of flavonoids (gallocatechin, carnosic acid, and camellia) are determined to be 0.250 mg/g, 0.264 mg/g, and 0.552 mg/g, respectively. The catechin concentration is higher than the phenolic and caffeic acid levels, which could have resulted in a faster rate of reduction. This contributes to the formation of Al2O3 NPs.



	
Among many of the varying configurations, 4 wt.% nano Al2O3 NPs, 10 wt.% flax and sisal fibres, as well as 4 h of NaOH with a 5 wt.% concentration, produce the maximum mechanical properties (59.94 MPa tension, 149.52 MPa bending, and 37.9 KJ/m2 impact resistance).



	
In comparison to 0, 2, 4 as well as 6 wt.% nano Al2O3 NPs, 4 wt.% nano Al2O3 NPs incorporation has the maximum mechanical properties owing to the Al2O3 particles being well combined in the epoxy matrix and exhibiting good interfacial adhesion strength.



	
Compared to plain epoxy, the maximum moisture uptake of aluminium-loaded epoxy nanomaterials is reduced by 12.1, 19.4, and 22.4%, respectively, with the inclusion of 2, 4, and 6 wt.% aluminium oxide. This is because the resistance characteristics of natural composites loaded with aluminium oxide outperform those of other unfilled biocomposites.
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Figure 1. Photographic Images of (a) sisal fibre; (b) flax fibre; (c) Epoxy matrix; and (d) NaOH pallets. 
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Figure 2. Demonstrates the Al2O3 NPs preparations through biosynthesis process (a) Heating the neem leaf; (b) Formation of leaf extract after centrifugal process; (c) Mixing leaf extract with Al(NO3)3 solutions; (d–f) Colour Modification subsequent to fraternization. 
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Figure 3. Photographic image of water absorption behaviour experiment. 
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Figure 4. Microstructural analysis of (a) SEM images of Al2O3 NPs; (b) TEM Images of spherical structured nanoparticles. 
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Figure 5. XRD patterns of Al2O3 nanoparticles. 
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Figure 6. Ultraviolet spectroscopy patterns of Al2O3 nanoparticles. 
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Figure 7. Chromatogram of the samples of neem leaves extract. 
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Figure 8. Average value of Mechanical Properties (a) wt.% of Sisal Fibre; (b) wt.% of Flax Fibre. 
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Figure 9. Mean Values of Tensile Behaviour of Hybrid Composites with various input parameters. 
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Figure 10. The average values of mechanical strength based on nano Al2O3 particles. 
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Figure 11. Mean Values of Bending Behaviour of Hybrid Composites with various input parameters. 






Figure 11. Mean Values of Bending Behaviour of Hybrid Composites with various input parameters.



[image: Applsci 12 13030 g011]







[image: Applsci 12 13030 g012 550] 





Figure 12. The average values of mechanical strength based on NaOH concentrations. 
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Figure 13. Mean Values of Impact Behaviour of Hybrid Composites with various input parameters. 
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Figure 14. Microstructural Images of (a) Plain epoxy; (b) 0 wt.% of NaOH Treated; (c) 1 wt.% NaOH Treated; (d) 3 wt.% of NaOH Treated; (e) 5 wt.% of NaOH Treated composites; (f) 5 wt.% NaOH Treated Tensile failure; (g) 5 wt.% NaOH Treated Flexural failure; (h) 5 wt.% NaOH Treated Impact failure. 
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Figure 15. Moisture Absorption Behaviours of (a) Untreated; (b) 1 wt.% of NaOH; (c) 3 wt.% of NaOH; (d) 5 wt.% NaOH treated sisal/flax/Nano Al2O3/Epoxy based hybrid composites. 
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Table 1. Constraints and their stages for hybrid composite.
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Sl.No

	
Constraints

	
Stages

	




	
S1

	
S2

	
S3

	
S4






	
1

	
Sisal Fibre (wt.%)

	
0

	
5

	
10

	
15




	
2

	
Flax Fibre (wt.%)

	
0

	
5

	
10

	
15




	
3

	
Nano Al2O3 Filler (wt.%)

	
0

	
2

	
4

	
6




	
4

	
NaOH concentration (wt.%)

	
0

	
1

	
3

	
5
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Table 2. L16 Taguchi Orthogonal Array.
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	Sl.No
	Sisal Fibre (wt.%)
	Flax Fibre (wt.%)
	Nano Filler (wt.%)
	NaOH

(wt.%)





	1
	0
	0
	0
	0



	2
	0
	5
	2
	1



	3
	0
	10
	4
	3



	4
	0
	15
	6
	5



	5
	5
	0
	2
	3



	6
	5
	5
	0
	5



	7
	5
	10
	6
	0



	8
	5
	15
	4
	1



	9
	10
	0
	4
	5



	10
	10
	5
	6
	3



	11
	10
	10
	0
	1



	12
	10
	15
	2
	0



	13
	15
	0
	6
	1



	14
	15
	5
	4
	0



	15
	15
	10
	2
	5



	16
	15
	15
	0
	3
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