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Linum usitatissimum commonly known as flax fibers, emerges as a promising reinforcement phase for artificial polymer resins, boasting ecological benefits, low density, and easy accessibility. However, the mechanical behavior of such composites hinges crucially on factors such as fiber mat thickness, nanoTiO2 filler content, and the application of cryogenic treatment. Addressing this complex interplay, this study employs a hand lay-up technique for composite construction, subjecting nanocomposite plates to the challenging liquid nitrogen conditions at 77 K post-manufacture. Recognizing the need for an optimized approach, Response Surface Methodology (RSM) based on Box-Benhken designs is employed to enhance the mixing features of linum usitatissimum polymer composites. The study calculates anticipated mechanical strength values through rigorous ANOVA inferential analysis, uncovering the pivotal roles played by fiber mat thickness, nanofiller content, and cryogenic treatment in the two feature interactions (2FI) model components. The methodology proves robust with high R2 values (0.9670 for tensile, 0.9845 for flexural, and 0.9670 for interlaminar shear strength) consistently aligning with experimental findings. The study culminates in identifying optimized parameters for maximal mechanical properties—300 gsm flax fiber thickness, 5 wt.% nano TiO2 concentration, and a 15-min cryogenic treatment—a result that advances our understanding of fundamental factors influencing composite performance and provides practical guidelines for applications in fields requiring superior mechanical strength in challenging environments.
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1 INTRODUCTION
Composites are a diverse set of materials with various qualities and uses. The matrices and reinforcements are made of two or more biologically different elements. The reinforcements are typically stiffer and stronger than the matrices. The matrix maintains the reinforcements in place and offers a uniform structure (Lefeuvre et al., 2015). Even though man-made fabrics are the most commonly used reinforcements in polymeric materials, rising ecological issues have freshly prompted the usage of biodegradable alternatives. Owing to their scientific and environmental benefits, disposable reinforcement substances like organic fabrics are the ideal replacement for artificial materials in the composites sector (Kamarudin et al., 2022). Natural fiber-reinforced composites are superior to synthetic fibers in several important ways for the aerospace and automotive sectors. First, their much-reduced density helps with light weighting, essential for improving performance and fuel economy. This weight decrease helps aircraft applications improve the fuel-to-payload ratio and the automobile industry fulfill stricter fuel efficiency criteria. Natural fibers are also renewable, biodegradable, and environmentally benign, which aligns with the increased emphasis on sustainability and lowering carbon emissions (Surakasi et al., 2023). Additionally, these composites have good vibration-dampening properties, which improve passenger comfort in cars and lessen structural fatigue in airplanes. Furthermore, natural fibers are usually less expensive than synthetic ones, making them a sensible option economically. Lastly, natural fibers are a desirable substitute for synthetic materials in various structural applications because of their intrinsic qualities, which include high specific strength and stiffness. These sectors are increasingly concerned with cost-effectiveness, environmental friendliness, and resource efficiency (Velmurugan and Babu, 2020). Mechanical and chemical characteristics of frequently exploited natural fabrics may be discovered in the bibliography. Natural fibres are useful in various industries, such as automotive, architecture, and the aviation sector, because of their relatively low cost, density, reduced carbon emissions, soft microfiber character, absence of skin annoyance, and minimal health hazard. Most organic fibre-based composites are low-cost, more durable, and ecologically benign. Flax (Linum usitatissimum) was among the earliest plants harvested, twisted, and woven into fabrics (Dhakal and Sain, 2020). Flax textiles have been discovered in Egyptian tombs going back to 6000 B.C. (Cerbu, 2015) Up to 32,000 decades previously, twisted natural flax fibres at Dzudzuana Caves suggested the primitive poacher was creating ropes for hafting primitive tools, spinning baskets, or stitching clothes (Ahmad et al., 2021). Longer flax fibres that are fine and uniform are frequently spun into flax threads. Flax fabric holds a strong historical position amongst high-quality domestic fabrics, like bed sheets, decorative textiles, and home décor items. Cooking cloths, sails, awnings, and canvases are made using thicker threads from smaller flax strands (Saidane et al., 2021). Lesser fiber quality could not meet the criteria for automotive applications (Koronis et al., 2013).
Natural fibres have a few drawbacks, such as incompatibility between fibres and matrix and hydrophilic natural fabrics, geometrical instabilities, and a predisposition to congregate throughout the preparation and their considerable positives (Prabhu et al., 2020). The poor interfacial interaction among liquid natural fabrics and water-repellent polymer chains reduces the polymeric composite’s characteristics, which is bad for the commercial and construction industries. Surface modification of reinforced fibre, recombination, and filler additions are just a few of the methods and procedures that may be used to solve such flaws (Coroller et al., 2013). Whenever natural materials are treated with different agents, their chemical properties, surface roughness, and topographical change, some of the available surface therapeutic approaches are Alkaline, siloxane, acetyl, benzoylation, peroxidase, ammonium nitrate, and potassium chlorite. One of the most extensively used and easiest procedures for increasing the adherence qualities of the fibre matrices is alkali treatment, often called mercerization. This approach uses sodium hydroxide (NaOH) to change the cellulose properties of natural fibres, resulting in rapid fibre breakage and dispersion (Fernández et al., 2016). Oils, waxes, lignin, and pectin are removed from the fibres during alkali, leaving a clear, homogeneous texture. Hybridization is another method for improving the mechanical performance of lightweight materials (Baley et al., 2020). Hybrid composites often comprise two or three dissimilar fibre varieties inside the same matrices and a mixture of two or more materials strengthened with similar fabrics (Duc et al., 2014). Hybridization’s main purpose is to circumvent a structure’s limits by supplementing it with another substance with equal or greater qualities (Campana et al., 2018). Mixing different types of nanoparticles or nano powder in the same matrices may create hybrid nanocomposite substances at the nanoscale. Hybrid nanostructure substances were employed in various applications and features at a cheaper cost than standard lightweight materials (Saadati et al., 2020).
Liquid nitrogen capabilities can increase the material characteristics of fiber-reinforced polymers. For instance, polymers used in aircraft construction must be gifted to endure temperatures up to −200°C. Cryogenically treated materials and polymers consume improved strength, resilience, inflexibility, and fatigue strength (Kureemun et al., 2018). Consequently, fluid nitrogen-treated materials could develop a vital fragment of modern investigation and technology to ensure the properties of natural composites (Rajeshkumar et al., 2021). Response Surface Methodology (RSM) is an assemblage of computational and scientific methodologies for emerging, ornamental, and optimizing processing limits (Setswalo et al., 2022). It is a multi-dimensional excitable tool for estimating and visualising the cause-and-effect relationship among replies and the control input elements that influence outcomes (Zeeshan et al., 2021). The Box-Behnken design (BBD) is observed as experimental by RSM. BBD offers the benefit of avoiding tests performed in severe settings and excluding combinations in which all components are simultaneously at their maximum and minimum levels. Moreover, because the BBD is a cost-effective structure that only needs 3 levels for every constituent, it is frequently used in industrial investigation (Vinod et al., 2021).
Some man-made fibres are poisonous, non-disposable, rough, and require a lengthy production process, whereas natural fabrics are durable, inexpensive, and environmentally benign (Daria et al., 2020). As environmental considerations have grown, researchers have shifted their focus from artificial to natural-fiber lightweight materials. Many earlier studies have used natural fibres; nevertheless, their findings show that they have worse characteristics and interoperability when associated with artificial materials, necessitating a change in the manufacturing process. To improve the total concert of natural fibre amalgams, nanoparticle inclusion and fibre surface augmentation might be considered useful strategies. Furthermore, there is a noteworthy dearth of studies on this subject. The combined impact of the cryogenic treatment and the inclusion of nanoparticles on the mechanical features of the hybrid nanocomposite was examined in this work. Utilizing the hand lay-up process, the polymeric composites were created utilizing alkali-treated flax and nano-TiO2 reinforced composites. For tensile, bending, and ILSS characteristics, the influence of cryogenic treatment and nanofiller addition was examined, and an SEM was used to analyze the fractured construction of the composites. The work is innovative since it completely improves hybrid composites’ mechanical behavior in harsh environments. This research introduces an innovative material synergy achieved through the combination of epoxy, natural flax fibers, and Nano TiO2 particles. Notably, the use of Response Surface Methodology (RSM) for systematic optimization sets this work apart, providing an organized and efficient approach to exploring the multidimensional design space. A demanding and unique dimension is added by investigating mechanical characteristics especially in a liquid nitrogen environment, which is essential for cryogenic engineering and aerospace applications. This comprehensive viewpoint advances our knowledge of composite behavior by considering both the environmental influences and the composition of the materials. The wide range of possible uses from cryogenic storage tanks to aircraft components, emphasizes the practical importance of research in creating cutting-edge materials for difficult real-world situations.
2 INVESTIGATIONAL WORKS
2.1 Materials
Flax fiber is stem fiber indigenous to South Asia and prevalent in countries like India, Malaysia, and Indonesia, undergoes the retting process for fiber extraction from the plant’s stem bark. The initial separation results in slender elements, each measuring up to a meter in length, which are subsequently skillfully woven into mats. The RKG natural sources in Mellor, Tamil Nadu, India, gathered flax fibres and matrices such as epoxy. The Nano TiO2 powders utilized in traditional pallets are sourced from the reputable Naga Chemical Factory in Chennai, Tamil Nadu, India.
2.2 Alkaline treatment
The flax fibres has washed individually at 63°C–78°C for 60 min with 1–2 percent bathe resolutions, washed with purified waters, and dried in a microwave heating chamber at 75°C for 60 min, as per the developed process, to avoid any undesirable contaminants (Van de Weyenberg et al., 2003). After cleaning the filaments, they were soaked in a 5% NaOH solution for 4 h at 40°C. Purified water extensively cleansed and dehydrated the fibres in the open air to get alkali-treated fibres.
2.3 Creation of composites
The matrix and substances were incorporated during the initial stage by mechanically spinning nano-TiO2 and resin for 15 minutes. The additive is subsequently distributed into the substrate by the ultrasonicate using acoustic oscillations. Different weight ratios of nano-silica filler load, including 2.5, 5, and 7.5 wt %, were employed to create a hybrid. After being physically stirred, the nano-sized silicon and resin solution was transferred to an acrylic pipette held in a heated ultrasonic bath and operated on the pulse setting for 45 min.
When the method was finished, the compression molding technique was implemented to create hybrid material made of flax and nano-TiO2. The concentrations and characteristics given were used to build a combined instance. The casting was subsequently filled with the epoxy/nano-TiO2 combination that was earlier created. Once the remaining adhesives were absorbed and the basic surface was attached. Then, additional layers were added until they became showery utilizing a different resin/Nano-TiO2 mixture. The fold was completed by applying the same technique again. The material was then severely crushed with a motorized rolling component to the extent of within 3 mm. The created hybrid polymeric specimens were allowed to dry at atmospheric temperatures for a full day by ASTM protocol before being broken into pieces with an appropriate diameter for mechanical evaluation. Table 1 shows the current study’s fiber, filler, and epoxy resin proportions. Table 2 shows the properties of the blends and their distinct stages.
TABLE 1 | Sample specifications and their weight percentages.
[image: Table 1]TABLE 2 | Phases of constraints for nanocomposite material.
[image: Table 2]2.4 Cryogenic processing
In the introduction of this research, the selection of a nitrogen environment can be contextualized by addressing a research gap and justifying the choice compared to other conditions. One potential research gap could be the limited exploration of the mechanical behavior of flax/nano TiO2/epoxy hybrid composites under extreme environments. Using a nitrogen environment becomes pivotal as it represents a challenging condition characterized by low temperatures, specifically at 77 K. This condition holds relevance in industries like aerospace and cryogenic engineering, where materials must endure rigorous environmental challenges. Through exposure to a nitrogen environment, the study endeavours to fill a crucial gap in comprehending the performance of these materials under extreme conditions, delving into dimensions beyond the scope of conventional testing environments. This methodology offers valuable insights into the composite’s behaviour, revealing nuances that might escape notice under standard conditions. Such insights contribute to a more thorough understanding of its practical suitability in real-world scenarios, thereby addressing a distinct research gap in the existing body of literature. All freezing procedures were meticulously executed using pre-programmed conditions within an electronically controlled cylinder. By carefully cooling at a 3°C/min rate, the internal temperature was reduced to −196°C. The produced prototypes were subsequently immersed in liquid N2 at −196°C for freezing treatment for 15 min, 30 min, and 45 min by the experimental layout. Following the completion of the procedure, the plastic composites were brought to ambient temperatures at a continuous warmth rate of 45°C/h.
2.5 Design of experiment
RSM is a technique for analyzing the relationships among several specified circumstances and obtained results. When creating a model for statistics, we need to comprehend what is involved. This strategy was extensively explored (Van de Weyenberg et al., 2003; Gupta et al., 2021). Performing technically prepared trials, forecasting variables using a method of science, foreseeing answers, and verifying that the model is applicable are the three primary phases in this optimization method. Accordingly, the numbers X1, X2, and X3 have been assigned to the key factors of fibre thickness, silicon particle ratios, and freezing processing. Table 3 displays each parameter’s low, moderate, and high criteria as a series of letters -, 0-, and +, correspondingly. Multiple regression examination and the least-squares method were used for the computation.
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TABLE 3 | L17 orthogonal array.
[image: Table 3]With the aforementioned formulas from Eq 1, Xi is a self-governing factor’s coding significance, Xi is a self-governing factor’s actual worth, Xo is a self-governing factor’s real value depending on the middle value, and X is a self-governing factor’s modifying level. In each Box-Behnken layout, a cluster of dots is located at the halfway point of each edge along the replicated middle within each volumetric block. The average of the results from a set of processing scenarios was utilized as a final result after the three rounds of each test. The quadratic expression (2) is commonly used to express the theoretical connection between what happens depending on the parameters in a configuration with three significant independent elements: X1, X2, and X3.
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Where X is the predictable response, α0 is the prototypical coefficient, Z1, Z2 and Z3 are momentous influences, [image: image] 1, [image: image] 2 and [image: image] 3 are rectilinear coefficients, [image: image] 12, [image: image] 13 and [image: image] 23 are cross-order factors for products, and [image: image] 11; [image: image] 22 and [image: image] 33 are quadratic polynomial coefficients. The quadratic model’s computation fitting level has been defined using the R2 correlation element. The multiple regression analysis yielded parameters, and the computation could be used to determine the results. For this inquiry, an inverse multifactorial configuration called Box-Behnken containing three variables was chosen as the level of testing (Makhlouf et al., 2022).
2.6 Characterization of composite specimen
The mechanical properties of the composite were assessed using a computerized universal testing machine (Model PNP-01) with a 10 kN load capacity, crafted by BISS Bangalore. The fabricated composites were precision-cut in accordance with the ASTM D 3039 standard for tensile testing, employing a cross-head speed of 0.5 mm/min. The sample has dimensions of 250 × 25 × 3 mm, ASTM D-790 models alongside measurements of 125 × 10 × 3 mm for bending evaluation, and ASTM D-2344 models alongside measurements of 3 mm by 45 mm and 3 mm for interlaminar shear strength (ILSS). The same universal testing machine was used to measure the flexural and ILSS behaviors with a cross-head speed of 1 mm/min.
3 RESULT AND DISCUSSIONS
3.1 Model analysis and evaluations
For mechanical properties such as tension, bending, and ILSS with three-dimensional models (third order polynomial equations) were built utilizing expression (2) from data acquired according to the investigational matrix developed based on L17 orthogonal design as given in Table 3 based on Design expert 13 version. Normal probability plots were used to check for normality in the created model. Such graphs were discovered to follow a normal distribution as seen in Figure 1. The normal plot may also be used to check the correctness of an analysis of variance (ANOVA).
[image: Figure 1]FIGURE 1 | Normal probability chart for (A) Tension (B) Bending and (C) ILSS.
The anticipated vs. real charts for the attributes in Figure 2 show that the variance is homogeneous. The models were then tested for fit quality against real values from Table 4 using the coefficient of determination (R2). The numbers were extremely near to one, indicating that the models are well-fitting. High Adjusted R2 values near 1 indicate that the created models are accurate. All property models have appropriate accuracy values greater than 4, indicating they can be used to explore the strategy. Low coefficients of difference suggest that the experiments were extremely reliable (Kumar et al., 2023a).
[image: Figure 2]FIGURE 2 | Actual vs. predicted values for (A) Tension (B) Bending and (C) ILSS.
TABLE 4 | Model evaluations of hybrid composites.
[image: Table 4]3.2 Tensile strength
The cubic models for tensile strength are significant, as indicated by the F-value (48.84) in Table 5 of ANOVA. There’s only a 0.01 percent chance that this strong F-value is attributable to mistakes. The tensile behavior of the composite is suggestively affected by the thickness of flax fibre, the weight percentages of filler particles, and the length of cryogenic treatment. The interactive RSM graphs in Figure 3 show that tensile behavior is greatest in the zone where the period of cryogenic processing is shortest and fibre thickness is greatest (Seghini, 2020). When the time of cryogenic treatment is maintained at a short time, tensile strength increases with increasing flax fibre thickness. When the cryogenic treatment was long, the composite’s tensile strength degraded due to crack development, as seen in the SEM pictures. The major cause of the fracture growth was the extrinsic damage generated in the fibres during treatment (Hemanth et al., 2017). The matrix’s crack nucleating locations were the exterior damaged spots. The resulting tensile strength mathematical model for coded factors is shown the expression (3). This equation might be used to make tensile strength estimates for the predetermined rates of the components. The nano TiO2 filler concentration raises the hybrid composite’s tensile strength. However, the following conclusions are only valid up to a filler percentage of 5%. The tensile strength of the composites deteriorated as the filler’s concentration was raised beyond these thresholds. As a result of the low adhesion and composite strength properties, aggregation may occur (Rajeshkumar et al., 2021). The coded tensile strength equations are represented by (3). The strong bonding of fibers to the matrix obtained by NaOH treatment greatly improves composite laminates’ overall strength and longevity. By promoting efficient interface connections, this procedure guarantees better load transmission between the matrix’s substance and the reinforcement component. Consequently, laminated materials exhibit improved mechanical qualities, such as tensile and flexural strength, and heightened resistance to fatigue and delamination, making them more durable in various challenging environments. Additionally, treated fibers are less vulnerable to outside elements like water absorption, increasing the blended material’s long-term endurance. Mechanical testing and microscopy methods such as SEM are among the evaluations that confirm the beneficial effects of NaOH treatment on the interface between fibers and matrix and its crucial role in strengthening the foundational strength and endurance of composite laminated materials.
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TABLE 5 | ANOVA analysis of Tensile Behavior.
[image: Table 5][image: Figure 3]FIGURE 3 | Surface conspiracies for Tensile behaviour for collaborative consequence among (A) Cryogenic vs. flax fiber; (B) Cryogenic vs. Nano filler and (C) Nano Filler vs. flax fiber.
3.3 Flexural strength
The ANOVA included only the components and associated two-way combinations with a considerable influence on mechanical features (p-values 0.05). The F-value (49.45) for flexural strength in Table 6 indicates that the quadratic model is statistically significant. There’s only a 0.01 percent chance that this strong F-value is attributable to mistakes. Some unimportant model variables were not taken into account. The flexural strength of the produced composite material is affected by the flax fibre thickness and the length of cryogenic treatment (p-values 0.05). Because flexural failures are caused by the shattering of cell walls in fibre bundles, the increased thickness of the flax fibre mat has improved the composite’s flexural strength. Because of the formation of fractures in isolated locations, the length of cryogenic treatment substantially impacted flexural strength as demonstrated in the micrograph. The resulting flexural mathematical model for coded components is shown in the expression (4). The formula above may be used to estimate the bending strength provided by the element’s measurements. It is possible to evaluate the elements’ respective influence by analyzing the correlation coefficient of each one (Rajeshkumar et al., 2021; Setswalo et al., 2022). The bending strength is maximum when the cryogenic procedure is lowest and the amount of nano filler concentration is mild, according to the interaction response-surface plots in Figure 4.
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TABLE 6 | ANOVA analysis of Tensile strength.
[image: Table 6][image: Figure 4]FIGURE 4 | Surface conspiracies for Bending behaviour for collaborative consequence among (A) Cryogenic vs. flax fiber; (B) Cryogenic vs. Nano filler and (C) Nano filler vs. flax fiber.
3.4 ILSS behaviour
In the Table 7, F-value (48.84) indicates that the cubic model for interlaminar shear strength is substantial, with only a 0.01 percent chance that this large F-value is attributable to mistakes. The ILSS of the produced composite is significantly affected by flax fibre thickness and cryogenic treatment (p-values 0.05). The interlaminar shear strength of the composite best when the quality of the woven flax fibre and the cryo processing are balanced, as shown by the response-surface plots in Figure 5. Interlaminar shear strength is stronger in sections with thick flax fibre and less cryo processing or in areas with a reasonable amount of nano filler (5 wt%) and a thicker flax fibre (Belaadi et al., 2020; Vinod et al., 2021). Regarding coded factors, the complete mathematical model for interlaminar shear is shown the Eq 5. This equation might be used to predict the future of ILSS intensity for the given values of the components. The mechanical and physical characteristics of nano composites reinforced with flax fiber undergo a significant transformation when subjected to cryogenic treatment. Extremely low temperatures, usually close to liquid nitrogen, improve mechanical strength overall by encouraging a more even dispersion of reinforcing materials, such as tiny TiO2 particles and flax fibers, throughout the epoxy matrix. Increased load-bearing capacity, tensile strength, and flexural characteristics are also included in this upgrade, which is very important for aerospace applications. Additionally, cryogenic treatment reduces brittleness by improving interfacial bonding and decreasing microcrack development, which leads to increased toughness—a crucial attribute for impact resistance in applications such as automotive components. Additionally, the procedure improves dimensional stability by lowering the possibility of warping or distortion in response to temperature fluctuations. Cryogenic treatment-induced microstructural changes that affect the microscopic arrangement of particles and fibers further enhance these composites’ overall optimization for particular engineering applications.
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TABLE 7 | ANOVA analysis of Tensile strength.
[image: Table 7][image: Figure 5]FIGURE 5 | Surface conspiracies for ILSS behaviour for collaborative consequence among (A) Cryogenic vs. flax fiber; (B) Cryogenic vs. Nano filler and (C) Nano Filler vs. flax fiber.
4 MICROSTRUCTURAL ANALYSIS
Mechanical qualities were shown to be improved at 15 min of cryogenic treatment. Figure 6A–C show the composites’ shattered surface after cryogenic processing. The cryogenic healing hurt the composites, resulting in a reduction in strength. Figure 6A shows the nano TiO2 filler distribution in the epoxy matrix. During the cryogenic treatment, the composites were subjected to severe internal stresses. The fibre and matrix bonding were impacted by internal stress at the interface zone (Kumar et al., 2023b). Forming a coarse fiber surface can improve mechanical performance in composite materials in several ways. The rough or uneven surface roughness of coarse fibers helps to increase the interfacial adhesion between the fibers and the matrix material. Because of this improved bonding, there is greater load transmission between the reinforcement and the matrix, which increases the composite’s strength and stiffness. In addition to providing mechanical interlocking with the matrix, the rough surface of coarse fibers also lessens the possibility of fiber pullout and facilitates more effective stress transmission.
[image: Figure 6]FIGURE 6 | Microstructural analysis of flax fiber/Nano TiO2/Epoxy based hybrid composites under cryogenic treatment. (A) Nano TiO2 filler distribution, (B) Existence of a coarse fiber surface, (C) Longer cryo treatment period.
By looking at the abnormalities, protrusions, or rough textures on the fiber surfaces, one may visually validate the existence of a coarse fiber surface in SEM pictures in Figure 6B. Furthermore, the positioning of the matrix substance within fibers and the degree of bonding between them may be seen in SEM pictures. In SEM pictures, a rough and well-bonded fiber surface often indicates strong interphase among the fibers and matrix and good stress transmission, which indicate superior mechanical characteristics. SEM analysis offers a clear and straightforward way to confirm the beneficial effects of creating a coarse fiber exterior on the mechanical characteristics of composites.
The mechanical characteristics of the material were observed to deteriorate when the treatment period was extended due to the formation of fractures on the material due to high internal forces. Furthermore, when the cryo treatment period was extended, fissures appeared in solitary areas as the fibres, nano filler, and matrix contracted at various speeds (Longana et al., 2018; Natrayan et al., 2023). On the other hand, the composites with the alkaline-treated fibre demonstrated good adhesion in the Figure 6B. The greater stress caused by the longer cryo treatment period caused the fibres to rupture into fibrils shown in Figure 6C, reducing the load transfer under loading and lowering the performance. In contrast, the chemical and physical characteristics of the flax fibre in the composite may have altered following cryogenic healing, thereby affecting the composite’s durability (Sumesh and Kanthavel, 2022). SEM images demonstrated flexural strength increased progressively as filler addition (5 wt%) increased due to improved matrix-fiber bonding.
5 CONCLUSION AND FUTURE SCOPE
The present study focuses on improving the mechanical properties of TiO2-filled braided flax/epoxy hybrid materials. This enhancement is achieved by implementing Response Surface Methodology (RSM). By employing the multiple reaction interface technique, specific parameters for the controlled processing of nano TiO2 with flaxseed-based hybrid composites were identified as 5% nano TiO2, 300 gsm flaxseed fiber mats, and a freezing processing time of 15 min. The correlation ratios (R2) for tension, bending, and ILSS are 0.96, 0.98, and 0.95, respectively. According to RSM findings, the width of flax fibers and the freezing processing time are the most influential factors in determining the mechanical properties. The combination of different components results in hybrid materials with superior mechanical features. In particular, the hybrid material with 5-wt% TiO2 exhibits higher mechanical durability than those with 2.5 wt% and 7.5 wt%. This improvement is attributed to the counteraction of hole impacts through the controlled inclusion of filler additives, as supported by SEM images. The outcomes demonstrate enhanced mechanical properties as the flaxseed fiber content increases in grams per square meter. The interaction area between fibers and matrices expands with higher fiber concentration, requiring greater force to maintain cohesion among stressed fiber bundles. Notably, during the initial 15 min of the freezing treatment, stress levels at intersections are reduced. This reduction contributes to improved matrix-fiber adhesion, thereby enhancing the overall performance of the hybrid materials.
The positive results of this work open up new avenues for investigation in future TiO2 filled braided flax/epoxy hybrid materials. Prospective studies might focus on improving mechanical qualities by adjusting processing settings, experimenting with a wider range of TiO2 concentrations, and looking into extra fillers or reinforcements. Promising directions for additional research include long-term durability evaluations, multiscale modeling, sophisticated characterization methods, and applications in certain sectors. Furthermore, a focus on environmental impact assessment and cooperative efforts between industry stakeholders and researchers might hasten the transfer of these materials from laboratory-based research to real-world, sustainable uses. By providing high-performance materials with an emphasis on toughness, adaptability, and environmental sustainability for a range of industrial applications, these future directions hope to progress the area.
6 APPLICATION OF THE CURRENT STUDY
The recently created laminates, which include a hybrid composite made of cryogenic-treated TiO2 nanoparticles and flax fibers, show promise for use in the automotive and aerospace sectors. With their increased impact resistance, lightweight design, and possible cost savings over more conventional materials, these laminates might be successfully incorporated into dashboards, door panels, and seat constructions in the car industry. Furthermore, these laminates have potential applications in the aircraft industry for non-structural parts such as interior panels, cabin elements, and ornamental features. By using their improved mechanical qualities and less weight, these laminates can help improve overall fuel economy. The cryogenic treatment improves their suitability for aircraft applications through increased dimensional stability and decreased brittleness. Because flax fibers are environmentally benign, flax/TiO2 hybrid laminates provide a more sustainable choice than current materials like carbon fiber composites or ordinary fiberglass, all while maintaining competitive mechanical performance. Their application potential is in striking a balance in certain components between cost-effectiveness, sustainability, and performance; this makes them a strong option in these sectors’ search of innovative materials.
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