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[bookmark: _Toc228131737]Abstract
This report investigates the mechanical performance and sustainability of composite materials used in automotive and motorsport applications. Carbon fibre, flax fibre, Kevlar and aluminium were evaluated through literature review and experimental tensile testing, focusing on the relationship between material structure, properties and performance.
Experimental testing was conducted on woven and non-woven composites using both epoxy and bio-based resins. The results were analysed to identify differences in mechanical behaviour between materials.
A sustainability assessment considered raw material extraction, manufacturing processes and end-of-life disposal. The findings highlight the environmental challenges of traditional thermoset composites, alongside the potential benefits of bio-based alternatives.
Overall, the study provides recommendations for material selection in motorsport and automotive applications, balancing mechanical performance with environmental impact.


[bookmark: _Toc228131738]1.0 Introduction
Composite materials are widely used in modern automotive and motorsport engineering due to their high strength-to-weight ratio, which improves vehicle acceleration, handling and efficiency. Materials such as carbon fibre reinforced polymers (CFRP), glass fibre composites and natural fibre composites are commonly applied in structural and aerodynamic components.
These performance advantages arise from their anisotropic structure, where high-strength fibres are embedded within a matrix, allowing properties to be optimised in specific directions. This enables composites to outperform traditional isotropic materials such as aluminium and steel in high-performance applications.
Despite these benefits, composite materials present significant sustainability challenges. Carbon fibre systems are energy intensive to manufacture and difficult to recycle, creating a conflict between performance and environmental impact. This is increasingly important as motorsport and automotive industries move towards stricter sustainability targets.
As a result, alternative materials such as bio-based resins and natural fibres (e.g. flax) are being explored. While these offer reduced environmental impact, their mechanical performance remains a key limitation for demanding applications.
This report investigates the mechanical performance and sustainability of carbon fibre, flax fibre, Kevlar and aluminium through experimental tensile testing. The results are analysed to compare material behaviour and assess the relationship between structure, properties and application. A lifecycle-based sustainability assessment is also conducted to evaluate environmental impact and inform material selection.


[bookmark: _Toc228131739]2.0 Literature Review
[bookmark: _Toc228131740]2.1 Composite Material Overview
Composite materials combine two or more distinct materials, typically fibres and a matrix, to achieve tailored mechanical properties such as strength, stiffness and low weight. This makes them highly suitable for performance-critical applications such as motorsport and aerospace, where reducing mass improves efficiency and handling.
Unlike metals, composites are anisotropic, meaning their properties vary with fibre orientation. As a result, understanding the relationship between structure and performance is essential for effective design.
Despite their advantages, traditional composites using synthetic fibres and petroleum-based resins present sustainability challenges, particularly in terms of recyclability and end-of-life disposal. This has led to increased interest in natural fibre composites and bio-based resins as lower-impact alternatives.
[bookmark: _Toc228131741]2.2 Carbon Fibre Composites (CFRP)
Carbon fibre reinforced polymers (CFRP) consist of carbon fibres embedded within a polymer matrix, typically epoxy. They offer extremely high strength and stiffness at low weight, making them widely used in motorsport applications where performance is critical. CFRP also provides good fatigue and corrosion resistance.
However, CFRP is relatively brittle and tends to fail without significant plastic deformation. Manufacturing is complex and costly, requiring controlled conditions.
From a sustainability perspective, CFRP is difficult to recycle due to strong fibre–matrix bonding. Methods such as pyrolysis exist but are energy intensive and may degrade fibre quality. While CFRP offers excellent performance, its environmental impact and cost remain key limitations.
Overall, CFRP offers outstanding mechanical performance and weight savings, making it a key material in modern engineering. However, its cost, brittleness and environmental impact must be carefully considered when evaluating its suitability for sustainable applications. 


[bookmark: _Toc228131742]2.3 Natural Fibre Composites (Flax)
Flax fibre composites are increasingly considered as sustainable alternatives to synthetic composites. Flax fibres offer low density and acceptable mechanical properties for non-structural or semi-structural applications. They also provide good vibration damping.
A key advantage is sustainability, as flax is renewable, requires relatively low energy to produce, and is biodegradable under suitable conditions.
However, flax composites have lower strength and stiffness than carbon fibre, and their properties can vary due to fibre quality, moisture content and processing. Moisture absorption and weaker fibre–matrix bonding can also reduce long-term performance. Despite these limitations, they offer a viable option where reduced environmental impact is prioritised.
[bookmark: _Toc228131743]2.4 Aramid Fibres (Kevlar)
Aramid fibres, such as Kevlar, are used in applications requiring high toughness and impact resistance. Compared to carbon fibre, they have lower stiffness but superior energy absorption, making them suitable for protective and safety components.
Limitations include lower compressive strength, difficulty in machining, and moisture sensitivity, which can affect long-term performance.
Like other synthetic fibres, aramid materials are derived from non-renewable sources and are difficult to recycle, raising sustainability concerns.
[bookmark: _Toc228131744]2.5 Matrix Materials (Epoxy Vs Bio-Resin)
The matrix binds fibres, transfers loads and protects the composite. Epoxy resins are widely used due to their high strength, stiffness and durability, but are petroleum-based and energy intensive to produce.
Bio-resins, derived from renewable sources, offer a more sustainable alternative and can achieve comparable properties in some applications. However, they typically have slightly lower mechanical performance and may lack the durability of traditional epoxies.
The selection of matrix material therefore represents a trade-off between mechanical performance and environmental impact.
[bookmark: _Toc228131745]3.0 Sustainability Analysis
[bookmark: _Toc228131746]3.1 Composite Lifecycle Assessment 
Lifecycle assessment (LCA) evaluates the environmental impact of a material from raw material extraction to end-of-life disposal. For composites, this includes fibre production, matrix manufacturing, component fabrication, use, and disposal.
The production stage typically has the greatest environmental impact, particularly for synthetic composites such as carbon fibre reinforced polymers (CFRP). Carbon fibre manufacturing is highly energy intensive, producing significant carbon emissions, while epoxy resins are derived from non-renewable sources.
In contrast, natural fibre composites such as flax have a lower environmental footprint due to reduced energy requirements and renewable sourcing. When combined with bio-based resins, the overall impact can be further reduced.
During the use phase, lightweight composites can improve efficiency by reducing fuel consumption, partially offsetting production impacts. However, this benefit depends on the application.
At end of life, composites are difficult to recycle due to the bonded fibre–matrix structure, with most currently disposed of via landfill or incineration. Improving recyclability remains a major challenge.
[bookmark: _Toc228131747]3.2 Environmental impact Comparison
Environmental impact varies significantly depending on fibre and matrix type. CFRP has the highest impact due to energy intensive fibre production and petroleum-based resins, despite its superior mechanical performance.
Flax composites offer a more sustainable alternative, with lower emissions and renewable sourcing, particularly when combined with bio-resins.
Aramid fibres (Kevlar) present similar sustainability issues to CFRP, being derived from non-renewable resources and difficult to recycle.
Overall, synthetic composites provide superior performance, while natural fibre composites offer reduced environmental impact, highlighting a clear trade-off.
[bookmark: _Toc228131748]3.3 Recycling & End of Life Challenges 
Composite recycling is limited due to the difficulty of separating fibres from the matrix. Carbon fibre composites are particularly challenging, with processes such as pyrolysis being energy intensive and often reducing fibre quality.
Natural fibre composites offer some advantages due to biodegradability, but recyclability remains limited when combined with synthetic resins. Aramid composites face similar disposal challenges.
Improving recycling technologies and material design remains a key area of development.
[bookmark: _Toc228131749]3.4 Industry & Legislation 
Environmental regulations are increasingly influencing material selection, particularly in automotive and aerospace industries. Policies such as end-of-life vehicle (ELV) regulations require improved recyclability and reduced environmental impact.
Composites present challenges in meeting these requirements compared to metals, driving the development of alternative materials and recycling methods.
Motorsport is also shifting towards sustainability, with growing interest in natural fibre composites and bio-based resins.
[bookmark: _Toc228131750]3.5 Improving Sustainability
Improving composite sustainability requires advances in materials, manufacturing and end-of-life solutions. Bio-based resins and natural fibres reduce reliance on non-renewable resources, while improved recycling methods aim to retain material performance.
Design strategies such as reducing material usage and selecting appropriate materials for specific applications can further lower environmental impact.
Overall, a lifecycle-based approach is essential to balance performance with sustainability.
[bookmark: _Toc228131751]4.0 Methodology
[bookmark: _Toc228131752][image: ]4.1 Materials TestedFigure 1, Selection of Tested Materials


A range of metallic and composite materials were tested to evaluate their mechanical performance under tensile loading. These included Aluminium, Carbon fibre composites (Woven Epoxy, Woven bio resin, Non-Woven Bio-resin), Flax fibre composites (Woven and Non-woven Bio resin) and Kevlar fibre composites (Woven Bio-resin). 
All specimens were manufactured in the standardised dog-bone geometry to ensure consistent stress distribution during testing and to promote failure within the gauge length. Multiple samples were tested for each material to improve reliability and enable statistical analysis. 
This selection of materials allowed for direct comparison between conventional engineering metals and both synthetic and natural fibre composites, supporting the investigation into mechanical performance and sustainability. 


[bookmark: _Toc228131753][image: ]4.2 Testing MethodFigure 2, Tensile Testing Machine Used


Tensile testing was carried out using a universal testing machine (UTM), as shown in Figure X. Each specimen was clamped securely between the upper and lower grips of the machine to ensure axial loading. 
A uniaxial tensile load was applied at a constant crosshead displacement rate until specimen failure. The machine continuously recorded force and extension throughout the test. This data was later used to calculate stress and strain values for each material. 
Care was taken to ensure proper alignment of each specimen to minimise bending stresses and ensure accurate results. Testing was conducted under consistent laboratory conditions to maintain repeatability.
[bookmark: _Toc228131754]4.3 Data Collection 
During each test, force and displacement data was recorded using the testing machines data acquisition system. These values were used to calculate engineering stress and strain for each specimen. 
Stress was determined by dividing the applied force by the original cross-sectional are of the specimen, while strain was calculated as the change in length divided by the original gauge length.
The collected data was processed using Microsoft Excel, where stress-strain curves were generated for each sample. From these curves, key mechanical properties including ultimate tensile strength and Young’s Modulus were determined. 
Multiple samples per material were analysed to calculate average values and standard deviations, improving the reliability of the results and allowing for comparison between materials. 



[bookmark: _Toc228131755]5.0 Results & Analysis 
The results obtained from tensile testing provide insight into the mechanical behaviour of a range of materials, including aluminium and several composite configurations (carbon fibre, flax fibre, and Kevlar-based composites with both bio-resin and epoxy matrices). The experimental data was used to analyse the relationship between applied stress and extension for each material, allowing key properties such as strength, stiffness, and failure behaviour to be evaluated. The following sections present the results for each material, followed by a comparison of their performance and a discussion of the observed trends in relation to material composition and structure.Figure 3, Aluminium Sample Comparison - Stress Vs Extension
Figure 4, Carbon Woven Bio Sample Comparison - Stress Vs Extention

Figure 5, Carbon Non- Woven Bio Composite Sample Comparison - Stress Vs Extension
Figure 6, Kevlar Woven Bio Sample Comparison - Stress Vs Extension

Figure 7, Flax Woven Bio Composite Sample Comparison - Stress Vs Extension
Figure 8, Carbon Woven Epoxy Composite Sample Comparison - Stress Vs Extension


[bookmark: _Toc228131756][image: ]Figure 9, Aluminium Sample Summary Table
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5.1 Material Comparison
The tensile test results highlight clear differences in mechanical behaviour between the tested materials, particularly when comparing metallic and composite specimens, as well as variations in fibre and matrix combinations.
Aluminium exhibited a relatively linear stress–strain relationship up to yield, followed by noticeable plastic deformation before failure. This behaviour is characteristic of ductile metals, where dislocation movement allows permanent deformation. As a result, aluminium demonstrated good toughness but lower ultimate strength and stiffness compared to fibre-reinforced composites.
In contrast, all composite materials displayed predominantly linear elastic behaviour up to failure, with little to no plastic deformation. This brittle failure mode is typical of fibre-reinforced polymers, where failure occurs due to fibre breakage or matrix cracking rather than yielding. Among the composites, carbon fibre reinforced samples showed the highest stiffness and strength, which can be attributed to the high modulus and tensile strength of carbon fibres.
Kevlar-based composites demonstrated lower stiffness than carbon fibre but showed improved energy absorption characteristics, as evidenced by a slightly more gradual failure. This is consistent with Kevlar’s known toughness and resistance to fracture, making it more resistant to sudden catastrophic failure.
Flax fibre composites exhibited the lowest strength and stiffness among the tested composites. This is expected due to the natural variability and lower intrinsic mechanical properties of natural fibres compared to synthetic alternatives. However, flax composites may still offer advantages in terms of sustainability and weight reduction.
The influence of matrix material was also evident when comparing bio-resin and epoxy-based composites. Epoxy-based specimens generally demonstrated higher strength and stiffness due to better fibre–matrix adhesion and load transfer efficiency. In contrast, bio-resin composites showed slightly reduced mechanical performance, likely due to weaker interfacial bonding and lower matrix strength.
Overall, the results demonstrate that composite performance is highly dependent on both fibre type and matrix material. Carbon fibre with epoxy provides the best mechanical performance, while natural fibre and bio-resin combinations offer more sustainable but lower-performance alternatives. Aluminium, while less stiff and strong, provides superior ductility and energy absorption through plastic deformation.
[bookmark: _Toc228131758]5.2 Results Discussion
The tensile test results clearly demonstrate the differences in mechanical behaviour between metallic and composite materials. Aluminium showed a distinct yield point followed by significant plastic deformation before fracture, confirming its ductile nature. This behaviour is consistent with the ability of metallic crystal structures to accommodate dislocation movement, allowing the material to deform plastically under increasing stress.
In contrast, all composite specimens exhibited predominantly linear elastic behaviour up to failure, with little to no plastic deformation. This indicates brittle failure, where fracture occurs suddenly due to fibre breakage or matrix cracking. The absence of a yield region in the stress–strain curves reinforces the limited ability of fibre-reinforced polymers to redistribute stress once damage initiates.
Among the composites, carbon fibre reinforced samples displayed the highest stiffness and ultimate tensile strength. This can be attributed to the high modulus of carbon fibres and efficient load transfer within the epoxy matrix. Kevlar composites, while lower in stiffness, showed slightly more gradual failure behaviour, suggesting improved toughness and resistance to crack propagation.
Flax fibre composites demonstrated the lowest mechanical performance, which aligns with the known variability and lower strength of natural fibres. However, their behaviour still followed the expected linear elastic trend, confirming that fibre-dominated failure mechanisms were present.
The comparison between epoxy and bio-resin matrices highlighted the importance of fibre–matrix interaction. Epoxy-based composites generally performed better, likely due to stronger interfacial bonding, which improves stress transfer from the matrix to the fibres. Bio-resin samples showed reduced strength and stiffness, suggesting less efficient load transfer and possible early matrix failure.
Overall, the results align well with theoretical expectations for both metallic and composite materials. However, some variation in the data suggests the presence of experimental uncertainties, which are discussed below.
[bookmark: _Toc228131759]5.3 Sources of Error
Several sources of error may have influenced the accuracy and reliability of the tensile test results.
One major source of error is misalignment of the specimen in the testing machine. If the sample is not perfectly aligned with the loading axis, bending stresses can be introduced in addition to tensile stress, leading to premature failure or inaccurate stress–strain data.
Another significant factor is inconsistency in specimen dimensions, particularly thickness and cross-sectional area. Since stress calculations depend directly on area, small measurement errors using calipers can result in noticeable deviations in calculated stress values.
Slippage of the specimen within the grips may also have occurred, especially for composite samples. This can affect strain measurements and lead to an underestimation of the material’s stiffness.
In composite materials, manufacturing defects such as voids, fibre misalignment, or uneven resin distribution can significantly affect mechanical properties. These defects act as stress concentrators and can cause early failure, particularly in brittle materials.
Additionally, strain measurement limitations may have introduced error. If an extensometer was not used and displacement was instead measured from the machine crosshead, the recorded strain may include machine compliance, leading to inaccurate strain values.
Environmental factors such as temperature variations and material handling prior to testing could also have influenced the results, particularly for polymer-based composites, which are sensitive to environmental conditions.
[bookmark: _Toc228131760]6.0 Recommendations 
Based on the results and sustainability analysis, material selection should be application specific. Carbon fibre composites are recommended for high-performance structural components due to their superior strength and stiffness, despite their environmental impact.
Natural fibre composites, such as flax with bio-resin, are suitable for non-critical components where reduced environmental impact is prioritised over maximum performance.
Kevlar composites are best suited for applications requiring impact resistance, such as protective structures.
A balanced approach is recommended, using high-performance materials only where necessary and incorporating sustainable alternatives where possible. Future development should focus on improving recycling methods and increasing the performance of bio-based composites to enhance their suitability for demanding applications.
[bookmark: _Toc228131761]7.0 Conclusions
This study investigated the tensile behaviour of six materials, including aluminium and a range of fibre-reinforced composites with different fibre and matrix combinations. The results demonstrated clear differences in mechanical performance, with aluminium exhibiting ductile behaviour characterised by yielding and plastic deformation, while all composite materials showed predominantly linear elastic behaviour followed by brittle failure.
Among the composites, carbon fibre reinforced materials displayed the highest stiffness and strength, confirming their suitability for high-performance structural applications. Kevlar composites showed comparatively lower stiffness but improved toughness, while flax fibre composites exhibited the lowest mechanical performance due to the inherent limitations of natural fibres. The comparison between epoxy and bio-resin matrices highlighted the importance of fibre–matrix bonding, with epoxy-based systems generally achieving superior mechanical properties.
Overall, the experimental results aligned with theoretical expectations, demonstrating the influence of material composition and structure on tensile behaviour. While some variability was observed due to experimental limitations, the findings provide a clear comparison between traditional metallic materials and modern composite alternatives, as well as insight into the trade-off between mechanical performance and sustainability.
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Stress Vs Extension for Carbon Woven Bio Composite
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Stress (MPa)




Stress Vs Extension  for Aluminium Samples
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Stress (MPa)




Stress Vs Extension for Carbon Non-Woven Bio Composite
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Stress (MPa)




Stress Vs Extension for Kevlar Woven Bio Composite 
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Stress (MPa)




Stress Vs Extension for Flax Woven Bio Composite
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Stress (MPa)




Stress Vs Extension for Carbon Woven Epoxy Composite
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