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[bookmark: _Toc197092218]1.0 Introduction
Lightweight, high-performance materials have long been pivotal in the advancement of motorsport and automotive engineering. Among these, composite materials such as carbon fibre, flax, hemp, and Kevlar, as well as lightweight metals like aluminium are extensively used to reduce vehicle mass, enhance structural rigidity, and improve overall efficiency (Mallick, 2007). However, with growing emphasis on environmental sustainability and regulatory compliance, the materials chosen for future applications must not only meet stringent performance standards but also align with ecological and legislative imperatives (FIA, 2020). 
The report evaluates a range of such materials, including aluminium, carbon (woven and non-woven), carbon woven epoxy, flax (woven and non-woven), hemp, and woven Kevlar, through experimental mechanical testing and sustainability analysis. 
Laboratory-based tensile testing was conducted to assess mechanical properties such as ultimate tensile strength and modulus of elasticity. These results were then validated against existing literature and manufacturer specifications. In parallel, each material’s sustainability was critically analysed with respect to its lifecycle, from raw material extraction through processing, application and disposal. This dual approach aims to balance engineering performance with ecological viability, forming a basis for recommendations on material usage in future vehicle design and manufacturing strategies. For this experiment the team was split into 7 groups who each conducted their own investigation, an average of these groups results was used to ensure fair data, this accounts for any human error within the experiments. 


[bookmark: _Toc197092219]2.0 Literature Review
[bookmark: _Toc197092220]2.1 Aluminium 
Aluminium is widely used across the automotive and motorsport industries due to its excellent strength-to-weight ratio, corrosion resistance, and recyclability. In structural applications, such as chassis and suspension components, aluminium alloys offer significant weight savings compared to traditional steels, leading to improved fuel efficiency and dynamic performance (Miller et al., 2000). Furthermore, aluminium is highly recyclable, requiring only about 5% of the energy needed to produce primary aluminium, making it an attractive choice from a sustainability perspective (European Aluminium Association, 2018). 
However, the extraction and processing of aluminium through bauxite mining and electrolysis are energy intensive processes with significant environmental impacts (USGS, 2020). Therefore, while aluminium’s recyclability supports circular economy principles, strategies to minimise the primary production remain essential for its sustainable use. 
[bookmark: _Toc197092221]2.2 Carbon Fibre Composites: Woven, Non-Woven and Epoxy Variants
Carbon fibre composites are considered the pinnacle of lightweight structural materials in motorsport, prized for their exceptional tensile strength, stiffness, and fatigue resistance (Campbell, 2010). Woven carbon fibre fabrics provide superior in-plane strength and are commonly used in high-performance bodywork and monocoque structures. Non-woven carbon mats, while slightly inferior in mechanical properties, offer cost-effective reinforcement solutions for secondary structures. 
Epoxy matrices are typically employed with carbon fibres to create high-strength laminates. Epoxy resins contribute significantly to the mechanical performance by providing excellent bonding, chemical resistance, and environmental durability (Mallick, 2007). 
However, carbon fibre production is energy-intensive, with a large carbon footprint primarily due to the polyacrylonitrile (PAN) precursor processing and curing stages (Pickering, 2006). Additionally, carbon composites are challenging to recycle effectively, typically being downcycled into lower-grade products through mechanical shredding or thermal processes (Oliveux, Dandy and Leeke, 2015). 
[bookmark: _Toc197092222]2.3 Natural Fibre Composites: Flax and Hemp
Natural fibre composites have emerged as promising alternatives to synthetic fibre composites particularly for applications where ultimate strength is less critical, but sustainability is a priority. Flax fibres offer good mechanical properties, with tensile strengths reaching up to 800 MPa and moduli around 60 GPa, making them suitable for automotive interior panels and semi-structural components (Shah, Porter and Vollrath, 2016).
Flax woven fabrics exhibit better load distribution and higher strength compared to non-woven mats, which primarily offer better conformability and lower cost (Yan et al., 2014). Hemp fibres, meanwhile, are notable for their low environmental impact during cultivation, requiring minimal pesticide use and enriching soil quality. Mechanically, hemp exhibits slightly lower stiffness compared to flax but offers competitive tensile strength. 
Natural fibre composites are also advantageous due to their biodegradability and lower embodied energy compared to carbon or glass fibre composites (Mohanty, Misra and Drzal, 2005). However, challenges remain regarding moisture absorption and lower long-term durability, which currently limit their use in external or load-critical applications.
[bookmark: _Toc197092223]2.4 Kevlar Woven Composites 
Kevlar (poly-paraphenylene terephthalamide) is an aramid fibre renowned for its high impact resistance, toughness, and good tensile strength (Sabir, 2018). In motorsport, Kevlar composites are often used in protective applications, such as wheel tethers, fuel tanks, and protective undertrays. 
Kevlar’s durability and resistance to ballistic impacts make it ideal for enhancing driver safety. However, its production is energy-intensive, and recycling options are limited. Most end-of-life Kevlar products are currently disposed of in landfills or incinerated (Wambua, Ivens and Verpoest, 2003), highlighting a gap in sustainable lifecycle management for aramid fibres. 
[bookmark: _Toc197092224]2.5 Gaps in Current Research
While there is considerable research into the mechanical performance of both synthetic and natural fibre composites, significant gaps remain regarding the scalable recycling of carbon and Kevlar composites and the long-term performance of natural fibres under varying environmental conditions (Oliveux, Dandy and Leeke, 2015). Furthermore, hybrid composites, combining natural fibres with synthetic fibres, present an underexplored opportunity for balancing performance and sustainability, particularly in motorsport applications where strict safety and strength standards must be met. 
Future research is needed to develop economically viable recycling processes for high-performance composites and to improve the moisture resistance and durability of natural fibre composites to expand their application in structural automotive components.


[bookmark: _Toc197092225]3.0 Experimental Testing
[bookmark: _Toc197092226]3.1 Methodology 
Experimental tensile testing was conducted to evaluate the mechanical performance of a selection of composite and metallic materials: aluminium, carbon non-woven, carbon woven, carbon woven epoxy, flax non-woven, flax woven, hemp, and Kevlar woven. Testing followed standard procedures in accordance with AS~TM D3039 (Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials) for composites for ASTM E8/E8M for metallic materials. 
[bookmark: _Toc197092227]Sample Preparation
Specimens were cut to standardised dimensions using precision tools to minimise edge defects that could influence failure. Composite samples were tabbed where necessary to prevent premature grip failure. 
[bookmark: _Toc197092228]Testing Procedure 
Tensile tests were carried out using an Instron universal testing machine equipped with a 50 kN load cell. The crosshead speed was set at 2 mm/min to ensure quasi-static loading conditions. Strain measurements were recorded using an extensometer where appropriate, particularly for woven composites. All tests were conducted under controlled laboratory conditions. 
[bookmark: _Toc197092229]Safety Compliance 
All testing activities adhered to the University’s Health and Safety guidelines. Personal protective equipment (PPE) including safety glasses and laboratory coats were always worn.

[bookmark: _Toc197092230]3.2 Results Overview 
To generate the figures used, all the group’s data was calculated and then an average was taken ensuring that there was better accuracy in the data collected. 
· Aluminium:
The experimental tensile strength was measured at 195.16 MPa, approximately 14.4% lower than the published value of 228 MPa. The stress response showed a well-defined yield point followed by significant deformation and necking. This ductile behaviour supports its use in energy-absorbing automotive applications, although its relatively low strength compared to composites limits its viability in weight-critical motorsport components.
· Carbon Non-Woven Composites:
Achieved an experimental tensile strength of 223.21 MPa, which is 23.03% lower than the published 290 MPa. The randomly oriented fibres led to inconsistent stress distribution and premature micro-cracking. Failure occurred through mechanisms like fibre pull-out and delamination, indictive of weaker fibre-matrix bonding and lower stiffness compared to woven alternatives. 
· Carbon Woven Composites:
Tested at 477.67 MPa, slightly 1.63% higher than the published 470 MPa, demonstrating excellent agreement and validating the experimental method. The aligned woven fibres promoted uniform load transfer, resulting in sudden, brittle failure with minimal deformation. Clean fracture surfaces confirmed strong matrix adhesion and high load-bearing efficiency. 
· Carbon Woven Epoxy Composites:
Recorded the highest experimental tensile strength at 546.15 MPa, although this was 42.21% below the published 945 MPa. The stress curve remained linear until abrupt fracture, consistent with the brittle behaviour of carbon fibre composites. The epoxy matric likely enhanced stiffness and interfacial bonding, but the lower-than-expected performance may indicate incomplete curing, voids, or human error during sample preparation. 


[image: ][image: ]Figure 1: Carbon Comparison Stress. (Authors Own, 2025)
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Figure 2: Carbon Comparison. (Authors Own, 2025)

· Flax Non-Woven Composites:
Measured at 49.16 MPa, closely matching the published 50 MPa with only a 1.68% difference, confirming accuracy. The short, randomly oriented fibres provided limited strength but improved toughness, with progressive failure and visible elongation indicating ductile behaviour. This structure may be beneficial in applications prioritising energy absorption over stiffness. 
· Flax Woven Composites:
Produced an experimental tensile strength of 84.9 MPa, which was 41.5% higher than the published 60 MPa. The woven structure allowed more uniform stress distribution, with failure initiated by fibre rather than delamination. The linear stress behaviour and relatively high energy absorption make this material suitable for semi-structural automotive applications.
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Figure 3: Flax Comparison. (Authors Own, 2025)


[image: ]




[image: ]






Figure 4: Flax Comparison 2. (Authors Own, 2025)


· Hemp Composites: 
Displayed a tensile strength of 16.84 MPa, substantially 57.9% lower than the published 40 MPa. Large variability between specimens suggested inconsistent fibre orientation and natural material defects. Failure occurred via fibre breakage and matrix cracking, with progressive deformation indicating limited stiffness but moderate toughness. 
· Kevlar Woven Composites:
Despite a high published tensile strength of 3000 MPa, the experimental value was just 335.62 MPa, reflecting an 88.81% decrease. While the toughness and elongation before failure were evident, such a large discrepancy suggests testing limitations, potential misidentification of the material grade, or suboptimal processing. Stress behaviour indicated a deformation post-yield, with failure due to fibre rupture and fibrillation rather than brittle fracture. 
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Figure 5: All Materials Comparison. (Authors Own, 2025)
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[bookmark: _Toc197092231]3.4 Validation of Results
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AI-generated content may be incorrect.]The large variations in percentage differences between experimental and published tensile strengths can be attributed to several factors. In some cases, like Kevlar woven (-88.81%) and Carbon woven Epoxy (-42.21%), discrepancies may stem from differences in fibre volume fractions, curing methods, or processing inconsistencies during sample preparation, which significantly affect composite performance. Human error during testing, such as poor alignment or slippage, could also have contributed to lower-than-expected results. Additionally, the use of different manufacturer sources, some of which may list idealised or maximum possible strengths rather than average or real-world values, leading to inflated benchmarks. Conversely, in cases where experimental values exceeded the published ones (e.g. Flax woven at +41.5%), this may be due to superior lab fabrication methods, higher quality reinforcement, or incorrect reference values. Overall, these differences highlight the importance of consistent material standards, accurate specimen preparation, and verification of data source reliability. Table 1: Material Validation Results. (Authors Own, 2025)


[bookmark: _Toc197092232]3.5 Discussion
The results confirmed that synthetic composites like carbon and Kevlar outperform natural fibre composites in pure mechanical terms. However, flax and hemp composites provided surprisingly competitive strength values, considering their environmental advantages. These findings underscore the growing potential for natural fibre composites in non-critical structural applications where sustainability is a priority. 


[bookmark: _Toc197092233]4.0 Sustainability Analysis
[bookmark: _Toc197092234]4.1 Environmental Impact Assessment
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AI-generated content may be incorrect.]An essential factor in selecting materials for automotive and motorsport applications is their full life cycle environmental impact, from resource extraction to end-of-life disposal or recycling. The materials tested were evaluated based on embodied energy, carbon footprint, recyclability, and biodegradability (Pickering, 2006). 
Table 2: Materials Environmental Impact. (Authors Own, 2025)

Key observations:
· Aluminium has a high embodied energy, but its excellent recyclability offsets its environmental burden over multiple lifecycles (European Aluminium Association, 2018).
· Carbon fibre composites have substantial manufacturing footprints and very limited end-of-life options (Oliveux, Dandy and Leeke, 2015). 
· Natural fibres such as flax and hemp offer very low environmental impacts and partial biodegradability (Mohanty, Misra and Drzal, 2005).
· Kevlar has extremely high production energy requirements and is almost impossible to recycle efficiently (Wambua, Ivens and Verpoest, 2003). 


[bookmark: _Toc197092235]4.2 Lifecycle Considerations
Manufacturing Phase:
Natural fibres such as flax and hemp require significantly less energy during cultivation and processing compared to synthetic fibres. They also act as carbon sinks during growth, partially offsetting emissions (Shah, Porter and Vollrath, 2016). 

In-Use Phase:
The lightweight nature of carbon composites and aluminium can reduce vehicle energy consumption over a vehicle’s operational life, offsetting some of their initial production footprint (Campbell, 2010). However, natural fibre composites offer a better net environmental benefit in lower-performance or non-structural components. 

End-of-Life Phase:
· Aluminium has a near-closed-loop recycling system requiring only 5% of the original manufacturing energy (European Aluminium Association, 2018). 
· Carbon fibre recycling processes such as pyrolysis are currently costly and degrade fibre performance, limiting reuse options (Pickering, 2006).
· Flax and hemp composites have moderate composability, especially if combined with bio-based resins (Mohanty, Misra and Drzal, 2005). 
· Kevlar composites generally end up in landfill or incinerators due to the lack of efficient recycling pathways (Wambua, Ivens and Verpoest, 2003). 

[bookmark: _Toc197092236]4.3 Alignment with Current and Future Legislation
Governmental and motorsport policies are increasingly mandating sustainable material use:
· The European End-of-Life Vehicle (ELV) Directive mandates that 95% (by weight) of a vehicle must be reusable or recyclable (European Commission, 2023). 
· The FIA’s Environmental Strategy 2020 – 2030 sets goals for achieving carbon neutrality and improving material sustainability in motorsport (FIA, 2020). 
Key risk:
Without improvements in composite recycling technology, reliance on carbon and aramid fibres may become incompatible with future sustainability targets. 
[bookmark: _Toc197092237]4.4 Potential for Carbon Footprint Reduction
Adopting flax and hemp composites, particularly in less structurally critical parts like body panels, interior trim, and aerodynamic elements, could significantly lower the lifecycle emissions of both road and racing vehicles (Shah, Porter and Vollrath, 2016). Hybrid composites, combining natural and synthetic fibres, also present a promising approach for balancing sustainability with performance, especially in motorsport where safety can’t be compromised (Oliveux, Dandy and Leeke, 2015). 


[bookmark: _Toc197092238]5.0 Recommendations
[bookmark: _Toc197092239]5.1 Material Selection for Motorsport and Automotive Applications
Based on the mechanical testing results and sustainability analysis, the following material recommendations are proposed:
· Critical Load-Bearing Applications (e.g., chassis, suspension arms):
Continue using carbon woven epoxy composites for components requiring maximum strength and stiffness. Although they are environmentally challenging, their performance is unmatched for primary structural roles where failure could compromise safety. However, efforts should be made to source recycled carbon fibre or incorporate recycled content where feasible (Pickering, 2006). 
· Protective Components (e.g., impact structures, undertrays):
Kevlar woven composites should remain the material of choice for impact-prone areas requiring high toughness and energy absorption. However, considering Kevlar’s poor recyclability, research into hybrid composites combining Kevlar with natural fibres should be pursued to improve sustainability. 
· Semi-Structural and Non-Critical Components (e.g., body panels, interior trim):
Strongly consider replacing synthetic composites with flax woven composites or hemp composites for non-critical structures. These natural fibre composites offer adequate strength and massive sustainability advantages, including low embodied energy and biodegradability (Shah, Porter and Vollrath, 2016)
· Metallic Components (e.g., brackets, secondary load paths):
Aluminium remains an excellent choice due to its balance of mechanical performance and outstanding recyclability. To further improv environmental outcomes, prioritise the use of recycled aluminium content in manufacturing (European Aluminium Association, 2018). 

[bookmark: _Toc197092240]5.2 Sustainability Strategies for Industry Adoption
· Hybrid Composite Development
Research and develop hybrid laminates combining natural fibres and carbon or Kevlar layers. These can balance performance and sustainability for motorsport applications where pure natural fibres may not meet safety margins (Wambua, Ivens and Verpoest, 2003). 
· End-of-Life Solutions:
Invest in and adopt emerging recycling technologies such as low-temperature pyrolysis for carbon composites and mechanical separation processes for natural fibre composites (Oliveux, Dandy and Leeke, 2015).
· Bio-Based Resins:
Where possible, shift from conventional petroleum-based epoxy systems to bio-resins made renewable resources. This will enable full composability of natural fibre composites and reduce carbon emissions further (Mohanty, Misra and Drzal, 2005). 
· Lifecycle Assessment (LCA) Tools:
Mandate the use of LCA during material selection and design stages to quantify environmental impacts accurately and guide sustainable engineering decisions (European Commission, 2019). 

[bookmark: _Toc197092241]5.3 Areas for Future Research and Development 
· Durability Studies on Natural Fibre Composites
Investigate the long-term durability of flax and hemp composites under varied environmental conditions (humidity, UV exposure, temperature cycles) to expand their applications in exterior parts. 
· Improved Recycling Techniques for Aramid and Carbon Fibres:
Develop economically viable recycling processes that preserve fibre properties, making recycled composites suitable for high-performance applications (Pickering, 2006). 
· Motorsport Application Trials:
Encourage pilot programs in lower-tier motorsport categories (e.g., Formula Student, touring car series) to trial natural fibre composites under racing conditions, gathering real-world performance and degradation data 

Adopting a strategic material selection approach, which retains synthetic composites for critical structures while transitioning non-critical parts to sustainable alternatives, will allow the motorsport and automotive industries to meet future sustainability demands while maintaining performance and safety. Investment in material innovation, recycling infrastructure, and lifecycle-focused engineering practices will be critical in achieving these goals. 


[bookmark: _Toc197092242]6.0 Conclusion
This report has evaluated the mechanical performance and sustainability of a range of composite and metallic materials relevant to the motorsport and automotive industries. Experimental tensile testing confirmed that woven carbon fibre epoxy composites and Kevlar woven composites remain the highest performing materials in terms of strength, stiffness, and impact resistance. However, their high embodied energy, carbon footprint, and poor recyclability present significant sustainability challenges. 
In contrast, natural fibre composites such as flax and hemp demonstrated competitive mechanical properties relative to their environmental benefits. These materials offer lower embodied energy, partial biodegradability, and the potential to reduce the overall carbon footprint of vehicles when applied to semi-structural or non-critical components. Aluminium also proved a valuable material, combining good mechanical performance with excellent recyclability, making it a strong candidate for sustainable metallic component applications. 
The sustainability analysis highlighted that compliance with future legislative frameworks, such as the European End-of-Life Vehicle Directive and the FIA’s environmental targets, will require a more balanced material strategy. The integration of hybrid composite solutions, further development of bio-based resins, and significant investment in recycling technologies for high-performance composites are essential to align material choices with evolving industry sustainability goals. 
Future research must focus on improving the environmental durability of natural fibre composites and developing scalable, economically viable recycling methods for synthetic composites. By adopting these strategies, the motorsport and automotive industries can continue to innovate while reducing their environmental impact, ensuring their long-term competitiveness and social responsibility. 
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