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1. Introduction 
Composite materials are widely used in the automotive, motorsport and motorcycle industries because they offer high strength-to-weight and stiffness-to-weight ratios, allowing vehicle mass to be reduced without losing structural performance. This is particularly useful where lower weight can improve acceleration, handling, fuel efficiency and overall vehicle performance. However, material selection can no longer be based on mechanical performance alone, as sustainability is now an important consideration alongside strength, stiffness and manufacturability.
This report examines the tensile performance and sustainability of aluminium, carbon fibre, flax fibre and Kevlar-based materials. It compares woven and non-woven reinforcements, as well as conventional epoxy and bio-based resin systems. Experimental tensile testing was carried out, and the results were analysed using stress–strain behaviour, ultimate tensile strength and Young’s modulus. These findings were then considered alongside sustainability factors such as raw material origin, manufacturing impact, recyclability and end-of-life disposal.



[bookmark: _Toc228042799]2. Literature Review 
[bookmark: _Toc228042800]2.1 Aluminium Benchmark
Aluminium is commonly used in the automotive and motorcycle industries because it combines low density, corrosion resistance, formability and recyclability. When compared with steel, it reduces weight while still providing suitable performance for structural and semi-structural components. It is commonly used in chassis parts, suspension components, body panels, and engine parts. Unlike composites, aluminium has isotropic properties, making it easier to design, machine and join. Common manufacturing methods include rolling, extrusion, casting, forging and machining. Aluminium does not usually match carbon fibre composites in stiffness or strength tests it remains an important benchmark in lightweight engineering (Czerwinski, 2021; Yan and Xu, 2025).

[bookmark: _Toc228042801]2.2 Carbon Fibre Composites
Carbon fibre reinforced polymers are used in high-performance automotive and motorsport engineering because they combine high strength and stiffness with low weight. This makes them suitable for lightweight structural parts such as body panels, aerodynamic components, monocoques and motorcycle parts. (Ahmad et al., 2020; Yan and Xu, 2025).
The carbon materials tested in this study were carbon woven epoxy, carbon woven bio and carbon non-woven bio. Woven carbon fabrics generally provide better load transfer and higher mechanical performance, while non-woven mats are usually weaker but easier to shape. Carbon woven epoxy uses a conventional resin, whereas the bio-based carbon materials aim to reduce fossil-derived content while retaining high performance. (Capretti et al., 2023; Hasan, Horváth and Alpár, 2021).






[bookmark: _Toc228042802]2.3 Flax Fibre Composites
Flax fibre composites are increasingly used as more sustainable alternatives to synthetic composites. Their low density and good vibration damping make them suitable for automotive and motorcycle components such as fairings, trim and other semi-structural parts (McKay et al., 2024; Palanisamy et al., 2024).
The flax materials tested were flax woven bio and flax non-woven bio. Woven flax generally performs better because fibre alignment improves load transfer, while non-woven flax is usually weaker but easier to shape. Overall, flax composites have lower strength and stiffness than carbon composites and are more affected by moisture and natural fibre variability (Hasan, Horváth and Alpár, 2021; McKay et al., 2024).

[bookmark: _Toc228042803]2.4 Kevlar / Aramid Composites
Kevlar is an aramid fibre valued more for toughness, impact resistance, abrasion resistance and energy absorption than for maximum stiffness. This makes Kevlar composites useful where resistance to tearing or local damage is important, such as protective panels, fairings and other damage-tolerant parts used in automotive engineering. (Ursache, Cerbu and Hadăr, 2024).
The Kevlar material tested in this study was Kevlar woven bio. The woven structure improves load transfer, but Kevlar’s main benefit remains toughness rather than rigidity. It is therefore unlikely to match woven carbon epoxy in stiffness, although it may perform better under impact loading or where damage tolerance is important. (Ursache, Cerbu and Hadăr, 2024).








[bookmark: _Toc228042804]2.5 Resin Systems and Manufacturing Processes
Resin binds the fibres and transfers loads and protects them from environmental damage. In this study, the main matrix systems were conventional epoxy and bio-based epoxy. Conventional epoxy is used because of its strong mechanical performance, whilst bio-based epoxies aim to reduce reliance on fossil-derived materials. (Capretti et al., 2023).
The tested composites were made by resin infusion. Which is when a dry reinforcement is placed in a mould and resin is drawn through using a vacuum. Woven fabrics are generally preferred for higher structural performance, while non-woven mats are easier to shape. Flax with bio-resin may also offer greater sustainability potential than carbon or Kevlar with bio-resin (Dal Pont et al., 2023).

[bookmark: _Toc228042805]2.6 Applications in Automotive, Motorsport and Motorcycle Engineering
These materials are used for different engineering roles. Aluminium is common in chassis and suspension because it is lightweight and easy to manufacture and its recyclable. Carbon woven epoxy is better suited to high-performance structural parts such as monocoques and aerodynamic components. Flax woven bio and flax non-woven bio are more suitable for lower-load parts such as panels, trim and fairings, where sustainability is more important. Kevlar woven bio is better suited to protective or impact-resistant components. (Ahmad et al., 2020; Palanisamy et al., 2024; Ursache, Cerbu and Hadăr, 2024).

[bookmark: _Toc228042806]3. Sustainability Analysis
[bookmark: _Toc228042807]3.1 Lifecycle Overview
The sustainability of the tested materials must be considered across their full lifecycle. This includes raw material extraction, manufacturing and end-of-life disposal. In automotive and motorsport industries lightweight materials can improve efficiency, but this must be balanced against production impacts, waste and recyclability (Czerwinski, 2021).
[bookmark: _Toc228042808]3.2 Raw Material Extraction and Resource Use
The environmental impact of a material begins with its raw material source. Aluminium has a high primary production impact, although this is partly offset by its recyclability. Carbon fibre and Kevlar are synthetic materials with high embodied energy whilst flax fibre is renewable and generally lower impact. The resin system also matters as conventional epoxy is fossil-based whereas bio-based epoxy reduces reliance on non-renewable feedstocks. This gives bio-based composites the strongest sustainability case at the raw material stage. Carbon and aramid-based composites carry a higher environmental burden. (Capretti et al., 2023; McKay et al., 2024).

[bookmark: _Toc228042809]3.3 Manufacturing Processes and Environmental Impacts
Manufacturing also affects the sustainability of these materials. The composites in this study are associated with resin infusion which can produce good laminate quality but still requires energy and creates waste through trimming and offcuts. Aluminium is processed differently but its production is also energy intensive. Overall, manufacturing impact depends on the process, energy use and waste generated. (Capretti et al., 2023; Czerwinski, 2021).
[bookmark: _Toc228042810]3.4 Use Phase Performance and Carbon Footprint
The use phase is important because lighter materials can improve fuel economy, reduce emissions and increase electric vehicle range. Carbon fibre composites are likely to provide the greatest benefit due to their high strength-to-weight performance. Flax composites and aluminium may also reduce mass in suitable applications. Overall, the carbon footprint benefit depends on whether use-phase efficiency gains outweigh production effects. (Czerwinski, 2021; Yan and Xu, 2025).
[bookmark: _Toc228042811]3.5 End of Life Disposal and Recyclability
End-of-life disposal is one of the main sustainability weaknesses of composite materials. Aluminium is widely recycled and can be reprocessed with much less energy than primary production. Thermoset composites are harder to recycle because the resin cannot be remelted. Carbon, flax and Kevlar composites all face end-of-life limitations. This means aluminium remains the more recyclable option overall. (Isa et al., 2022; JRC, 2021).
[bookmark: _Toc228042812]3.6 Legislation, Policy and Motorsport Governance
Material selection is increasingly influenced by legislation and policy, especially around lifecycle emissions, recyclability and circular economy principles. This is important for composites because, although they reduce mass, their end-of-life treatment is often more difficult than that of aluminium. Motorsport is also moving towards lower-impact materials, although safety and performance still limit material choice (European Commission, 2023; FIA, 2021).
[bookmark: _Toc228042813]3.7 Comparative Sustainability of Tested Materials
[bookmark: _Toc228042814]3.7.1 Aluminium 
Aluminium has good sustainability potential because it offers both weight reduction and strong recyclability. Its main weakness is the high energy demand of primary production, but this is partly offset by the much lower energy required for recycled aluminium. This gives it a stronger overall sustainability profile than many composite materials, especially at the end-of-life stage (Czerwinski, 2021; JRC, 2021).
[bookmark: _Toc228042815]3.7.2 Carbon Woven Epoxy 
Carbon woven epoxy offers the greatest use-phase carbon reduction because its high strength-to-weight and stiffness-to-weight performance allows major weight savings. However, its overall sustainability is limited by the high embodied energy of carbon fibre production and poor recyclability. It is therefore most justifiable where maximum structural performance is essential rather than as a general low-impact material (Ahmad et al., 2020; Isa et al., 2022).

[bookmark: _Toc228042816]3.7.3 Carbon Woven Bio
Carbon woven bio may improve sustainability slightly compared with carbon woven epoxy because it uses a bio-based resin. However, its overall environmental impact is still dominated by the carbon fibre which remains energy intensive to produce. This means it offers only a limited improvement in lifecycle sustainability rather than a major reduction in environmental impact. (Capretti et al., 2023).
[bookmark: _Toc228042817]3.7.4 Carbon non-woven Bio
Carbon non-woven bio may offer a small sustainability improvement over conventional carbon/epoxy systems because it uses a bio-based resin. However, its overall impact is still dominated by the carbon fibre. The non-woven structure is generally less efficient than woven carbon. Therefore, it is viewed as a lower-impact variation of carbon composite rather than a truly sustainable alternative (Capretti et al., 2023).
[bookmark: _Toc228042818]3.7.5 Flax Woven Bio
Flax woven bio has strong sustainability potential because it combines a renewable natural fibre with a bio-based resin. Its woven structure also provides better load transfer than non-woven flax. Although it cannot match carbon fibre in stiffness or strength. It is a more sustainable option for lower-load applications such as panels, trim and fairings. (Dal Pont et al., 2023).
[bookmark: _Toc228042819]3.7.6 Flax non-woven Bio
Flax non-woven bio also has good sustainability potential because it combines a renewable fibre with a bio-based resin. Its main weakness is lower structural efficiency when compared to woven flax which reduces stiffness and strength. However, it may still be suitable for lower-load parts such as panels, trim and fairings where reduced environmental impact is more important than maximum mechanical performance (Dal Pont et al., 2023).
[bookmark: _Toc228042820]3.7.7 Kevlar Woven Bio
Kevlar woven bio has some sustainability potential in applications where toughness and impact resistance are more important than maximum stiffness. Although the bio-based resin reduces some fossil-derived content the synthetic aramid fibre is still energy intensive to produce and difficult to recycle. It is therefore less sustainable than flax-based composites but may still be justified in protective or damage tolerant components (Ursache, Cerbu and Hadăr, 2024).
[bookmark: _Toc228042821]4. Experimental Testing
[bookmark: _Toc228042822]4.1 Test Method
Tensile testing was carried out using a tensile/compression machine in the science lab following standard laboratory health and safety procedures. The materials tested were aluminium and a range of composite specimens produced by resin infusion. Before testing, specimen dimensions were measured to calculate cross-sectional area. Each sample was clamped in the machine, fitted with an extensometer and loaded in tension until failure while load and strain data were recorded. Two tests were completed for each material and the results were exported as CSV files for analysis in Excel.

[bookmark: _Toc228042823]4.2 Test Results
[bookmark: _Toc228042824]4.2.1 Summary of Experimental results
	Material
	n (used)
	n (Removed)
	Average UTS (MPa)
	SD UTS (MPa)
	Average Young’s Modulus (GPa)
	SD Young’s Modulus (GPa)
	Average Maximum Load (kN)

	Aluminium
	34
	4
	116
	2.04
	52.13
	3.94
	2.71

	Carbon Non-Woven Bio
	16
	4
	177.63
	42.01
	10.67
	7.61
	4.39

	Carbon Woven Bio
	14
	6
	374.93
	71.18
	52.39
	11.98
	5.89

	Carbon Woven Epoxy
	17
	2
	399.88
	47.02
	55.28
	7.89
	5.32

	Flax Non-Woven Bio
	18
	3
	42.56
	10.06
	5.14
	3.26
	1.04

	Flax Woven Bio
	15
	4
	86.87
	9.46
	1.76
	0.25
	2.66

	Kevlar Woven Bio
	14
	6
	340.57
	121.42
	18.65
	9.45
	5.63


[bookmark: _Toc228042698]Table 1 Experimental tensile test results for all tested materials
Table 4.1 summarises the cleaned tensile test results for all materials including the number of tests used, the number of outliers removed, and the average values for ultimate tensile strength and Young’s modulus and maximum load.



[bookmark: _Toc228042825]4.2.2 Average Ultimate Tensile Strength
[image: ]
[bookmark: _Toc228042653]Figure 1 Average ultimate tensile strength of the tested materials
Figure 4.1 shows the average ultimate tensile strength for each material. Carbon woven epoxy produced the highest average UTS followed closely by carbon woven bio and Kevlar woven bio. Carbon non-woven bio showed lower strength than the woven carbon systems. Whilst flax woven bio and flax non-woven bio gave the lowest values overall. Aluminium produced a lower UTS than the carbon-based composites but higher than both flax materials.




[bookmark: _Toc228042826]4.2.3 Average Young’s Modulus
[bookmark: _Toc228042827][image: ]
[bookmark: _Toc228042654]Figure 2 Average Young’s modulus of the tested materials
Figure 4.2 shows the average Young’s modulus for each material. Carbon woven epoxy and carbon woven bio produced the highest stiffness values with aluminium showing a similar modulus. Kevlar woven bio gave a lower modulus than the woven carbon systems. Whilst carbon non-woven bio was lower still. The flax-based materials showed the lowest stiffness values particularly flax woven bio.
[bookmark: _Toc228042828]4.2.4 Stress – Strain Behaviour
[image: ]
[bookmark: _Toc228042655]Figure 3 Stress–strain curves for aluminium
[image: ]
[bookmark: _Toc228042656]Figure 4 Stress–strain curves for carbon non-woven bio
[image: ]
[bookmark: _Toc228042657]Figure 5 Stress–strain curves for carbon woven bio
[image: ]
[bookmark: _Toc228042658]Figure 6 Stress–strain curves for carbon woven epoxy
[image: ]
[bookmark: _Toc228042659]Figure 7 Stress–strain curves for flax non-woven bio
[image: ]
[bookmark: _Toc228042660]Figure 8 Stress–strain curves for flax woven bio
[image: ]
[bookmark: _Toc228042661]Figure 9 Stress–strain curves for Kevlar woven bio
The stress–strain curves for each material are shown in Figures 3 to 9. Aluminium showed the most consistent behaviour across repeated tests. The composite materials displayed greater variation between samples. Generally, the carbon-based materials reached higher stress levels than the flax-based materials while the woven materials tended to perform better than the non-woven equivalents. Kevlar woven bio also showed relatively high stress values although with greater scatter than aluminium.


[bookmark: _Toc228042829]4.3 Results Analysis
[bookmark: _Toc228042830]4.3.1 Aluminium Compared with Composite Materials
Aluminium produced the most consistent results of all the tested materials as shown by the low standard deviation in both UTS and Young’s modulus. Its average UTS was lower than the carbon woven composites and Kevlar woven bio but higher than both flax materials. Aluminium also showed a relatively high modulus indicating good stiffness. This suggests that aluminium remains a strong benchmark material because it offers stable and predictable behaviour even though some composites can provide higher specific performance.

[bookmark: _Toc228042831]4.3.2 Woven Compared with Non-Woven Composites
The woven composite materials generally performed better than the non-woven equivalents. Carbon woven bio and carbon woven epoxy both gave much higher UTS and modulus values than carbon non-woven bio while flax woven bio also performed better than flax non-woven bio in terms of tensile strength. This is likely due to the more organised fibre alignment in woven reinforcements which improves load transfer through the laminate. In contrast, non-woven materials contain less aligned fibres which reduces structural efficiency and can increase scatter in the results.

[bookmark: _Toc228042832]4.3.3 Carbon Compared with Flax and Kevlar Composites
The carbon-based composites achieved the highest overall mechanical performance particularly the woven systems. Carbon woven epoxy produced the highest average UTS closely followed by carbon woven bio showing the strong reinforcing effect of carbon fibre. In comparison, the flax-based composites gave the lowest UTS and modulus values which reflects the lower inherent strength and stiffness of natural fibres. Kevlar woven bio performed better than the flax systems and showed relatively high tensile strength, but its modulus remained lower than the strongest carbon laminates. This indicates that Kevlar provided useful strength and toughness, but carbon remained the most effective reinforcement for tensile performance.

[bookmark: _Toc228042833]4.3.4 Effect of Resin System
The comparison between carbon woven epoxy and carbon woven bio suggests that the use of a bio-based resin did not cause a major reduction in tensile performance. In this dataset carbon woven epoxy showed the highest average UTS but carbon woven bio also produced strong results with a similar modulus. This suggests that bio-based resin systems may provide a more sustainable alternative without a severe loss of mechanical performance. However, the resin system cannot be considered in isolation as overall behaviour is also strongly affected by fibre type, fibre volume fraction and reinforcement structure.

[bookmark: _Toc228042834]4.4 Validation Against Manufacturer or Published Data
[bookmark: _Toc228042835]4.4.1 Comparison with Data Sheet and Literature Values
	Material
	Experimental UTS (MPa)
	Reference UTS (MPa)
	Experimental Young’s Modulus (GPa)
	Reference Young’s Modulus (GPa)
	Source Type

	Aluminium
	116.00
	105-145
	52.13
	69-71
	Published Research

	Carbon Non-Woven Bio
	177.63
	290-330
	10.67
	25-35
	Published Research

	Carbon Woven Bio
	374.93
	645-655
	52.39
	54.7-54.9
	Published Research

	Carbon Woven Epoxy
	399.88
	711-720
	55.28
	57.1-58.4
	Published Research

	Flax Non-Woven Bio
	42.56
	37-44
	5.14
	5
	Manufacturer Data

	Flax Woven Bio
	86.87
	58-61
	1.76
	6-7
	Manufacturer Data

	Kevlar Woven Bio
	340.57
	302.9
	18.65
	16.3
	Published Research


[bookmark: _Toc228042699]Table 2 Validation of experimental results against reference values
Table 2 shows mixed agreement between the experimental and reference values. Flax non-woven bio gave the closest match. Whilst aluminium also showed reasonable agreement in tensile strength. The largest differences were seen in the carbon-based laminates where modulus values were relatively close to published data, but tensile strengths were much lower than expected. Kevlar woven bio showed slightly higher values than the published comparison data. Overall, the results suggest that stiffness was predicted more accurately than tensile strength, with the greatest discrepancies occurring in the carbon composite systems.

[bookmark: _Toc228042836]4.4.2 Reasons for Differences in results
The differences between the experimental and reference values were likely caused by manufacturing and testing variation. Resin infusion quality, resin-rich areas and void content may all have affected laminate performance. The twill laminates were also arranged with plies at 45° to each other which would reduce tensile performance compared with fibres aligned with the loading direction. Differences in specimen preparation, cross-sectional area, gripping and strain measurement may also have influenced the results particularly in the carbon-based laminates.
[bookmark: _Toc228042837]5. Recommendations
[bookmark: _Toc228042838]5.1 Material Selection
Carbon woven epoxy is recommended for highly loaded motorsport and automotive components requiring maximum strength and stiffness. Carbon woven bio also performed well and may be used where high performance is needed with some sustainability benefit. Carbon non-woven bio is less suitable for primary load-bearing parts but may be used where shaping and moderate weight saving are more important.
Flax woven bio and flax non-woven bio are better suited to lower-load parts such as panels, trim and fairings, where reduced environmental impact is prioritised over maximum mechanical performance. Kevlar woven bio is better suited to impact-resistant applications. Aluminium remains a useful benchmark because of its recyclability, ease of manufacture and consistent performance.

[bookmark: _Toc228042839]5.2 Future research and Development
Future research should focus on improving the sustainability of composite materials without significant losses in mechanical performance. Further development of bio-based resins and natural fibre composites could enhance the viability of lower-impact alternatives to conventional carbon/epoxy materials. Improved recycling methods for thermoset composites are also needed as end-of-life disposal remains a major limitation.
Additional work should investigate fatigue, impact resistance and environmental durability since tensile testing alone does not fully represent service conditions. Future studies should also examine fibre orientation, fibre volume fraction and manufacturing quality in greater detail as these factors are likely to affect both performance and variability.





6. Conclusion

[bookmark: _Toc228042840]This report examined the mechanical performance and sustainability of aluminium, carbon, flax and Kevlar for automotive, motorsport and motorcycle applications. Tensile tests showed that woven carbon composites performed best in strength and stiffness overall. Whereas flax composites delivered lower mechanical performance but offered a stronger sustainability case. Aluminium remained an important benchmark because of its consistent behaviour, ease of manufacture and recyclability. The sustainability analysis showed that no material was ideal as the highest-performing composites still had drawbacks regarding end-of-life disposal. Overall, carbon composites remain the most suitable option for highly loaded structural parts, whereas flax-based composites are better suited to lower-load applications where reducing environmental impact is a greater priority. Future work should focus on improving bio-based resins, natural fibre performance and composite recycling.
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