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[bookmark: _Toc227948260]1.0 Literature Review
[bookmark: _Toc227948261]1.1 Introduction to Composite Materials
Composite materials are essential in motorsport and high-performance vehicles today, primarily because of their high strength while minimal weight. In competitions such as Formula 1, where performance margins are extremely small, reducing mass while maintaining structural integrity is important. Therefore, composite materials are widely used in vehicle design to improve performance and efficiency (Formula 1, 2023).
A composite material is composed of a reinforcing phase, such as fibres, embedded within a matrix material, usually a polymer resin. This combination allows engineers to tailor mechanical properties such as stiffness, strength and failure behaviour depending on the application. The ability to control fibre orientation means that composite materials can be designed to perform efficiently under specific loading conditions, which is particularly beneficial in motorsport applications where forces are highly directional (Zhang et al, 2021).
[bookmark: _Toc227948262]1.2 Composite Materials in Motorsport Applications
Carbon fibre reinforced polymers (CFRPs) dominate motorsport engineering due to their extremely high strength-to-weight ratio and stiffness. These properties allow for lightweight yet rigid structures, which significantly improve vehicle acceleration, handling, and overall performance (Zhang et al, 2021). As a result, carbon fibre composites are widely used in chassis, body panels, and aerodynamic components withing high-performance motorsport applications (Formula 1, 2023).
Despite these advantages, carbon fibre composites present significant environmental challenges. Their production is energy-intensive and relies on petroleum-based precursors, contributing to a high carbon footprint. In addition, end-of-life disposal remains problematic due to the difficulty of recycling thermoset composite materials (Zhang et al, 2021; Ramesh et al, 2020). This has led to increasing research into recyclable carbon fibre systems and alternative resin technologies aimed at reducing environmental impact while maintain performance.
Natural fibre composites, such as flax fibre reinforced polymers, are being explored as a more sustainable alternative. These materials are renewable and require less energy during production compared to synthetic fibres, reducing their environmental impact (Faruk et al, 2012). However, their mechanical performance is lower, and variability in fibre properties can lead to inconsistent results, which limits their use in high-performance motorsport structures where reliability is critical.
Kevlar-based composites provide a different balance of properties. While they do not match carbon fibre in stiffness, they exhibit excellent impact resistance and toughness, making them suitable for applications requiring energy absorption, such as protective panels and reinforcement layers (Zhang et al, 2021). However, similar to other synthetic composites, their recyclability remains limited, which presents challenges for sustainable use.
Although not a composite, aluminium is commonly used as a benchmark material due to its balanced mechanical properties and high recyclability. Aluminium can be recycled repeatedly with low energy input compared to primary production, making it an important material when considering sustainability alongside performance (European Aluminium, 2021). It therefore provides a useful comparison when evaluating the advantages and limitations of composite materials.
[bookmark: _Toc227948263]1.3 Mechanical Behaviour and Performance Characteristics
The mechanical performance of composite materials is determined by fibre types, orientation and the matrix that is used. Carbon fibre composites have a higher tensile strength and rigidity compared to other fibres making them suitable for use in lightweight structures. In motorsport, this is highly relevant because lightening directly improves vehicle performance (Zhang et al, 2021). Carbon fibre composites are brittle in nature and therefore do not show any signs of plastic deformation before breaking when subjected to excessive forces.
Contrastly, aluminium is a ductile metal that allows for deformation plastically in its structural form and absorbs energy in case of high forces. This characteristic makes aluminium more appropriate for designing parts to withstand energy and therefore reduce the effects of the force in the case of a car crash (European Aluminium, 2021).
Natural fibre composites exhibit lower strength and stiffness compared to synthetic composites. Nevertheless, the vibration absorbing nature makes them favourable for some automotive designs. The problem with using natural fibre composites is that the quality of their performance cannot be accurately predicted due to variation in fibre properties (Faruk et al, 2012). Kevlar- based composites provide high toughness and impact resistance, making them suitable for applications where resistance to sudden failure is important, such as protective structures and reinforcement layers (Zhang et al, 2021).
Recent research has focused on improving composite performance through hybridisation and improved fibre architecture. By combing different fibre types or optimising fibre orientation, it is possible to enhance load distribution and tailor mechanical properties more effectively for specific applications. These developments are particularly relevant in motorsport, where materials must meet both high performance and reliability requirements (Zhang et al, 2021).
[bookmark: _Toc227948264]1.4 Manufacturing Processes and Their Impact
The manufacturing process of the composite is important to define its performance and impacts on the environment. In the motorsport application, high-performance components are typically produced using prepreg layup and autoclave curing. These processes allow for excellent fibre alignment and high-quality structural properties, which are essential for achieving the stiffness and strength required in racing environments. However, they are energy-intensive and contribute significantly to the overall environmental impact of composite production (Zhang et al, 2021).
Techniques such as vacuum-assisted resin transfer moulding (VARTM) become suitable for mass automotive production as these methods offer lower manufacturing costs, improved scalability and reduced material waste compared to traditional prepreg techniques, making them more viable for commercial applications.
Recent developments in composite manufacturing have focused on improving sustainability by incorporating recycled fibres and alternative resins. These approaches aim to reduce both material waste and overall carbon footprint while maintaining acceptable performance levels. Advances in recycling technologies, particularly for carbon fibre composites, are becoming increasingly important in supporting a more sustainable lifecycle for these materials (Zhang et al, 2021).
[bookmark: _Toc227948265]1.5 
Role of Composites in Sustainable Motorsport
Motorsport is increasingly being used as a platform for developing and demonstrating sustainable technologies. Governing bodies such as the FIA have introduced sustainability strategies aimed at reducing the environmental impact of racing, including targets for carbon neutrality and improved resource efficiency across the sport (FIA, 2024). Similarly, Formula 1 has committed to achieving net-zero carbon emissions, highlighting the growing importance of sustainability. (Formula 1 2023).
A key challenge is balancing performance with sustainability. Carbon fibre composites provide significant advantages in terms of strength and weight reduction; however, their lifecycle impact remains a concern due to energy-intensive production processes and the difficulty of recycling thermoset materials (Oliveux et al, 2015; Meng et al, 2018). 
To address this, research has focused on improving composite recyclability through mechanical, thermal, and chemical recovery methods, enabling reuse of carbon fibre in secondary applications (Oliveux et al, 2015). Additionally, natural fibre composites such as flax provide a more sustainable alternative due to their renewable origin and lower processing energy requirements (Faruk et al, 2012), although their use is currently limited to non-structural applications.
Overall, future motorsport materials are likely to combine high-performance composites with more sustainable alternative, supported by advances in recycling and manufacturing efficiency.

[bookmark: _Toc227948266]2.0 Sustainability Analysis
The results of the experiments can provide a practical basis for evaluating the sustainability of each material, allowing performance data to be considered alongside environmental impact.
[bookmark: _Toc227948267]2.1 Sustainability in Motorsport Engineering
Increasingly, issues related to sustainability are becoming more significant within motorsport. The motorsport industry faces a difficulty, attempting to reduce the level of environmental impact whilst maintaining the highest level of performance. Formula 1 has committed to achieving net-zero carbon emissions by 2030 reporting 26% reduction in emissions by 2024 compared to its 2018 baseline (Formula 1, 2025). Similarly, the FIA has identified sustainability as a key strategic priority, promoting innovation in materials, energy use, and manufacturing processes (FIA, 2024).
These developments highlight a shift in engineering priorities, where materials must now be evaluated not only in terms of mechanical performance but also their full lifecycle impact.
[bookmark: _Toc227948268]2.2 Environmental Impact of Carbon Fibre Composites
Carbon fibre composites are widely used in motorsport due to their high strength-to-weight ratio and stiffness, enabling significant reductions in vehicle mass and improvements in performance. However, these benefits come with considerable environmental costs.
The production of carbon fibre is highly energy-intensive and relies on synthetic, petroleum-based precursors. In addition, thermoset composites are difficult to recycle, leading to challenges in end-of-life disposal (Oliveux, Dandy and Leeke, 2015). Although recycling methods such as mechanical, thermal, and chemical recovery are being developed, recovered fibres are often of lower quality and reused in less demanding applications.
The experimental results support the performance advantage of carbon composites, with carbon woven bio resin and carbon epoxy exhibiting average tensile strengths of approximately 425.6 MPa and 400 MPa, respectively. This demonstrates their suitability for high-performance structural components, but they remain unsustainable unless improved recycling solution are implemented.
[bookmark: _Toc227948269]2.3 Sustainable Potential of Natural Fibre Composites
Natural fibre composites, such as flax fibre reinforced polymers, offer a more environmentally sustainable alternative due to their renewable origin and lower energy requirements during production. These materials have the potential to significantly reduce the carbon footprint of composite manufacturing.
However, the experimental data highlights their limitations in terms of mechanical performance. Flax non-woven bio and flax woven bio samples showed average tensile strengths of approximately 43.2 MPa and 87.1 MPa respectively, which are significantly power than synthetic composites. Additionally, variability in fibre properties can lead to inconsistent performance.
As a result, while natural fibre composites are promising from a sustainability perspective, their use in motorsport is currently limited to non-structural or low-load applications such as interior panels or bodywork.
[bookmark: _Toc227948270]2.4 Kevlar Composites and Performance-Sustainability Trade-Off
Kevlar provides a balance between strength and toughness, offering high impact resistance and energy absorption. This makes them particularly suitable for safety-critical components where resistance to sudden failure is required.
The experimental results showed that Kevlar woven bio has an average tensile strength of approximately 332.1 MPa, placing it between carbon fibre and natural fibre composites in terms of performance. However, Kevlar is still a synthetic material and presents similar recycling challenges to other fibre-reinforced polymers.
Therefore, its use should be carefully targeted towards applications where its unique properties provide clear functional advantages that justify its environmental impact.
[bookmark: _Toc227948271]2.5 Aluminium as a Sustainable Benchmark Material
Aluminium provides an important comparison due to its high recyclability and well-established lifecycle benefits. Unlike composite materials, aluminium can be recycled repeatedly with minimal loss of properties. It is estimated that recycling aluminium requires up to 95% less energy than primary production (International Aluminium Institute, 2024).
In this study, aluminium exhibited an average tensile strength of approximately 116.2 MPa, which is lower than carbon and Kevlar composites but higher than flax-based materials. Its ductile behaviour also provides predictable failure characteristics, which is beneficial in structural applications.
From a suitability perspective, aluminium is a strong candidate for applications where recyclability and lifecycle impact are prioritised over maximum strength.
[bookmark: _Toc227948272]2.6 Balancing Performance and Sustainability
The results highlight the challenge of balancing mechanical performance with environmental impact. Carbon fibre composites offer the highest strength and stiffness but have significant environmental drawbacks. Natural fibre composites provide sustainability benefits but lack the performance required for critical applications. Kevlar offers improved toughness but shares similar sustainability challenges to carbon fibre. Aluminium, while not as strong, provides excellent recyclability and predictable behaviour.
A sustainable approach in motorsport is therefore not based on a single material solution, but rather a combination of materials selected according to their specific performance and environmental requirements.
[bookmark: _Toc227948273]2.7 Future Developments in Sustainable Composites
Future developments in motorsport materials are likely to focus on improving the sustainability of high-performance composites. This includes the development of recyclable resin systems, increased use of recycled fibres, and hybrid composite structures that combine synthetic and natural fibres.
Advances in manufacturing processes, such as lower-energy curing methods and reduced material waste, will also play a key role in reducing environmental impact. These innovations aim to maintain high motorsport performance, while aligning with increasingly strict environmental targets.


[bookmark: _Toc227948274]3.0 Experimental Testing
[bookmark: _Toc227948275]3.1 Materials and Equipment
For testing, a selection of aluminium, carbon fibre composites (woven and non-woven), and Kevlar composite as well as natural fibre composites were used. These materials were selected to represent a range of mechanical properties and sustainability characteristics relevant to motorsport and automotive applications.
Testing was conducted using a universal tensile testing machine (Figure 1), which applies a controlled tensile load to the specimen while measuring force and displacement. The machine was fitted with appropriate grips to securely hold flat specimens and prevent slippage during testing.
[image: ]
Figure 1: Universal tensile testing machine used for material testing. The machine applies a controlled tensile load to the specimen while recording force and displacement data.
An extensometer (Figure 2) was used to measure strain during testing, allowing accurate calculation of material deformation, particularly within the elastic region.
[image: ]
Figure 2: Extensometer used to measure strain during testing. The extensometer was attached to the specimen to provide accurate strain measurements during the test.
A range of standardised test specimens (Figure 3) were prepared for each material. These samples were manufactured to consistent dimensions to ensure comparable results across all materials evaluated.
[image: ]
Figure 3: Composite and aluminium test specimens prior to testing. Standardised flat specimens were used to ensure consistent testing conditions across all materials.
[bookmark: _Toc227948276]3.2 Testing Procedure
Prior to testing, the specimen was measured to determine its area. After that, the specimens were securely fastened within the testing machines grips. A tensile load was applied at a constant rate until failure occurred. During testing, force and extension data were continuously recorded. The extensometer was used during the initial stages of the test to accurately capture strain within the elastic region. Multiple tests were conducted for each material to improve reliability. Representative stress-strain curves were selected for each material to clearly illustrate characteristic behaviour, avoiding unnecessary repetition of similar data.
[bookmark: _Toc227948277]3.3 Data Collection and Processing
The raw data collected from the testing machine consisted of force extension measurements. These values were converted into stress and strain using standard engineering equations:
· Stress = Force / Cross-sectional area
· Strain = Extension / Original gauge length
From the processed data, key mechanical properties were determined, including:
· Ultimate tensile strength (UTS)
· Young’s modulus (calculated from the linear elastic region)
· Failure strain
Average values were calculated for each material based on multiple tests, and standard deviation was used to assess the consistency of the results.
[bookmark: _Toc227948278]3.4 Results and Graph Analysis
The processed data was presented using stress-strain curves and comparative graphs to highlight differences in material behaviour.
Stress-strain curves for representative materials (Figure 4-6) demonstrate clear differences in mechanical plastic deformation prior to failure, whereas carbon fibre composites (Figure 5) show brittle failure with minimal deformation. Natural fibre composites (Figure 6) display lower strength and more gradual failure behaviour.
[image: ]
Figure 4: Stress-strain curve for Aluminium (Test 18). Shows ductile behaviour with significant plastic deformation prior to failure.
[image: ]
Figure 5: Stress-strain curve for Carbon fibre Composite (Epoxy). Illustrates brittle behaviour with high strength but minimal deformation.
[image: ]
Figure 6: Stress-strain curve for Flax Composite (Test 103). Demonstrates lower strength and differing failure characteristics compared to synthetic composites.
A combined comparison of multiple materials (Figure 7) highlights differences in stiffness, strength, and overall mechanical response.
[image: ]
Figure 7: Comparison of stress-strain behaviour for selected materials. Highlights differences in stiffness, strength, and failure behaviour between materials.
The comparison of ultimate tensile strength (Figure 8) shows that carbon-based composites exhibit significantly higher strength than flax composites and aluminium.

Figure 8: Ultimate tensile strength of tested materials. Carbon composites show the highest strength values compared to other materials.
The inclusion of standard deviation (Figure 9) highlights the variability in results, with composite materials showing greater variation than aluminium.

Figure 9: Ultimate tensile strength with standard deviation. Error bars indicate variability and consistency of test results.
The Young’s modulus comparison (Figure 10) demonstrates the higher stiffness of carbon composites compared to other materials.

Figure 10: Young's modulus of tested materials. Shows the relative stiffness of each material.
The failure strain comparison (Figure 11) highlights the ductile nature of aluminium compared to the brittle behaviour of carbon fibre materials.

Figure 11: Failure strain of selected materials. Demonstrates differences in deformation before failure.
[bookmark: _Toc227948279]3.5 Validation of Results
The results were compared with published literature to assess their validity and ensure that the observed material behaviour was consistent with established data.
Carbon fibre composites are widely reported to exhibit high tensile strength and stiffness, typically exceeding 300 MPa depending on fibre orientation and matrix system (Zhang et al, 2021). The experimental results obtained in this study, with average tensile strengths of 400-425 MPa, fall within this expected range, indicating agreement with published data.
Aluminium is known to demonstrate lower tensile strength, but greater ductility compared to composite materials. Typical tensile strengths for aluminium alloys range between 70-300 MPa, depending on grade and processing conditions (European Aluminium, 2021). The measured average value of approximately 116 MPa is therefore consistent with expected behaviour, supporting the validity of the results.
Natural fibre composites, such as flax fibre reinforced polymers, are reported to have lower tensile strength than synthetic composites, often below 100 MPa depending on fibre quality and processing methods (Faruk et al, 2012). The experimental values obtained, ranging from 40-90 MPa, align with these findings and reflect the variability of natural fibre materials.
Kevlar-based composites are known for their high toughness and moderate tensile strength, typically lower than carbon fibre but higher than natural fibre composites. The experimental average of approximately 332 MPa is consistent with this expected range, further supporting the reliability of the results.
Overall, the data follows established trends, with carbon fibre exhibiting the highest strength, followed by Kevlar, aluminium, and natural fibre composites. This consistency indicates that the testing procedure, data processing methods, and analysis were appropriate, and that the results provide a valid representation of the materials evaluated.
[bookmark: _Toc227948280]3.6 Sources of Error and Reliability
Several factors may have introduced error into the results. Variations in specimen dimensions, particularly thickness and width, could affect calculated stress values. In composite materials, inconsistencies in fibre distribution and resin content may also lead to variability in mechanical performance.
Experimental errors may arise from misalignment of the specimen within the grips, slippage during testing, or limitations in machine calibration. Additionally, the removal of outliers introduces some level of subjectivity, which may influence the calculated averages.
Despite these limitations, the use of multiple samples and statistical analysis improved the overall reliability of the results. The observed trends were consistent with established material behaviour, suggesting that the data is a valid representation of the materials assessed. However, some variability was observed, particularly in composite samples, due to material inconsistencies or manufacturing defects. Furthermore, the small sample size limits statistical confidence and additional testing with a larger dataset would improve accuracy and reliability.


[bookmark: _Toc227948281]4.0 Recommendations
Based on the experimental results and sustainability analysis, there is no optimal material which would satisfy all aspects of sustainability and performance. For this reason, material choice in motorsport and automotive industries should be based on a function-specific approach, where each material is used according to its strengths and limitations.
[bookmark: _Toc227948282]4.1 Use of Carbon Fibre Composites
Use of carbon fibre composites is recommended for primary structural and critical components such as chassis structure, aerodynamic surfaces and other parts carrying load.
Experimental data provided that carbon woven composites have the highest average tensile strengths (400-425 MPa) and stiffness, making them the most suitable material for applications where maximum strength-to-weight ratio is required.
However, due to their high environmental impact and limited recyclability, their use should be restricted to areas where performance benefits are essential. Efforts should also be made to incorporate recycled fibres and more sustainable resin systems where possible.
[bookmark: _Toc227948283]4.2 Use of Kevlar Composites
Kevlar-based composites are recommended for impact-resistant and safety-critical applications, such as protective panels, reinforcement layers and areas exposed to high-energy impacts.
The experimental results showed that Kevlar composites provide a balance between strength and toughness (approximately 332 MPa), making them particularly effective in preventing sudden catastrophic failure.
However, as with carbon fibre, sustainability challenges remain, and their use should be limited to applications where their unique mechanical properties provide a clear advantage.
[bookmark: _Toc227948284]4.3 Use of Natural Fibre Composites
Natural fibre composites, particularly flax-based materials, are recommended for non-structural and low-load applications, such as interior components, body panels, and secondary structures.
Although their tensile strength was significantly lower (40-90 MPa), their renewable nature and lower environmental impact make them an attractive option for improving overall sustainability.
Their use in motorsport is currently limited by variability and lower performance, but they represent a promising area for future development as material technology improves.
[bookmark: _Toc227948285]4.4 Use of Aluminium
Aluminium is recommended as a sustainable benchmark material, particularly for components where recyclability, durability and predictable failure behaviour are important.
The experimental results showed moderate strength (approximately 116 MPa) combined with ductile behaviour, making aluminium suitable for applications such as brackets, supports and structural elements where extreme weight reduction is not critical.
Its high recyclability and well-established supply chain make it a strong candidate for reducing lifecycle environmental impact.
[bookmark: _Toc227948286]4.5 Integrated Material Strategy
A key recommendation is the adoption of a multi-material design strategy, where varied materials are combined within a single system to optimise both performance and sustainability.
For example:
· Carbon fibre for primary load-bearing structures
· Kevlar for impact resistance and safety
· Flax composites for non-critical components
· Aluminium for recyclable structural elements
This approach allows engineers to maximise performance while minimising environmental impact, aligning with current motorsport sustainability targets.
[bookmark: _Toc227948287]4.6 Future Development and Research
Further research should focus on improving the sustainability of high-performance composites. Key areas include:
· Development of recyclable resin systems
· Increased use of recycled carbon fibres
· Hybrid composite structures combining synthetic and natural fibres.
· More energy-efficient manufacturing processes
Advancements in these areas will enable motorsport and automotive industries to maintain high performance whilst complying with environmental regulations. Overall, the selection of composite materials in motorsport must balance performance requirements with environmental responsibility, with increasing emphasis on sustainable innovation in future engineering design.


[bookmark: _Toc227948288]5.0 Conclusion
Overall, this experiment has provided insight into the mechanical characteristics of different composite materials and metals, especially in the context of motorsport application. The experiment demonstrated that the composite materials that proved to have the highest strength and stiffness was carbon fibre composite. However, the aluminium composite demonstrated excellent ductility and recyclability. In terms of sustainability characteristics, natural fibre composites demonstrated better features than either carbon fibre or aluminium. Nonetheless, natural fibre composite was unable to offer as high mechanical characteristics.
It is necessary, therefore, to combine several materials as a way of achieving both sets of requirements. Improvements in materials that can be recycled as well as their manufacturing process will be crucial for the sustainability of motorsport.
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Ultimate Tensile Strength of Tested Materials

Flax Non-Woven Bio	Flax Woven	Aluminium 	Carbon Non-Woven Bio	Kevlar Woven	Carbon Woven Epoxy	Carbon Woven Bio Resin	43.24	87.13	116.24	180.17	332.11	400.04	425.56	
Stress (MPa)



Ultimate Tensile Strength with Standard Deviation

10.251515363665112	9.0793074366612192	2.1012764528143846	40.654651069647272	121.41263761004686	47.018456951687071	153.77987514626224	10.251515363665112	9.0793074366612192	2.1012764528143846	40.654651069647272	121.41263761004686	47.018456951687071	153.77987514626224	Flax Non-Woven	Flax Woven	Aluminium	Carbon Non-Woven	Kevlar	Carbon Epoxy	Carbon Woven	43.263157894736842	87.058823529411768	116.26315789473684	175.72222222222223	332.2	399.88235294117646	425.625	
UTS (MPa)



Young's Modulus of Tested Materials

Flax Woven	Flax Non-Woven	Carbon Non-Woven	Kevlar	Aluminium	Carbon Woven	Carbon Epoxy	1.74	4.4000000000000004	13.5	29.48	46.44	56.63	70	
Young's Modulus (GPa)



Failure Strain of Selected Materials

Strain (mm/mm)	Carbon Epoxy	Flax Woven	Kevlar	Aluminium	1.208E-2	4.1440000000000005E-2	5.9020000000000003E-2	0.12786	
Strain (mm/mm)
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Carbon Woven Epoxy Test 96 - Stress vs Strain
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Flax Non-Woven Bio Test 103 - Stress vs Strain
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