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1. [bookmark: _Toc228018830]Introduction
Composite materials are widely used throughout the automotive and motorsport industries due to their ability to improve performance. Compared to traditional materials (e.g. aluminium), fibre reinforced composites (e.g. carbon fibre) enable significant weight reduction without compromising structural integrity. However, sustainability has become increasingly important in material selection, as conventional composites are energy-intensive and difficult to recycle, driving interest in natural fibre composites and bio resins.
This study evaluates the mechanical performance and sustainability of aluminium, carbon fibre, flax, and Kevlar through tensile testing to identify more suitable material applications.




















2. [bookmark: _Toc228018831]Literature Review
Composite materials have become increasingly important in the automotive, motorsport and motorcycle industries due to their strength-weight ratios, corrosion resistance, and design flexibility. Compared to traditional engineering materials such as aluminium, fibre-reinforced composites offer improved performance in applications where weight reduction is critical, such as chassis structures, body panels, and safety components. However, increasing environmental concerns have led to growing interest in sustainable composite alternatives, including bio-based and natural fibre systems.
2.1 [bookmark: _Toc228018832]Conventional Material: Aluminium
Aluminium is commonly used in automotive and motorsport engineering due to its relatively low density, good corrosion resistance, and ease of manufacturing. While aluminium is recyclable and has a well-established supply chain, it generally has a lower strength-to-weight ratio than advanced composites such as carbon fibre reinforced polymers (CFRP). As a result, composites are often preferred in high-performance applications where maximum weight reduction is required (Mallick, 2007).
2.2 [bookmark: _Toc228018833]Carbon Fibre Composites
CFRPs are among the most widely used composites in motorsport and high-performance automotive applications. These materials consist of high-strength carbon fibres embedded within a polymer matrix, typically epoxy or bio-based resins. CFRPs exhibit excellent tensile strength, stiffness, and fatigue resistance, making them ideal for structural components such as monocoques and aerodynamic elements.
In this study, both woven and non-woven carbon fibre composites were tested. Woven carbon fibre provides balanced mechanical properties in multiple directions, improving impact resistance and damage tolerance. In contrast, non-woven or unidirectional carbon fibre offers superior strength and stiffness in a single direction, making it more efficient for load bearing applications (Clyne and Hull, 2019).
The use of epoxy matrices in carbon fibre composites provides strong fibre-matrix bonding and high mechanical performance, but these systems are typically difficult to recycle. Alternatively, bio-based resins are being developed to reduce environmental impact, although they may currently offer slightly reduced mechanical performance compared to conventional epoxy systems (Koronis et al., 2013).
2.3 [bookmark: _Toc228018834]Natural Fibre Composites
Natural fibre composites, such as those reinforced with flax fibres are increasingly being investigated and developed as sustainable alternatives to synthetic composites. Flax fibres offer advantages including low density, renewability, and reduced environmental impact during production. 
In this study, both woven and non-woven flax composites with bio-based matrices were tested. Woven flax composites provide improved structural integrity and more uniform properties, while non-woven flax materials are generally less stiff but may offer advantages in terms of cost and manufacturability.
Despite their sustainability benefits, flax composites typically exhibit lower strength and stiffness compared to carbon fibre composites, limiting their use in high-load applications. Additionally, natural fibres can be sensitive to moisture absorption, which can affect long-term durability (Awais et al., 2021).
[bookmark: _Toc228018835]2.4 Kevlar Composites
Kevlar is an aramid fibre and is known for its excellent impact resistance, toughness, and energy absorption. Its commonly used in applications requiring high durability and resistance to damage, such as protective structures, helmets, and ballistic components.
The woven Kevlar composite with a bio-based matrix tested in this study combines the mechanical benefits of aramid fibres with improved sustainability compared to traditional petroleum-based systems. While Kevlar has lower compressive strength than carbon fibre, its superior impact resistance makes it valuable in safety-critical components.
[bookmark: _Toc228018836]2.5 Manufacturing Considerations
The performance of composite materials is strongly influenced by manufacturing processes, including fibre alignment, resin distribution, and curing conditions. Woven composites generally provide more uniform properties but may have slightly lower peak strength compared to unidirectional systems. Non-woven composites, depending on their structure, may offer advantages in cost and ease of manufacturing but can exhibit less predictable behaviour.
Resin choice also plays a key role. Epoxy systems are widely used due to their excellent mechanical properties and durability, while bio-based resins are being developed to improve sustainability. However, manufacturing processes such as autoclave curing can be energy-intensive, which must be considered when evaluating overall environmental impact (Chen et al., 2021).
[bookmark: _Toc228018837]2.6 Sustainability Considerations
Sustainability is an increasingly important factor in material selection within the automotive and motorsport industry. Traditional composites such as carbon fibre with epoxy matrices, have high embodied energy and limited recyclability. In contrast, natural fibre composites and bio-based resins offer reduced environmental impact through renewable sourcing and potential biodegradability.
However, a key challenge is balancing performance and sustainability. While flax and bio-based composites are more environmentally friendly, they may not meet the mechanical requirements for high-performance structural applications. Recent research suggests that hybrid approaches, combining natural and synthetic fibres or incorporating recycled carbon fibre, may provide a viable compromise between performance and sustainability (Meng et al., 2018).




3. [bookmark: _Toc228018838]Methodology
3.1 [bookmark: _Toc228018839]Materials
Table 3.1.1 – Details of the materials used in the experiment.
	Material Type
	Configuration
	Matrix Type
	Purpose of Selection

	Aluminium
	Solid metal
	N/A
	Baseline material for comparison

	Carbon Fibre
	Woven / non-woven
	Epoxy / Bio-based
	High-performance composite

	Flax Fibre
	Woven / non-woven
	Bio-based
	Sustainable alternative composite

	Kevlar
	Woven
	Bio-based
	High toughness and impact resistance



3.2 [bookmark: _Toc228018840]Experimental Setup
Tensile tests were conducted using a calibrated universal testing machine. Specimens were securely clamped and aligned to prevent bending stresses.
[image: ]
Figure 3.2.1 - Tensile test machine.




3.3 [bookmark: _Toc228018841]Testing Procedure
The specimens (3 of each material) were subjected to a uniaxial tensile load, applied at a constant rate until failure.
[image: ]
Figure 3.3.1 - The samples used for the experiment.
During the tests, the following data was recorded continuously by the machine’s software:
Table 3.3.1 - Data recorded during testing.
	Parameter
	Unit
	Description

	Load
	kN
	Applied force during test

	Displacement
	mm
	Extension of specimen

	Stress
	MPa
	Load per unit area

	Strain
	-
	Relative deformation



The test continued until fracture occurred, at which point the maximum load, ultimate tensile strength (UTS), and failure strain were recorded. Any visible failure modes, such as brittle fracture or fibre pull-out were noted for qualitative analysis.
3.4 [bookmark: _Toc228018842]Data Processing and Analysis
The raw data obtained from the testing machine were exported as text files and processed using spreadsheet software and MATLAB. For each sample, stress-strain curves were generated. 
Table 3.4.1 - Data processing steps.
	Step
	Description

	Curve Adjustment
	Stress–strain curves set to start at zero strain

	Plotting
	Three samples plotted per material to assess repeatability

	Property Extraction
	Young’s modulus, UTS, yield strength, and failure strain obtained



Young’s Modulus was calculated using the formula:

Where is stress and is strain.
3.5 [bookmark: _Toc228018843]Comparison and Evaluation
The results were analysed to evaluate: 
Table 3.5.1 - Analysis criteria.
	Criterion
	Purpose

	Stiffness & Strength
	Evaluate load-bearing capability

	Failure Behaviour
	Identify ductile vs brittle response

	Variability
	Assess consistency between samples

	Application Suitability
	Determine relevance to industry use






3.6 [bookmark: _Toc228018844]Health and Safety Considerations
Table 3.6.1 - Health and safety measures.
	Hazard
	Precaution

	Flying fragments
	Safety glasses worn

	Sharp edges after failure
	Careful handling of specimens

	Fibre debris
	Appropriate PPE used




4. [bookmark: _Toc228018845]Results
4.1 [bookmark: _Toc228018846]Overview of Mechanical Behaviour
The results obtained demonstrate clear differences in mechanical behaviour between metallic and composite materials. Aluminium (Figure 4.1.1) exhibited a ductile response with a defined elastic and plastic region, consistent with typical metallic behaviour (Callister and Rethwisch, 2020). In contrast, the composite materials displayed predominantly linear elastic behaviour followed by sudden fracture, indicating brittle characteristics which is typical of fibre-reinforced polymer composites (Mallick, 2007).
[image: ]
Figure 4.1.1 - Aluminium stress-strain graph.
Carbon fibre composites showed a steep linear region followed by abrupt failure, confirming their high stiffness and brittle nature. Kevlar composites exhibited higher strain to failure, indicating improved energy adsorption, which is characteristics of aramid fibres due to their molecular structure and deformation mechanisms (Hull and Clyne, 1996). Specifically, aramid fibres absorb energy through a combination of molecular uncoiling and fibre pull-out rather than purely elastic deformation, which accounts for the higher failure strain of 0.00482 observed compared to 0.00195 for carbon woven epoxy.

[image: ]
Figure 4.1.2 - Carbon fibre (non-woven) with bio matrix stress-strain graph.

[image: ]
Figure 4.1.3 - Carbon fibre (woven) with epoxy matrix stress-strain graph.
Flax composites showed more irregular and variable stress-strain behaviour, particularly in non-woven samples. This irregularity reflects progressive failure involving sequential matrix cracking, fibre pull-out and interfacial debonding at multiple points along the specimen, rather than a single fracture event. The fluctuations visible in the stress-strain curves are therefore a direct consequence of the non-uniform fibre distribution and variable fibre-matrix bonding inherent to natural fibre systems (Pickering et al., 2016). Woven flax specimens showed slightly more consistent behaviour due to the more organised fibre architecture, though variability remained high compared to synthetic composites.
[image: ]
Figure 4.1.4 - Flax (non-woven) with bio matrix stress-strain graph

[image: ]
Figure 4.1.5 - Flax (woven) with bio matrix stress-strain graph.

[image: ]
Figure 4.1.6 -Kevlar (woven) with bio matrix stress-strain graph.
[image: ]
Figure 4.1.7 - Average UTS bar chart.
Table 4.1.1 summarises the key mechanical properties extracted from all specimens. Specimens with the most similar cross-sectional area across materials were selected to minimise variability in stress calculations and enable more meaningful comparison of derived properties.









Table 4.1.1 – Experiment results.
	Material
	Young’s Modulus (GPa)
	Average UTS (MPa)
	Minimum UTS (MPa)
	Maximum UTS (MPa)
	Failure Strain

	Aluminium
	52.593
	114.89
	114.67
	115.11
	0.005966

	Carbon non-woven bio
	14.11
	192.71
	176.4

	216.24
	0.0029813

	Carbon woven bio
	53.173
	360.11
	220.28
	455.08
	0.001412

	Carbon woven epoxy
	53.283
	401.98
	373.46
	442.12
	0.0019553

	Flax non-woven bio
	7.44
	46.121
	40.208
	55.263
	0.0016273

	Flax woven bio
	4.1767
	145
	85.42
	244.49
	0.0041133

	Kevlar woven bio
	16.297
	320.72
	286.86
	373.72
	0.0048247



The UTS range across specimens highlights manufacturing consistency differences. Carbon woven epoxy showed the tightest spread (373-442 MPa), reflecting epoxy’s superior process control. Carbon woven bio’s range nearly doubled (220-455MPa), suggesting bio-based matrices introduce greater variability in fibre-matrix bonding. Flax woven bio exhibited the widest relative spread (85-244 MPa) – the maximum almost three times the minimum – evidencing the inherent inconsistency of natural fibre composites. Aluminium, as expected, was near-identical across specimens (114.67-115.11 MPa), consistent with its homogenous microstructure. 


[bookmark: _Toc228018847]4.2 Comparison with Manufacturer and Literature Data
Table 4.2.1 - Data comparison table.
	Material
	Property
	Experimental Result
	Easy Composites Data
	Comparison

	Carbon N-W Bio
	UTS (MPa)
	~193
	290–330
	Lower

	Carbon N-W Bio
	Modulus (GPa)
	~14
	20–35
	Lower

	Carbon Woven Bio
	UTS (MPa)
	~360
	Higher expected
	Lower

	Carbon Woven Bio
	Modulus (GPa)
	~53
	70–200
	Lower

	Carbon Woven Epoxy
	UTS (MPa)
	~402
	500–1500
	Lower

	Carbon Woven Epoxy
	Modulus (GPa)
	~53
	70–200
	Lower

	Flax N-W Bio
	UTS (MPa)
	~46
	37–44
	Slightly higher

	Flax N-W Bio
	Modulus (GPa)
	~7.4
	~5 ±1
	Slightly higher

	Flax Woven Bio
	UTS (MPa)
	~145
	58–61
	Much higher

	Flax Woven Bio
	Modulus (GPa)
	~4.2
	~5–10
	Slightly lower

	Kevlar Woven Bio
	UTS (MPa)
	~321
	300–400
	Good agreement

	Kevlar Woven Bio
	Modulus (GPa)
	~16
	60–130
	Lower

	Aluminium
	UTS (MPa)
	~115
	100–300
	Within range

	Aluminium
	Modulus (GPa)
	~52.6
	60–70
	Slightly lower



[bookmark: _Toc228018848]4.2.1 Carbon Fibre Composites
Typical tensile strengths for CFRP range from 500–1500 MPa with modulus values of 70–200 GPa, depending on fibre orientation and laminate structure (Mallick, 2007; Hull and Clyne, 1996). The experimental values obtained — 402 MPa UTS and 53 GPa modulus for carbon woven epoxy, and 193 MPa UTS and 14 GPa modulus for carbon non-woven bio — were significantly lower across all configurations.
This discrepancy is likely due to differences between idealised and real-world conditions. Manufacturer datasheet values are typically obtained under controlled conditions with optimised fibre alignment and high fibre volume fractions (Gay et al., 2003). In contrast, the experimental samples may contain defects such as voids, fibre misalignment, and uneven resin distribution, all of which reduce performance.
Additionally, the non-woven carbon fibre mat used in this study consists of randomly oriented fibres, which reduces load transfer efficiency compared to aligned or woven systems (Mallick, 2007). The datasheet also states that values are indicative and dependent on processing conditions, reinforcing the variability of composite properties. 
The particularly low modulus of the non-woven carbon bio specimen (~14 GPa vs. expected 20–35 GPa) is specifically attributable to the random fibre orientation of the mat. Unlike woven or unidirectional systems where fibres are aligned to carry load efficiently, randomly oriented fibres in a non-woven mat are statistically unlikely to be aligned with the loading direction, significantly reducing effective load transfer and resulting in lower measured stiffness. The woven bio and epoxy configurations both achieved modulus values of approximately 53 GPa, suggesting that fibre architecture has a greater influence on stiffness than matrix choice in this instance.
[bookmark: _Toc228018849]4.2.2 Flax Fibre Composites
Flax fibre composites typically exhibit tensile strengths in the range of 50-200 MPa and modulus values between 10-50GPa (Pickering et al., 2016). The experimental tensile strength for the non-woven flax composite (~46 MPa) aligns well with the lower end of this range.
The variability observed in the stress-strain curves is characteristic of natural fibre composites. Factors such as fibre diameter variation, moisture absorption, and inconsistent fibre-matrix bonding contribute to reduced and variable mechanical performance (Faruk et al., 2012).
For woven flax composites, the higher strength observed in this study can be attributed to improved fibre alignment and load transfer. Woven structure generally provides better mechanical properties than non-woven materials due to their more organised fibre architecture (Pickering et al., 2016). Notably, the woven flax bio UTS of ~145 MPa considerably exceeded the Easy Composites datasheet range of 58–61 MPa. This discrepancy likely reflects differences in fibre volume fraction, layup configuration, or specimen geometry between this study and the conditions under which datasheet values were generated. It is also possible that the datasheet values represent a conservative lower bound. Regardless, this result suggests that woven flax composites may offer higher performance than manufacturer data implies, warranting further investigation under controlled conditions.
[bookmark: _Toc228018850]4.2.3 Kevlar Composites
Kevlar composites typically exhibit tensile strengths of 300-400MPa and modulus values of 60-130GPa (Hull and Clyne, 1996). The experimental values obtained in this study are broadly consistent with expected tensile strength, although the modulus values are lower.
The reduction in stiffness may be due to fibre orientation, matrix properties, and experimental limitations in strain measurement. The measured modulus of ~16 GPa compared to the expected 60–130 GPa represents a significant discrepancy that warrants specific discussion. Kevlar fibres are highly anisotropic — their exceptional stiffness is only realised when fibres are loaded precisely along their axis. In a woven configuration, fibres are crimped at the interlacing points, which reduces the effective axial stiffness under tensile loading. Additionally, bio-based matrix systems, which typically have modulus values of 2–4 GPa, may not transfer load to the fibres as efficiently as higher-stiffness epoxy systems, further reducing the measured composite modulus. Kevlar fibres are known for their high toughness and energy absorption rather than maximum stiffness, which explains the higher failure strain observed (Callister and Rethwisch, 2020).
[bookmark: _Toc228018851]4.2.4 Matrix Influence 
The matrix material significantly affects composite performance. Epoxy resins typically exhibit tensile strengths of 50–80 MPa and modulus values around 2–4 GPa (Mallick, 2007). Bio-based epoxy systems, such as those used in this study, often have slightly reduced mechanical properties compared to conventional petroleum-based systems (La Rosa et al., 2014).
This reduction in matrix performance can contribute to lower overall composite stiffness and strength, particularly in systems where fibre–matrix bonding is critical. While bio-based resins improve sustainability, they may introduce trade-offs in mechanical performance, especially in high-performance applications.
The comparison between carbon woven bio (average UTS ~360 MPa) and carbon woven epoxy (average UTS ~402 MPa) in this study directly illustrates this effect — an approximately 12% reduction in UTS is associated with the use of a bio-based rather than conventional epoxy matrix, with all other variables held constant. This quantifies the performance cost of the sustainability benefit offered by bio-based systems.
[bookmark: _Toc228018852]4.3 Variability and Manufacturing Effects
The variation observed between samples highlights the importance of manufacturing quality in composite materials. Composite properties are highly dependent on factors such as fibre volume fraction, void content, and fibre alignment (Gay et al., 2003).
Defects such as voids, poor wet-out and uneven resin distribution can significantly reduce mechanical performance (Campbell, 2010). These issues are particularly relevant in hand lay-up or infusion processes, where process control may be limited.
Natural fibre composites are especially sensitive to these factors due to inherent variability of the fibres. In contrast, metals such as aluminium exhibit consistent properties due to their homogeneous structure and well-controlled manufacturing processes (Callister and Rethwisch, 2020).


[bookmark: _Toc228018853]4.4 Failure Mechanisms
The failure mechanisms observed across materials reflect their distinct microstructural compositions. Aluminium specimens exhibited ductile fracture with visible necking and significant plastic deformation prior to failure, consistent with metallic slip mechanisms (Callister and Rethwisch, 2020). The gradual reduction in cross-sectional area before fracture was visually evident in post-test specimens.
Carbon fibre composites displayed brittle fracture characterised by sudden, catastrophic failure with little to no prior deformation. At the fracture surface, fibre fracture and limited fibre pull-out were observed, consistent with strong fibre-matrix interfacial bonding preventing significant debonding prior to fibre failure (Hull and Clyne, 1996). The non-woven bio specimens showed more distributed cracking patterns compared to woven configurations, reflecting the less ordered fibre architecture.
Kevlar composites showed a more progressive failure mode with visible fibre pull-out and splitting along the fibre direction. This is characteristic of aramid fibres, whose layered molecular structure allows energy dissipation through defibrillation — the splitting of individual fibres into sub-filaments — prior to complete fracture (Callister and Rethwisch, 2020). This mechanism accounts for the higher failure strain and energy absorption observed in these specimens.
Flax composite failure was the most complex, involving sequential matrix cracking, interfacial debonding and fibre pull-out. The stress-strain fluctuations observed in the curves are direct evidence of this progressive damage accumulation, where each drop in stress corresponds to a local failure event before the remaining material redistributes load (Pickering et al., 2016).





[bookmark: _Toc228018854]4.5 Implications for Engineering Applications
Table 4.5.1 highlights the trade-offs between mechanical performance and sustainability, demonstrating that no single material provides an optimal balance for all applications.
Table 4.5.1 - Table demonstrating the implications for engineering applications involving each material.
	Material
	Mechanical Performance
	Sustainability Characteristics
	Key Limitation

	Carbon Fibre
	Highest strength and stiffness; ideal for high-performance applications
	High environmental impact and poor recyclability (Das, 2011)
	Energy-intensive production and difficult end-of-life disposal

	Flax Composites
	Lower strength and higher variability
	Renewable, low embodied energy, improved sustainability (Faruk et al., 2012)
	Limited use in structural applications

	Kevlar Composites
	High strength and toughness; good energy absorption
	Derived from petrochemical sources, limited recyclability
	Lower stiffness than carbon fibre

	Aluminium
	Moderate strength, high ductility, consistent behaviour
	Highly recyclable with established processes
	Lower strength-to-weight ratio than composites




5. [bookmark: _Toc228018855]Sustainability Analysis
5.1 [bookmark: _Toc228018856]Sustainability of Carbon Fibre Composites
The production of carbon fibre is very energy-intensive, involving high-temperature processes such as pyrolysis, resulting in a large, embodied energy and carbon footprint (Das, 2011). Additionally, conventional epoxy matrices are derived from petroleum-based sources and are difficult to recycle due to their thermosetting nature.
End-of-life disposal presents a significant challenge, as carbon fibre composites are not easily recyclable. While methods such as pyrolysis and mechanical recycling exist, they often degrade fibre properties, limiting reuse in high-performance applications (Meng et al., 2018).
Despite these drawbacks, carbon fibre composites can contribute to sustainability during the use phase of their life cycle by reducing vehicle weight and henceforth improving fuel efficiency and lowering emissions. In motorsport, this benefit can outweigh production impacts, particularly over the vehicle lifecycle.
However, the experimental results in this study showed lower-than-expected mechanical performance compared to datasheet values, suggesting that in non-optimised conditions, the sustainability advantage may be reduced due to less efficient material use.
5.2 [bookmark: _Toc228018857]Sustainability of Bio-based and Natural Fibre Composites
Flax fibre composites represent a more sustainable alternative to synthetic composites. Flax fibres are renewable, biodegradable, and require significantly less energy to produce compared to carbon fibre (Faruk et al., 2012). Additionally, bio-based resin systems further reduce reliance on fossil fuels and lower environmental impact.
The experimental results demonstrated that flax composites have significantly lower tensile strength and stiffness compared to carbon fibre. However, for non-structural or semi-structural applications such as interior panels or body work, these materials may provide sufficient performance while offering environmental benefits.
A key advantage of flax composites is their potential for improved end-of-life outcomes. Natural fibres can be more easily recycled or disposed of with lower environmental impact compared to synthetic composites. However, the presence of thermoset matrices still limits full recyclability.
Despite their sustainability advantages, flax composites exhibit greater variability in mechanical performance, as observed in the experimental results. This variability is linked to the natural origin of the fibres, including differences in fibre diameter, moisture content, and processing conditions (Pickering et al., 2016). As a result, their use in critical structural applications remains limited.
5.3 [bookmark: _Toc228018858]Sustainability of Kevlar Composites
Kevlar composites provide high strength and excellent impact resistance, as reflected in the experimental results. However, their sustainability performance is less favourable compared to natural fibre composites.
Kevlar fibres are derived from petrochemical sources and require energy-intensive manufacturing processes. Additionally, Kevlar is difficult to recycle due to the use of thermoset matrices.
While Kevlar offers improved durability and energy absorption, which can enhance safety and extend component lifespan, its environmental impact remains high. Therefore, its use is typically justified in applications where performance and safety are critical.



5.4 [bookmark: _Toc228018859]Manufacturing Considerations
The table below highlights the influence of manufacturing processes on both mechanical performance and sustainability, demonstrating that improved process control is essential to maximise efficiency whilst minimising environmental impact. 
Table 5.4.1 - Impact of manufacturing on performance and sustainability.
	Factor
	Impact on Performance
	Impact on Sustainability
	Key Issue / Trade-Off

	Energy-Intensive Processes (e.g. autoclave, resin infusion)
	Can improve material quality and consistency
	High energy consumption and waste generation (Chen et al., 2021)
	Increased environmental impact despite performance benefits

	Manufacturing Defects (voids, misalignment, poor wet-out)
	Reduces strength, stiffness, and reliability
	Leads to material waste and shorter component lifespan
	Inefficient resource use

	Manufacturing Quality Control
	Improves consistency and mechanical performance
	Reduces waste and improves material efficiency
	Requires stricter process control

	Bio-Based Resin Systems
	Lower stiffness and strength compared to conventional resins
	Reduced reliance on fossil fuels and lower environmental impact
	Trade-off between sustainability and performance






5.5 [bookmark: _Toc228018860]Lifecycle Evaluation and Trade-offs
A key finding of this study is the trade-off between mechanical performance and sustainability. 
Table 5.5.1 - Trade-offs of aluminium and the different composites tested.
	Material
	Advantage
	Trade-off

	Aluminium
	· Recyclability and consistency
	· Lower strength-weight performance.

	Carbon fibre composites
	· Highest performance gain
	· High environmental impact and poor recyclability.

	Flax composites
	· Best sustainability 
	· Reduced mechanical performance and increased variability.

	Kevlar composites
	· High durability
	· Less sustainable due to petrochemical origins.



The choice of material therefore depends on application requirements. In high-performance applications, carbon fibre remains essential due to its superior properties. However, in automotive applications where sustainability is a priority, natural fibre composites and recycled materials offer promising alternatives.


5.6 [bookmark: _Toc228018861]Legislation and Policy Context
The adoption of composite materials is increasingly shaped by regulatory frameworks at national, international, and governing body level, each of which carries direct implications for material selection and end-of-life management.
Table 5.6.1 – Legislation and regulatory frameworks surrounding composites.
	Legislation / Policy
	Issuing Body
	Key Requirement
	Implication for Composites

	End-of-Life Vehicles Directive (2000/53/EC)
	European Parliament (2000)
	85% of vehicle mass must be reusable or recyclable; 10% recoverable via energy recovery
	Thermoset CFRP (Carbon Fibre Reinforced Polymer) and Kevlar struggle to meet this — cross-linked matrices cannot be remelted. Aluminium complies easily. Flax composites offer partial compliance via biodegradability, but thermoset matrices still limit full recyclability

	Revised ELV Directive (proposed 2023)
	European Commission (2023)
	Stricter recyclability targets; broader vehicle scope
	Increases pressure on OEMs to demonstrate end-of-life compliance for composite-heavy vehicles; favours development of thermoplastic matrix systems

	Climate Change Act 2008 (amended 2019) / Net Zero 2050
	UK Government
	Net zero carbon emissions by 2050
	Drives lightweighting strategies — composites reduce vehicle mass and improve BEV range, supporting net zero targets despite high embodied energy in production

	Zero Emission Vehicle (ZEV) Mandate 2024
	Department for Transport (2024)
	100% of new cars/vans sold must be zero-emission by 2035
	Increases relevance of CFRP and hybrid composites as lightweighting tools to extend electric vehicle range; lifecycle carbon must be considered alongside in-use benefits

	FIA 2030 Sustainability Strategy
	FIA (2021)
	Net zero carbon across all FIA championships by 2030
	Pressures motorsport teams to assess supply chain and material environmental footprint; encourages adoption of recycled carbon fibre (rCF), which retains ~90% of virgin fibre strength (Meng et al., 2018)

	FIA Safety Regulations (ongoing)
	FIA
	Mandates CFRP in crash structures, survival cells, and safety-critical components
	Creates direct tension with sustainability targets — the materials required for regulatory safety compliance carry the highest embodied energy (~200–400 MJ/kg vs ~10 MJ/kg for flax) (Das, 2011; Faruk et al., 2012)

	Formula 1 Sustainability Framework
	Formula 1 (2019)
	Net zero carbon by 2030; supply chain environmental accountability
	Drives F1 team interest in rCF and bio-based resins as lower-impact alternatives without compromising performance compliance



Collectively, these frameworks indicate that material selection must increasingly account for full lifecycle impact rather than in-use performance alone. 



5.7 [bookmark: _Toc228018862]Future Development
Table 5.7.1 summarises key future developments aimed at improving the sustainability of composite materials. While progress is being made, each approach involves trade-off that are key for consideration.
Table 5.7.1- Future development for composite materials and their challenge and relevance to motorsport and automotive applications.
	Development Area
	Description
	Sustainability Benefit
	Limitations / Challenges
	Relevance to Automotive & Motorsport

	Recyclable Thermoplastic Composites
	Replacement of thermoset matrices with thermoplastics that can be reheated and reshaped
	Enables easier recycling and reuse at end-of-life, reducing landfill waste
	Lower thermal resistance and processing challenges compared to thermosets
	Potential for reusable structural components and improved lifecycle sustainability

	Recycled Carbon Fibre (rCF)
	Recovery of carbon fibres from end-of-life composites via pyrolysis or mechanical processes
	Reduces embodied energy and waste, retaining up to ~90% of fibre strength
	Fibre length reduction and inconsistent quality limit high-performance use
	Suitable for secondary structures and non-critical components

	Hybrid Composites (Natural + Synthetic Fibres)
	Combination of materials such as flax and carbon fibre within a single laminate
	Balances sustainability and mechanical performance
	Complex design and unpredictable failure behaviour
	Allows weight reduction while lowering environmental impact in semi-structural parts

	Improved Bio-Based Resin Systems
	Development of resins derived from renewable sources with enhanced mechanical properties
	Reduces reliance on fossil fuels and lowers carbon footprint
	Currently lower mechanical performance than conventional epoxy systems
	Increasing use in interior panels and low-load components

	Advanced Manufacturing Techniques
	Improved processes such as automated fibre placement and optimised resin infusion
	Reduces material waste, defects, and energy consumption
	High initial cost and technological complexity
	Enhances consistency and performance in high-end applications




6. [bookmark: _Toc228018863]Conclusion and Recommendations
6.1 [bookmark: _Toc228018864]Conclusion
This study investigated the mechanical performance and sustainability of a range of materials commonly used in motorsport and automotive industries. Carbon fibre composites demonstrated the highest tensile strength and stiffness, particularly in the woven epoxy configuration, confirming their suitability for high-performance structural applications. However, the experimental values obtained were lower than manufacturer and literature data, highlighting the influence of factors such as fibre orientation, manufacturing quality, and matrix properties on real-world performance. 
Kevlar composites showed a combination of high-strength and relatively high failure strain, indicating improved energy absorption compared to carbon fibre. This makes Kevlar very suitable for safety-critical applications where impact resistance is required. 
Flax-based composites exhibited significantly lower strength and stiffness compared to synthetic composites but demonstrated closer agreement with manufacturer data. The results also showed increased variability of fibres and inconsistencies in fibre distribution and bonding.
Aluminium provided a consistent and reliable baseline, exhibiting ductile behaviour and moderate strength. While it does not match the performance of advanced composites in terms of strength-weight ratio, its recyclability and well-established manufacturing process contribute to its overall sustainability.
Overall, the results demonstrate that no single material provides an optimal balance between performance and sustainability. Instead, material selection must be based on the specific requirements of the application, considering both mechanical performance and environmental impact.




[bookmark: _Toc228018865]6.2 Recommendations
Based on the findings of this study, the following recommendations are proposed for the use of composite materials in automotive and motorsport applications:
Table 6.2.1 – Recommendations for the uses of composites in automotive and motorsport.
	Material / Area
	Recommendation
	Justification

	Carbon Fibre
	Continue use in high-performance structural applications (e.g. chassis, load-bearing components)
	Provides highest strength and stiffness, essential for performance-critical parts

	Kevlar
	Use in impact-resistant and safety-critical components (e.g. protective panels, structures)
	High energy absorption and toughness improve safety performance

	Flax Composites
	Use in non-structural or semi-structural components (e.g. interior panels, bodywork)
	More sustainable, but lower strength limits structural use

	Aluminium
	Use where ductility, recyclability, and consistency are required
	Fully recyclable with reliable and predictable behaviour

	Manufacturing Processes
	Improve quality control (fibre alignment, resin distribution, void reduction)
	Reduces variability and improves mechanical performance

	Advanced Manufacturing
	Implement automated fibre placement and improved infusion techniques
	Enhances consistency, reduces defects, and improves efficiency

	Sustainable Materials
	Increase use of bio-based resins and natural fibres where feasible
	Reduces environmental impact and reliance on fossil-based materials

	Recycling & End-of-Life
	Develop and implement recycling methods for composite materials
	Minimises waste and improves lifecycle sustainability
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