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1. [bookmark: _Toc197260346]Introduction 

Composite materials exceptional and highly valued strength to weight ratios, superior stiffness properties, and ability to adapt to complex geometries have led to a significant increase in their use in motorsport in recent decades. Many high-performance components now use these materials as their structural foundation, especially in applications where energy efficiency and mass reduction are crucial. Their incorporation into aerodynamic surfaces, bodywork panels, monocoque chassis, and even crash structures has revolutionised driver safety and vehicle dynamics. Advanced material technologies continue to be tested in the demanding and innovative world of motorsport, which subsequently informs the development of road cars.
Using the Denison tensile test apparatus, this report examines the mechanical performance and sustainability of several composite materials. Carbon fibre, Kevlar, flax, hemp, and other natural and synthetic fibres were evaluated. Each fibre was tested in conjunction with epoxy or bio-based resins. In order to compare the relative performance of the composites, aluminium was also tested as a control material. To guarantee reliable comparisons between woven and non-woven formats as well as between resin systems, all samples were produced using resin infusion and consistent layup techniques. Understanding materials that provide a good balanced compromise between strength and sustainability for future application in motorsport body structures is the main goal of this study. 
The conclusions are based on Group 7's tensile test results, which are corroborated by information gathered from six additional groups. The analysis contrasts the effects of layup configuration, failure characteristics, and maximum load-bearing capability. A sustainability assessment that takes into account life cycle impact, recyclability, and compatibility with regulatory objectives like those listed in the FIA's Environmental Strategy comes next. The best materials for high-performance motorsport applications are finally suggested, taking into account both environmental and mechanical performance.



2. [bookmark: _Toc197260347]Literature Review 

Composite materials are extensively used in the field of motorsport due to their unique lightweight nature and superior mechanical properties. In the realm of Formula 1 and endurance racing, carbon fiber reinforced polymer has traditionally been the material of choice because of its remarkable tensile strength, rigidity, and predictable failure patterns. Kevlar is renowned for its outstanding ability to withstand impacts and absorb energy, making it ideal for applications requiring resistance to crashes and punctures, such as wheel tethers and undertrays. Recently, there has been a growing interest in exploring natural fiber composites like flax and hemp as more sustainable alternatives. These materials offer advantages such as lower energy consumption during production, better vibration absorption, and improved disposal practices, even though they generally have lower strength properties. 
(Campbell, 2010, p. 1–19; Callister and Rethwisch, 2018, p. 564–566; Yan et al., 2014)

[bookmark: _Toc197260348]		2.1 Carbon Fibre Composites

According to Campbell (2010, p. 42), carbon fibers are composed of aligned crystalline carbon running along the axis of the fiber, providing high tensile strength and stiffness. Callister and Rethwisch (2018, p.587) noted that composite materials made of carbon fibers reinforced epoxy exhibit longitudinal tensile strengths of approximately 1520 MPa with a specific gravity of 1.6. Woven carbon fabrics find extensive use in motorsport applications such as monocoques, wings, and suspension arms due to their balanced strength in two directions and predictable failure characteristics. Despite the remarkable mechanical properties of carbon fiber reinforced polymers, their production process consumes a considerable amount of energy and presents recycling challenges, especially with thermoset matrices.
Recent research has investigated the use of bio-based epoxy resins as partial alternatives to traditional epoxy systems. For example, Nikafshar et al. (2017) studied vanillin-based epoxy resins and discovered that they demonstrate similar mechanical properties to conventional epoxies, including tensile strength and modulus, making them suitable for structural purposes. However, differences in stiffness, curing rates, and long-term durability have been noted, suggesting that while bio-based resins show potential for reducing environmental impact, further exploration is necessary to fully match the performance of traditional epoxy systems.




[bookmark: _Toc197260349]		2.2 Kevlar Composites

Kevlar, also known as poly-paraphenylene terephthalamide, is described by Campbell (2010, p. 40–41) as a synthetic aramid fibre that provides excellent toughness, impact resistance, and a high strength-to-weight ratio. According to Callister and Rethwisch (2018, p. 569–570), although Kevlar exhibits lower compressive strength than carbon fibre, its superior resistance to crack propagation makes it highly effective in protecting impact zones.
In motorsport applications, Kevlar is commonly used in areas vulnerable to debris strike or abrasion, including undertrays and wheel tethers. Campbell (2010) notes that the material is often blended with other fibres to optimise its mechanical properties across different loading conditions. The integration of Kevlar with bio-derived resins may lead to a decrease in rigidity; nevertheless, the substance generally maintains a comparatively high level of failure strain, offering a more malleable reaction when subjected to stress.

[bookmark: _Toc197260350]2.3 Flax and Hemp Composites
		
Bast fibers like flax and hemp are obtained from the stems of plants and are mainly made up of cellulose and hemicellulose. These components contribute to their reasonable tensile strengths and relatively high strain to failure when compared to artificial fibers. According to Callister and Rethwisch (2018, p. 574–576), the mechanical properties of natural fibers are significantly affected by both moisture levels and the alignment of the fibers. Typically, woven structures enhance stiffness within the plane, whereas non-woven structures tend to provide more uniform but weaker mechanical characteristics. These environmentally friendly fibers have notably lower energy requirements than their synthetic counterparts which explains their growing popularity in eco-friendly motorsport disciplines such as electric touring cars and rallycross. 
(Shen et al., 2009)
The Environmental Strategy outlined by the FIA (2020) acknowledges the potential of natural fibers in lessening the environmental impact of motorsport. However, it also recognises the challenges in standardising layup techniques, ensuring moisture resistance, and meeting strict safety standards. Campbell (2010, p. 142–144) highlights the importance of selecting the right resin system; although bio-resins are more sustainable, they often lack the high temperature resistance and mechanical strength provided by petroleum-based epoxies.




[bookmark: _Toc197260351]		2.4 Structural Considerations
		
The performance of a composite material in its final state is impacted by various factors such as the arrangement of layers, number of plies, and the amount of fibers present as explained in the work by Callister and Rethwisch (2018, p. 579–580). To enhance the load distribution within the material, woven materials were strategically positioned with three layers at 45-degree angles, aligning with suggestions by Campbell (2010, p. 160–162). In contrast, non-woven materials, known for their random fiber alignment, typically exhibit lower tensile strength but may offer more uniform properties. Campbell (2010, p. 164–165) notes that a balanced ratio of fibers to resin, such as 50:50, is commonly used in aerospace-grade carbon fiber reinforced polymers. 
Natural fiber composites on the other hand, boast reduced weight per unit area and requiring fewer layers, which influenced their mechanical assessment and mirrored their common application in secondary structural panels (Yan et al., 2014). Overall, the analysis by Callister and Rethwisch (2018, p. 581) asserts that carbon fiber remains the top-performing composite material for high-end applications. Additionally, Kevlar serves as targeted reinforcement in impact-prone areas, whereas flax and hemp exhibit promising potential for sustainable applications in bodywork and interior components.

3. [bookmark: _Toc197260352]Experimental Testing Analysis

[bookmark: _Toc197260353]3.1 Testing Setup
	
The Denison tensile and compression testing machine was utilised to perform the tensile testing as per the guidelines detailed in the Composite Testing Plan. The samples analysed were composite materials produced via resin infusion. To enhance stability and prevent shifting during testing, supplementary mesh grips were utilised for secure clamping. Each of the seven groups conducted a pair of tests on each material, resulting in a combined total of 14 tests for each group. The testing methodology followed stringent health and safety regulations and focused on recording load versus time data to derive the ultimate tensile strength (UTS) by considering the assessed cross-sectional area.
Layups were standardised across all groups according to the experimental design established for this investigation:
· Woven fibres: three layers (each 200 g for flax and carbon, 300 g for Kevlar) oriented at ±45°
· Non-woven fibres: one layer (300 g for flax and carbon; three layers of 100 g for hemp)
· Baseline material: aluminium
· Resins: either bio-based or traditional epoxy resin
Ultimate tensile strength was calculated using the formula:


[bookmark: _Toc197260354]	3.2 Materials and Sample Overview
		
The analysis of the materials examined by Group 7 is outlined in Table 1. It covers details such as the type of fibers used, resin system employed, weave pattern, sample size, and the tensile characteristics observed.
	Material
	Fibre Type
	Resin
	Weave
	Sample Area (mm²)
	Max Load (kN)
	UTS (MPa)

	Aluminium
	Metal
	N/A
	Solid
	30
	3.495
	116

	Carbon Fibre
	Synthetic
	Bio
	Non-woven
	28
	3.64
	130

	Carbon Fibre
	Synthetic
	Bio
	Woven
	18
	6.02
	334

	Carbon Fibre
	Synthetic
	Epoxy
	Woven
	15
	6.025
	402

	Flax
	Natural
	Bio
	Non-woven
	26
	1.08
	42

	Flax
	Natural
	Bio
	Woven
	32
	2.735
	85

	Hemp
	Natural
	Bio
	Non-woven
	12
	0.47
	39

	Kevlar
	Synthetic
	Bio
	Woven
	2
	5.565
	278


 Table 1 - A Table to Show Testing Results for Group 7







The findings revealed that carbon fibre weaved samples surpassed other materials, showing the highest ultimate tensile strength when paired with epoxy resin. Even though natural fibre composites displayed notably lower UTS values, they are still viable for uses with reduced mechanical stress, as indicated by extensive research on natural fibre composites.

[bookmark: _Toc197260355]3.3 Average Ultimate Tensile Strength Across All Groups 

In order to offer a more comprehensive view regarding the consistency of performance and the differences noted among the seven groups, Table 2 was created. This table illustrates the mean values of ultimate tensile strength measured across all groups for each type of material, enabling a valid comparison of strength characteristics.
	Material
	Avg. UTS (MPa)
	Min–Max Spread
	Consistency Notes

	Carbon Woven Epoxy
	392
	350–420
	Very consistent, high stiffness

	Carbon Woven Bio
	315
	290–340
	Strong, slightly lower than epoxy

	Kevlar Woven Bio
	260
	240–290
	High impact strength, good reliability

	Carbon Non-Woven Bio
	125
	110–140
	Wide variation due to fibre randomness

	Flax Woven Bio
	80
	70–95
	Moderate strength, some variability

	Flax Non-Woven Bio
	40
	30–50
	Weak, often failed early

	Hemp Non-Woven Bio
	35
	25–45
	Weakest, high scatter

	Aluminium
	115
	110–120
	Excellent consistency, ductile


 Table 2 - A Table to Show Average UTS Across All Groups

The findings validated that woven carbon fiber composites achieved the highest mean ultimate tensile strength, in line with existing data on material strength. Natural fiber composites, specifically non-woven hemp and flax variants, displayed lower UTS values, which is in accordance with the general knowledge of their mechanical attributes. The non-woven carbon fiber specimens exhibited the most variation in UTS, indicating that inconsistencies in fiber alignment and arrangement significantly influence mechanical performance, as discussed by Mortazavian and Fatemi (2015).
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Figure 1 - A Graph to Show Youngs Modulus for Each Material

The strain data obtained from tensile testing was deemed unreliable according to the Testing Plan. Hence, Young’s Modulus values were retrieved from technical datasheets provided by manufacturers. This approach aligns with the practice of referencing material property information from published sources for comparative purposes, as discussed in the work by Holbery and Houston in 2006.
Upon comparison with the Ultimate tensile strength results presented in Table 2, a notable correlation emerged: materials with higher modulus, such as Kevlar and carbon composites, also demonstrated superior tensile strength. This observation corresponds with the material property trends elucidated by Chawla (2012). Conversely, natural fiber composites displayed lower stiffness and strength, in line with their intended application in lightweight and environmentally friendly design, as emphasised by Faruk et al. (2012).
[image: ]The data in Figure 2 displays the results of the ultimate tensile strength (UTS) tests conducted on various materials within seven different groups. Each bar on the graph corresponds to a specific test sample. The graphic illustrates noticeable disparities in performance among the different types of composites. Specifically, the woven carbon fiber samples, especially when paired with epoxy resin as it demonstrated the highest UTS values, in accordance with the exceptional mechanical characteristics detailed by Callister and Rethwisch in 2018. Conversely, composites made from natural fibers like hemp showed considerably lower tensile strength levels, yet they exhibit potential for applications that prioritise lightweight and sustainable properties.
Figure 2 - A Graph to Show Ultimate Tensile Strength Results For All Groups

4. [bookmark: _Toc197260356]Sustainability Analysis 

Sustainability plays a major role in how composite materials are assessed, especially in modern motorsport where emissions targets and environmental responsibility are becoming key factors. The materials tested in this project varied massively in both performance and environmental impact.
[bookmark: _Toc197260357]4.1 Lifecycle and Environmental Impact		
	
Both carbon fiber and Kevlar are considered high-performance materials yet they do come with associated costs, both in terms of finances and environmental impact. The production process of carbon fiber consumes a significant amount of energy and once it is combined with epoxy resin, its recyclability becomes challenging. Kevlar shares similarities in terms of limitations, often chosen for its impact resistance rather than sheer strength. Conversely, natural fibers such as flax and hemp require notably less energy during manufacturing and are derived from renewable sources. When utilised with bio-resins, these composite materials result in considerably reduced emissions throughout their life cycle. However, their reduced strength imposes limitations on their practical application in demanding settings such as motorsports. Various assessments of life cycles indicate that carbon fiber can have up to ten times the embodied carbon compared to flax, positioning it as a sustainability drawback despite its superior performance under stress. 
Wambua et al. (2003) emphasise that while natural fibers like flax and hemp offer benefits in terms of weight, cost, and environmental sustainability, they generally demonstrate inferior mechanical properties in comparison to synthetic fibers such as carbon or glass. This factor restricts their utilisation in high-stress structural scenarios.

[bookmark: _Toc197260358]4.2 End of Life and Disposal Process 

Disposal represents a significant challenge in dealing with epoxy-based carbon fiber composites. Recycling these composites poses difficulties, as most recycling methods either harm the fibers or only permit the material to be crushed and reused as filler. While advanced processes like pyrolysis and solvolysis offer potential solutions, they are expensive and have not yet gained widespread acceptance in the motorsport sector.
Conversely, natural composites such as flax and hemp, particularly when utilised with bio-resins, present benefits in end-of-life scenarios. They offer easier disposal, with some being biodegradable, and result in reduced harmful emissions when incinerated. These characteristics make them well-suited for applications requiring frequent part replacements, like body panels or aerodynamic components that are susceptible to regular damage. 
(Kingsbury., 2022; La Rosa et al., 2009; Oliveux et al., 2015)
[bookmark: _Toc197260359]4.3 Motorsport Response and FIA Strategy

The environmental strategy introduced by the FIA for the upcoming decade emphasises the adoption of sustainable materials in motorsport. The target is to achieve carbon neutrality by the year 2030, with a focus on incorporating composite materials as a key component of this endeavour. Notably, the Electric GT Championship and Formula E have trialled flax fibre composites for body panels, demonstrating promising sustainability improvements. This shift towards sustainable materials in demanding settings of motorsport is beginning to influence the broader automotive industry. Through the validation of these materials in racing scenarios, their integration into future road car manufacturing processes is foreseeable. 
(Marquardt., 2019; FIA., 2020; Koronis et al., 2013)
[bookmark: _Toc197260360]		4.4 Sustainability Analysis Summary
		
		The data presented in Table 3 illustrates the performance of each material:

          Table 3 - A Table to Show Sustainability of the Tested Materials	
	Material
	Embodied Energy
	Recyclability
	Emissions Impact
	Sustainability Score 1 – 5
	Notes

	Carbon Fibre (Epoxy)
	Very High
	Low
	High
	1
	Top performance, low sustainability

	Carbon Fibre (Bio)
	High
	Low–Medium
	Lower
	2
	Slightly better than epoxy version

	Kevlar (Bio)
	High
	Low
	Moderate
	1
	Tough, but hard to recycle

	Flax (Bio)
	Low
	Medium–High
	Low
	5
	Good eco option, decent strength

	Hemp (Bio)
	Very Low
	Medium–High
	Very Low
	5
	Weakest material, best eco stats

	Aluminium
	Medium–High
	High
	Medium
	5
	Easy to recycle (dependent on alloy), energy intensive 



It is evident that no single material excels in all aspects. Carbon fiber stands out for its exceptional mechanical strength but ranks poorly in terms of environmental impact, particularly when combined with epoxy. On the other hand, natural fibers such as flax and hemp exhibit minimal emissions and superior recyclability. However, their mechanical constraints render them unsuitable for critical components. The ideal scenario lies within a middle ground where materials provide adequate strength for the intended purpose while minimising environmental repercussions. This equilibrium will be further examined in detail in the subsequent section.



5. [bookmark: _Toc197260361]Recommendations

In motorsport the selection of materials goes beyond mere strength considerations. Given the increasing significance of sustainability goals in all racing categories, a careful equilibrium among performance, environmental implications, and practical applicability is essential. Drawing from the outcomes of tensile assessments and sustainability evaluations detailed in Section 4, the ensuing suggestions delineate the most suitable materials for various motorsport uses.
[bookmark: _Toc197260362]5.1 Performance Option - Carbon Fibre Woven with Epoxy
The combination of carbon fiber and epoxy resin emerged as the top performer in terms of tensile strength. Its impressive ultimate tensile strength values exceeding 390 MPa consistently make it the prime choice for components requiring robustness against heavy loads and intense stress such as monocoques, wings, and suspension parts. However, its notable drawbacks include significant environmental impact and challenges in recycling, underscoring the importance of limiting its use to essential applications.
[bookmark: _Toc197260363]5.2 Sustainable Option - Flax Woven with Bio-Resin
Flax combined with bio-resin is a sustainable choice for components that are less exposed to structural strain. With a strength level of approximately 85 MPa, it surpasses both hemp and non-woven flax options. Additionally, this material is derived from renewable sources and boasts a reduced embodied energy. Consequently, it is well-suited for applications such as bodywork panels, seat shells, and trim, where performance is less crucial, but considerations such as weight and environmental impact are significant.
[bookmark: _Toc197260364]5.3 Recommended Materials for Different Components

Table 4 - A Table to Show Material Selections for Different Components 
	Component
	Recommended Material
	Reasoning

	Monocoques
	Carbon Woven (Epoxy)
	Maximum strength and stiffness needed

	Nose & Impact Zones
	Kevlar Woven (Bio)
	Excellent impact resistance

	Clamshells & Aero Parts
	Flax Woven (Bio)
	Lightweight and sustainable

	Undertrays & Floor Panels
	Flax or Carbon 
	Mix of stiffness and sustainability

	Interior & Trim Panels
	Hemp or Flax Non-Woven (Bio)
	Cost-effective and biodegradable


The information presented in Table 4 indicates the practical applications for each type of material. While flax and hemp have specific uses, they are not suitable for high-stress scenarios. Carbon and Kevlar remain essential for crucial areas, yet making strategic material substitutions in other areas can significantly enhance sustainability efforts.
5.4 [bookmark: _Toc197260365]Recommendations for Future Work

[bookmark: _Toc152148615][bookmark: _Toc152320892]The examination in this report was specifically cantered on analysing the tensile properties. Future research should consider investigating various mechanical and environmental aspects to comprehensively assess the suitability of materials for use in motorsport applications.
· Blending Materials: According to research by Koronis and colleagues in 2013, the combination of artificial and organic fibers in a single composite could achieve a favourable equilibrium between strength and eco-friendliness. This method, proven effective in various sectors, holds potential for application in the field of motorsports.

· Resin Varieties: In contrast to traditional thermoset resins, thermoplastic variants offer the advantage of being reshaped upon reheating, significantly enhancing their recyclability. As emphasised by Campbell in 2010, exploring their compatibility with specific fibers could yield valuable insights.

· Resistance to Impact and Penetration: Due to the stringent safety requirements in motorsports, it is crucial to subject materials like Kevlar and flax to tests simulating dynamic or impact loads, as pointed out by Campbell. Merely considering tensile strength is insufficient for a comprehensive evaluation.

· Stability in Moisture and Environment: Natural fibers are prone to moisture absorption, potentially impacting their mechanical properties over time. Campbell suggests that conducting tests under varying environmental conditions would aid in gauging durability and performance over time. 
These investigations are essential for gaining a comprehensive understanding of the performance of composite materials, especially in the rigorous conditions encountered in competitive motorsports.



6. [bookmark: _Toc197260366]Conclusion

The examination conducted delved into the tensile characteristics and broader eco-friendliness of various composite materials pertinent to the realm of motorsport. Findings from the tests unveiled a clear differentiation between man-made and natural fiber composites. Carbon fiber notably when paired with epoxy resin showcased the highest ultimate tensile strength and continues to be the favoured option for demanding structural elements and high-stress parts in competitive motorsport. Kevlar also exhibited strong performance, providing substantial strength and energy absorption, rendering it suitable for areas prone to impacts.
On the other hand, natural fiber composites such as flax and hemp displayed inferior tensile capabilities but came with clear and evident ecological benefits. A combination of woven flax and bio-resin emerged as the most feasible sustainable substitute, striking a balance between decent mechanical properties and a minimal environmental footprint. While hemp composites stood out as the most sustainable in terms of sourcing and disposal, their mechanical robustness fell short, rendering them unsuitable for most structural uses.
In essence, it is apparent that none of the materials tested singularly offer both exceptional mechanical prowess and optimal sustainability. A prudent approach involving the matching of material characteristics to specific component needs is crucial for achieving optimal outcomes. Motorsport serves as a valuable arena for exploring and integrating sustainable materials, and the outcomes of this inquiry highlight that by employing materials thoughtfully, the environmental impact can be lessened without significant compromise on performance.
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