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1. [bookmark: _Toc228100008]Introduction
This report investigates the sustainability and material properties of composites used within the automotive and motorsport industries. A review of literature is conducted to investigate the legislations which underpin the use of these materials, the end-of-life disposal of traditional and sustainable composites, and the manufacturing methods used. This is followed by material testing to investigate the possibility of sustainable composite materials replacing traditional composite materials. The material testing was conducted using tensile testing samples supplied by the University tested with a Denison Mayes Group tensile testing machine (Denison Mayes Group, 2025). This is followed by a recommendation section outlining the findings from the sustainability analysis and material testing of what should be done moving forward with the use of composite materials within the automotive and motorsport industry.



2. [bookmark: _Toc228100009]Literature Review
This review of literature has been conducted to generate an in-depth review of the use of composite materials within the automotive and motorsport industry. The review will cover the types of composite materials used, their material properties and structure, manufacturing processes and the applications of these materials.
[bookmark: _Toc228100010]2.1 Composite Materials Used within the Automotive and Motorsport Industry
Jovana Spasenović and Blagojević (2021) discussed that the first composite structure to be used within competitive motorsport was the carbon fibre monocoque chassis of the McLaren MP4/1 in 1981. Jovana Spasenović and Blagojević (2021), also explain that the purpose of composite materials is to allow engineers to design a material to suit the desired function of the product. Kandukuri, Pai and Manikandan (2022), adds how composites are used to reduce vehicle mass. The unsprung mass of a vehicle has significant effects on the dynamic performance of the vehicle, reducing this mass with the investigations into carbon fibre wheel rims allows the spring and dampers to facilitate appropriate tyre contact to the ground.
[bookmark: _Toc228100011]2.2 Material Properties and Structures
Jovana Spasenović and Blagojević ( 2021) state that composite materials within the automotive industry are primarily made up of materials made using a polymer matrix (thermoset or thermoplastic), reinforced with glass or carbon fibres. It is also stated that they can exhibit comparable material properties to metal products in terms of stiffness, strength and damping properties if designed correctly. In addition, it is highlighted that the use of anisotropic materials can become as much of a disadvantage as it can be an advantage, as the properties listed above vary considerably dependent on fibre orientation. 
Composite materials exhibit several advantages to improve crashworthiness in vehicles discussed by Jovana Spasenović and Blagojević (2021). These include the specific energy absorption properties can be significantly higher therefore composite structures may achieve the same level of crashworthiness as current steel structures with a considerably lower mass and vehicles which weigh less may have advantages during a rollover crash. It is also discussed that composite materials often contain trigger points. These are areas where it is designed for deformation to occur, through reducing the number of fibre layers or altering the orientation of fibre.
Khan et al (2024) details the benefits and design alterations of composites to achieve required properties. Composites can be designed to be impact resistant to be able to withstand the force of a bullet. Corrosion and chemical resistance are highly beneficial properties of composites within the automotive industry. Ferrous metals used are subject to corrosion, which is often the limiting factor on vehicle lifespan, in addition to harsh chemicals such as fuels. 
[bookmark: _Toc228100012]2.3 Manufacturing Processes and Design 
The automotive industry heavily relies on the knowledge on composite materials passed on from the aerospace industry. The manufacturing processes within the aerospace industry are adapted to suit the automotive industry as the components are substantially smaller resulting in alternative manufacturing methods being more appropriate and financially feasible (Jovana Spasenović and Blagojević, 2021). 
Khan et al (2024), covers the manufacturing and fabrication techniques used within the automotive and motorsport industry. The methods and a brief description are covered in table 1. 
[bookmark: _Toc228099953]Table 1: Manufacturing methods (Khan et al, 2024).
	Manufacturing Method
	Description
	Advantages / Disadvantages 
	Production Volume

	Hand Lay-up 
	Entails manually applying layers of reinforcement materials into a mould and resin matrix is infused into the layers through hand lay-up.
	Hand layup can encourage parts to be heavier than required due to lack of control of matrix application.
	This method is suitable for low production volumes due to labour cost and production times.

	Resin Transfer Moulding (RTM)
	Dry reinforcement material is inserted into a mould cavity as part of an enclosed mould system; the resin is then injected under pressure into the mould and allowed to cure.
	This method enables better control of resin volume and flow but often induces air entrapment causing voids in the finished part.
	RTM is suitable for mid-level to high-level production due to the potential for automation. 

	Compression Moulding
	Fibre material which is pre-impregnated with a resin matrix is inserted into a mould cavity and cured under compression.
	Pre-impregnated fibre material has precise control of the matrix volume resulting in components with the optimum ratio of fibre and matrix meaning ultra- lightweight parts can be produced.
	Suitable for high production levels due to automation and pre- impregnated fibre used.

	Automated Fibre Placement (AFP) and Automated Tape Laying (ATL)
	Robotic devices automatically apply continuous fibres or tape to a mould surface with precision and repeatability.
	This allows for complex shapes to be created. Automated tools are used to create lightweight precise parts with maximum efficiency.
	Suitable for high production levels as automated procedures allow for maximum efficiency.

	Vacuum Infusion
	Dry fibre is placed in a mould, and the mould is sealed before being placed under a vacuum to draw any air out of the sealed system. The resin matrix is pulled through via the vacuum and infused into the fibre.
	This process is low cost and efficient. It is stated that hand lay-up infusion uses a 1:1 ratio of fibre and matrix whereas vacuum infusion uses a 70:30 ratio, resulting in a lighter component due to efficient matrix volume. (Easy Composites)
	Suitable for low production.
(Rusnáková, Žaludek and Bakošová, 2012)



[bookmark: _Toc228100013]2.4 Conclusion
In summary, composite materials have been established as an essential part within the automotive and motorsport sector due to their material properties, high strength to weight ratio and design flexibility. The selection of fibre type, matrix type and manufacturing process are all critical factors in achieving the desired component performance. The following sustainability analysis will examine the environmental impacts and complications particularly highlighting the end-of-life disposal and sustainable alternatives. 

3. [bookmark: _Toc228100014]Sustainability Analysis 
The United Nations Declaration on Future Generations was developed to ensure that the needs and interests of future generations are considered in national and global decision making (United Nations, 2014). The 2030 Agenda for Sustainable Development outlines the 17 sustainable development goals (SDG’s) developed by the United Nations. The SDG’s which are relevant to this sector of the automotive and motorsport industries are goals 9, 12, 13, 14, 15,16 and 17, (United Nations, 2015). These goals are detailed in figure 1 and are all based around sustainability and responsible disposal, (United Nations, 2024).
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[bookmark: _Toc228099898]Figure 1: United Nations Sustainable development Goals. (United nations, 2024)
[bookmark: _Toc228100015]3.1 End of Life 
Landfill and incineration have always been the simplest methods of disposal accounting for 98% of composites. The remaining 2% comprises of alternative routes such as re-use and mechanical recycling, (Halliwell, 2006). Sultan, Mativenga and Lou (2018), conducted research into the amount of composite waste generated by wind turbines in the UK by 2048, it was estimated to be over 500,000 tons as the first batch of wind turbines are expected to reach end-of-life by 2018. This highlights the importance of addressing the waste procedures for composite materials across the engineering industry.
[bookmark: _Toc228100016]3.2 Disposal Methods
To control the disposal of composite materials legislations have been put in place by governing bodies. On the 27th of May 2023, the EU adopted a communication outlining a thematic strategy for waste prevention and recycling. This communication investigates routes to promote recycling where there is potential for additional environmental benefits. The UK government’s waste implementation programme was developed to abide by the directive published by the EU Landfill Directive. The targets developed were by 2010 to reduce biodegradable municipal waste landfilled to 75% of that produced in 1995, by 2013 to reduce biodegradable municipal waste landfilled to 50% of that produced in 1995 and by 2020 to reduce biodegradable municipal waste landfilled to 35% of that produced in 1995. The legislation covering general waste disposal in the UK is the Environmental Protection Act 1990, which establishes a duty of care for waste producers and handlers requiring proper transfer and disposal. (Halliwell, 2006), (UK Government, 2025).
[bookmark: _Toc228100017]3.2.1 Recycling 
Recycling of composite materials poses substantial difficulties due to the heterogeneous nature of the matrix and reinforcement, resulting in poor recyclability, particularly thermoset based composites. Legislations require all engineering materials to be properly recovered and recycled, from end-of-life products. The three main categories of recycling methods are mechanical, thermal and chemical recycling. Fibres recovered from recycling processes do not possess original strength compared to the virgin material. The mechanical recycling process involves reducing the size of the material before segregating the coarser fibre rich and finer matrix material. Mechanical recycled fibres consume significant amounts of energy and can only be used to produce low strength short fibre material. Thermal recycling processes utilise high temperatures and can be categorised into, incineration or combustion for energy recovery, combustion for fibre and filler recycling with energy recovery, pyrolysis with both fibre and fuel recovery. Although carbon fibre cannot be incinerated due to small fibres in the environment conducting electricity causing electrical noise. (Vijay, Rajkumara and Bhattacharjee, 2016).
[image: ]
[bookmark: _Toc228099899]Figure 2: Pyrolysis Fluid-bed  Diagram (Vijay, Rajkumara and Bhattacharjee, 2016)
The preferred method for thermal recycling is the fluidized-bed recycling process illustrated in figure 2. This system is used to recover both reinforcement fibres and secondary fuels from the depolymerisation process. The organic resins are used as an energy source and the combustion heat is recovered through a waste heat recovery system. The recovered fibres are clean and have a mean length of 6-10mm. (Vijay, Rajkumara and Bhattacharjee, 2016).
Thermal decomposition through pyrolysis typically occurs at temperatures between 300-800 °C in the absence of oxygen. This allows for the recovery of long, high modulus fibres. Higher temperatures can be used but this results in decreased recovered fibre quality. (Vijay, Rajkumara and Bhattacharjee, 2016).
[bookmark: _Toc228100018]3.2.2 Landfill
Thermosets cannot be reprocessed due to the formation of permanent cross-links during curing, resulting in the waste products being disposed of through landfills. Landfills pose hazards environmentally in addition to health by emitting landfill gasses and volatile organic compounds which have been linked to cancer, respiratory diseases and greenhouse gasses. Disposing of composite materials through landfill comes at a significant cost to drive the development of an efficient recycling process. (Vijay, Rajkumara and Bhattacharjee, 2016).
[bookmark: _Toc228100019]3.3 Sustainable Products
Development in sustainable composites has become more prevalent within recent years as natural reinforcement fibres are being implemented alongside matrix materials made with naturally occurring substances. Maiti et al., (2022) discusses that the production of natural based fibre reinforced composites emits significantly less CO2 during the fibre production stage. Stated in the report carbon fibre produced 29.4 kg of CO2 per kg of material produced, in comparison to flax fibre which produces 0.9 kg of CO2 per kg of material produced which is a 96.9% reduction in CO2 production. Importance is placed on CO2 reduction as the Carbon border adjustment mechanism (CBAM) policy by the UK government discusses the introduction of bills relative to the CO2 generated during the production of materials in efforts to meet the net-zero on industrial decarbonisation, (HM Treasury, 2025). The report highlights epoxy as the most used matrix type in composites which is created using petroleum-based resins but discusses the possibility of integrating naturally occurring resins such as tannin and lignin in ratio to reduce the environmental impact. Bio-based polymers are deemed to be the sustainable approach moving forward in terms of matrix resins. These produce lower carbon emissions during production, alongside improved recyclability and biodegradability at end-of-life. Figure 3 obtained from the report displays the materials which various vehicle manufacturers are employing.
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[bookmark: _Toc228099900]Figure 3: Sustainable composite materials being used by vehicle manufacturers (Maiti et al., 2022).
[bookmark: _Toc228100020]3.4 Conclusion 
In conclusion, the disposal and recycling of composite materials presents a significant challenge due to technical and economic implications. With landfill remaining the dominant disposal method despite legislations and directives applying pressure to reduce this. Thermal recycling methods such as pyrolysis show promise for fibre recovery, however recovered fibre quality remains below that of virgin material. The development of natural fibre reinforcements and bio-resins represent the most viable long-term solutions, which the following experimental section will investigate further.
4. [bookmark: _Toc228100021]Experimental Testing
Testing was conducted using a tensile testing machine to test the response of various composite materials. The composite materials tested are listed in table 2. An aluminium sample was tested to obtain a comparison between an isotropic material and the anisotropic composite samples. The post test samples are displayed in figure 4 with the corresponding sample numbers in table 3. 
[bookmark: _Toc228099954]Table 2: Samples tested.
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[bookmark: _Toc228099901]Figure 4: Samples post-test.
[bookmark: _Toc228099955]Table 3: Post-test sample corresponding materials.
[image: ]
Figure 5 displays the stress strain curves obtained from the testing for each sample of each material. There is a substantial difference in stress and strain shown between each individual material in addition between each sample tested.
[image: ]
[bookmark: _Toc228099902]Figure 5: Stress and strain response of all materials.
The stress strain curve for the aluminium samples is displayed in figure 6. The four samples exhibit very similar maximum stress values with a maximum deviance of 5Mpa which equates to within 4.34% of the largest value. However, throughout the four samples tested there is a substantial difference in the maximum strain experienced before failure ranging from 22.618 to 9.366 percentage strain. This can be attributed to the different failures observed in figure 4. Samples 1 and 4 demonstrate the expected form of failure for aluminium, which is necking before failing, whereas samples 2 and 3 suffer from ductile failure. This is assumed through the cup and cone failure shown in the sample images, (Yena Engineering, n.d).
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[bookmark: _Toc228099903]Figure 6: Aluminium samples stress and strain response
Two different types of carbon fibre weaves were tested which were infused with bio-resin allowing for direct comparison. The two weaves tested are non-woven and woven, the stress and strain data collected is displayed in figure 7.
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[bookmark: _Toc228099904]Figure 7: Stress and strain response of the woven and non-woven carbon samples infused with bio-resin.

This data shows that the woven weave has a lower maximum strain than the non-woven samples across all tests. Two of each of the tests attribute similar maximum stress values. This result would indicate that there is minimal difference between the properties of the weave types. A review of literature dictates otherwise. A study conducted by (Ekoi, Dickson and Dowling, 2021) found that a non-woven fibre reinforcement should result in approximately double the maximum tensile strength. This is likely caused by errors in the orientation which the weave was placed during manufacturing. This assumption was made due to orientation of weave being more critical with non-woven materials than woven materials.  
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[bookmark: _Toc228099905]Figure 8: Stress and strain response of carbon fibre woven samples with different matrix resins.
In addition to different weave types being tested, two different resins were tested. One being bio-resin from easy composites, the bio-resin is engineered to not compromise on performance while being made from plant-based materials to improve the sustainability of resins. The second being a traditional epoxy-resin which is manufactured from petroleum-based substances. (Easy Composites, n.d).  The data collected is displayed in figure 8. From the graph, it is observed that the epoxy-resin can withstand 56.3% more tensile stress than the bio-resin, although Easy Composites, (n.d) state that the product does not compromise on performance. A study conducted by (Carlo Boursier Niutta et al., 2023) discovered that the bio-resin and epoxy-resin tested exhibited comparable maximum stresses and aligned with the stated parameters supplied by the resin manufacturer, the results of this test are displayed in figure 9. The comparison of the two studies indicates that within the experiment carried out there are some discrepancies. These could be linked to fibre orientation or errors which have occurred in the mixing and infusion process. To validate this assumption the test samples would need to be remanufactured and tested to obtain a second data set to evaluate the differences.
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[bookmark: _Toc228099906]Figure 9: Stress and strain response of woven carbon samples with epoxy and bio resins, (Carlo Boursier Niutta et al., 2023).
Sources such as (Vedant Somwanshi, 2024) discuss how sustainable composites is likely to be the future of composite materials moving forward due to sustainability and environmental concerns. Therefore, investigations into the tensile material properties of sustainable fibre reinforcements paired with bio-resin was investigated. Flax fibre is discussed in multiple reports (Vedant Somwanshi, 2024), (Margoto and Milani, 2024), (Khan et al., 2024). In this investigation it was tested in woven and non-woven form.
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[bookmark: _Toc228099907]Figure 10: Stress and strain response of woven and non-woven flax fibre samples infused with bio-resin.
The data in figure 10 displays the stress and strain response of the flax materials. This shows that the woven sample exhibits substantially higher maximum stresses and strains which is as to be expected. The differences are displayed in table 4. The table shows a substantial difference across the test between the two weaves. The maximum strain for the non-woven maximum strain value cannot be considered accurate as the testing machine did not recognise that the sample had broken and continued to extend.
[bookmark: _Toc228099956]Table 4: Analysis of the differences between woven and non-woven flax fibre reinforcement.
[image: ]
To analyse whether flax can be used as a direct replacement for carbon fibre the results for both woven fibres paired with bio-resin are compared in figure 12. The results show that carbon fibre has an increased average maximum stress by 126.7% compared to woven flax fibre. Although flax fibre has a higher maximum strain compared to carbon fibre. This is due to the woven carbon fibre having a 93.28% larger Young’s modulus of elasticity which indicates a material which can withstand less elongation before breaking. A study was conducted by Margoto and Milani (2024) on the effects of progressively replacing flax fibre with carbon fibre on tensile performance. The graph for the tensile stress response in figure 11 shows that the introduction of more carbon fibre into the weave increases the maximum tensile strength. The results obtained from the material testing and the study by Margoto and Milani (2024), indicate that flax fibre cannot be used as a direct replacement for carbon fibre.
[image: ]
[bookmark: _Toc228099908]Figure 11: Implementation of percentages of flax fibre into carbon fibre weaves to investigate the strength of the combination of materials, (Margoto and Milani, 2024).
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[bookmark: _Toc228099909]Figure 12: Comparison of the stress and strain response of carbon fibre and flax fibre reinforcement infused with bio-resin.
A material which is often favoured for use on rally cars for bodywork due to its impact resistance and flexibility properties is kevlar fibre, figure 13 illustrates the inner wheel arch liner of a gravel rally car which experience impacts from gravel and stones by (Arn Side Motorsport, n.d).
[image: Evo 7 - 9 Kevlar Front Wheel Arch Liner - Arn Side Motorsport]
[bookmark: _Toc228099910]Figure 13: Kevlar wheel arch liner, (Arn Side Motorsport, n.d.).
The woven kevlar samples tested resulted in an average Young’s modulus of elasticity of 8.32 GPa and an average maximum stress of 275.3 MPa, whereas woven carbon fibre exhibits an average Young’s modulus of elasticity of 63.15 GPa and an average maximum stress of 423 MPa resulting in a material which is less flexible but stronger. The graph to illustrate this is in figure 14. This is further solidified by a study which was carried out by (Moorthy, Mitiku and Sridhar, 2013) and it was found to obtain the same material properties as carbon fibre double the layers of kevlar were necessary. 
[image: ]
[bookmark: _Toc228099911]Figure 14: Comparison of the stress and strain response of carbon fibre and kevlar samples infused with epoxy resin.
A comparison of Young’s modulus of elasticity was conducted through comparing the obtained values from testing and the analytical solutions using the rule of mixtures. The equation to calculate this is displayed in equation 1. 
[bookmark: _Toc228099982]Equation 1: Rule of mixtures for fibre reinforced composites

Where Ec represents the Young’s modulus of the composite, Em represents the Young’s modulus of the matrix, Ef represents the Young’s modulus of the fibre, Vm represents the volume of the matrix and Vf represents the volume of the fibre. All variables were obtained from the manufacturer data sheets provided. Table 5 outlines the results which shows very inconsistent discrepancies between the measured and calculated results further enforcing the inconsistencies in results. The kevlar calculated Young’s modulus can only be assumed as the fibre was of an unknown weight and the assumption that it was manufactured using infusion epoxy-resin. 
[bookmark: _Toc228099957]Table 5: Comparison of measured and calculated Young's modulus of elasticity.
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[bookmark: _Toc228100022]4.1 Conclusion
To conclude, the analysed data suggests that there were some inaccuracies when compared against literature. This could be caused by several factors throughout the manufacturing and experimental processes such as weave orientation, mixing ratios, air pockets and samples slipping in the jaws. To ensure that the measured data can be deemed as credible, the samples would need to be remanufactured and retested with additional attention paid to the areas where the errors are assumed to be created. From literature it is shown that non-woven should result in double the maximum stress of woven carbon fibre. In addition, literature suggests that bio-resins should replicate the material properties of traditional epoxy-resins making them a viable replacement for non-sustainable non-biodegradable materials. The investigation into flax weave types showed that the woven samples exhibited an average maximum stress of greater than 135% when compared with the non-woven short fibre samples. Analysis was done to investigate if flax fibre was a feasible replacement for carbon fibre, it was found that the maximum stress of carbon is 126.7% higher than that of flax fibre. This suggests that it should not be used as a direct replacement for carbon fibre in a structural purpose. Kevlar fibre has been identified as a lower strength higher flexibility alternative for carbon fibre, and its optimal use is in components which incur impacts such as wheel arch liners for rally cars. It was discovered that the calculated Young’s modulus for each material deviates significantly from the measured data reducing the confidence in the results obtained. 

5. [bookmark: _Toc228100023]Recommendations
After conducting a review of literature on several areas of composites the recommendations moving forward are as follows; given the legislations and directives applied, a move towards sustainable composites is imperative. Through research and data analysis the current fibre reinforcement alternatives such as flax fibre, do not exhibit comparable material properties to the modern carbon fibre, therefore further development into a sustainable carbon fibre replacement is required. Although literature and manufacturer recommendations suggest that a move from epoxy petroleum-based resins, which are non-recyclable, to bio resins which are made using plant-based materials and are biodegradable is imminent, due to the bio-resin producing comparatively similar maximum stress and strain values to the petroleum epoxy-resins. To obtain a more confidence-inspiring data set, the samples should be reproduced and re-tested with additional care taken in the assumed areas of error. 
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‘Automobile Fibers Applications
Audi Sisal, flax ‘Seat back, side, and back door panel, boot liners, hat rack, sparetr lners
Buw Sisal, flax ‘Door panels, headiiner panels, boot liners,seat backs, noise insulation panels, molded foot well
liners, bumpers,fender iners, hields
Chevrolet Flax Trim panels
Citroen Vegetable, wood Interior door paneling, parcel shelves, boot lners, mudguards
Daimler Sisal, hemp, fla, coir Door panels, engine and transmission covers,pllar cover panels, windshields, dashboards,
business tables
Fiat Bamboo Door panels
Ford ‘Wheat straw, Tomato, ice husks, hemp, kenaf Floor trays, door panels, B-pllars, boot ines, wiring brackets,storage, front grlls
General Motors Kenaf, hemp, flax Seat backs, inner door panels, cargo ara floors
Lows Kenafsisal, hemp Body panels, spoilrs,seats, inteior carpets
Mercedes-Benz Banans, flax, sisal,hemp Inner door panels, door panels, rear panel shelves, engine encapsulation,trunk covers
‘Wood, sisal, flax, abaca Door panels, engine encapsulation, spare wheel pan covers,door lners, seat backrests, parcel
shelves,trunk covers.
Toyota Sweet potato, Sugarcane, kenaf Door panels,seat backs, floor mats, spare ire covers, and package shelves
Kenaf Spare tire covers
Valkswagen sisal, Flax Door panels, sea backs, bootfid finish panels, boot finers
Valvo ‘Wood, rapeseed, jte, hemp Seat padding, naturalfoams, cargo floor trays, dashboards, ceiings
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