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[bookmark: _Toc1556466816]Introduction 
In this Project, multiple components are put through tensile tests to gather valuable information about yield behaviour, elastic modulus, ductility, and fracture characteristics (Clyne and Hull, 1996).
This information will be paired with the environmental impact of the composite and background research to provide recommendations for the use of composite materials in the motorsport and automotive industries.
[bookmark: _Toc1807338895]Literature review
[bookmark: _Toc1515472420]An introduction to composites - Composite Types
A composite material is defined as a combination of two or more distinct materials that remain separate and identifiable within the final structure (Clyne and Hull, 1996).  These materials are combined to produce a material with enhanced mechanical, thermal, or chemical properties that are not achievable by the individual components alone (Tucker and Lindsey, 2002). A composite consists of a matrix phase that surrounds and supports a reinforcement phase, which provides strength and stiffness.
Composites can be classified into 3 main types based on the nature of the reinforcement phase. These are set out below.
[bookmark: _Toc1912309306]Fiber-reinforced composites 
These most commonly consist of strong fibres such as carbon, glass, or aramid embedded in Epoxy, metal, or Resin matrix (Savage, 2008). Fiber composites are used extensively in both the automotive and motorsport industries due to their high strength-to-weight ratios (Motorsport Engineer, no date). 
The most common fibre-based composite in both the automotive and the motorsport industries is woven carbon fibre (Hatton, 2019). It is frequently used for external aerodynamic components, body panels, and structural monocoque chassis systems, as seen in performance vehicles like the Alfa Romeo 4C and various Formula 1 cars. Other fibre composites such as fibre glass are also used in both industries. Fiberglass is commonly used for lower-cost body panels due to lower cost than carbon fibre.
[bookmark: _Toc1569555336]Sustainability and environmental concerns  
[bookmark: _Toc1479238387]Resource Extraction 
Resource extraction has significant environmental impacts because the processes can involve mining, drilling, and refining which typically rely on fossil fuels and can release large amounts of CO₂ and other pollutants into the atmosphere (Ribeiro et al.,2016). The environmental footprint varies significantly between synthetic and natural fibres, with bio-composites generally using more sustainable extraction methods (agriculture compared to mining) (Akampumuza et al., 2017).
[bookmark: _Toc51949780]Manufacturing process
The manufacturing process refers to the sequence of operations and techniques used to transform raw materials into finished products (Lunetto et al., 2022). The choice of manufacturing technique depends on factors such as the material type, design specifications, cost constraints, and the intended application of the component being manufactured. 
Common manufacturing methods include casting, forging, machining, extrusion, welding, and additive manufacturing (3D printing) each of these offering unique benefits and challenges. The automotive industry has been moving toward more efficient manufacturing techniques that reduce waste, with research indicating that integrated design optimization can reduce production energy consumption by up to 40% (Mangino, Carruthers and Pitarresi, 2007). Each manufacturing process carries specific environmental impacts including high energy consumption, emissions and wasted material especially in subtractive methods like machining (Lunetto et al., 2022). Processes such as welding and casting release harmful fumes and gases, while additive manufacturing generates non-recyclable waste.
[bookmark: _Toc305921997]Effect on vehicle operation
Composites offer a high strength to weight ratio which enables engineers to design lighter cars by integrating composites into their vehicle design (Tucker and Lindsey, 2002).  By reducing the weight of a vehicle, operational emissions are decreased because less energy is required to move the vehicle resulting in improved fuel efficiency and reduced environmental impact. According to industry research, the application of composite materials can reduce vehicle weight by 25-30%, leading to a 6-8% improvement in fuel efficiency (Xcellent Composites, 2020).
[bookmark: _Toc278118428]End of life disposal 
A component or part can have a differing environmental impact depending on what happens after they are broken or no longer of use (Krauklis et al., 2021). When the component is broken it can simply be thrown away, often ending up in landfill contributing to environmental pollution. Other options are available to reduce the ‘end of life’ environmental impact such as recylcing.
[bookmark: _Toc30630624]Recyclability 
Recycling plays a vital role in conserving natural resources, reducing energy consumption, minimizing environmental pollution and helps minimize environmental impact at the end of a vehicle's life cycle (Ribeiro et al., 2016). By reclaiming and reprocessing materials lower the demand for raw material extraction, which in turn reduces energy consumption and greenhouse gas emissions.
[bookmark: _Toc1449373645]Material Testing – Tensile Test
In this test a tensile load is applied to a component of a given material stretching it past its breaking point (Clyne and Hull, 1996).
[bookmark: _Toc1631528316]Purpose of tensile testing
The primary objective of the tensile test is to determine the ultimate tensile strength (UTS) of a material (the maximum stress it can withstand before failure) (Clyne and Hull, 1996). Additionally, by tracking the load applied and deformation, the test provides valuable information about yield behaviour, elastic modulus, ductility, and fracture characteristics. Understanding these characteristics is crucial for assessing the suitability of a material for structural or load-bearing applications.
In conclusion, tensile testing plays a pivotal role in both experimental materials engineering and numerical simulation. It ensures that materials used in products or structures are reliable, consistent, and perform as expected under the applied loads.



[bookmark: _Toc742216467]Experimental Testing

[bookmark: _Toc872285835]Testing Methodology
Tensile testing was conducted using the Denison Tensile/Compression testing machine located in Science Lab IQ007. 
Before any testing took place, appropriate personal protective equipment (PPE) was worn to ensure the safety of all students. Safety goggles were worn at all times to protect against potential fragment projection during specimen failure and a safe distance was maintained from the tensile testing machine during operation to minimise risk of injury.
Prior to testing, each specimen’s width and thickness were measured using a vernier calliper to calculate the cross-sectional area, which is used in post processing to determine stress values.
Test specimens were then aligned vertically within the machine’s gripping jaws and securely clamped. Once secured, the test piece was subjected to Pre-Load (to remove the slack) and then loaded under a controlled tensile force until failure.
A pre-load was applied to eliminate slack, after which the test piece was subjected a controlled tensile force until failure.
[bookmark: _Toc953226082]Testing limitation
Several limitations affected the reliability and accuracy of the tensile testing results. Deformation was measured based on total jaw movement, which introduces potential error if any slipping occurred within the vice, as this would falsely contribute to the measured test piece extension. Because of this error, deformation and strain output was not used. To accurately measure the Strain on each tested material, strain gauges could be attached to every sample that was tested. With 18 tests per group, using single use strain gauges would be very expensive and multi-use strain gauges would be in danger of breaking in the event of failure.
Every group repeated the test for each material twice limiting the reliability of the data and consistency between groups cannot be guaranteed as there may be slight discrepancies in the testing methodology. This is particularly present in the Non-Woven Carbon in Bio Resin tests where there was a maximum deviation of 129MPa across all 14 tests.
[bookmark: _Toc2106062148]Tested Composites 
This project tested 8 different test samples listed below.
1. Aluminium
2. Non-woven bio-Carbon
3. Woven bio-Carbon
4. Woven Carbon epoxy
5. Non-Woven Flax
6. Woven Flax
7. Hemp
8. Kevlar
Data sheets were provided which gave material properties for all tested materials. This provided the UTS for the composites apart from Woven Carbon Bio Resin, Woven Carbon Epoxy and Kevlar Bio Resin which were provided separately (Data sheets for the fibres and a data sheet for the matrix). Material selection for high-performance applications requires careful consideration of mechanical properties alongside manufacturability constraints,  (Islam et al., 2022). To calculate the UTS of the composite from the components, 2 equations are used to find the Upper and Lower limits. For all calculations, the ratio of fibres to matrix was assumed to be 1:1.
Upper Limit of the Composites UTS 
σc = (σf × Vf) + (σm × Vm)
Lower Limit of the Composites UTS
σc = (σm × σf)/(Vm × σf) + (Vf × σm)
Where 𝜎 is the UTS and 𝜎𝑓 and 𝜎𝑚 and the UTS of the fibre and matrix respectfully. And V is the % of the composite with Vf and Vm being the % of fibre and matrix in the composite by Volume.


[bookmark: _Toc258769442]Data

	


Fig 1:  A graph showing the stress vs time for all material that were testing

	

Composites
	Ultimate Tensile Strength (Mpa)

	
	Calculated from provided data
	Average from experimental Data

	
	Upper limit
	Lower limit
	(Mpa)

	Aluminium
	
	
	125

	Non-Woven Carbon Bio Resin
	330
	290
	209

	Woven Carbon Bio Resin
	2094
	134
	365

	Woven Carbon Epoxy 
	2096
	142
	392

	Woven Flax Bio
	62
	58
	85

	Non-Woven Flax Bio
	44
	33
	44

	Hemp Bio
	108
	46
	27

	Kevlar Bio
	1534
	133
	301


Table 1: Ultimate Tensile Strength (UTS) of Tested Composite Materials
The stress vs. time graph and accompanying tensile strength table provide a clear comparison of the mechanical performance of the tested composites based on their ultimate tensile strength (UTS). ultimate tensile strength (UTS). Among the tested materials, Woven Carbon Epoxy exhibited the highest average UTS at 392 MPa, closely followed by Woven Carbon Bio Resin at 365 MPa, highlighting the superior performance of woven carbon-based composites. Kevlar Bio also demonstrated high tensile strength at 301 MPa.
One possible reason for why the experimental data falls outside the expected range is that the provided data used fibre-to-resin ratios that may not have accurately matched the composites tested. Changing this ratio can significantly affect the properties of the composite, if there is a discrepancy in this ratio between the physical test piece and the values used in calculations, the experimental data deviate from analytical predictions. 
[bookmark: _Toc1191609583]Woven Vs Non-Woven Composites 

	Composite
	% Diff

	Carbon Bio Resin 
	-44%

	Flax Bio Resin
	-48%


Table 2: Performance Comparison Between Woven and Non-Woven Composites
Analysis of the experimental data reveals a clear performance distinction between woven and non-woven composites. Woven fibre composites consistently outperformed their non-woven counterparts in terms of ultimate tensile strength (UTS) across the 2 materials where they were both tested (Carbon Bio resin and Flax Bio Resin). Woven Carbon Bio Resin achieved an average UTS of 365 MPa, compared to 209 MPa for the Non-Woven Carbon Bio Resin, representing a 44% reduction in performance. A similar trend was observed with flax-based composites, where Woven Flax Bio reached 85 MPa, while Non-Woven Flax Bio only achieved 44 MPa, marking a 48% decrease. These results align with the expected behaviour based on fibre architecture. Woven benefit from fibre alignment that provides superior tensile strength, particularly when the applied load aligned with the fibre orientation. Non-Woven composites consist of randomly oriented fibres resulting in more isotropic properties (material behaviour is uniform in all directions) at the expense of peak mechanical performance.
[bookmark: _Toc1328505239]Epoxy Vs Resin
	Composite
	% Diff

	Carbon
	-7%


Table 3: Performance Comparison Between Epoxy and Bio-Based Resin Systems
A comparison between Woven Carbon Epoxy and Woven Carbon Bio Resin composites shows that epoxy-based composites offer marginally superior mechanical performance. The Woven Carbon Epoxy achieved an average UTS of 392 MPa, compared to 365 MPa for the bio-based variant representing a 7% improvement in tensile strength. This relatively small difference highlights the potential of bio-resins to serve as viable, more sustainable alternatives to traditional epoxy in certain applications.
[bookmark: _Toc787305096]Summary 
The mechanical performance analysis of the tested composites highlights the influence of fibre architecture and resin type on tensile strength. Woven fibre composites, using carbon and flax, consistently outperformed their non-woven counterparts, demonstrating that aligned fibre structures greatly enhance load-bearing capabilities. This was evident in the 44–48% increase in tensile strength observed in woven samples compared to non-woven versions of the same material. Additionally, the comparison between epoxy and bio-based resins showed only a marginal reduction in strength for the bio-resin, with a 7% decrease when used in woven carbon composites. Among all samples, Woven Carbon Epoxy exhibited the highest ultimate tensile strength at 392 MPa, closely followed by Woven Carbon Bio Resin at 365 MPa and Kevlar at 301 MPa.
[bookmark: _Toc1830788481]Sustainability Analysis
[bookmark: _Toc720450706]The importance of sustainability in the automotive and motorsport industries
Sustainability has become a defining priority across the automotive and motorsport industries, driven by the urgent need to reduce environmental impact, comply with increasingly strict emissions regulations, and align with consumer expectations for greener, more ethical technologies (Polymer-Search, no date). Historically, motorsport has been linked to high carbon emissions and intensive resource use; however, the sector is undergoing a transformation (Innovation in Textiles, 2020). Modern motorsport is now recognised not only as a competitive arena but also as a testbed for sustainable innovation. For example, Formula E, launched in 2014, stands as the world’s first net-zero carbon championship and has played a crucial role in demonstrating the viability of electric mobility and lightweight, eco-friendly materials. The advancements made in motorsport, especially in the use of composite materials, often trickle down into commercial automotive design (typically high ends sports cars). Composites enable vehicle lightweighting, which contributes directly to lower fuel consumption and reduced emissions in internal combustion and electric vehicles alike (Tucker and Lindsey, 2002). The sustainability of these materials depends not only on their performance but also on their entire life cycle—from resource extraction and manufacturing to recyclability and disposal (Ribeiro et al., 2016)
[bookmark: _Toc1372030342]Data
[bookmark: _Toc1798200018]Sustainability factors considered
The key sustainability factors include Resource extraction, The manufacturing prosses, recyclability and end of life disposal. The table below outlines key indicators used to evaluate the environmental impact and sustainability of the composite materials tested during this project.  This includes metrics for energy consumption, CO₂ emissions and freshwater consumption in the production prosses of the materials. Additional factors such as recyclability, biodegradability, and end-of-life options (e.g., downcycling, energy recovery, landfill) are also considered to give a comprehensive view of each material’s environmental profile.
Energy Footprint indicates the amount of energy required to produce 1 kg of material from its ores or feedstocks, measured in megajoules per kilogram (MJ/kg). Energy Footprint is heavily impacted by the material type and production method. composites that rely on high-temperature curing (such as carbon fibre with epoxy resin) consume more energy. In contrast, natural fibre composites such as flax or hemp typically require less processing energy, resulting in lower energy footprints.
CO₂ Footprint indicates the amount of carbon dioxide emitted during the production of 1 kg of material from its ores or feedstocks (MJ/Kg), representing its contribution to greenhouse gas emissions. CO₂ Footprint is solely impacted the manufacturing process as composites that require energy-intensive curing, high-temperature processing, or the use of synthetic resins and chemical treatments tend to produce significantly higher greenhouse gas emissions.
Freshwater Footprint measures the volume of fresh water (litres) consumed in the manufacturing of 1 kg of material, highlighting the material’s pressure on finite global water resources. Freshwater usage is largely influenced by both the agricultural practices (for natural fibres) and the chemical processes (for synthetic composites). For example, growing hemp or flax can demand large quantities of water depending on the region and irrigation practices, while synthetic fibres may require water-intensive cooling and chemical treatment steps during resin production and curing.
Biodegradability refers to a material’s ability to naturally decompose over time reducing its environmental impact at the end of its life. In composite materials, biodegradability is primarily associated with natural fibres such as flax and hemp especially when paired with bio-based resins. traditional composites made with carbon fibres and thermoset resins like epoxy are not biodegradable, persisting in the environment and contributing to long-term waste.
At the end of their lifecycle, composite materials often face limited disposal options, with landfill still being the most common route particularly for thermoset-based composites like carbon fibre epoxy or Kevlar which are not biodegradable. Downcycling offers a more sustainable alternative by converting composite waste into lower-grade applications, such as fillers or insulation, which extends material use but does not retain original performance. Although it does not fully close the material loop, downcycling helps reduce the need for resource extraction. Another viable disposal method is energy recovery, where composites, especially those with natural fibres, are combusted to generate energy. This process allows partial reclamation of the energy used during production.
The data in the following table has been sourced from Granta EduPack 2022 R2
	
	Aluminium
	Non-Woven Carbon Bio Resin
	Woven Carbon Bio Resin
	Woven Carbon Epoxy 
	Woven Flax Bio
	Non-Woven Flax Bio
	Hemp Bio
	Kevlar Bio

	Price (GBP/Kg)
	1.64
	
	
	14.3
	
	6
	0.2
	44.3

	Energy Footprint (MJ/Kg)
	123
	
	
	663.5
	
	41.2
	99.3
	332.5

	CO2 Footprint (C02/Kg)
	8.8
	
	
	46.3
	
	3.1
	0.2
	16.6

	Fresh water Footprint (L/Kg)
	1190
	
	
	1315
	
	
	2675
	487.5

	recycle 
	Yes
	
	
	No
	
	No
	No
	No

	downcycle
	Yes
	
	
	Yes
	
	Yes
	Yes
	Yes

	combust for energy recover
	No
	
	
	Yes
	
	
	Yes
	Yes

	Landfill
	Yes
	
	
	Yes
	
	
	Yes
	Yes

	Biodegrade 
	No
	
	
	No
	
	Yes
	Yes
	No


Table 4: Environmental Impact and End-of-Life Characteristics of Tested Materials
From a sustainability standpoint, flax-based composites offer notable advantages due to their renewable nature, biodegradability, and low processing energy requirements. Carbon based composites, while generally less sustainable, can partially reduce their environmental footprint by using recycled fibres in non-woven composites.  
[bookmark: _Toc694725462]Summary
The sustainability comparison table highlights clear differences in environmental impact across the tested composite materials. Natural fibre composites, particularly Hemp Bio and Non-Woven Flax Bio, consistently outperform synthetic alternatives in key sustainability metrics. Hemp Bio exhibits the lowest CO₂ footprint (0.2 kg CO₂e/kg) and energy footprint (0.2 MJ/kg), while also being biodegradable, combustible for energy recovery, and suitable for downcycling. Non-Woven Flax Bio follows closely, with a low CO₂ footprint (3.1 kg CO₂e/kg), moderate energy use (99.3 MJ/kg), and the same favourable end-of-life options, though it has the highest freshwater footprint (2675 L/kg) due to agricultural processing. Both offer highly sustainable solutions, especially for non-structural or interior applications where mechanical demands are less critical.
In contrast, Woven Carbon Epoxy and Kevlar Bio have the highest environmental impact. Woven Carbon Epoxy exhibits the highest energy footprint (663.5 MJ/kg) and significant CO₂ emissions (46.3 kg CO₂e/kg), compounded by a lack of recyclability or biodegradability due to its thermoset resin matrix—typically resulting in landfill disposal. Similarly, Kevlar Bio presents a high energy footprint (332.5 MJ/kg) and CO₂ emissions (16.6 kg CO₂e/kg), with no sustainable end-of-life options, making it unsuitable for environmentally conscious applications.
Woven and Non-Woven Carbon Bio Resin composites offer a middle ground, showing improved sustainability over epoxy-based carbon composites, particularly through the use of bio-resins and potential for energy recovery or downcycling. However, incomplete data limits a full assessment.
Aluminium, commonly used in structural automotive and motorsport components, provides moderate sustainability performance. It is recyclable, has a relatively low CO₂ footprint (8.8 kg CO₂e/kg), and a moderate energy footprint (123 MJ/kg). However, aluminium is not biodegradable and can still contribute to landfill waste when not properly recovered at the end of its life cycle.


[bookmark: _Toc157146607]Recommendations
Based on the mechanical performance data, sustainability metrics, and life cycle considerations of the tested composite materials, several recommendations can be made regarding their applicability within the automotive and motorsport industries.
[bookmark: _Toc1115730113]Sustainable Motorsport Alternatives
Woven Carbon Bio Resin offers a promising compromise between performance and sustainability. With an experimental average UTS of 365 MPa. this material shows acceptable structural reliability for secondary components such as body panels and aerodynamic fairings. Switching from woven carbon epoxy to woven carbon bio resin results in a slight reduction in tensile strength (-7%) but offers a moderate sustainability improvement by reducing fossil-based resin content and lowering overall CO₂ emissions. While recyclability and biodegradability remain limited, the mechanical performance is largely retained, making it a more environmentally responsible alternative for high-performance applications. This material is particularly recommended for electric racing series or teams with sustainability mandates, offering good mechanical performance while supporting environmental objectives.
[bookmark: _Toc1166251707]Lightweight Interior and Semi-Structural Automotive Applications
Natural fibre composites such as Hemp Bio and Non-Woven Flax Bio exhibited lower mechanical strength (experimental UTS of 27 MPa and 44 MPa respectively), but present substantial advantages in sustainability and cost. Hemp Bio, for instance, demonstrated an extremely low CO₂ footprint (0.2 kgCO₂/kg), low energy consumption (99.3 MJ/kg), and is biodegradable, can be recycled, downcycled and burnt to recover energy making it a strong candidate for non-structural applications such as interior panels, dashboards, and door linings. Similarly, Non-Woven Flax Bio is cost-effective at (£6.00/kg), can be downcycled, is biodegradable and has low CO2 and energy footprints at 3.1CO2/Kg and 41.2Mj/Kg respectively.
These composites provide an opportunity to reduce lifecycle emissions significantly and improve vehicle end of life processing. They are recommended for interior trim, seat backs, and other low-stress automotive applications, particularly in the context of mass-market electric vehicles where sustainability is a purchasing driver.
[bookmark: _Toc1135055538]Impact-Resistant and Safety-Critical Parts
Kevlar Bio provided high experimental UTS values (301 MPa), with excellent toughness and impact resistance, key for debris protection and puncture-critical areas. Although it is the most expensive material tested (£44.30/kg), its strength and resistance characteristics make it suitable for underbody panels, wheel well liners, and motorcycle protective clothing. Despite not being biodegradable, Kevlar Bio can be downcycled and supports energy recovery, offering a viable route for sustainable disposal.
[bookmark: _Toc1843395206]Future Development Recommendations
Further research should focus on the development of high-performance biodegradable resin systems and improved recyclability of thermoset composites. The potential of hybrid composites combining natural and synthetic fibres also warrants exploration, particularly for applications requiring balanced mechanical and environmental performance.
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