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[bookmark: _Toc197288159]1. Introduction
The use of composites in automotive and motorsport applications has rapidly increased in recent years, driven by the desire for lightweight, high-strength components. A significant milestone dates back to the development of McLaren’s MP4/1 monocoque for the 1981 Formula 1 season, which featured a carbon fibre construction. The performance gains and safety improvements displayed from this chassis, regarded as being the “largest single contribution to driver safety of any innovation in the sport’s history”, cemented the use – and subsequent development – of composite materials within motorsport from that point on (McLaren, n.d.). 

As with many motorsport innovations, composite technology was brought into the automotive industry following its success in motorsport – with the first carbon road car introduced in 1990 by McLaren as per (Khan, et al., 2024). Today, composite materials such as carbon fibre, fibreglass, Kevlar, and natural fibres like flax and hemp are explored for both mechanical advantages and potential to meet sustainability targets. Within both industries, composites are widely applied to structural and aerodynamic components, as well as crash structures. The latter, also known as energy-absorbing structures (EAS), are essential – not to prevent damage to the vehicle – but to ensure proper dissipation of kinetic energy in the event of a crash, minimising risk of injury to occupants (Robinson, 2000). Unlike traditional metals, composites can be tailored to offer greater energy absorption capabilities while also reducing vehicle mass – which is becoming increasingly important with the evolution of electric vehicles (EVs) which have heavy battery packs. This flexibility also allows these packs – often located in the floor or rear of the vehicle – to be better shielded from deformation, since this cannot be allowed to occur during a collision. As Lukaszewicz discusses, passive safety requirements have changed with the development of EVs, and so composites allow the potential for engineers to limit deformation in critical areas – such as battery compartments – while maintaining energy absorption in controlled zones (Lukaszewicz, 2013). 

This report will investigate a number of composite materials – both synthetic and natural fibre-reinforced – with different resins. Materials tested included carbon fibre (woven and non-woven), flax (woven and non-woven), hemp (non-woven), and Kevlar (woven). Tensile testing is conducted to evaluate mechanical performance, followed by a sustainability assessment for each respective material. Both fibre and resin type influence not only performance but also environmental factors such as production impact, renewability, and recyclability. Findings will then be presented and used to inform recommendations made on the suitability of composite use within motorsport and automotive sectors. 

[bookmark: _Toc197288160]2. Material selection
[bookmark: _Toc197288161]2.1 Overview
A range of materials were selected for testing to evaluate performance and sustainability trade-offs, particularly in an automotive and motorsport application. The samples tested included both synthetic and natural fibre-reinforced composites, as well as aluminium which formed a baseline for comparison – since this is a common lower-cost alternative to composites in automotive and motorsport applications. 

Non-woven and woven samples were tested, differing in fibre orientation which alters mechanical properties. Woven composites are typically stronger due to fibres being woven together, commonly at 90-degree angles. This leads to higher in-plane tensile strength and improved load distribution, making it ideal for use in structural components and aerodynamic bodywork (Gay, et al., 2003). Non-woven composites consist of fibres which are randomly orientated and bonded together. As a result, they are usually not as strong as woven composites unless additional strengthening is achieved through bonding multiple layers (JPS Composite Materials, n.d.). 
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Figure 1 – collection of selected materials, prior to testing

[bookmark: _Toc197288162]2.1.1 Carbon fibre
Carbon fibre offers excellent tensile strength and stiffness and so is widely used in motorsport, such as in structural components like monocoques, and other industries like aerospace (Wu, et al., 2013). However, it is typically too expensive to be viable in most cases in mass-produced automotive applications. In this study, both woven and non-woven were tested. Non-woven carbon fibre sacrifices directional strength due to the nature of the fibre orientation but improves ease of manufacturing, as well as it being possible to manufacture from recycled fibres which favour sustainability-driven automotive or motorsport applications. 

[image: ]
Figure 2 – Dash CAE off-the-shelf carbon fibre monocoque (Dow, 2023)

[bookmark: _Toc197288163]2.1.2 Kevlar
Kevlar is known for its high tensile strength as well as impact and abrasion resistance, often being used for protective and safety-critical components such as fuel tanks to prevent puncture (Hisham, et al., 2019). In this study, a woven sample was used. However, due to its construction being petroleum-based it presents recyclability challenges. 

[bookmark: _Toc197288164]2.1.3 Flax fibre
Flax is a naturally produced, renewable fibre offering moderate mechanical performance, with both woven and non-woven being tested. Woven flax offers greater tensile strength as per the manufacturer of the sample used, measuring 58MPa in weft direction and 61MPa in warp direction (EcoTechnilin, 2023). On the other hand, non-woven only measures 44MPa and 37MPa in either direction respectively (EcoTechnilin, 2023). As a result, it is better suited to applications which are not exposed to extreme loads. McLaren found that when they used flax fibres to manufacture bespoke race seats for their Formula 1 car it met strength and stiffness requirements while also reducing vibration, cost, and lowering CO2 footprint by 75% versus the typical carbon fibre construction (Nehls, 2020). 

[bookmark: _Toc197288165]2.1.4 Hemp fibre
The second natural fibre of the selection, hemp shares many of the benefits exhibited by flax while also delivering greater directional mechanical performance. As per the technical sheet from the supplier, the type of sample used in this report measures 46MPa in the weft direction and 108MPa in the warp direction (EcoTechnilin, 2023). Hemp is also fast growing, requiring minimal water consumption or pesticide use, making it environmentally favourable (Yano & Fu, 2023). However, like flax, its mechanical performance and consistency depends heavily on composite processing and layup. In 2022 BMW used hemp, amongst other natural fibres, to replace traditional components made from carbon fibre composite on their M4 GT4. These included interior items such as dashboards and centre consoles – lowering CO2 emissions for interior panelling by up to 60% - and bodywork like front splitters, doors, and rear wings (BMW M, 2022). 
[image: BMW M4 GT4 bcomp]
Figure 3 – BMW M4 GT4 featuring natural fibre composite bodywork (BMW M, 2022)

[bookmark: _Toc197288166]2.1.5 Aluminium (baseline)
This was tested as a baseline due to its suitability and frequent use as an alternative to composites in both motorsport and automotive sectors. Within these it has a wide range of use cases including – but not limited to – suspension arms, chassis members, and crash structures. It combines high stiffness of around 70GPa with tensile strength which can approximately range between 250-500MPa, depending on alloy composition. Although it can be energy intensive to make, it is infinitely recyclable without degrading material quality and so is considered “uniquely sustainable” (The Aluminum Association, n.d.). 

[bookmark: _Toc197288167]2.2 Resin types
[bookmark: _Toc197288168]2.2.1 Epoxy resin
Epoxy is a thermosetting polymer known for high strength, stiffness, and exceptional fibre bonding, and is regarded as the “highest performance” resin used in composites (easy composites, n.d.). However, its sustainability is questionable due to one of the key ingredients being petroleum-based propylene, making it neither recyclable nor biodegradable (Niutta, et al., 2023). 

[bookmark: _Toc197288169]2.2.2 Bio resin
On the other hand, as Niutta et al. mentioned, bio resin most commonly replaces propylene with plant-derived glycerol which originates from crop plants or plant oils (Niutta, et al., 2023). However, this does lead to a reduction in performance characteristics, with Niutta et al finding a 5.11% reduction in strength versus epoxy resin, although improved ductility and reduced toxicity also feature. 

[bookmark: _Toc197288170]3. Testing methodology
Testing was performed using a Denison Tensile/Compression test rig (see Fig 4). Prior to testing, cross-sectional area (CSA) was calculated by measuring the working area of each sample with a vernier calliper. All tests were performed in accordance with appropriate safety procedures, including use of appropriate PPE such as safety goggles. Each composite sample was then clamped with any slack removed by applying very marginal preload to ensure proper alignment. After this, tensile loading was applied until sample failure was reached, while time and load data was recorded throughout. 

There were two samples for each type of composite which were tested, and in total seven groups performed the testing procedure. This amounted to 14 individual sets of data per each composite type, which allowed for data continuity and an average to be calculated once anomalies had been identified. 
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Figure 4 – Denison Tensile/Compression test rig with an aluminium sample setup
[bookmark: _Toc197288171]3.1 Limitations
Shims were required to ensure the test rig had adequate grip between the jaws and the composite samples. While this was beneficial as it enabled tests to proceed, it did introduce additional compliance. As a result, this must be considered when evaluating validity of test results. 

Furthermore, due to the lack of an extensometer, accurate displacement data could not be gathered. While the machine used is capable of recording displacement, it measures the movement of the crosshead rather than the elongation of the sample’s working area. This difference is crucial, since crosshead displacement includes additional factors such as grip compliance and machine deformation, deeming it unsuitable for accurate stress-strain analysis. As a result, strain data could not be reliably calculated. However, through using Equation 1, stress (MPa) could be calculated. 


Equation 1


[bookmark: _Toc197288172]4. Results
[bookmark: _Toc197288173]4.1 Anomaly identification
Anomalies were first identified from plotting all raw test data for each individual composite type and recognising evident inconsistencies across results. An example of this can be seen in Fig 5, where flax woven data was presented – plotting load against time – revealing one clear outlier which was from the first test of the first group. As a result, this test result was disregarded when later calculating the average load for this composite. 

[image: ]
Figure 5 – flax woven (bio resin) data, time (s) versus load (kN)

[bookmark: _Toc197288174]4.2 Analysis
Once average load had been calculated from all valid data for each composite type, average stress could be determined using Equation 1. Each material was then plotted on the same graph, Fig 6, showing average stress against time for clear comparison. For composite materials, average load and stress values flatten out towards the end which is more representative of the overall average maximum stress experienced in each test, although individual results demonstrated less of an exaggerated curve. Fig 7 shows an example, flax non-woven, where this is evident. 

The highest performing composites included carbon woven (epoxy resin) with the greatest average stress capacity at 395MPa, closely followed by carbon woven (bio resin) and Kevlar woven (bio resin) with 340MPa and 305MPa, respectively. This demonstrates the ability of these composites to be placed under high levels of load, such as components like structurally critical monocoques or suspension arms. Of all samples, Kevlar showed the greatest toughness through strong ability to absorb energy gradually and resist crack propagation as was evidenced by its time to failure, having lasted 15.1% longer than flax woven (bio resin) – the next most durable composite in this regard. 

[image: ]
Figure 6 – average stress versus time
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Figure 7 – flax non-woven (bio resin), load (kN) versus time (s)
The significance of resin type on composite performance is clearly demonstrated in the carbon woven samples, given epoxy resin achieved a maximum stress 16.18% greater than its bio-resin counterpart (395MPa vs 340MPa). This supports the discussion in Chapter 2.2, where epoxy was said to have superior mechanical properties over bio resin. However, a greater reduction in stress was observed here between different resin types than that recorded by Niutta et al, who reported only a 5.11% difference (Niutta, et al., 2023). Although, given the nature of composites, this may also be attributed to differing formulation or curing conditions between studies. Nonetheless, the bio resin example still demonstrated strong mechanical performance, indicating carbon woven using bio resin remains a viable option for many automotive and motorsport applications where there is an emphasis on sustainability. 

A stark difference was observed between results of carbon samples with different fibre orientations even when both produced with the same bio resin. The woven carbon sample achieved a maximum stress of 340MPa, whereas the non-woven variant only reached 190MPa – a 44.12% reduction. This difference is due to the woven fabric’s aligned and interlaced fibres providing superior stress transfer and directional strength. While non-woven carbon offers lower mechanical performance, it remains a viable choice for non-critical components due to advantages such as simpler manufacturing and ability to be produced from recycled fibres offering cost and sustainability benefits. 

All natural fibres tested – flax (woven and non-woven) and hemp (non-woven) – displayed lower maximum stress values than the baseline, aluminium, which reached a maximum value of 120MPa before necking began to occur. Despite this, they remain suitable for non-structural applications, as discussed in Chapter 2.1, where high strength is not required – such as interior trims and certain body panels as on the BMW M4 GT4. Similarly, the same trend between woven and non-woven composites can also be seen in flax samples, where the non-woven example had a 43.75% reduction in maximum stress value compared to woven (45MPa vs 80MPa). 

From manufacturer data UTS upper and lower limit values were able to be calculated. Table 1 collates these values alongside maximum average stress for each composite sample tested. 

Table 1 – UTS values from manufacturer data and composite testing
	
	UTS from manufacturer data
	UTS from composite testing

	
	Upper limit
	Lower limit
	

	Aluminium
	N/A
	MPa
	N/A
	MPa
	120
	MPa

	Carbon woven (epoxy)
	2096
	MPa
	142
	MPa
	395
	MPa

	Carbon woven (bio)
	2094
	MPa
	134
	MPa
	340
	MPa

	Carbon non-woven (bio)
	330
	MPa
	290
	MPa
	190
	MPa

	Kevlar woven (bio)
	1534
	MPa
	133
	MPa
	305
	MPa

	Flax woven (bio)
	62
	MPa
	58
	MPa
	80
	MPa

	Flax non-woven (bio)
	44
	MPa
	33
	MPa
	45
	MPa

	Hemp non-woven (bio)
	108
	MPa
	46
	MPa
	25
	MPa



The grade of aluminium alloy used was not known, so this could not be compared. Many of the composites tested have strong similarity to what would be expected based on manufacturer data. General trends, such as natural fibre composites achieving a lower UTS than carbon and Kevlar composites, were consistently observed. Where discrepancies did occur between expected and actual values may stem from variations in composite layup, fibre volume fraction, and resin curing quality compared to the manufacturer’s test sample – which can all significantly influence mechanical properties. 

[bookmark: _Toc197288175]5. Composite sustainability
Table 2 – material sustainability considerations
	Material
	CO2 production in manufacturing
	Energy usage in manufacturing
	Water usage in manufacturing
	Recyclable
	Biodegradable

	Aluminium
	12.2-13.4
	kg/kg
	169-187
	MJ/kg
	1130-1250
	l/kg
	Yes
	No

	Carbon woven (epoxy)
	44.1-48.7
	kg/kg
	634-699
	MJ/kg
	1250-1380
	l/kg
	Yes
	No

	Carbon woven (bio)
	N/A
	kg/kg
	N/A
	MJ/kg
	N/A
	l/kg
	Yes
	No

	Carbon non-woven (bio)
	N/A
	kg/kg
	N/A
	MJ/kg
	N/A
	l/kg
	Yes
	No

	Kevlar woven (bio)
	15.7-17.4
	kg/kg
	316-512
	MJ/kg
	463-512
	l/kg
	No
	No

	Flax woven (bio)
	N/A
	kg/kg
	N/A
	MJ/kg
	N/A
	l/kg
	Yes
	Yes

	Flax non-woven (bio)
	2.94-3.24
	kg/kg
	39.2-43.2
	MJ/kg
	3000-3300
	l/kg
	Yes
	Yes

	Hemp non-woven (bio)
	N/A
	kg/kg
	N/A
	MJ/kg
	N/A
	l/kg
	Yes
	Yes



Sustainability is an increasingly critical consideration in materials engineering across a number of industries, with a particular spotlight being placed on automotive and motorsport sectors, where tightening regulations and environmental goals force manufacturers to consider alternative low-impact materials. 

[bookmark: _Toc197288176]5.1 Synthetic composites
Carbon fibre composites using epoxy resin offer exceptional mechanical performance, as previously discussed, but present sustainability challenges. They produce between 44.1-48.7kg of CO2 per kg of material manufactured, using 634-699MJ/kg of energy and 1250-1380 litres of water in the process; making their production highly resource intensive. Information for carbon fibre using bio resin could not be found but can be assumed to not have quite the same environmental impact due to the nature of the different resin ingredients. On the other hand, Kevlar’s production is less impactful but offers no scope for any recyclability or biodegradability, whereas in some case carbon can have its fibres recovered and bound together to form new non-woven mats. 

[bookmark: _Toc197288177]5.2 Natural fibre composites
Natural fibres, particularly woven flax, offers a balance between mechanical capability and sustainability as all of these offer recyclability and are biodegradable. Although exact data could not be found for hemp or woven flax, these can be inferred from non-woven flax results to have a lower impact when compared to the synthetic composites. Compared to carbon fibre with epoxy resin, non-woven flax demonstrates a 93.37% reduction in CO2 emissions and a 93.84% decrease energy consumption, highlighting their low-impact production. However, this benefit is somewhat counterbalance by water consumption being 139.13% greater. 

[bookmark: _Toc197288178]6. Conclusion
This report has evaluated a range of composite materials through testing of mechanical performance and analysis of environmental sustainability, with respect to automotive and motorsport industries.

Carbon fibre woven with bio resin emerged as the most appropriate choice for high-performance motorsport components, where strength and function are the greatest priorities. While slightly lower in strength than its epoxy counterpart (340 MPa vs 395 MPa), it maintains excellent mechanical capability while offering reduced environmental impact, making it ideal where performance is the priority, but some sustainability considerations are valued.

Among the natural fibres, woven flax with bio resin demonstrated the highest mechanical strength (80 MPa) and presents a strong option for non-structural applications such as interior trim or body panels. Its use in vehicles like the BMW M4 GT4 highlights its growing role in sustainable motorsport and automotive design.

Other natural fibre composites, such as flax and hemp non-wovens, showed limited strength but offered excellent sustainability, making them suitable for low-load or interior applications, such as McLaren Formula 1’s bespoke racing seats. 
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