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[bookmark: _Toc197864083] Introduction

Composite materials are a cornerstone of modern motorsport and automotive engineering, valued for their exceptional strength-to-weight ratios and design flexibility. Carbon fibre reinforced polymers (CFRPs) are widely used in chassis, aerodynamic components, and safety structures. However, their high environmental cost—stemming from energy-intensive production, reliance on fossil-derived inputs, and limited recycling pathways—has prompted increasing interest in sustainable alternatives. This report investigates the tensile performance of eight composite materials, including traditional carbon epoxy, recycled and natural fibre options, all tested under standardised laboratory conditions. In parallel, a lifecycle sustainability analysis evaluates the environmental impact of each material across production, use, and end-of-life phases. The aim is to identify viable material choices that balance mechanical performance with improved sustainability credentials for motorsport and automotive contexts.
[bookmark: _Toc197864084]Literature Review
Composite materials, notably Carbon Fibre Reinforced Polymers (CFRP), Glass Fibre Reinforced Polymers (GFRP), and emerging Natural Fibre Composites (NFCs), are essential to motorsport and automotive engineering due to their high strength-to-weight ratios and performance versatility (Mohanty et al., 2018; Lionetto, 2021). However, sustainability challenges around raw material extraction, energy-intensive manufacturing, recyclability, and end-of-life disposal have driven significant research into greener alternatives (Ribeiro et al., 2016; Maiti et al., 2022).
[bookmark: _Toc197864085]Carbon Fibre Reinforced Polymers (CFRP)
Carbon Fibre Reinforced Polymers (CFRPs) offer excellent mechanical properties, including high tensile strength, fatigue resistance, and low density (Lionetto, 2021). They are widely used in motorsport for chassis, panels, and suspension parts. However, their production is energy-intensive, dependent on fossil-based inputs, and recycling remains complex and costly (Wu et al., 2023; Butenegro et al., 2021). Fibre recovery methods like pyrolysis and solvolysis exist but often result in degraded fibre quality and high processing costs (Gopalraj and Kärki, 2020; Yuan et al., 2024). Recent research into cleavable bio-based epoxy matrices offers a promising route to more efficient recycling and better fibre retention (Rossitti et al., 2025; Yan et al., 2023).
[bookmark: _Toc197864086]Glass Fibre Reinforced Polymers (GFRP)
GFRPs are cheaper and dominate composite production volumes, particularly in automotive body panels and structural supports (Rajak et al., 2021; Mohammadi et al., 2023). Despite lower environmental impact per kilogram than CFRP, GFRP suffers from difficult recycling due to thermoset matrices (Ribeiro et al., 2016; Krauklis et al., 2021). Mechanical recycling into filler materials is industrially mature but results in downcycled products with reduced value (Qureshi, 2022). Advances in chemical recycling are being explored but are not yet economically viable for GFRP (Gopalraj and Kärki, 2020).
[bookmark: _Toc197864087]Natural Fibre Composites (NFCs)
Natural fibres (e.g., flax, hemp, kenaf) offer lower embodied energy, biodegradability, and reduced CO₂ emissions (Thyavihalli Girijappa et al., 2019; Maiti et al., 2022). NFCs are increasingly trialled in automotive interior panels, semi-structural parts, and motorsport bio-composite initiatives (Rahman et al., 2023; Maiti et al., 2022). However, NFCs generally underperform compared to CFRPs and GFRPs in terms of mechanical strength and moisture resistance, limiting their wider use in load-bearing motorsport applications (Thyavihalli Girijappa et al., 2019; Maiti et al., 2022).
Surface treatments and hybrid structures (e.g., NFCs combined with synthetic fibres) are strategies to improve NFC durability and mechanical integrity (Maiti et al., 2022).
[bookmark: _Toc197864088]Sustainability Challenges Across the Lifecycle
Raw Material Extraction: CFRP and GFRP production depend heavily on non-renewable resources and high energy inputs (Ribeiro et al., 2016; Maiti et al., 2022). Bio-based alternatives and recycled feedstocks are increasingly researched but remain niche (Zhang et al., 2024; Maiti et al., 2022).
Manufacturing: Out-of-autoclave techniques (e.g., Resin Transfer Moulding, Resin Infusion) reduce energy consumption compared to traditional autoclave processes (Lionetto, 2021). However, adoption in motorsport remains limited due to strict performance requirements.
Use Phase: The lightweight nature of composites significantly improves vehicle fuel efficiency and performance, reducing operational emissions (Mohammadi et al., 2023).
End-of-Life: Current composite waste management often relies on landfill and incineration (Ribeiro et al., 2016; Qureshi, 2022). EU regulations, including the ELV Directive 2000/53/EC and emerging pressures under Euro 7 standards, increasingly mandate recycling and reuse (Ribeiro et al., 2016).
Chemical and thermal recycling pathways, while promising, still struggle with cost, fibre property retention, and scalability (Wu et al., 2023; Butenegro et al., 2021; Yuan et al., 2024). Mechanical recycling is mature but mainly suitable for GFRP (Ribeiro et al., 2016; Qureshi, 2022).
[bookmark: _Toc197864089]Innovations Toward Sustainability
Bio-Based Matrices: The use of bio-resins (e.g., vanillin-derived epoxies) combined with natural fibres can create fully biodegradable composites (Yan et al., 2023; Zhang et al., 2024).
Cleavable Resins: Introducing dynamic covalent bonds (e.g., acetal, disulfide, imine linkages) into matrices enables composite disassembly under mild conditions, facilitating fibre recovery (Rossitti et al., 2025; Yan et al., 2023).
Hybrid Composites: Combining biofibres with synthetic fibres (e.g., hybrid NFC/GFRP structures) offers a compromise between performance and sustainability (Maiti et al., 2022).
Circular Economy Initiatives: Recycled carbon fibres (rCFs) show potential for secondary use in non-critical automotive and motorsport parts (Wu et al., 2023; Yuan et al., 2024).
[bookmark: _Toc197864090]Research Gaps Identified
Lack of standardisation and certification for recycled composite materials limits their re-adoption in critical applications (Butenegro et al., 2021; Yuan et al., 2024).
Bio-based and cleavable resin systems need greater industrial scaling and validation under motorsport conditions (Rossitti et al., 2025; Yan et al., 2023).
NFCs require further development to overcome moisture absorption and mechanical property limitations for wider structural use (Thyavihalli Girijappa et al., 2019; Maiti et al., 2022).
Recycling technologies must improve fibre quality retention and reduce processing costs to compete with virgin materials (Wu et al., 2023; Butenegro et al., 2021).
[bookmark: _Toc197864091]Summary
While CFRPs and GFRPs remain indispensable in high-performance automotive and motorsport industries, sustainability concerns are driving innovation toward bio-based, recyclable, and lower-impact composite systems. Significant advances in recycling technologies, bio-resins, and hybrid structures are emerging. However, substantial technical, economic, and legislative challenges must be addressed to enable full lifecycle sustainability.
[bookmark: _Toc197864092]Experimental Testing
[bookmark: _Toc197864093]Methodology
Eight materials were tensile tested to evaluate their mechanical performance, including traditional, bio-based, and metallic options:
· Aluminium Alloy (Baseline)
· Woven Carbon Fibre – Traditional Epoxy (IN2)
· Woven Carbon Fibre – Bio Epoxy (IB2)
· Non-Woven Carbon Fibre – Bio Epoxy (IB2)
· Woven Flax Fibre – Bio Epoxy (IB2)
· Non-Woven Flax Fibre – Bio Epoxy (IB2)
· Non-Woven Hemp Fibre – Bio Epoxy (IB2)
· Woven Kevlar Fibre – Bio Epoxy (IB2)
All composites were produced via resin infusion. Woven fabrics (carbon, flax, Kevlar) were laid up in ±45° plies; non-wovens (carbon, flax, hemp) used single or multiple layers depending on mat weight, with fibre orientation kept consistent.
[bookmark: _Toc197864094]Testing Procedure
Tensile testing, based on ASTM D3039, was used to determine Ultimate Tensile Strength (UTS). Each material type underwent 14 tests, with averages used to improve reliability.
[bookmark: _Toc197864095]Equipment and Setup
· Denison Universal Testing Machine (tensile configuration)
· Calibrated load cells and mechanical wedge grips
· Reinforced tab regions to reduce slippage
[bookmark: _Toc197864096]Sample Preparation
· Polished edges to minimise stress risers
· Embedded mesh in grip zones
· Width/thickness measured with callipers for accurate cross-sectional data
[bookmark: _Toc197864097]Test Conditions
· Constant crosshead speed: 2 mm/min
· All tests performed under standard lab safety protocols, with protective shielding used to contain high-load failures
[bookmark: _Toc197864098]Aluminium Control – Machine Validation
Aluminium samples were tested under the same conditions as the composites to validate the rig and method. The average peak stress across 13 valid samples was 115.4 MPa, with one outlier excluded due to significant deviation (Figure 1). The remaining samples showed consistent, repeatable stress-time profiles, confirming the stability of the test setup. Although the exact grade was not specified, the result closely matches the tensile strength of 6061 aluminium (~115 MPa) reported by Alloy International (2025), with only a 0.35% deviation—well within expected experimental error. This close agreement supports both the assumed material grade and the accuracy of the test method, validating the rig’s ability to produce reliable, representative data for benchmarking composite performance.
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AI-generated content may be incorrect.]Figure 1 - Measured aluminium stress for 14 test samples

[bookmark: _Toc197864099]Results
[bookmark: _Toc197864100]Carbon Epoxy (Traditional Epoxy)
[image: ]Figure 2 - 14 stress test results for carbon epoxy (non-bio)

The carbon/epoxy composite was used as a performance benchmark, recording an average UTS of 377.03 MPa. Although this is well below typical unidirectional CFRP datasheet values (4120–5680 MPa – depending on specific product), the reduction is likely due to suboptimal layup, fibre orientation, and the absence of post-cure autoclave treatment, which significantly limits matrix performance. Nonetheless, the result far exceeds that of the epoxy resin alone (68.5–76 MPa), confirming effective reinforcement. Some stress-time curves (Figure 2) show early flat regions, likely from clamp slippage or load cell zeroing errors, but peak values remain unaffected. The consistent high strength supports its role as a reliable reference for bio-composite comparison.

[bookmark: _Toc197864101]Non-Woven Carbon (Bio-Epoxy)
[image: A graph of stress and time

AI-generated content may be incorrect.]Figure 3 - Stress measurement for 14 tests of non-woven carbon (bio-epoxy)

Non-woven carbon fibre samples, made from recycled fibres and bio-based epoxy, averaged a UTS of 167.94 MPa across 13 tests—lower than virgin carbon datasheet values (290 MPa longitudinal, 330 MPa transverse) but well above the non-autoclaved resin's strength (65–68 MPa). Stress-time curves (Figure 3) were highly linear, showing stable stiffness, though peak stress varied due to inconsistent fibre orientation. Flat regions at curve starts likely stem from grip slippage or zeroing errors. Despite lower consistency, non-woven carbon provides a reasonably strong, low environmental impact composite alternative.
[bookmark: _Toc197864102]Kevlar (bio-epoxy)
Kevlar samples, made from a 2-ply woven fabric and the same bio-based epoxy resin, showed an average UTS of 287.98 MPa across 13 valid tests—well below the ~3000 MPa manufacturer value. This reflects both the practical layup and the underperformance of the non-autoclaved resin matrix. Load-time plots (Figure 5) show consistent loading and similar failure loads, but calculated stress (Figure 4) values varied due to inconsistent cross-sectional area measurements taken by different individuals. Given the uniform peak loads, this variation likely stems from measurement error rather than true differences in strength. Despite this, Kevlar exhibited the highest strength of all bio-epoxy composites tested, with clean failure and repeatable load response.[image: A graph of a load

AI-generated content may be incorrect.][image: A graph of stress and time

AI-generated content may be incorrect.]Figure 5 - 14 load test results for woven Kevlar (bio-epoxy)
Figure 4 - 14 stress test results for woven Kevlar (bio-epoxy)

[bookmark: _Toc197864103]Hemp (bio-epoxy)
[image: A graph of stress and time

AI-generated content may be incorrect.]Figure 6 - 14 stress test results for non-woven hemp mat


Hemp samples made from a non-woven mat and bio-based epoxy showed an average UTS of 27.7 MPa across 13 tests—well below the manufacturer’s claimed values (40–52 MPa lateral, 101–115 MPa aligned) and lower than the resin alone (60–68 MPa with autoclaving), highlighting the negative impact of non-autoclave curing. Stress-time curves (Figure 6) reveal inconsistent peaks and stepped profiles due to poor fibre distribution and low stresses, which amplify load cell resolution effects. As this hemp composite is intended for non-structural use, its weak tensile performance is expected, limiting its suitability for structural applications despite environmental benefits.
[bookmark: _Toc197864104]Non-Woven Flax (Bio-Epoxy)
[image: A graph of stress and time

AI-generated content may be incorrect.]Figure 7 - stress test result for 13 tests of non-woven flax

Non-woven flax samples with bio-based epoxy showed an average UTS of 44.56 MPa across 13 tests, aligning well with manufacturer data (40–48 MPa longitudinal, 35–39 MPa lateral). Stress-time curves (Figure 7) showed consistent, smooth failure, reflecting uniform stress distribution from random fibre orientation. While not suitable for high-performance use, the material’s predictable tensile behaviour and moderate strength suggest potential for non-critical or semi-structural applications where sustainability is a priority.
[bookmark: _Toc197864105]Woven Flax (bio-epoxy)
[image: A graph of stress and time

AI-generated content may be incorrect.]Figure 8 - 14 stress test results for woven flax

Woven flax samples, made using a biaxial weave and the same bio-based epoxy resin, recorded an average UTS of 83.99 MPa—exceeding the manufacturer’s specified values (55–67 MPa longitudinal, 56–61 MPa lateral). This indicates effective fibre utilisation and load transfer despite the absence of autoclave curing. Stress-time curves (Figure 8) show strong repeatability and high failure stresses across samples. As the strongest and most consistent natural fibre composite tested, woven flax is well-suited for semi-structural or exterior panel applications where performance and sustainability must be balanced.
[bookmark: _Toc197864106]Material Comparison
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AI-generated content may be incorrect.]Figures 9 and 10, along with Tables 1 and 2, summarise the average peak stress (UTS) and initial stress rate for all tested composites. These metrics reflect both the maximum tensile strength and stiffness response of each material under load.Figure 9 - Bar chart showing UTS for each material
Figure 10 - Bar chart showing stress rate for each material




Table 1 - Average UTS for each material comparison
	Material
	Avg Peak Stress (MPa)
	% Difference to Carbon/Epoxy
	Valid Tests

	CarbonEpoxy
	377.03
	-
	12

	Hemp
	27.27
	−92.77%
	13

	NWCarbon
	167.94
	−55.46%
	13

	NWFlax
	44.56
	−88.18%
	13

	Kevlar
	287.98
	−23.62%
	13

	WFlax
	83.99
	−77.72%
	13



Table 2 - Average stress rate for each material comparison
	Material
	Avg Stress Rate (MPa/s)
	% Difference to Carbon/Epoxy
	Valid Tests

	CarbonEpoxy
	6.00
	-
	14

	Hemp
	0.05
	−99.12%
	11

	NWCarbon
	2.38
	−60.37%
	14

	NWFlax
	0.93
	−84.50%
	13

	Kevlar
	3.72
	−38.01%
	14

	WFlax
	1.62
	−73.04%
	10



Carbon/epoxy was the top performer, with a UTS of 377.03 MPa and stress rate of 6.00 MPa/s, setting the benchmark for comparison. Kevlar followed at 287.98 MPa (−23.6%) and 3.72 MPa/s (−38.0%), leading the bio-resin-based composites. Non-woven carbon, made from recycled fibres, also performed well given its sustainability focus, reaching 167.94 MPa (−55.5%) and 2.38 MPa/s (−60.4%).
Among natural fibres, woven flax achieved the highest strength (83.99 MPa) and stress rate (1.62 MPa/s), outperforming non-woven flax and hemp. Hemp recorded the lowest values overall, with a stress rate nearly 99% below that of carbon/epoxy, highlighting its poor stiffness and sensitivity to test resolution.
These results confirm that fibre alignment, structure, and curing quality strongly influence composite performance. Stress rate, alongside peak strength, provides insight into a material's stiffness and responsiveness — traits crucial for structural roles involving dynamic or sudden loads. High stress rates suggest quick load uptake and greater energy storage before failure, while low stress rates indicate higher deformation under load, favouring flexible or damping applications.
Although sustainable composites don't yet rival CFRP in mechanical response, materials like Kevlar, non-woven carbon, and woven flax show a promising balance of strength, stiffness, and environmental benefit, making them strong candidates for semi-structural or secondary automotive and motorsport applications
[bookmark: _Toc197864107]Sustainability Analysis
[bookmark: _Toc197864108]Lifecycle Approach
This sustainability analysis applies a simplified Life Cycle Assessment (LCA) aligned with ISO 14040/14044, focusing on carbon fibre reinforced polymers (CFRPs) and natural fibre composites (NFCs) based on flax and hemp. The materials are evaluated across four key lifecycle stages: resource extraction, manufacturing, use phase, and end-of-life (EoL). The goal is to assess the environmental trade-offs involved in composite adoption within motorsport and automotive industries.
[bookmark: _Toc197864109]Resource Extraction and Manufacturing
CFRP production is highly energy-intensive, dominated by the thermal processing of polyacrylonitrile precursors via pyrolysis. Depending on the production scenario, CFRPs can generate 13–34 kg CO₂ per kilogram and require between 262 and 498 MJ/kg of fossil energy (Prenzel et al., 2024). These impacts are mainly driven by fibre conversion and stabilisation, and even when bio-resins are used, the fibre component remains the major contributor to environmental burden. For motorsport-grade CFRPs, additional energy is consumed during autoclave curing, which contributes around 21.9 MJ/kg (Duflou et al., 2012).
In contrast, NFCs derived from flax and hemp require substantially less energy. Life cycle studies report embodied energy values of 6.8–13.2 MJ/kg and emissions of 0.4–1.6 kg CO₂-eq/kg for hemp and flax fibres (Duflou et al., 2012). NFCs also sequester carbon during cultivation, providing a partial offset to their emissions. Furthermore, typical processing techniques such as compression or resin transfer moulding are significantly less energy-intensive than autoclaving CFRP (Duflou et al., 2012).
However, it is important to consider resource competition. Flax and hemp are not waste products but primary crops with roles in textiles and construction. Their diversion into high-volume composites can increase pressure on arable land and create unintended sustainability trade-offs, particularly in terms of indirect land use change, fertiliser demand, and water use (Suárez et al., 2021).
[bookmark: _Toc197864110]Use Phase
Both CFRPs and NFCs contribute to improved energy efficiency in vehicle applications through lightweighting. CFRPs, with their excellent specific strength and stiffness, enable structural weight reduction in high-performance applications. Use-phase modelling shows that CFRPs can offset their production-phase environmental cost after approximately 70,000–132,000 km of driving, depending on the vehicle type and duty cycle (Duflou et al., 2012).
NFCs, though mechanically weaker, still enable weight reductions when used in non-structural applications such as door panels, interior trims, and boot liners. In automotive settings, weight savings of 20–27% have been achieved when substituting glass fibre-reinforced plastics with NFCs (Duflou et al., 2012). While these materials cannot fully replace CFRP in structural components, they offer lifecycle emissions benefits when deployed in appropriate use cases. Long-term durability under moisture, thermal cycling, and mechanical fatigue remains a key barrier to broader NFC deployment (Duflou et al., 2012).
[bookmark: _Toc197864111]End of Life and Recycling
End-of-life treatment is a major challenge for CFRPs. Although recycling technologies such as pyrolysis, solvolysis, and steam thermolysis exist, they are energy-intensive and typically degrade fibre properties, limiting reuse to non-structural fillers or chopped fibre mats (Nunes et al., 2018). Mechanical recycling is more energy-efficient but results in downcycled products with lower technical and economic value (Hermansson et al., 2022).
NFCs have a stronger fit with circular economy goals. When bonded with biodegradable or partially bio-based resins, they can be composted, mechanically recycled, or used in energy recovery with lower net impacts. Their plant-based origin also makes them more compliant with regulatory targets such as the EU’s End-of-Life Vehicles (ELV) Directive, which mandates 95% recovery and 85% material recycling by mass (Hermansson et al., 2022). However, claims of biodegradability must be verified to ensure resins do not introduce ecotoxicity during breakdown (Suárez et al., 2021).
[bookmark: _Toc197864112]Legislative Pressures and Industry Trends
Policy frameworks such as the Euro 7 standard and ELV Directive are increasing pressure on manufacturers to adopt materials with lower lifecycle impacts. Sustainability metrics are also gaining visibility in motorsport, with championships like Formula E and MotoE promoting the use of natural fibre composites for non-structural components (Suárez et al., 2021). Hybrid composites combining CFRP with flax or hemp reinforcements are now being trialled as a middle ground—preserving structural performance while lowering the environmental footprint in targeted zones (Koronis et al., 2022).
[bookmark: _Toc197864113]Summary and Trade-offs
CFRPs remain necessary in load-bearing, high-performance applications but carry high environmental costs in both manufacturing and disposal. NFCs offer a significantly improved sustainability profile through lower embodied energy, CO₂ sequestration, and improved recyclability. However, their lower mechanical performance and the risks associated with large-scale crop-based material sourcing must be carefully managed. The most viable future strategy may lie in hybrid composite systems and innovations in fibre treatment and resin chemistry, guided by early-stage LCA tools

[bookmark: _Toc197864114]Recommendations
Informed by the mechanical testing results and LCA, the following recommendations are made for the responsible adoption of sustainable composites in automotive and motorsport applications:
[bookmark: _Toc197864115]High-Performance Alternatives in Semi-Structural Roles
Kevlar composites reinforced with bio-based epoxy demonstrated the most favourable mechanical performance among sustainable materials tested. Its woven structure provided strong and consistent behaviour across tests, making it a viable substitute for semi-structural components where some performance compromise is acceptable. From a sustainability perspective, Kevlar is energy-intensive to produce and non-biodegradable, but its extended service life and high strength may justify its use in parts with long operational lifespans and minimal replacement cycles.
NWCarbon, made from recycled carbon fibre, presented lower and more variable strength, but remains attractive for non-critical applications due to its circular economy alignment. Using recovered fibres significantly reduces the embodied energy of production compared to virgin CFRP. It is therefore recommended for components such as aerodynamic panels or enclosures, where stiffness is needed but loads are moderate, and where reducing material waste aligns with regulatory and sponsorship-driven sustainability targets.
[bookmark: _Toc197864116]Natural Fibre Composites in Non-Structural and Aesthetic Components
Among the plant-based options, woven flax offered the most favourable balance between strength and sustainability. Its consistent performance across tests makes it well suited for low-load applications such as interior trim or non-critical exterior panels. Sustainability benefits are notable: flax cultivation sequesters CO₂, requires less energy to process, and aligns with ELV recycling targets. However, the increasing industrial demand for flax and hemp in textiles and construction raises concerns around resource competition and land use. These materials should therefore be prioritised for parts where performance requirements are modest but environmental visibility is high.
Non-woven flax and hemp, while underperforming mechanically, still offer value for applications where biodegradability and low-cost renewability are prioritised over structural performance. These include cosmetic skins, acoustic insulation, and promotional or prototype parts where sustainable material use is a design feature. That said, caution must be taken not to overextend these materials into roles for which they are mechanically unsuited.

[bookmark: _Toc197864117]Conclusions

The experimental and sustainability findings of this report highlight the complex trade-offs involved in selecting composite materials for vehicle applications. CFRP remains unmatched in strength and stiffness, but its environmental drawbacks and recycling challenges limit long-term viability. Among sustainable alternatives, Kevlar with bio-epoxy demonstrated the highest mechanical performance, while recycled non-woven carbon fibre offered a promising compromise between strength and circularity. Woven flax emerged as the most consistent natural fibre composite, showing potential for semi-structural or aesthetic applications. The lifecycle analysis reinforced that natural fibre composites significantly reduce embodied energy and support recyclability, aligning with legislative trends such as the EU ELV Directive and growing consumer and sponsor demands for sustainability. While no single material offers a complete solution, the integration of bio-based and recycled composites into specific roles can support a transition toward more environmentally responsible vehicle design.
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