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[bookmark: _Toc228132753]1. INTRODUCTION
Composite materials are widely used in automotive and motorsport industries due to their high strength-to-weight ratio and performance advantages. However, increasing environmental concerns and regulatory pressures have made sustainability a key factor in material selection.
This report aims to:
· Evaluate the mechanical properties of selected composite materials 
· Analyse their sustainability across the lifecycle 
· Provide recommendations for their application in industry 

[bookmark: _Toc228132754]2. LITERATURE REVIEW
[bookmark: _Toc228132755]2.1 Overview of Composite Materials
Composite materials are made from 2 distinct parts; a matrix, which is continuous throughout the material that bonds the material together, and a reinforcement, that runs within the matrix to give strength to the material. Composite materials often consist of a polymer based matrix but can extend to ceramics and metals.
Unlike alloys, composite materials are not bonded at an atomic level, only mechanically or physically mated, remaining two (or more) individual materials. This mechanical mating between matrix and reinforcement allows the reinforcement fibres to bear load and matrix transfers load between reinforcement strands, layers or weaves.
Composite materials are optimised to achieve specific properties, such as flex patters, high strength-to-weight ratios and corrosion resistance. More popularly, reinforcement materials are manmade, such as carbon fibre strand, but a recent trend in natural reinforcement fibres allows the use of materials such as flax [1], reducing the environmental impact of composite materials. Composite materials maintain an anisotropic behaviour allowing them to be tailored to desirable properties for specific use cases.

[bookmark: _Toc228132756]2.2 Structure–Property Relationships
The characteristics of a composite material rely heavily on how the reinforcement material is placed within the matrix. Advanced modern composite materials have a three principal material planes:
· Direction one: fibre direction (offers maximum stiffness and usually greatest tensile strength)
· Direction two: transverse direction (offers flexing along its longitudinal plane)
· Direction three: through (offers rigidity and torsional stiffness) 
Fibre orientation is one of the ways to achieve desired material properties within the principal planes. In addition to this, the volume fraction (a ratio of reinforcement to matrix) and the specific matrix properties themselves can have an impact on how the material performs [2].
Popular composite materials, such as carbon fibre, used in automotive, aerospace and cycling which offers high strength and rigidity, but has limitations to its formability in aggressive geometry. Non-woven fibres, such as fine flax or hemp, have less outright strength, but can be more flexible with component manufacturing processes [3], such as compression moulding.
[image: diagram, table]	[image: ]
     Figure 1 - examples of common composite weaves [4]                     Figure 2 - Weave definition [5]
Woven fibre cloths come in many types of weave patterns and adopt the textile definition of warp and weave to describe the reinforcement fibre arrangement. The type of weave influences the flex pattern of the cured part. Commonly used patterns include the plain- which has equal flex in longitudinal and latitudinal direction, 2/2 twill- which with is stiffer in the longitudinal direction than the latitudinal and unidirectional – which is greatly flexible in the longitudinal direction compared to the latitudinal. 

[bookmark: _Toc228132757]2.3 Popular Motorsport Material – Aramid Fibre Reinforced Polymer
Aramid fibre, popularised by DuPont with Kevlar™ [6], is popularly used in MotoGP, F1 and wider motorsport [7] as it has exhibits damping and impact resistance [8] properties unseen in other composite materials such as carbon fibre. Due to this, AFRP’s are used in high impact area such as driver cockpits (for helmet damping during crashes) and within helmet shell construction itself [9]. The impact resistance stems from aramids elongation factor, which is more than double that of CFRP’s with tensile strength of ~3.1GPa [10]. 
[image: ]
Figure 3 – Aramid fibre structure [11]
Aramid fibres suffer from water degradation more than other composites. Individual aramid fibres are tubular [11], and cause wicking when exposed to water or humidity. This wicking causes premature degradation to the reinforcement fibre-to-matrix bond [12], accelerated by changes in temperature.

[bookmark: _Toc228132758]2.4 Component Manufacturing Processes
Manufacturing, up until 2010 [13], was a manual task, with popular methods include resin infusion, compression moulding and hand lay-up techniques. Resin infusion is a popular choice for surfaces or components with thin walled sections, typically seen in motorsport, and cycling [14][15]. Reinforcement material is places over a solid mould, and the use of vacuum bagging uses a negative pressure to uniformly distribute the matrix resin throughout the reinforcement ley-up.
Compression moulding, like forging, uses positive and negative moulds to force reinforcement and matrix solution into the form of the mould negative. This technique is usually to create solid features such as bearing blocks or for foxing points.
Hand lay up is less frequently used in high performance settings, as its properties can differ by the quality of the finish. Hand lay up that are matrix lean or rich will be weaker than an optimised ratio [16]. This technique is usually used for components where strength and finish quality is not a high priority, and a topcoat may be used to hide imperfections.

[bookmark: _Toc228132759]2.5 Applications in Industry
Composite materials are used extensively in motorsport as they offer excellent strength to weight ratio [17]. Composite components are typically more expensive than metallic or polymer components due to the labour costs and lead times associated with them. Hence, they are less seen in the consumer market. Due to the ability to refine flex patterns [18] composite materials are favours for aerodynamic components or areas where stiffness of a material may aid performance.
Not all composites will work in every situation. Aramid fibres, due to their hydrophilic nature they may be unsuitable for some components, such as underside of engine/chassis, where temperatures fluctuate during a race, and where water may be an issue during a wet race. 

[bookmark: _Toc228132760]3. sustainability analysis
[bookmark: _Toc228132761]3.1 Importance of Sustanability in Motorsport
Motorsport at the highest tier, MotoGP, F1 LMP, have been instrumental in innovative technologies within their core industry markets. Initially, motorsport received power and outright speed as innovation, but global awareness of sustainability in all areas of life caused scrutiny at motorsports, which were received as wasteful entertainment [19].
This scrutiny has turned motorsport to add focus on sustainability to their priorities, with initiatives being implemented. F1 engine capacity has been reduced with MotoGP following in 2027. Furthermore, MotoGP are moving towards 100% synthetic fuel usage for all classes by 2027 [20].
Recognition of sustainability has become an important area for race teams, especially those which influence production vehicles for consumer market, such as Mercedez-Benz Group (formerly Daimler). It drives demand to innovate, and research and development spending into more sustainable technology reached €146 billion in 2023 [21].

[bookmark: _Toc228132762]3.2 Life Cycle Assesment of Composite Materials
[bookmark: _Toc228132763]3.2.1 Raw Material acquisition
Regarding the popularity of carbon fibre reinforced polymers (CFRP), its main manufacturing method, accounting for more than 90% of carbon fibre production [22], creates carbon fibre reinforcement stands in a manufacturing process called polyacrylonitrile (PAN). The process involves spinning strands of precursor polymers, predominantly made from carbon atoms, into long stands. The strands are then chemically stabilised at temperatures of between 200oC – 400oC [23] preventing the molecular chain from melting or fusing together. Extreme heat, 1000oC – 3000oC, is then used to burn off non-carbon atoms, leaving mostly carbon, in a process called carbonisation. The strands are then treated to support adhesion in the matrix. The process is more energy intensive than production of other materials, such as aluminium, where carbon production uses ~95% more energy to produce [24]. This high energy cost is one of the primary reasons carbon fibre materials are more expensive than most metallic materials used in engineering industries.
[image: ] 		[image: ]
     Figure 4CFRP data gathered by Dolce [25] 	  Figure 5  - CFRP mechanical property variety [10]
CFRP had a very high strength-to-weight ratio, with a density of only 1600kg/m3, although there is a wide spread of carbon fibre grades, where some have greater strength to weight ratios than others [10].

[bookmark: _Toc228132764]3.2.2 Use Phase 
Composite materials, due to their strength to weight ratio, allow for very light components and assemblies, such as Formula 1 cars. This weight saving, initially pursued to increase speed, helps to offset emissions as less driving force is required to accelerate the vehicle [26].
Despite the raw materials and initial emissions associated with composite production, see CFRP above, this reduction in overall weight if offset with vehicle use. Figure 6 shows how with time, the overall emissions of a vehicle will increase, but at a critical point, the weight saving will offset the initial emission investment.
Time
Overall emissions









[bookmark: _Ref228131407]Figure 6 – vehicle net emissions with age

[bookmark: _Toc228132765]3.2.3 Durability and lifespan
Composite materials such as carbon fibre have a longer life span than materials such as aluminium. Composites exhibit high fatigue resistance. Whereas a metallic such as aluminium would work harden and may have a cycle like limit that a carbon component may not be exposed to.
In contrary, depending on the chemical complexion of the matrix, composite materials almost always degrade when exposed to UV light. This can become an issue for structural components that are exposed to direct sunlight, such as the Boeing 787 aircraft with its CFRP monocoque fuselage. To over come this, paints are infused with UV blockers to protect the composite underneath. 

[bookmark: _Toc228132766]3.3 End-of-Life
[bookmark: _Toc228132767]3.3.1 Thermosets and Thermoplastics
There are two types of polymer matrix categories: thermosets are polymers withy cross linked molecular networks in the molecular chain sets permanently once fused. Thermoplastics have branched chains between molecular strands that become weak when heated, and dislocate, moving between different atoms in the polymer chain. When it cools, the links set in place again, this allows thermoplastics to be recyclable.
Most high performing composites typically use epoxy resins, which fall under the thermoset category. They are desired for their strength, durability and hear resistance. By default, thermoplastics have much lower thermal resistance [27] and aren’t always suitable in automotive applications. Arease such as around the engine could cause weakness in the composite.

[bookmark: _Toc228132768]3.3.2 Eco-Friendly Composites
Natural composites such as hemp and flax have become common due to their natural availability, substantially reducing the production cost of this composite material compared to others. Independent studies suggest up to 68% component emission savings [28] could be made by using hemp instead of CRFP, where reasonable.

[bookmark: _Toc228132769]3.3.3 Disposal
With the use of thermoset resins, and the limited processes for recycling composite materials, composite components are typically unrecyclable. Wind turbine blades are made from CFRP or fibreglass, with no way to recycle. As a disposal method, they are buried in land fills as the cheapest method of disposal [29]. A proposal had been put forward to utilise the blades for support structures in civil construction, such as foot bridges.
More research has gone into recycling of composite materials, such that pyrolysis (burning off matrix and retaining reinforcement fibres) and solvolysis (chemically breaking the matrix) methods are sometimes used. Although, pyrolysis is energy intensive, and solvolysis has associated sustainability issues as it introduces more harmful chemicals to the life cycle of a composite. 

[bookmark: _Toc228132770]3.4 legislation / policy / motorsport Industry pressures 
Carbon reduction targets are the biggest driver for manufacturers to consider using composites more widely. Every car manufacturer now has at least one EV offering, but EV’s are 23% – 30%heavier than the like for like ICE vehicle [30]. As mentioned, lighter vehicles will use less emissions, where use of composite materials in areas such as the chassis are increasing EV range 10% – 15% [31].
As the EU/UK aim for net zero targets by 2050, investment to research and develop more recycling or upcycling of composite materials is increasing [32]. The infrastructure to recycle thermoplastic, both pure and composite, is still more expensive than the recycling of aluminium [33]. With government incentives, cheaper recyclability of thermoplastics may drive composite materials to become more mainstream in the automotive industry.


[bookmark: _Toc228132771]4. Experimental Testing
[bookmark: _Toc228132772]4.1 Introduction to Material testing and Comparison
[image: ]Independent testing has been conducted on seven different samples across four different materials for comparison or mechanical properties.
1. Aluminium – unspecified aluminium grade

2. Carbon non-woven bio – unidirectional carbon reinforced composite with organic derived resin

3. Kevlar woven bio – 2/2 twill aramid reinforced composite with organic derived resin

4. Flax non-woven bio – 2/2 twill flax reinforced composite with organic derived resin

5. Carbon woven bio – 2/2 twill carbon reinforced composite with organic derived resin

6. Carbon woven epoxy – 2/2 twill carbon reinforced composite with epoxy resin

7. Flax woven non-bio – 2/2 twill flax reinforced composite with synthetic derived resin


[bookmark: _Ref228131514]
Figure 7 – test sample pieces after test

Understanding the properties of each material allows for better allocation for use. Most of the tested materials are used in motorsport settings where this test will determine suitable use cases for each based on their mechanical properties. Those that are not used in motorsport will be analysed for their suitability.


[bookmark: _Toc228132773]4.2 Method
Material test samples were tested twice and added to previous collected data obtained under the same test conditions. Materials that were tested more than twice (Figure 7) were done so for test demonstration or repeated due to incorrect test procedure.
Due to composite materials exposing hazards to eyes by means of debris or small airborne particles [34], safety glasses have been used, following suitable safety guidelines. Safety boots were also used as the Denison test fittings were heavy and potential risk for heavy object existed.
The material samples were measured for thickness and the width of the thinnest section of the necked area cross sectional area was derived as a result. The test samples were loaded into the Denison test equipment which would be used t extend the sample pieces.
Test samples were installed into the jaws of the test equipment as accurately as possible to eliminate result deviation do to misalignment. An extensometer was also fitted to the sample pieces, with jaws locating ant the upper and lower locations of the necked region to capture elongation in the most expected area.
[image: ]
Figure 8 – Denison rig set up and extensometer placement
Once calibrated, the Denison rig was set to extend the sample piece causing elongation until failure of the material. Elongation, stress, train and displacement were all measured and used for plotting.
The material samples were batch cut and should have been similar uniform dimensions for the purpose of the test. Although, some of the tests sample measurements were vastly different to the specified dimension target of sample pieces, Appendix A. Outliers have been identified and removed and a result to maintain accuracy of trends within the plots.


[bookmark: _Toc228132774]4.3 Results
[bookmark: _Toc228132775]4.3.1 Baseline results of Aluminium
The was consistency across all test samples with a peak stress standard deviation of 2.12MPa. mean peak stress was 116.24MPa. all samples maintained almost the same peak load with a maximum load of 2.7KN. Mean elongation was found to 8.2mm with minimum deviation showing consistency between material samples, appendix B. 
[image: ]
Figure 9 – Aluminium peak stress across all samples
All test samples showed similar bell-shaped curvature profile, with initial linear rise, flat linear elongation period then rapid failure, appendix C. There was a wide spread of failure points between test samples, with maximum failure point, strain ~23, greater than four times that of the earliest failure point, strain ~5.


[bookmark: _Toc228132776]4.3.2 Kevlar Woven Bio-Resin
Kevlar woven bio-resin samples had consistent rise rates of stress-vs-strain, where all samples showed yield strength at ~150MPa, appendix E. curvature between 0<0.5 strain is mostly linear, transitioning to a slightly regressive curve after the yield point. Point of failure was located at strain average of 3.76, with a deviation of 1.95, appendix D, the Kevlar composite acted consistently.

[image: ]
Figure 10 – Stress – Strain curve for Kevlar Woven Bio resin showing consistent yield point.regressive curve
Yield point


[bookmark: _Toc228132777]4.3.3 Flax Woven Bio-Resin
Flax Woven Bio-resin had a wide range of peak stress data, figure 11, standard deviation range of 9.032MPa with an average peak stress of 87.126MPa, appendix D. 
[image: ]
Figure 11 – wide spread of peak stress values for Flax Woven Bio Resin


The break point varied massively between samples with little consistency between results. Figure 12 shows a 52% range between breaking loads between weakest and strongest test sample.
[image: ]
Figure 12 – Rising load against displacement for Flax Woven Bio Resin

[bookmark: _Toc228132778]4.3.4 Flax non-Woven Bio Resin

[image: ]
Figure 13 – wide range of peak stress as seen in Flax non-Woven Bio Resin
Flax Non-woven Bio Resin had a wide range of data, where minimum peak stress was 22MPa and a maximum of 62MPa. An average of 43.23MPa so the sample size has been determined. Four samples of data were eliminated due to incorrect measurement of widths and thickness.

Force displacement plot, figure 13, shows an average extension to force for the sample size. The gradient of the curves in consistent with discrepancy between peak values. Stress sees a sharp rise as the test progresses, highlighting the difference in peak stresses for the sample size.
[image: ]    [image: ]
Figure 14 – Flax non-woven Bio Load with displacement             Figure 15 – stress progression during test for Flax non-woven Bio 			 
[bookmark: _Toc228132779]4.3.5 Carbon Woven Epoxy
Carbon woven epoxy retrieved peak stress average of 400MPa with an average elongation of 0.867mm before failure, appendix I. The material exhibited an almost linear rise rate before its yield point. After yield point, the stress continued to rise, but less steeply, with a gradient of 0.6<1 before failure. 
[image: ]
Figure 16 – carbon Woven Epoxy resin load against displacement
The load – displacement plot, figure 16, shows how load appear to increase well beyond the yield point. In addition to this, it rises at the same rate as before the yield point was met.
[bookmark: _Toc228132780]4.3.6 Carbon woven Bio resin
Carbon and bio resin composite exhibited minor curvature towards the yield point, but a large range of yield and peak values, figure 17. Yield points ranged from 145MPa to 350MPa, with average peak stress at 375MPa with a standard deviation of 71.2MPa. After yield point is reached, stress continues to rise until failure aligning with appendix M, where load and displacement rise proportionally.
[image: ]
Figure 17 – large range of peak stress values seen in carbon woven bio resin

[bookmark: _Toc228132781]4.3.7 Carbon non-Woven Bio Resin
The Carbon non-Woven bio resin sample delivered an almost linear young’s modulus up to the yield point and after the yield point. The failure points are scattered with different stress and strain limits. There is little correlation to determine a rounded failure point for the material. 
[image: ]
Figure 18 – carbon non-Woven Bio Resin stress against strain


Most of the curves in the load displacement plot demonstrate erratic load peaks as load increases. Displacement is also linear.
[image: ]

[bookmark: _Toc228132782]5. Analysis
[bookmark: _Toc228132783]5.1 Epoxy resin vs Bio Resin as matrix for CArbon Fibre Reinforcement
Comparison of resins with equal reinforcement fibres, both resins offer a similar peak stress, with epoxy having a greater mean peak stress by only 25MPa, appendix I and L. this aligns with research by Boursier Niutta et al [35] where bio resins typically have 10% - 15% lower UTS than synthetic epoxies. More importantly, the epoxy resin matrix has a greater and more consistent yield point, compared to the bio resin. Yield point range for epoxy resin was 225MPa < 360MPa, whereas bio resin yielded as low as 140MPa < 360MPa, with is spread spanning over 100%.
[image: ]  [image: ]
Figure 19 – epoxy and Bio resin comparison
Both epoxy and the bio resin had similar elongation percentages, appendix I and L. when comparing to the Pyrofil™ data sheet appendix N, both resins perform similarly to the specified elongation factor, which is defined between 1% < 2%, appendix N. It can be assumed that the tested examples are weaker than the Pyrofil™ 3K carbon fibre, as a smaller elongation percentage will result in less elastic deformation and yield sooner [36]. 
The lower and less consistent stress strain curve from the bio resin can be attributed to lower aromaticity in the bio resins due to the replacement of bisphenol-A (BPA). The epoxy resins use of plant derived monomers results in more irregular chains, resulting in a reduction of tensile strength [37]. 

[bookmark: _Toc228132784]5.2 Twill vs non-Woven
Flax has been tested in both woven and non-woven samples. The woven flax achieved double mean peak stress than the non-woven samples, figure 19. This difference is directly attributed to the mechanism of the woven fibres which improve load transfer.
All non-woven test samples exhibited load – displacement adjustment at the start of the extension figure 20. This was also observed first hand, and audible and visual cues confirmed that the material was deforming until the load was distributed evening. Due to this, individual fibres or bods within the matrix were breaking to accommodate for this adjustment. This non-woven layup type in conjunction with the weaker matrix bonds as mentioned above, result in a far weaker and less predictable composite material. 
[image: ]
Figure 20 – display of extension at start of test


[bookmark: _Toc228132785]5.3 Law of Mixtures Comparison
[image: ]
Equation 1 – equation for composite modulus based on mechanical properties
applying material specific data [38] for Kevlar woven cloth and Bio resin, the composite modulus has been calculated.
fibre modulus = 112.4GPa [38]
matrix modulus = 3.04GPa [38]
volume fraction = 0.5 [38] Volume fraction data is not available, therefore an assumed value of 0.5 has been allocated.

Using the sample data range, an accurate line of best fit has been allocated. Using the graph, the composite modulus can be calculated as defined:
 = 
[image: ]
Point 1: X = 0.5, y = 151
Point 2: x = 0.1, y = 134
Δy = 17, Δx = 0.4
 = 
Equation 2 – Composite modulus equation derived from the gradient of a curve
The calculated real composite modulus was smaller than the theoretical modulus by 15.25GPa. This value can be expected, as the theoretical composite modulus assumes perfect reinforcement fibre alignment. It has been proven that misalignment of reinforcement fibres is directly proportionate to the composite modulus [39], therefore, the slight discrepancy in theoretical and experimental values can be attributed to misalignment or poor matrix bonding.

[bookmark: _Toc228132786]6. Discussion and Conclusion
Based on the results found, it can be deemed that ecofriendly bio resins may be used in certain motorsport components. Given that bio resins are typically ~10% weaker [27] than a synthetic resin, by utilising good design methodology, such as the idealised alignment of reinforcement fibres, it is possible to strengthen components to equal strength when using bio resins [40].
It can be well argued that woven materials are superior in almost all application, due to their reliability in producing repeatable result. Comparing the data, the woven composites were not only stronger than no woven composites but had less data deviation. This is important in motorsport applications, such as motorcycle swingarms as used by Yamaha and Ducati in MotoGP, as the flex pattern of the component, derived from the material, has a direct impact on performance.
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[bookmark: _Toc228132788]8. APPENDICES
[bookmark: _Ref228131639]Appendix A : Material dimension comparison example (mm), thickness, width and cross sectional area at necking point. Sample (19) results removed from test due to error in width measurement.
· Carbon non-woven bio (19) – width 4.7, thickness 1.2, CSA 5.64mm2
· Carbon non-woven bio (12) – width 15, thickness 1.5, CSA 22.50m2

Appendix B : Summary of baseline material, aluminium.[image: ]

Appendix C : Aluminium test sample Young’s Modulus of elasticity. [image: ]

Appendix D : Kevlar Woven Bio Resin summary[image: ]


Appendix E : Kevlar woven Bio resin test sample Young’s Modulus of elasticity.[image: ]

Appendix F : Summary of Flax woven Bio resin [image: ]

Appendix G : Flax woven bio resin Young’s Modulus of elasticity.
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Appendix H : Flax non-Woven Bio Resin summary
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Appendix I : Carbon Woven Epoxy summary [image: ]

Appendix J : Carbon Woven Epoxy resin sample size peak stresses[image: ]

Appendix K : Carbon Woven Epoxy resin Young’s Modulus of elasticity [image: ]

Appendix L : Carbon Woven Bio resin summary
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Appendix M : Carbon Woven Bio resin Load – displacement plot
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Appendix N : Pyrofil™ 2K twill data sheet
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[bookmark: _Toc228132789]9. Nomenclature
SW – Strength-to-weight
CFRP – Carbon Fibre Reinforced Polymer
AFRP – Aramid Fibre Reinforced Polymer
GPa – Giga Pascals = 1x106 Pascals.
F1 – Formula 1
LMP – Le Mans Prototype
CSA -Cross Sectional Area
UTS – Ultimate Tensile Strength
EV – Electric Vehicle
ICE – Internal Combustion Engine
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