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Abstract:
This project looks at a possible composite replacement for metallic car body panels. To do this, first a literature review was carried out to select the composite and consider recycling methods. From this, a sisal fibre and epoxy resin composite was selected, created and compared to the current metals used (mild steel and 6000 grade aluminium). The materials were tested using three-point bend test Vickers hardness test and microscopy. The three-point bend test data show values for steel of 0.045KN, aluminium was 0.025KN and composite was 0.005KN. For Vickers hardness, steel was 260.61 HV/2, aluminium was 35.6 HV/2 and the composite could not be measured. The optimal microscopy shows both metals had been rolled into flat sheet while the resin created a glass like layer on the top of the fibres where it had been applied with much less underneath. During this report up to 3 sisal layers were tested. Further work could include increasing the number of layer and expanding the testing (e.g., impact testing). 
1 Introduction:
This project considers the question of whether natural fibers can replace current materials (e.g., metal or carbon fibre panels) used in car bodies? 
Within all types of cars, whether it is a Formula 1 car, an off-road car, a rally car or an everyday road car, many common components span across all of these types of cars. One example of these common components are the car panels used to create the vehicle bodywork. These panels serve different purposes depending on the type of car they are used on. For instance, in Formula 1 and most motorsport, the body panels are used more for aerodynamic purposes than any other function. This is unlike road cars where the strength of the panels, the cost of making the panels and the aesthetics of the panel are considered more important than they are in motorsport. So, all these factors are considered in each type of car body panel, but different vehicle types have different priorities.
Also, when manufacturing a car, multiple materials and processes are used. Taking the materials first, car panels are typically made of steel (65% of car panels use steel (Satyendra, 2015) and (WorldSteel, 2023)) which has to be covered with a layer of zinc (also called galvanization) as corrosion protection. These galvanized steel panels are discussed in further detail in section 3.1. and 3.2.2-3.2.2.2 Secondly, the manufacturing processes are discussed throughout the literature review. The car panels are a key factor in the car design which are a key part of car sales. It costs money to shape the car panel's raw material into the correct shape. Finally, this project is very relevant at the present time because it is known that material recycling has to be increased. Hence, the material recycling of car panel materials will be discussed. So, while car panels can be recycled several times, they are eventually scrapped when the car comes to the end of its life, as stated by Andersson et al. (2017). The steel can be recycled by remelting, but the zinc layer makes this much more problematic as it must be separated from the raw material before remelting. However, if the car panel is made from natural fibres as considered in this project, it should biodegrade with time, so it should not pollute the environment at the end of its life. If natural fibres are used, it should also be possible to separate the material back to the original format to be used again in theory, saving money on new material and scrapping as little of the car as possible. Hence, further recycling methods are discussed in section 3.
The idea of using natural fibre in a composite car panel will most likely appeal to car manufacturers as the manufacturers will always be looking for ways to cut back on costs without losing quality. Also, minimizing vehicle weight is very important as Palencia et al. (2012) and Fan et al. (2019) state that zero emission cars are gaining more popularity as car manufacturers are looking for ways to balance the extra weight gained by adding extra car batteries by reducing the weight or other components. This may also be a valuable selling point for new cars as customers may prefer to choose cars knowing that their car was made without damaging the environment further.
This report focuses on car panels in road cars as Formula 1 and rally cars do not have the cost requirement/restriction that road cars do. That is not to say that Formula 1 and rally cars have no impact on road cars but both tend to have their bodywork made from more expensive and different material than road cars and the budget of this report does not allow for these materials to be tested. So, this report will examine the properties of each current material used in road car panels and whether they can be replaced with a natural fibre-polymer composite. However, carbon fibre will not be tested as a panel material in this project but will be considered as a possible future study because, due to its high cost, it is mainly used in Formula 1 cars. 

[bookmark: _Toc133487995]1.2 Project aim:
[bookmark: _Toc133487996]1.2.1 Aim:
The aim of the project is to evaluate the current materials used in car panels and look at possible replacement materials and manufacturing methods focusing on recycled materials and natural fibres-polymer composites (e.g., sisal fibres in a composite with an epoxy resin).
[bookmark: _Toc133487997]1.2.2 Objectives:
The supplementary aims of the project include:
· Analysing the strengths and weaknesses of steel, aluminium and carbon fibres, along with their manufacturing methods.
· Investigating possible replacement materials that are greener and cheaper than steel, aluminium or carbon fibres.
· Manufacturing a small section of panel material made using the new fibre-polymer composite and comparing this with the original steel or aluminium material. 
· Testing the different panel materials using impact testing, tensile testing and bend testing.
· Examining the different manufacturing methods to determine the most suitable process for the new fibre-polymer composite materials.
· Determining whether the new material and manufacturing methods are profitable enough for companies to change how cars are made.
 
[bookmark: _Toc133487998]1.3 Research organisation:
This project report is structured as followed:
Section 2 details the manufacture of the composite, what research has been done on tests that have been conducted and what the tests measure and why they are relevant to this project.
Section 3 defines the past research into the history of the car panel and the standards that materials should reach in order to be used. Section 3 also defines the different materials that are used commonly within car body panels in the present day along with data about natural fibre and matrices. Finally, this section describes the composite that has been chosen for testing and why it has been selected.
Section 4 details the calculations to validate the data from the equipment, the results of the different tests and the possible errors and limitations of the equipment.
Section 5 discusses the differences between the data for the composite versus the metals to determine whether the composite is a viable replacement or not.
Section 6 summarises the work carried out throughout the report and possible further work that could be carried out.

The original work plan is summarised by the Gantt chart in Figure 1. The chart shows that the research and experiments had been given extra time because the composite to be manufactured and the metals had to be ordered. Another reason for the longer time slot was in case something went wrong, or new data arose that could be used in the report. Once the experiments were done, the plan was that the evaluation could done more rapidly. Hence, the smaller time frame was allocated to these tasks. 

[image: ]
Figure 1: Gantt chart of initial project plan
An updated version of the Gantt chart that shows an accurate representation of the actual timeline for the project is shown in Figure 31.

[bookmark: _Toc132807770][bookmark: _Toc133487999]2 Methodology:
Before starting the experiments, it was important to consider how the metal samples had been made as that might affect the results while also discussing the different tests and what data is being gathered. First the steel and aluminium samples were ordered from Metals4U (2023) and Metalswarehouse (2023). Each metal material and composite material shall be discussed further in section 3.2-3.3. The metal samples were pre-cut to the required length and width so now the composite could be made as shown in section 2.1.
[bookmark: _Toc132807771][bookmark: _Toc133488000]2.1 Making sample:
First the sisal samples were cut with one set of six pieces that were 9 x 9 cm and a second set of 3 pieces that were 52 x 20 cm (as shown in Figure 2 below) to prepare them for the hand layup method. This manufacturing method is discussed further in section 3.3.7.
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Figure 2: (top) Process flow diagram to show composite manufacturing steps and (bottom) photographs of the sisal showing (left) 9 x 9 cm samples and (right) 52 x 20 cm samples.

After this, 15 ml of each of the two parts of the epoxy resin were mixed together to make 30 ml of resin as the lower the amount of resin the smother the surface was. However, with further work and different manufacturing methods different amounts of resin would be added to analyse the different results.  This was applied to both the smaller and larger sisal samples. The smaller samples were manufactured with one layer of fibres. Resin was applied either to only one of the sisal fibre mat or to both sides as shown in Figure 3 below.

[image: ]
Figure 3: Photographs showing (left) applying resin to fibre, (middle) the 90 x 90 cm fibre mats after resin was applied and (right) the fibre-resin composite after curing

The larger fibre sample however was too flexible to use with only one layer of fibre. So, as shown in Figure 4, three layers of fibre were used giving the sample higher stiffness than previously. For this problem, it was noted that the larger the sample, the more layers that were needed to maintain the stiffness of the composite.

[image: ]
Figure 4: Photograph of cured 52 x 20 cm fibre-resin composite sample with 3 layers of sisal. 
With all the samples manufactured, the following section describes the choice of tests made to measure different parameters along with the methods used for each one.

[bookmark: _Toc132807772][bookmark: _Toc133488001]2.2 Three-point bend test:
According to Wagner et al. (2020), the 3-point bend test is used to determine the fracture patterns and points of deformation within a material. The test consists of the sample sitting on two supports set at equal distances from a central point. A force is then applied from above at the central point at a controlled rate moving downwards and the applied force and deflection of the sample are measured. For this experiment, the stiffness of the samples is measured as car panels are required to withstand the force of air resistance while traveling along the road. In this project, two 3-point bend instruments were used; a Dennison machine with a fixed jig was used to test larger samples (52 x 20 cm size) and a Hounsfield machine (load limit -24000N) where a variable distance jig was used to test smaller samples (9 x 4 cm). In both tests force was applied to achieve a 10 mm/minute displacement.  

[bookmark: _Toc132807773][bookmark: _Toc133488002]2.3 Hardness test:
According to Guo et al. (2018), hardness is an object’s ability to withstand deformation and destruction. The hardness test was done to measure the elastic deformation, toughness, and plastic deformation without destroying the object. This test used the Vickers method on an Innovatest machine. The test was carried out by focussing the microscope on the sample. The instrument then created an indent in the sample and the software measured the size of this indent to produce the result. The instrument was calibrated using a brass sample and compared to the known result. The project samples were then tested at different points to give > 5 data points which were plotted on a graph to produce an averaged result for each material.
[bookmark: _Toc133488003]
2.4 Optical microscopy:
The optical microscopy of the samples were analysed without any further sample preparation using a Keyence VHX-1000 microscope as shown in Figure 5 to show how the materials bonded together. This was used particularly to understand how the resin bonded to the sisal fibres in the sisal-epoxy resin composite samples but is subjective because it does not give numerical results that can be used to judge the mechanical properties of the composite.
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Figure 5: The VHX-1000 Keyence optical microscope used to test the samples.

[bookmark: _Toc133488004]3 Literature review: 
Before looking at the different materials, it is vital to consider the car panel itself and examine its history and purpose from its creation to today's uses. So, the next section considers whether the use of the car panel has changed, whether it will change in the future and, if so, how it might change?

[bookmark: _Toc133488005]3.1 The history of car panels:
According to Brown & Robertson (2001), car panels were invented in the late 1890s with the first cars and were made from fabric-covered wood. So, early designs were boxy and similar to horse-drawn carriages, as wood can only bend and be formed in limited ways. During the early 20th century, the fabrication of metal sheets became feasible, and springs also started being used within the chassis to help with suspension. Since these discoveries, and due to the mechanical properties of steel that will be discussed in Section 3.2.2, steel-bodied cars have become the primary choice to this day. The main alternative to steel was aluminium which was a material that started being used in the late 1970s. Aluminium has been used increasingly in the modern day as a replacement for steel in certain parts of the car's body panels due to the difference in weight (e.g., steel is 3 times denser than aluminium). Choosing between these materials often comes down to the requirements of the finished product and whether the weight means more than the strength of the panel.
Car panels are mainly used for both mechanical and aesthetic purposes. For example, the panels are required to withstand the stress and strains of air pressure and also sudden impact force in the event of a crash while still visually appealing to the customer. The panels are also required to hold the chassis and protect the engine's interior parts from the elements while in motion. The panels also need to provide a safe and weatherproof cabin space for the occupants during travel. 

[bookmark: _Toc133488006]3.2 Original material:
When considering the material that goes into the body panels, as discussed earlier, the type of car must be considered, as that will have an effect based on the strength, weight and cost. An example of this is how carbon fibre is used in Formula 1 body panels because, whilst carbon fibre is very expensive, it is very light which helps improve the power to weight ratio of the car while cost is less of an issue as described by Meredith et al. (2015). However, steel and aluminium are used more in road car body panels because weight is less of an issue compared to the cost of the car. 

[bookmark: _Toc133488007]3.2.1 Carbon Fibre:
While carbon fibre will not be used in the experiments in this project due to its higher cost (e.g., a 30cm x 30cm x 1mm currently costs £94.00 as stated by RS (2023)), it is worth considering the material's properties and why it is and is not widely used in modern road cars. Carbon fibre is a synthetic composite that, according to Savage (2009), has a higher strength than steel while being more lightweight and possessing higher rigidity/stiffness. This is why it is often used in Formula 1 cars as it can deal with the intense air pressure while maximising the power to weight ratio of the vehicle. Carbon fibre is also corrosion, flame and fatigue resistant depending on the resin used. However, when the fibre does break, it fractures without warning. This kind of sudden cracking is not the only disadvantage that removes carbon fibre as a possible material for most road cars. Another reason is that carbon fibre is more brittle due to its high stiffness, so it will not bend but shatter under enough strain. 
3.2.1.1 Recycling:
It has been reported that the most significant problem with carbon fibre is recycling it. Zhang et al. (2020) state that current recycling methods for carbon fibre can be grouped into three categories, as shown in Figure 6. These methods are mechanical, thermal and chemical recycling.
Mechanical recycling has one sub-category: milling, which shreds the composite into small pieces to be used as filler in other composites. This process has the advantage of being non-toxic and can be done at room temperature. However, the process creates a large amount of dust and damages the fibres, meaning they cannot be used the same way twice (Zhang, et al., 2020).
Thermal recycling has two sub-categories: pyrolysis and fluidised bed. 
Pyrolysis involves placing the composite in an inert chamber with no oxygen and then heating the material to a high temperature (400-1000oC depending on the resin) to separate the fibre and resin. This method is helpful as it cleanses the fibres from the resin, leaving them intact. However, it has been reported that the fibres can lose mechanical properties from this method. The process can also be more expensive as the pyrolysis reactor has to be filtered to keep oxygen out and then heated to high temperature to separate the composite. The fibres also have to be cleaned afterwards as they will have residue from the resin (Zhang, et al., 2020).
[image: Graphical user interface
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Figure 6: Carbon fibre recycling processes as shown by (Zhang, et al., 2020)

The fluidised bed method involves shredding the fibres (6 – 20 mm) with the composite waste being fed into a bed of silica sand and fluidised with a stream of hot air at high temperature while under pressure. The advantage of this method is that it has a low environmental impact and returns the fibres much closer to their original condition. However, the fibres still retain only 75% of their mechanical properties, and the process requires high energy (Zhang, et al., 2020).
Chemical recycling has three sub-categories: solvolysis, electrochemical and other ambient-pressure catalytic depolymerisation methods (Zhang, et al., 2020).
Solvolysis uses room temperature or heated solvents to decompose the thermoset resin to separate fibres from the resin. This process produces the fibres without residue, with only minor mechanical properties lost. However, this procedure does have a problem because the solvents used can be environmentally damaging and harmful to humans when breathed in. The process also requires expensive equipment to run (Zhang, et al., 2020).
Electrochemical recycling uses an electrical current in a bath of solvent (usually water), which causes the resin to be removed and leaves the fibres clean without losing more than 10% of the mechanical properties. However, this process uses more energy than any other recycling method (Zhang, et al., 2020).
The final recycling method is other ambient-pressure catalytic depolymerization. Instead of using solvent, this uses molten alkali or salt to reduce the required temperature and pressure of the process. This process is best at removing contaminants from the composite, such as thermoplastic paint. However, this does not separate the fibre from the resin. Instead, it only purges it of third-party influences (Zhang, et al., 2020).

3.2.1.2 Manufacturing:
As stated by Bhatt & Goe (2017), the process to manufacture carbon fibre is by first manufacturing the fibres of polyacrylonitrile (PAN), as shown in Figure 7.
[image: ]
Figure 7: Carbon fibre manufacturing process as shown in Bhatt & Goe (2017).

Initially, the raw materials or precursor (90% PAN mixed with 10% rayon or petroleum pitch) are placed in a mixer with another plastic, for example, methyl acrylate. This reacts with a catalyst to form polyacrylonitrile plastic. The plastic is then heated and pumped through tiny jets (extruded) to make tiny individual strands of fibre. During this process, in the chamber, any solvent evaporates, leaving smooth fibre strands clear of imperfections. After this, the fibre is stretched to the desired length and the fibre molecules are prepared for carbonisation which is a process where all the other elements in the fibres are driven off to leave behind just carbon to make the carbon fibres (Bhatt & Goe, 2017).
However, the fibres must be stabilised before carbonisation to create a more thermally stable bond. To do this, the fibres are first heated to 200-300oC for 30-120 minutes, depending on the chemical used to accelerate the stabilisation and the amount of heated air in the chamber (Bhatt & Goe, 2017).
After both the previous process are complete, the carbonising process can commence. To achieve this first, the fibres are placed into a sealed furnace at 1,000-3,000°C without oxygen, so the fibre can undergo thermal processes but does not burn. The fibre is left in the furnace for several minutes so that all the non-carbon atoms are pyrolyzed out the fibres but, at the same time, tight bonds form between the remaining carbon and the fibres. The fibres are then cooled off at a controlled rate to prevent cracking (Bhatt & Goe, 2017).
Once the carbon fibres have been brought to room temperature, the surface is oxidised by electroplating to give better bonding and mechanical properties and enable the fibres to bond with the resins properly for the composites (Bhatt & Goe, 2017).
After the surface treatment, the fibres are coated to give protection during winding and weaving. The coating material or resin is chosen based on the composite's requirements. The fibres are then wound onto a bobbin and loaded into a spinning machine to be twisted into yarns of various sizes before being flattened to the desired width (Bhatt & Goe, 2017).
After the fibre are manufactured, they are then bonded with a resin. According to PIGGOIT (1989) and Wang et al. (2018), this is done during the winding process where before going on the bobbin the fibres are immersed in a tank of resin (usually epoxy) with the excess resin being removed by use of an air knife (with nitrogen as the gas). The air knife works by literally blowing the excess resin off the fibre surface, so a faster flow rate of gas removes more resin whilst a slower flow rate removes less. 
Although carbon fibre is not going to be used in the experiment due to the difficulties of recycling, the high cost of the material and the limitations of using it in common road cars, it has been worth considering due to some of the parallels in the properties and manufacturing methods shown above and in section 3.3.4. For example, carbon fibre is a fibre-resin composite which is a similar concept to the natural fibre-resin composite tested in this project. However, while carbon fibre is likely to have higher strength this literature search shows there is little knowledge when it comes to its industrial recycling (e.g., section 3.2.1.2 describes one of very few papers on the matter). This is part of the reason natural fibres shall be looked at in this project because that they should in theory be easier to recycle, provided they can be separated from the resin. This topic shall be explored further in section 3.3.6.
The following sections 3.2.2 to 3.2.3 discuss the materials that are used in the common road car with steel being the first material.

[bookmark: _Toc133488008]3.2.2 Steel:
According to Fechová et al. (2016), steel is another material which is often used in road cars, more than Formula 1 cars because steel is cheaper but heavier than carbon fibre. Specifically mild steel is widely used but this is often coated with a protective zinc coating, but dual-face steel (described in more detail below) is also starting to be used.
Mild steel, according to Yan et al. (2014) and Singh et al. (2016), is the most commonly used steel in the industry because it has high mechanical and structural properties, such as high tensile strength, while being cheap and having a medium stiffness, so it will not bend under low pressure but will not snap suddenly under high pressure. However, mild steel is quite heavy, which is not helpful because it increases vehicle weight which reduces fuel efficiency. This is an increasing problem as more electric vehicles (EVs) are used due to the extra weight of the large batteries needed to extend the car range. This is why car manufacturers are looking at lighter alternatives such as aluminium. Another problem with mild steel is the low corrosion resistance which, as stated above, means the steel has to be coated with a corrosion protection layer (usually zinc) before being used, which adds processing time and cost to the manufacturing process and complicates steel recycling because two metals are present which need to be separated to get pure steel back.
According to Kalhor et al. (2020), dual-phase steel is a type of first-generation Advanced High Strength Steel (AHSS) that, as Figure 8 shows, has been used more in cars in recent years. Dual-phase steel has interesting properties. For example, Sayed & Kheirandish (2012) state that it has low-yield strength meaning which means that it is formable into different shapes for the body panels, but it also has a high ultimate tensile strength and a high strain hardening exponent. This means that it will withstand sudden impact or high stress without snapping.
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Figure 8: different materials used in car bodies – HSS = high strength steel (Kalhor et al., 2020)

3.2.2.1 Recycling:
According to Matthews & Davies (1997) and Harvey (2021), steel car body panels are recycled by shredding the panel into smaller pieces and adding these into a Waelz furnace which is a set of rotating furnaces where the steel is heated by burning coal as a fuel and separating the material into two parts. One part is low in zinc and can be reused in civil engineering. The other part is rich in zinc and is fed into an electric arc furnace to remove the impurities so that the steel can be resmelted to be used in cars or other applications and the zinc can be recovered as a powder and also sold. This makes the recyling process more profitable because zinc is a valuable material (approx. $2,871.00 per tonne as stated by Exchange (2023)).

3.2.2.2 Manufacturing method:
According to Ikumapayi et al. (2020), mild steel is manufactured using a rolling process. Rolling is where the material is pressed between two rollers spinning in opposite directions where the distance between the rollers is positioned to be slightly smaller than the dimensions of the metal ingot so that, as the metal passes between the rollers, it is compressed and elongated in a controlled manner without causing damage to the metal. 
Using the set up described above, there are multiple types of rolling metal, such as:
Hot rolling involves heating the metal to above its recrystallisation temperature and passing it through heated rollers, so that the metal is maintained above room temperature. This method produces the most material without damage or deformation. However, this method does have the problem of producing worse tensile and mechanical properties than other methods (Ikumapayi, et al., 2020). This is the method most commonly used in the automotive industry.
Cold rolling pushes the metal through the rollers with everything held at room temperature. This deforms the metal less which means that the thickness of the metal at the end of the procedure is larger than the hot rolling method. The result is that the buckling strength and torsional resistance of the rolled metal are weaker than other methods. However, this method also means the tensile strength and finish are better using this method than other methods (Ikumapayi, et al., 2020).
Flat rolling is the most commonly used method. It involves only one set of rollers being used at a user-set temperature. It uses the friction between the material and the roller to deform the material while causing it to elongate. This method can only be used with a specific difference in dimension between the final and initial thickness. If the difference is too small, the rollers will slip on the material, and no deformation will occur (Ikumapayi, et al., 2020)
While steel has been the most commonly used metal in the car industry up to now, there is increasing interest in other materials and metals in particular. Of these metals, the most common is aluminium as Section 3.2.3 below shall discuss.

[bookmark: _Toc133488009]3.2.3 Aluminium:
According to Palencia et al. (2012) and Wenlong & Lu (2016), aluminium has reasonable mechanical properties while being lighter than steel. Also, while according to Svendsen (2023) aluminium was only started being used in the 1970 the strength to weight ratio means it has been gaining popularity by car manufactures and now 23% of car body panels are made using aluminium. 
The most widely used aluminium grade used in car body panels is AA6061. As Ozturk et al. (2010) state, this grade of aluminium has a high strength-to-weight ratio meaning there is an even compromise between the weight of the material and its strength. This aluminium grade also has medium strength, so it is less strong than steel but is also lighter than steel. This is helpful in newer electric (EV) cars that carry large, heavy batteries so that weight needs to be saved from other parts of the car to keep performance. Another benefit of aluminium is its formability, which can be shaped into whatever shape is required for the body panel. One of the other main drawbacks of aluminium other than the strength is its highly reflective properties of the surface along with low scratch resistance. This means that the aluminium surface has to be coated or the solar reflection during driving may blind oncoming drivers. 

3.2.3.1 Recycling:
According to Cui & Roven (2010), aluminium has only one recycling method as it is often alloyed with other materials to improve its mechanical properties. This recycling method is solid state recycling, as shown in Figure 9. This involves purifying the scrap before recycling it by passing it under a magnet to remove other metals first. Then the metal is de-coated to remove all surface finishes and finish preparation for recycling. After this, the metal is cold compressed at room temperature at a pressure range of 200-600 MPa to compact the metal into a smaller form without affecting the metallic bonds. Finally, the metal goes through the hot deformation process which extrudes it into the new shape that the user requires of it.
[image: Diagram
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Figure 9: solid state recycling process for aluminium as stated by Cui & Roven (2010).

3.2.3.2 Manufacturing method:
The main manufacturing method for aluminium according to Tisza & Lukács (2018) is hot forming and quenching. This process involves heating a forming solution to 450oC and then performing a solution heat treatment (SHT) which makes the part more malleable. After this, the material is quenched and formed into the desired shape. After the aluminium undergoes a heat treatment process which causes the material to become harder and stiffer meaning it won’t bend out of shape easily. This process can also be viewed in Figure 10.
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Figure 10: Hot forming and quenching process as shown by Tisza & Lukács (2018)
 Now that the current materials used in the automotive industry have been discussed the next section shall discuss the possible replacement materials that could be used.
[bookmark: _Toc133488010]3.3 Natural materials for use in composites:
Gay (2003) states that composite materials have a variety of uses and functions, such as making swimming pools, windmills, chimneys and many more. Composites materials are made up of two components one being strong base fibre that give the structure strength the other being the matrix that binds to the fibres  causing the composite to be stiffer than just the fibres. One of the more common applications of composite materials is in passenger aircraft because, when the parts are made, they need to be as light as possible while maintaining the strength required to handle the high stress and strains that air pressure generates. This shows that composite materials can be used to replace metals to reduce weight without losing the object's integrity, which is very relevant to replacing metal car panels with lighter composite materials. 
[bookmark: _Hlk132805232]Westman et al. (2010) state that natural composites have been around for nearly a century but have only recently been incorporated industrially. Figure 11 shows some examples of natural fibres. Natural composites have several advantages over steel and aluminium, such as being from renewable sources and reusable. Another advantage of natural composites is the cost as natural fibres are cheaper than steel or aluminium to buy and manufacture as most natural composites require less heat to manufacture than the metal manufacturing method but can be harder to maintain quality control.
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Figure 11: Examples of different types of natural fibres Westman et al. (2010)

[bookmark: _Toc133488011]3.3.1 Short strand fibre or long strand natural fibre:
Before making the composite, it is worth considering whether short-strand or long-stand fibres best suits the panel's requirements. In order to decide, it is vital to consider the advantages and disadvantages of both types of fibre and the typical applications and manufacturing methods of both types. 
Zak (2000) considers short strand or chopped strand fibres stating that these have less strength than long strands as the fibre strength depends on the mean length of the fibre. Short fibres also have a higher stiffness to weight ratio due to there being less space for the matrix to bond and because of this, shorter fibres have a better adhesion compared to long strand fibres. Short strand fibres are also easier and cheaper to manufacture and can be more easily moulded to curves and dents so making a complex part of the body panel using short strand fibres should be better.
By comparison, according to Brion (2013), long strand fibres have a higher strength than short strands but have a lower adhesion and stiffness compared to short stand fibres. However, this does also mean that longer fibre strands have a higher flexibility meaning that they could be good for areas of the car that have crumple zones. For example, more flexible composites should be better suited for front bumpers and car doors as they are simpler designs that require higher strength but also deform during a crash event.
During the bend test in this project, short stand sisal fibre will be tested as cotton is the only natural long strand fibre.

[bookmark: _Toc133488012]3.3.2 Directional and non-directional fibres:
The strength of natural fibres depends on multiple factors such as the type of fibres and the type of resin matrix used as well as the interaction between them. However, another factor is how the fibres are layered or woven together and whether the fibres are non-directional or in a mat format.
While Alhashmy (2023), states that non-directional and one-directional fibres are strongest these fibres are only strong in one direction with little to no strength in any other direction. By comparison, while the mat format is weaker than non-directional overall, it is uniformly strong in all directions. So, as car panels are expected to take forces from different directions, the mat format has been chosen for the experiments in this project.
Now that the length and direction of the fibre has been decided upon, the type of fibre and resin that will be used can now be discussed in the following section.

[bookmark: _Toc133488013]3.3.3 Sisal Fibre:
The fibre component of the composite has been chosen to be sisal fibre because Yan et al. (2000) have shown that this type of fibre has good flexibility and the sisal plant can be easily grown and harvested. The sisal plant also has a short renewal time and grows in the wild near field hedges and railway tracks, mainly in tropical parts of the world. Sisal fibre are already used in marine and industry to make ropes which shows that the fibre can be used under high stress, so in theory, it could take take the forces and stresses of a car panel. However, the experiments in this project aim to show how much stress the composite can take and how the fibre and resin might react under sudden impact. The fibrous part of the plant is extracted from the periphery of the leaf using decorticators to separate the fibres into strands and then to wash them to remove unwanted impurities (chlorophyll, leaf juices and dirt).
Sisal fibre has different properties depending on the age of the plant and also which part of the fibre is used, as shown by Westman et al. (2010) in Table 1, where the root of the fibre has lower tensile strength but higher fracture strain while the middle of the fibre has higher tensile strength but also higher stiffness while the tip has moderate properties. Hence, the results in the table vary. These differences are worth considering when designing different parts of the car. For instance, if the fibre can be aligned consistently, then the roots of the fibre could be grouped into the crumple zones, as those parts are designed to bend to protect the rest of the car. Tolessa & Singh (2020) also states that sisal has lower water absorption than other natural fibres meaning it will not distort and change as much as other fibres would when the car gets wet or rained on if the matrix gets damaged.



Table 1: Properties of natural fibres (Tolessa & Singh, 2020)
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While the fibre on its own is strong it may also be too flexible to be used in a car body panel so a polymer resin matrix has been selected that can stiffen the fibre into a composite that theoretically could be used in car body panel which can also protect the fibres from rain.

[bookmark: _Toc133488014]3.3.4 Polymer Resins:
After choosing sisal fibre it is vital that the matrix/resin is considered as, according to Sharma et al. (2020), this is what gives the composite its shape and hardness while adding further strength to the new composite. The resin also typically fills the space between the fibres creating a non-porous structure. In the context of car panels, this is required as the panels need to be air/watertight so while the fibre has low water absorption the resin will also require low water absorption to avoid distortion of the panels. The following section discusses the chosen resin and why it is a good match for the fibre and why it could produce the required properties for a car panel.

[bookmark: _Toc133488015]3.3.5 Epoxy resin:
Epoxy resin has been chosen as Betelie et al. (2019) states that the resin, when combined with the fibre, enhances the mechanical properties such as the tensile strength, impact resistance wear resistance and waterproof with only minor addition of weight to the composite. Epoxy resin is thermosetting meaning that it requires heat to set but has a much stronger bond then other types of resin and is one of the most common resins used due to their strength and rigidity depending on the fibre there combined with. Also, as Maurya et al. (2015) states the sisal fibre and epoxy resin can be combined into a composite that has strong impact resistance and moderate tensile and flexibility properties which is what is needed in a car body panel.
With the composite decided upon before continuing further, potential recycling methods for the composite have been considered as an important aim of this report was to find a composite that could also be recycled when the car comes to the end of its life.

[bookmark: _Toc133488016]3.3.6 Fibre composite recycling:
One of the main advantages of steel that aluminium and carbon fibre struggle is that steel has several recycling routes so an important part of this project is to consider how natural composites can be recycled as shown in Figure 12. It is also important to consider what is lost from the recycling process as if the matrix can be separated from the fibre, the fibre does not necessarily have to be reused in car panels and could be used in something else. For example, sisal fibres can be recycled into carpets or potentially back from carpets into car panels and so on.
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Figure 12: life cycle of natural fibres as stated by Zhao et al. (2022)

According to Quanyi et al. (2022) and Zhao et al. (2022), epoxy resin can be separated from the fibre through different methods such as: thermal pyrolysis which leaves the fibre pure but can damage the properties and shape of the fibre due to the heat. However, a more common method is using mixed solvents as these can separate the matrix from the fibre at a much lower temperature saving money and preserving more of the mechanical properties. Apart from the safety complications of using solvents, the only downside for the components is that the fibres lose 10% of their strength. But as the fibres are pure, they could be recycled into carpets or something else instead of using it in another car.
Now that the composite has proven to be recyclable the different methods of constructing the composite can be discussed.

[bookmark: _Toc133488017]3.3.7 Manufacturing methods:
There are multiple ways to manufacture composites as Tolessa & Singh (2020) states. One of these methods as shown in Figure 13 is the hand lay-up method which consists of painting the resin onto the fibre. This is low cost in terms of equipment and in theory a low skill method and will create the composite no matter the size of the part or the type of part (woven or non-woven). However, this will not necessarily create a smooth or even surface so one part of the composite might have a different
[image: Schematic diagram of Composite Hand Layup Method. ]
Figure 13: Hand layup method as shown by Aljibori et al. (2016)
thickness to another part. The painting process may also be required to be done to both sides of the fibre mat.
Another method as shown in Figure 14 is the resin transfer moulding (RTF) method which involves inserting the fibre mat into a closed two-part mould and then the resin is poured/injected into the mould then heated up the create the composite with an even and smooth surface and will not have voids of space within the part. However, the mould has to be airtight throughout the process, so the resin does not react with the air at temperature and create impurities, so the mould has to be maintained and changed regularly (Tolessa & Singh, 2020).
[image: Resin Transfer Molding-Process cycle]
Figure 14: Resin Transfer Moulding method as shown by Ahmadova (2018)
A possible third method of manufacturing is pultrusion which as shown in Figure 15 can only be used on unidirectional fibres. This process involves feeding the fibres through a resin bath to let the resin
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Figure 15: Pultrusion process as stated by IQS Articles (2023)
impregnate the fibre. This mixture is then pulled through some preforming tools to remove the unwanted resin which is then fed back into the bath while the coated fibres are passed through a heated die to cure and set the composite into a cured part. The part is then chopped into the desired length (Tolessa & Singh, 2020).
For the part to be manufactured in this project, due to cost and time the layup method shall be used. But for further work the other methods would be done to compare the results

[bookmark: _Toc132807769][bookmark: _Toc133488018]3.4 Literature summary:
The literature review shows what is currently known but, by definition, also is yet to be explored. For example, steel and aluminium have well known manufacturing and recycling methods and are commonly used in car body panels with steel having more weight than aluminium. By comparison, sisal-epoxy composites are expected to be far lighter than either metal. However, little is known about their strength and other mechanical properties. Another area not fully explored yet is composite recycling. While this has not been tested experimentally, previous research has been considered and this shows that sisal has more previous research than carbon fibres.
With the literature search finished, the samples can be created as shown in the following section.

[bookmark: _Toc133488019]4 Sample testing:
[bookmark: _Toc133488020]4.1 Bend Tests:
Two different test were carried out on two different machine as it was a point of interest weather the size made a difference on the mechanical properties of the composite and sections 4.1.2 and 4.1.3 will discuss and show the different results.
[bookmark: _Toc133488021]4.1.1 Calculations:
First the original equation for maximum deflection is stated with the force being negative as it is pushing down:

The equation is then transposed into calculating the force:

Then the known factors are put in to show what else is needed for calculation with the Young’s modulus of steel (21,000 Nmm-2) being stated by Engineering (2021):

Now the second moment of inertia is calculated using formula below:



Now the value is inserted into the first equation to find the force:


As previously stated, as the force is going down it is negative, so minus is negated.

Now this resulted is compared with the result gained from the experiment to find error margin (em):


This shows the error margin is 11.91%. This could be due to using the full length of the material as opposed to the length between the two supports. The true material length is 90mm which can be compared with the calculated value (L) below:
 


 mm
With the test validated the proper experiments can begin as shown through section 4.1.2 to 4.2.3.

[bookmark: _Toc133488022]4.1.2 Test 1: 
The first test was conducted using samples sized 9cm x 4cm x 1cm as shown in Figure 16 and tested within the jig as show in Figure 17. Repeat measurements were carried out with 4 repeats of each metal sample and 2 repeats of each composite sample. The data have been compared in a graph as shown in Figure 18. 

[image: ]
Figure 16: Photographs of (left) aluminium sample, (middle) steel sample and (right) sisal-epoxy resin composite samples. The cross-section dimensions of the actual samples were 90 x 40 mm.

[image: ]
Figure 17: Equipment set-up for 3-point bend test (Test 1)
 
Figure 18 shows 3-point bend test data for the different samples. The data show that there is a massive difference between the aluminium and steel at the start but both end in the same area. The steel samples are different in couple of samples proving the necessity of doing multiple tests in case of corrupted results but show grouping in a higher region than aluminium showing greater stiffness while the aluminium has slightly lower stiffness it holds the same level of stiffness for longer than the steel. The composites show a much weaker stiffness than the metal samples. A close-up of the composite data (the graph on the right of Figure 18) the data show that the two-sided composite performs better so the higher the amount of matrix the higher the stiffness and the better the results. 
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Figure 18: left all results of 3-point bend test, right composite results of 3-point bend test.

However, when the samples were removed from the test equipment, the composite sprung back closer to the original shape than the metals as shown in Figure 19 which in theory could be better as after the pressure is removed the composite body panel has a higher chance at being repaired rather than just replaced. This could also lower insurance rates as the car in theory could be cheaper to repair.
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Figure 19: Samples after 3-point bend testing showing (left) aluminium, (middle) steel and (right) sisal-epoxy resin composite.

Limitations are that the jig does not measure until destruction so it is unknown which sample would be the first to break and the difference between the yield point of each material. Another limitation is that the composite is not completely smooth and there is no guarantee that the samples are the same as each other as the manufacturing method does not guarantee this. This is shown in the difference in results in Figure 18. A third limitation is that the samples have to be placed in the same position each time and, if not, the results could be inaccurate due to the pressure being applied in different angles. This may explain the varying results for steel.
From these results, it can be seen that one sheet of fibre is not strong enough to compete with the metals, but the next test aims to see what happens if the number of layers of fibre mat is changed.

[bookmark: _Toc133488023]4.1.3 Test 2:
Based on the results of test 1, the next samples were created thicker than before with 3 layers of fibre mat, each with a layer of resin on both sides making the thickness 1.2 mm as to the earlier 1 mm as well as being larger samples (52cm x 20 cm) to see if the pressure being distributed across a larger surface changes the results as shown in Figure 20.
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Figure 20: (a) larger sisal fibre mat sample, (b) fibre mat with resin
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Figure 21: Equipment set up for second 3-pont bend test.

These new samples were tested on a different machine due to the size change as shown above in Figure 21 and the results used to generate the graph shown below in Figure 22. These results show that while the composite is still weaker than the metals there is an improvement over the previous test as the composite has a higher load rate than the prevous test. This proves that increasing the amount of fibre layers does improve the bend strength of the composite with little loss in elasticity as the sample returns to same shape as shown in Figure 23.

[image: ]
Figure 22: Results from second 3-point bend test – the step-wise increases are due to the load cell increasing by 5N increments so a line of best fit has been added on the right hand graph
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Figure 23:  Composite after testing

One limitation with this test was that there was only one composite sample, so it is unknown if this answer is accurate or if something was corrupting the results. Another limitation is that much like the first test the sample could not be tested till destruction. The third constraint with this test is human error during the manufacturing process as the sample has difference in thickness at different points due to manufacturing method. Another limitation is that the reading were being taken every 5N so the graph may not show the true behaviour of the material under force.
These test shows that while the composite is lighter than metals and has more elasticity due to the composite samples returning to roughly the same shape while the metals are bent to disfigurement. 
With the strength testing of the materials complete the next test can begin.

[bookmark: _Toc133488024]4.2 Hardness tests:
[bookmark: _Toc133488025]4.2.1 Steel:
First the steel hardness was tested using the 9 x 9 cm sample as shown in the right of Figure 24. The sample was placed into the machine as shown in the left of Figure 24 and five measurements were taken to give an average value.

[image: ]
Figure 24: Photographs of (left) mild steel in hardness tester and (right) the mild steel sample.

The results shown in Figure 25 give an average 260.61 HV/2 with the left axis showing the Vickers pyramid number (HV) and the bottom being the test number. These results show steel has a strong and consistent result while having a small indent into the material as shown in the right of Figure 25.

[image: ]
Figure 25: Images of (left) graph of 5 replicate hardness results showing Vickers pyramid number (HV) versus replicate measurements and (right) typical indent on mild steel.

[bookmark: _Toc133488026]4.2.2 Aluminium:
Aluminium hardness was then measured 5 times under the same condition as the steel as shown in Figure 26.

[image: ]
Figure 26: Images (left) of aluminium in the hardness tester and (right) aluminium sample.
The results in Figure 27 give an average of 35.6 HV/2 which is far less than the steel. This can also be seen through the indent being more prominent. However, as aluminium is still used in car panels this shows that the hardness does not have to be high to be useable. 

[image: ]
Figure 27: Images (left) results from hardness tester showing Vickers pyramid number (HV) versus replicate test number and (right) indent into aluminium.

[bookmark: _Toc133488027]4.2.3 Natural (sisal) fibre-resin composite:
Finally, the sisal epoxy composites tested using the larger (3-sisal layer) sample, as shown in Figure 28, as the bend test showed a higher stiffness.
[image: ]
Figure28: Images (left) of composite in hardness tester and (right) composite sample.

The hardness tester did not work on composite due to the lack of reflective surface which meant that the machine could not draw the image using the reflected light from the surface. This meant that the machine did not have the information it needed to create the image that results could be calculated from. 
In an attempt to enable the machine to draw an image, chalk was drawn onto the composite, as shown the right of Figure 29 to give a lighter surface to see if that enabled the machine to take a readout.

[image: ]
Figure 29: Images of (left) composite in hardness tester and (right) composite with chalk on
Unfortunately, despite adding the chalk, the machine still could not create an image so it was concluded that the composite hardness could not be measured by this machine. This problem would be considered for further work as shown in Section 7.
Now the results are known, an evaluation of the materials is discussed in the following section.

[bookmark: _Toc133488028]5 Evaluation:
This evaluation compares the results to decide whether the sisal-epoxy resin composite is a suitable material in car body panels.
What the first bend tests show is that steel has the highest stiffness out of the three materials. While aluminium has a much lower stiffness, it is still stiffer than the composite. However, while the same pattern happened in the second bend tests, it was also shown that adding layers to the composite increases the stiffness but also increases the weight and thickness of the composite. The reason for this can be seen in Figure 30 where microscopy shows that the resin was layered on the top of the fibres but leaves voids underneath so when the composite more layers the resin from the other layers could fill the voids. 
The hardness tests sadly could not give a comparison between the composite and the metals but did show that the car panel requirements are quite varied between the steel (260 HV/2) and aluminium (35 HV/2); which are both used in car panels. This suggests that the composite does not necessarily have to be that hard to be able to work as a car body panel. 
One advantage that all three materials have is that they are easy to recycle. Steel should be the easiest once the zinc has been removed as it loses little mechanical properties after the recycling process and can be reused in different application. Aluminium has a slightly harder process as it has to be separated from alloying elements before the process can begin. But once it is purified, the process to recycle is simple and cheap before it can be used again. Sisal fibre-epoxy composite on the other hand should be easy to separate and recycle although the fibres do lose 10% of their strength so it is not advisable to use them in car panels more than once.
Another advantage both metals have is that they are easy to manufacture with steel being manufactured by hot rolling to create the product and aluminium being hot formed and then quenched. By comparison, sisal fibre-epoxy composites have multiple methods of manufacturing but, for industry, the resin transfer moulding would be the ideal manufacturing method as it leaves no voids and can be done with multiple types of fibres in different combinations.
Based on this data it is believed that this composite tested with 3 layers of fibre will not work as a car body panel as it is too flexible and will bend under the force of wind while traveling at speed.
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Figure 30: (a) top side fibre mat with no resin, (b) bottom side fibre mat with no resin, (c) top side fibre mat with resin, (d) bottom side fibre mat with resin, (e) aluminium and (f) steel.

[bookmark: _Toc133488029]6 Conclusion:
This report aimed to look at current materials used in the car industry to see if a natural composite could be a suitable replacement for car panels. First the properties, recycling, and manufacturing methods of the metals and composites have been analysed and compared. It is noted that while steel is the strongest metal and easiest to recycle, it is also the heaviest and while aluminium is lighter it is not as strong and can be complicated to recycle due to alloying metals. On the other hand, carbon fibre is the strongest material out of the three but is the hardest to recycle and costly to manufacture. This is why a natural composite was considered as it is nearly as light weight as carbon fibre but whether it has the strength is what the experiment work has tested. To do this, first different manufacturing methods were considered, and the resin transfer moulding was seen as the ideal method. However, due to time and budget constraints the hand lay-up method was chosen, and a sheet of composite was created. This, along with steel and aluminium samples, were tested using 3-point bend machine and hardness testing as tensile and impact tests were not possible to be carried out within the project time frame. After this the results were evaluated, and it was decided that this composite, as tested, was unlikely to be suitable as a car body panel.
Figure 31 above shows the timeline this report followed from start to finish. The chart shows that the literature review was the longest segment other than the research which ties into the review. As the project work started, it became clear that the experiments needed to be broken up into different tests and new samples also needed to be prepared as the first 3-point bend test showed the instrument required different samples. After this, the methodology and results were written into the report followed closely by the evaluation of the results and materials and what possible further work could be done.
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Figure 31: Modified Gantt chart to reflect project.

[bookmark: _Toc133488030]7 Further work:
The original aim was to see if a natural composite was a suitable replacement for current material and while the testing done was helpful, there are other methods that could be considered for future experiments. One possible method is an impact tester as force on a car panel can be sudden so this could be useful to know how a composite may behave under sudden impact. Another method could be a tensile test to measure the tensile strength of the composite. A third thing that could be considered is different manufacturing methods for the composite (e.g., resin transfer moulding) to learn if this affects the mechanical properties. Another thing to consider is different directions of fibre weather there directional or non-directional to learn if this changes the mechanical properties along changing the number of layers that are used during testing. Another future test would be the recycling process with different manufacturing methods and whether the process works on all types or only on some types. Testing other fibres and resin would also be an advisable step in future work as each combination of fibre and resin will generate different properties.
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