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A piston is often seen as the beating heart of the internal combustion engine (ICE) (Zhao, 2012) and is considered the most important component. The piston is a moving, gas tight component that is held in the cylinder of the ICE (Kumar Sonar & Chattopadhyay, 2015). The piston is sat on top of the connecting rod and crankshaft which turns reciprocal movement into rotary movement (Singh et al., 2020). It does this to rotate the crankshaft which in turn powers the vehicle allowing you to drive it.  During the piston cycle, the piston is subjected to high pressures up to 8 MPa and gas temperature may reach 2,500°C (Dudareva et al., 2017) which is why it must go through a vigorous testing process to find the material with the correct material properties to withstand such conditions. 
This report will discuss the requirements that the piston will have to meet, and materials required to allow the piston to maintain its structure and role in the harsh environment of the internal combustion engine. The aim it to select the most appropriate material for the piston given the properties and decide on what the most suited manufacturing process would be. 

[bookmark: _Toc130071601]Section 2: Material Properties
The pistons environment consists of high pressures (2.33kPa) and high temperatures (around 80˚C) in an engine running at 2000rmp, therefore it is prone to thermal and fatigue degradation. (Jeong, 2012). Some common material properties that can be linked to the process of designing a piston are toughness, fatigue, creep, thermal conductivity, corrosion resistant and strength (310MPa) (Jeong, 2012) (Chougule & Khatawate, 2013). Toughness is a material property which enables the piston to withstand shock or impact from inside the ICE. Toughness is required for most safety-critical applications where lower-strength, higher-toughness materials are preferred (Ritchie, 2011). Fatigue is the varied or repeated straining action which causes the strain or break of the materials which can cause failure in the component (Forrest, n.d.). Creep is plasticity that increases with temperature at a stationary stress rate over time, it deforms the material without fracturing it (Nihon Kinzoku Gakkai et al., 2012). Additionally, Thermal conductivity and corrosion resistance are the rate at which heat passes through the specified material and their ability to withstand the deterioration and chemical breakdown when exposed in certain environments (Pelleg, 2013). Lastly, the strength of a material is the result of how closely packed the lattice is inside the material, allowing the material to resist deformation by an external load (Oda, 1977). 
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In order to select the most appropriate material for manufacturing the piston, a range of materials must be taken through tests which will identify the ideal properties e.g., compression testing. The correct material must be selected to ensure the safety of the component and the prevention of it failing. Also, cost plays a factor as metals like titanium are very strong but are also very expensive (refer to figure 2), (Chatterjee & Chakraborty, 2012; Mardalizad et al., 2018). Once testing has been completed and the material with the ideal properties for a piston has been identified (such as heat resistance, toughness, strength, and corrosion resistance), then the design and manufacturing processes can begin.
 A metal alloy is a substance that combines more than one metal or mixes a metal with other non-metallic elements (What Is an Alloy?, 2021).   Magnesium and aluminium alloys have a wide range of applications that are used heavily in the automotive and aerospace industries due to their versatile nature of mechanical properties (Singh et al., 2020). This includes their ability to be moulded to specific shapes, being corrosion resistant, and they can withstand high temperatures. These hold the ideal properties for the piston due to the intense working conditions in the ICE. 
Magnesium (Mg) alloys are the most likely to resist dents and less likely to cause dents due to their ductility, absorption of vibration as well as their corrosion resistance meaning it is a suitable material for a piston. However, they have a relatively low strength of around 100MPa and a low stress/strain value at 300GPa meaning it’s a more flexible material. It also has low plasticity and has a higher degradation rate compared to other alloys, more likely to break e.g., aluminium alloys, which prevents them from having uses in large scale operations (Song et al., 2020). 
Aluminium (Al) alloys are widely used across the automotive, aerospace and construction industries due to them having favourable properties such as high strength-to-weight ratio, ease of fabrication, high degree of work ability, and considerable ductility. As well as this, other favourable properties include excellent thermal conductivity, high corrosion resistance and an attractive appearance at their finished product. The strength of Al alloys is around 300MPa and a young’s modulus of 80GPa. This shows that it is very resistant to any stress or strain that may be caused. For these reasons they are the alloys that are used when manufacturing pistons as the properties match the environmental requirements of a piston (Georgantzia et al., 2021). 
Titanium (Ti) is another alloy which has been largely used in aerospace because of its combination of high strength at around 900MPa, which is maintained at an increased temperature, its fracture resistant characteristics, and the resistance to corrosion. It is the main metal present in the jet engine due to its properties listed above (Peters et al., 2003). The change in temperatures from ground level to higher altitudes will change a lot which is why titanium alloys have been the preferred alloy of choice. These properties are also required for designing a piston meaning this is another suitable material (Yamada, 1996). However, the use of titanium alloys has declined due to new alloys being developed e.g., aluminium alloys. These new alloys are better suited due to more availability and lower cost to produce (Dursun & Soutis, 2014).

[image: Diagram

Description automatically generated]
Figure 1 – The strength of metal alloys against the young’s modulus.
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Figure 2 – The price difference against young’s modulus of metal alloys.

From the data given and the graphs above, the metal alloy that is best suited for the piston whether it be in the automotive or motorsport industry is the aluminium alloy. This is because of the alloys having a high strength and high young’s modulus in addition to the properties listed above which allows the piston to perform more efficiently. Aluminium has been selected over titanium due to titanium being more costly at around £30/kg in comparison to aluminium’s £2/kg. The specific aluminium alloy is 4032 Al-Si alloys which already have been used in motorsport applications. The alloy is known for having good machineability, ability to be welded, use in cold and hot temperatures, good durability and is lighter than other Al alloys (High Performance, 2021).
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There are 2 main types of manufacturing processes used to produce a piston, forging and casting (Kang & Ostrom, 2008). In forging, the raw material is plastically deformed, the materials ability to be permanently deformed, into a complex shape to suit the customers’ requirements (Altan, 2005; I Taylor & Society Yarrow Professor, 1934). Forging can occur at different temperatures for instance, at hot (800 ˚C) and at cold (20 ˚C) temperatures (Nahrmann & Matzenmiller, 2020). When some materials are forged at cold temperatures the final product will be stronger compared to the material being hot forged. However, not all materials can be cold forged as some need a much higher temperature to prevent the material from cracking and or breaking (Hsu & Lee, 1997). Forging at a much higher temperature is done because the metal is more ductile and easier to mould therefore, more complex components can be made. However, metals can become warped as they cool from the hot temperatures and therefore may not be dimensionally accurate (Altan, 2005). According to Atlan. (2005), forging is commonly used as it produces ‘’mechanically superior’’ components with low product wastage which is good for economic reasons. The forging process is accomplished by hammering or pressing the metal. The tooling required for forging is relatively expensive and therefore, it is preferred that the component being forged is ordered in a batch or mass order (Rathi & Jakhade, 2014) Cold forging is the better choice for aluminium because in cold forging the part doesn’t have to be heated which saves on money and time. Also, cold forging Aluminium alloys will give the product a stronger finish than if it were hot forged according to Hsu & Lee. (1997).
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The other method of manufacturing a piston is casting. In casting, a mould is made of the desired shape of the component. Molten metal is then poured into the mould and left to solidify which produces the component (Karl & Rundman, n.d.). There are 3 types of casting which include sand casting, die casting and investment casting (Sai et al., 2017). Sand casting is making a mould of the component on the two sand beds, placing them on top of each other so the mould is on the inside. The molten metal is the poured through the feed hole at the top. The sand mould is taken away once the part has solidified (Hawaldar & Zhang, 2018). Die casting is similar to sand casting but the moulds are made from steel rather than sand. The steel mould is lubricated before the process begins so that the part can be removed after without. The process involves injecting molten metal into the mould at a high pressure and then allowing it to solidify (Pinto & Silva, 2017). Lastly, the investment casting process includes dipping a wax mould into a ceramic coating. The wax then melts away at a high temperature to allow the ceramic coating to become the mould. The ceramic mould can be injected with molten metal and allowed to solidify before breaking to get the component (Sai et al., 2017). Casting has been a widely used process for centuries and is known for its ability to produce components with very good surface finish, accuracy of dimensions and complex shapes (Pattnaik et al., 2012). For the Al alloy, die casting is the most suitable method due to the complex shape of the component. The product of the die cast produces a lightweight part without sacrificing the strength of the material (Hangai et al., 2014).
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During the manufacturing process of any product, the product will go through a variety of stages before being ready for use. Each of the stages will provide altering finishes to the component until completed. One very important stage for designing any component is the quality check. This is to ensure that all products are made to the highest standard and will not suffer any failures. Control of every stage is necessary to verify that specific quality level is being maintained (Kaya & Engin, 2007). The processes involved in producing the final product can be briefly explained by Lal et al. (2013) as follows:
1. Seat machining which is performed for clamping of pistons.
2. A machining operation of rough grooving and turning.
3. A pinhole boring machine is used to make pin holes on the piston for the gudgeon pin.
4. An oil hole is drilled.
5. A grooving machine is used to give finishing to rough edges.
6. Lastly, the piston is formed into an oval shape to overcome expansion problems.
The piston will be manufactured using cold forging techniques for several reasons. The first being that forging takes less time to produce the part than if it were casted. This is because of the time taken for the cast to be solidified. The quicker manufacturing time means that more parts can be made which makes it more economical. Also, the part doesn’t have to be heated until molten or to hot forging temperatures which saves on money and time. Another reason for cold forging is that cold forging Aluminium alloys will give the product a stronger finish than if it were hot forged. This is due to the grain of the material being rearranged to the point where weaknesses are eliminated (Bay, 1997).
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Overall, the report concludes that the 4032 Al-Si alloy is the most suitable metal for a piston because of the high strength, ease of fabrication, ability to be worked, ductility nature, high thermal conductivity and corrosion resistance. These properties are ideal which is why the Al alloy is also favoured over other alloys because of its resistance to elastic deformation, low price, and high stress/strain values. Other materials considered were magnesium alloys and titanium alloys. However, Mg alloys weren’t strong enough, have a low stress/strain value and high degradation which made it unsuitable for the piston. Ti alloys had very similar properties to the Al alloys but came at much higher price at around £30/kg in comparison to the £2/kg of Al. Therefore, the best suited alloy for the manufacturing of the piston was the Al alloys. The two manufacturing processes both produce strong components yet cold forging is best suited for the time taken, economic reasons and the increased strength of the material from being cold forged. Ultimately, cold forging was the best process that produced the best results (Hsu & Lee, 1997).   
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