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[bookmark: _Toc98592852]Introduction 
The piston in an internal combustion engine (ICE) is part of the system that converts the energy from fuel combustion into useful mechanical energy. The extreme conditions the piston is subjected to, such as enormous compressive and tensile loading due to the combustion forces and the inertia of the reciprocating crankshaft and conrod assembly, require it to have particular mechanical properties. This report will explore said mechanical properties and investigate the materials and manufacturing processes necessary to produce a piston efficiently and with the best performance in its given role. 


[bookmark: _Toc98592853]Material Properties
During the design process of any product, it is essential to consider which material properties the component must have or must not have; these could be properties such as corrosion resistance, toughness, wear resistance etc. Some material properties are more relevant than others in terms of piston design. This is due to the unique operating conditions that the piston is subjected to and the specific functions it must perform.
[bookmark: _Toc98592854]Piston function
The primary role of the piston in an ICE is to transmit the gas forces from combustion to the crankshaft by guiding the connecting rod small end in the cylinder, and supporting the side loads due to the rod motion; however, to perform this role efficiently and sustainably, there are other issues to be considered. The combustion gases must be sealed in the combustion chamber as well as possible. Similarly, lubricating oil should be kept out of the combustion chamber. There is also a lot of heat produced during the combustion process that needs to be dissipated to the engine's cooling system. (Manning, 2012)
[bookmark: _Toc98592855]Operating conditions 
The combustion chamber of an ICE can reach staggering pressures and surface temperatures, with peak values hitting 200 bar and 250˚C (Hayes et al., 1993; European Aluminium Association, 2011). These gruelling conditions coupled with the extreme inertia forces caused by the high acceleration during the reciprocation of the piston assembly mean that the piston material needs to have increased fatigue and tensile strength, be extremely tough and retain these properties at high temperatures. 
[bookmark: _Toc98592856]Ideal Properties
While strength and toughness are required for the primary function of the piston (transferring forces). As mentioned above, this is not the only role of the piston. High thermal conductivity is beneficial to the piston as it allows more efficient and effective cooling within the combustion chamber. Thermal expansion is also a factor that needs to be considered; the piston is a precision fit within the bore and, in conjunction with the piston rings, seals the combustion gasses in the combustion chamber; if the chosen piston material expands too much, then the piston could seize in the bore during normal operating conditions. Due to the precision fit and side loads, a material with a low coefficient of friction would be beneficial; this would increase the engine’s efficiency and help reduce heat in the cylinder. “The piston accounts for about 25% to 47% of the power cylinder friction” (Cheng & Akinola, 2017) 
[bookmark: _Toc98592857]Material Selection
[bookmark: _Toc98592858]How materials are selected
In engineering design, material selection is one of the most critical processes; choosing the most suitable material for a component means that less prototyping is required, thus reducing cost by reducing wasted material and man-hours (Bright Hub Engineering, 2009). To arrive at the correct choice of material, there is a flowchart that can be followed:
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The first step in the process is defining the product requirements; this is done by analysing the part and deciding what material properties are required; the properties necessary for the piston were covered in section 2 of this report. 
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Description automatically generated]Once the required material properties have been defined, possible materials that meet the criteria can be selected. This can be done using material selection charts (fig 1).  Material selection charts are created by testing samples of materials and plotting their performance on graphs. Figure 1 - an example of a material selection chart (Shercliff, Ashby, 2016)

Once some materials that meet the criteria have been selected, they can be narrowed down by evaluating factors that may not be directly related to their material properties. These could be ease of machining, cost of the material, and in modern times due to an increased focus on sustainability, recyclability has also become a significant factor. 
[bookmark: _Toc98592859]Piston Material 
The most common choice of piston material is an aluminium-silicon alloy; this is mainly due to the lightweight nature of the material when compared to other options such as steel or cast iron. The high percentage of silicon allows for a lower thermal expansion and increased wear resistance. This does, however, decrease strength (European Aluminium Association, 2011). 
Another common material choice for a piston is steel. Steel has a high fatigue strength which makes it well suited to the ICE due to the repeated loads that the piston is subjected to. The main issue with steel pistons is that they have a lower thermal conductivity than aluminium, meaning that heat cannot be dissipated to the cooling system as effectively, causing overheating issues. This issue could potentially be solved due to improvements in engine oil. (dePrato, 2016)
Cast iron is also a common choice, again for its high strength. But its low thermal expansion rate is its most favourable property; this reduces piston slap, which reduces wear. They are often dismissed in favour of aluminium due to their higher weight; this makes them only suitable in low rpm engines (Hrdina et al., 2018).
















[bookmark: _Toc98592860]Manufacturing Processes 
Any manufacturing process aims to meet the product’s design requirements in the most efficient way possible. Efficiency is beneficial from both a financial and sustainability standpoint (Salonitis & Ball, 2013; Quain, 2018). With such a focus on energy efficiency in recent years, this has become a deciding factor in the choice of manufacturing processes. Each manufacturing process will affect the material properties of the final product, and each method has its advantages and disadvantages (National Research Council, 1995).
[bookmark: _Toc98592861]Casting
Casting is pouring molten metal into a mould cavity of the desired shape (Scallan, 2003). The oldest known metal casting is over 5000 years old, so by now, the operation is well refined, meaning that it is one of the most cost-effective mass-production techniques used today. Casting is highly versatile; items of almost any size and weight can be made and of any quantity making it ideal for small or large production runs (Olsen, 2020). There are some disadvantages; this is not a precision process, so for many parts, like a piston, the rough surface finish and low dimensional accuracy require some machining. Compared to other manufacturing techniques, casting can also be brittle due to the random grain structure created during the cooling process (Seetharamu, Srinivasan, 2012).
[bookmark: _Toc98592862]Forging
Forging is the process of shaping metal into a desired shape by applying localised compressive forces; this can be done cold but is typically done at a temperature where the material is easiest to work. The grain structure in forged items is better aligned than in castings. The additional energy from the forging process recrystallises the microstructure, and any inclusions or voids are crushed out, resulting in a material that is tougher and more durable than a non-forged part (Queen City Forging Co, 2021). There are some disadvantages to forging, such as the increased cost compared to casting. Like castings, forgings do not produce dimensionally accurate parts straight out of the press; they require some machining post-production due to the material contracting when cooling and wear on the tooling after repeated use (Chiles, 1996).
[bookmark: _Toc98592863]Billet Machining
A billet refers to the material used rather than the manufacturing process itself. A billet is the raw stock that is going to be machined. The machining operation is usually performed on lathes and or milling machines, where the material is removed using various cutting tools. Traditionally machining was carried out on manual machines, but with advancements in technology, computer-controlled machines are used; these are known as CNC machines. While machining from a billet reduces the number of operations needed to produce a product due to the accuracy of the machines. A lot of wasted material is seen as a lot of the billet is turned into unusable waste. This waste can be recycled, but this uses a lot of energy. The parts created from billet machining usually have good structural integrity as voids and inclusions are generally not an issue in cold rolled stock that the billets are made from. (Astro Machine Works, 2021)
[bookmark: _Toc98592864]3D printing
Recently, 3D printing has been used to manufacture pistons; there are multiple benefits. The most notable is that more complex designs, such as closed ducting and internal structures, can be realised than other methods (Stappen, 2020). This is down to how the operation works; the material is applied layer by layer until the whole item is made (Bhushan & Caspers, 2017). Some machining is still required after the print due to the bad surface finish and imprecise dimensioning. However, there is still less waste material when compared to casting and forging due to the higher accuracy 3d printing allows. The disadvantages of 3D printing are the cost; the machines are inefficient for anything other than small batch production due to the time it takes to print a part. The grain structure is also not always ideal; the layering process causes a columnar structure which can cause weak spots between the layers (Todaro et al., 2020). 




[bookmark: _Toc98592865]Conclusions
This paper set out to investigate the material properties required for a piston and explore the materials and manufacturing processes that can deliver those properties and still be able to perform in the hostile environment that is the combustion chamber. There are many options for both materials and manufacturing processes, and the manufacturing process has a significant impact on the properties of the material. Each method has its advantages and disadvantages, making them suited for different applications. There is always a trade-off between manufacturing efficiency and performance; a high manufacturing efficiency reduces cost. The application of the piston decides what material choice and manufacturing process is used; in a performance environment, the focus would be less on price, so something like 3D printing may be used to increase lightness. Whereas in an average production vehicle, the focus would be on reliability and low cost, so cast pistons are most likely to be used. 
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