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This report will explore material properties, material selection, and the manufacturing processes for a piston. Material choice of a piston will vary greatly from application to application, if the goal for the piston is a lightweight design, then a low- density material would be preferred (MAHLE, 2016). However, this cannot be the only requirement as the conditions in which a piston operates is also a very high-temperature environment- meaning that the material choice also must withstand high heat thresholds without failing.
In this report, the application of the piston will be for a High Performance race engine. It will consider the application and the environment in which it will operate. In this case, it must withstand high temperatures for long periods of time and be lightweight in order to keep the weight of the car lower to ensure that the car is as competitive as possible. Overall, the material properties required for a High Performance race piston are a balance between high strength, low weight, and good thermal performance.
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As a piston in a High Performance race engine, it must be lightweight, so it must be a low-density material. It must also be strong as it will experience very high forces and loads especially in the combustion stroke of the cycle; the piston must be able to withstand the high stresses and temperatures experienced during the engine cycle without deforming or failing. As a formula one engine can rev to over 15,000rpm the piston must be able to withstand repeated cycles of high stress and temperature without failing due to fatigue. In addition to this, as pistons experience additional frictional forces when sliding and sealing the cylinder, the piston must also exhibit the qualities of being able to resist seizing, whilst having a low friction coefficient, and resistance to wear. (MAHLE, 2016)

The strength properties of light alloys are drastically dependent on temperature, the temperature of the piston can affect the mechanical stress it can withstand. In addition to mechanical stress, the temperature in the piston can also have an adverse effect on the fatigue resistance of the piston. As a result of this, it is important to select a material that can withstand high temperatures. To remedy this issue, it is important to select a material with high thermal conductivity, this is because it will create a uniform distribution of temperature in the piston. 
The overall lower temperature in the piston can also allow a stronger piston that can withstand more load but also have a positive effect on the knock limit and filling ratio. (MAHLE, 2016) Furthermore, choosing a piston material with a low thermal expansion is important. This is because a material with a high thermal expansion rate would interfere with the tolerances of the engine; a piston with a high thermal expansion rate would potentially fit too loosely in the cylinder and would have a ‘clearance’ fit when the engine is cold, this would lead to a loss of compression in the cylinder and blowby which causes low performance in the engine. In addition to this, when the engine is hot and the material expands, it could lead to an ‘interference’ fit where it will fit too tightly in the cylinder and cause wear and damage.
Another essential material property to consider is Young’s Modulus of elasticity, it can be defined as the ratio of the stress applied to a material to the resulting strain in the material, within the elastic limit, or, in other words, the measure of a stiffness of a material. The higher the value of Young's modulus for a material, the stiffer it is and the more resistant the material is to deformation under stress. (The Engineering Toolbox, 2003).
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To select an engineering material it is important to think of the relevant criteria that will influence the decision making process- there are 6 main relevant criteria to consider:
1: Material Properties. This is perhaps the most important factor to consider, the material properties required for a race piston have been considered in the previous section
2: Material Reliability. The chosen material must be able to withstand the entire life span of the piston without failing, in this case, the material doesn’t have to last as long as/ as many miles as a normal road-going car, however, it must be able to function without failing during a race or competition.
3: Safety. The material must be able to safely perform its function. For example, a piston made of a material with a high thermal expansion rate could cause the engine to fail which could be dangerous in certain situations.
4: Environmental Conditions. A piston operates in an environment with extremely high heat and forces from the combustion which act on to the piston.
5: Availability. The chosen material must be readily available in large enough quantities. In the circumstances of a race engine, the quantities required are not very high as only low quantities are required but the must be the option to manufacture more in case they are required.
6: Economic factors. Cost is typically a leading factor in the selection criteria of engineering materials however in the circumstances of a high performance race engine, the cost can be negated in place of the performance benefits a material may bring.
(Academic Gain Tutorials, 2019)
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Figure 1 Ashby, 2007; Ashby et al., 2013; copyright Elsevier
Looking at this material properties chart of Young’s Modulus plotted against density allows some options to be ruled out. Materials such as Foams, Elastomers, Polymers and natural materials do not exhibit a high elastic modulus, meaning they most likely will not be stiff enough for the purpose of a piston in an engine. This leaves Metals, Composites and Ceramics. 
Metals have a high Young’s modulus and typically are good conductors of heat and can be made stronger by alloying and mechanical treatment, but they can remain ductile, meaning they can be manufactured and formed using deformation processes. Unlike metals however, ceramics are brittle as they have no ductility, meaning that under high pressures, for example in a cylinder under combustion, they are liable to fracture- this means they are likely inappropriate as a piston material.
Steel pistons were utilized for the earlier original internal combustion engines, but were very quickly superseded by aluminium, this is because steel, whilst cheap, is heavy and lacks the ability to disperse heat as efficiently as aluminium, this led to the pistons glowing red hot in the cylinders and cracking easily. Steel can only conduct heat only 33% as well as aluminium. (Kevin Cameron, 2019) Whilst the Young's modulus of steel at room temperature is between 190 GPa and 215 GPa (SteelOnCall, 2020), its’ inability to disperse heat as effectively as its alternatives ultimately rules it out as an option for a high performance race piston.
Aluminium, with its high thermal conductivity and lightness, appears to be ideal for a piston, however, when it is not combined with another element to form an alloy, it has low wear resistance and strength. Using this information, it is clear to say that some form of aluminium alloy would be a better choice. An aluminium alloy with a silicon content of <12% would be hypoeutectic, and an alloy with more than 12% would be called hyper-eutectic. Pistons made from hyper eutectic aluminium-silicon alloys exhibit greater wear resistance. (MAHLE, 2016)
The addition of silicon to an aluminium alloy will reduce the thermal expansion rate. This will allow the piston to operate with tighter cold clearances. A piston with a hypoeutectic aluminium alloy composition of 0.18% silicon will expand 15% more than a hyper-eutectic aluminium alloy with 12.2%. This would mean that the hypoeutectic alloy would require a larger piston to cylinder wall clearance when cold to compensate. (JE Pistons, 2017)
Aluminium on its own, unalloyed has a Young’s Modulus of 69 GPa, and a hyper eutectic aluminium alloy, specifically AlSi18, with a Silicone composition of 17.86% exhibits a Young’s Modulus of 84 GPa. A Hypoeutectic aluminium alloy, in particular, AlSi7, with a Silicone composition of 7.04% exhibits a Young’s Modulus of 74 GPa. (Lasagni F, Degischer HP, 2010).
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There are two primary methods of manufacturing pistons for an engine: casting and forging. Casting is the process of taking molten aluminium and pouring it into a mould to form the piston. In terms of pricing, casting will be cheaper however it will not be as strong which would not suit the requirements of a High Performance engine. (DRAGZINE, 2022)
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Figure 2 MAHLE (2016) Pistons and Engine Testing. Springer.
Due to the manufacturing process of forged pistons, they have a more uniform metallurgy. This is due to the fact that forged pistons are formed under compressive force/ pressure from a single piece of metal into a basic piston shape. The Forged piston blank is them machined to very fine tolerances using precision tooling. This extra process of precise machining allows forged pistons to achieve much tighter tolerances than that of casting. As a result, performance pistons are almost always forged. (ITSTILLRUNS, 2022) The extra strength means that forged pistons are more well suited to a motorsport application in which they will experience and endure high RPMs for relatively long periods of time. Furthermore, the durability of forged pistons under pre-ignition/detonation conditions is superior to that of cast pistons. (Hemmings, 2018)
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In conclusion, the most ideal material for a High Performance race engine would be a hypereutectic aluminium-Silicon alloy such as AlSi18 that would be manufactured using a forging process. A hypereutectic aluminium alloy would be the most appropriate choice as the high percentage of silicone (above 12%) allows the aluminium alloy to have far more favourable characteristics such as high wear resistance, which is ideal for a piston that will be revving very high for long periods of time, low thermal expansion rate, which allows the piston to have a tighter tolerance to the cylinder walls. Hypoeutectic aluminium alloys are also very light and relatively strong- the light weight piston material is important for a High Performance engine in order to save as much weight as possible and be the most competitive that they can be. They also exhibit a higher Young’s Modulus of elasticity, meaning they are stiffer than pure aluminium and hypoeutectic alloys.
In terms of manufacturing, forging is the most ideal process. This is because of the more uniform metallurgy that comes from the fact that the piston is manufactured from a single billet of aluminium that is heated and pressed into a basic piston blank. Not only does forging create a stronger product than manufacturing processes such as casting, but it is also more accurate and allows for far tighter manufacturing tolerances due to the fact that the forged piston blank requires CNC machining using precise tooling.
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