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This report will cover the requirements of a material used to construct a piston which would be found in a high-performance consumer sports car. This will be done through discussing various factors such as the application of the piston and environment in which it will need to operate. 

A selection of appropriate materials for the manufacture of the piston will be considered based off the requirements established prior. A final piston material choice will then be made for the purpose of being used inside the engine of a high-performance sports car. 

Following this, acceptable and effective manufacturing processes for a piston constructed from the final material chosen to be used in high-performance sports cars will be discussed. 

In an engine, pistons are attached to a connecting rod using a gudgeon pin. This connecting rod is then secured to the crankshaft which rotates at varying revolutions per minute (RPM) depending on how much the throttle is depressed. In the process of this crankshaft rotation some pistons will be drawn down inside the cylinder, thus creating a vacuum, while the other pistons are returned to their top dead centre position. This vacuum created draws a combination of air and fuel into the engine, so then when the lowered pistons are pushed back up it compresses this air and fuel mixture. As a result, this mixture heats up and becomes volatile at which point a spark plug will ignite it, causing an explosion in the cylinder. This is what forces the piston back down against the crankshaft, thus powering the vehicle. After this, the leftover exhaust gases in the cylinder are expelled when the piston is pushed back up. At this point, the piston is drawn back down again creating a vacuum, and the process is started again. 
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When selecting a material for the manufacture of a part, there are basic material properties to be understood and considered. Once you understand these, knowledge of which properties will be required for the part being manufactured is key to being able to select the correct material which is fit for its purpose. Of these material properties the ones most relevant to the production of a car engine piston, whether an important property or an undesirable one, will be described below. 

The density of a material is responsible for its weight, since it is the mass of the alloy units per volume (Olsen, 2020). The higher density a material has means it will have a greater weight when compared to a lower density material of the same volume. 

Elasticity of a material refers to its ability to return to its original form after the forces against it are removed (Britannica, 2022). The better a material’s ability to do this, the greater ‘elasticity’ it is said to have. 

Hardness refers to a material’s capability to resist indentation, scratching, abrasion or cutting (Olsen, 2020). 

The toughness of a material is its ability to deform and absorb energy instead of fracturing (Iowa State University, Center for Nondestructive Evaluation, n.d.). 

If a material is ductile, it has an ability to deform or stretch without fracturing and will continue to remain in its new state once the forces which deformed it are removed (Olsen, 2020). This is undesirable when considering material to produce a piston as it is needed to retain its original shape and shouldn’t have the ability to be malleable, otherwise it will be unable to perform its function and damage to the engine could be caused. 

Conductivity is how well a material can pass an electrical charge (electrical conductivity) or heat (thermal conductivity) through itself (University of Cambridge, n.d.). Thermal conductivity is important for a piston in a car engine since it needs to be able to pass heat through itself to prevent expansion of the material, and to prevent a decrease in its fatigue resistance. 

Leading on from this, fatigue resistance simply means the ability for a material to withstand cyclic stress over time, from repeated unloading and loading of forces (Balakrishnan, 2010). This is especially crucial when considering the material to manufacture a piston as thermal fatigue and mechanical fatigue play a prominent role in the process of pistons being damaged, according to (Silva, 2006). Similarly, another desirable property is corrosion resistance. This is the ability for a material to resist deterioration caused by oxidation or other chemical reactions (Gopal, 2022). Creep resistance is crucial for a piston in a car engine. This is the material’s capacity to resist deformation when subjected to constant stress, and is typically made worse when subjected to an environment with a naturally high operating temperature, such as an engine (Transparency Market Research, n.d.). 
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In the case of the material used to manufacture a piston used in a high-performance car engine, the piston will be placed under much greater stress than that of a standard car piston. As a result, the properties required will need to account for this, and are as follows:

Exceptional thermal conductivity of the material is crucial so that it can dissipate heat faster. This is due to the high-performance nature of the car which resulting in the pistons being placed under greater stress, thus potentially resulting in harsher heat conditions. Preventing the piston from overheating is very important as otherwise it can cause the lubrication of the cylinder to break down. This would cause greater friction between the piston and the cylinder, damaging them greatly or potentially causing the engine to seize (Rheinmetall Technipedia, n.d.). It could also cause the piston to expand inside the cylinder leading to increased friction, causing the engine to work harder to output the same work as before the piston expanded, reducing overall engine power output. On top of this, due to the increased heat in the piston fatigue resistance would decrease. Material chosen also needs to be able to handle in an incredibly hot environment such as an engine, which can experience heats of between 90 to 105 degrees Celsius (Chevrolet, 2017). However, under extreme stress which high-performance car engines are likely to undergo, this temperature can rise significantly. 

Excellent toughness of the material is important so the piston can withstand higher impact and greater forces produced. If a piston fractures or cracks as a result of not being tough enough the piston will not be able to form the air seal it needs to, as well as the potential opening up for oil to leak into other areas of the engine. This can lead to excessive oil consumption and increased friction in the cylinder. 

Increased durability is also required, such as exceptional fatigue resistance, creep resistance, and corrosion resistance. These are so the piston can resist deformation when subjected to the higher operating temperatures it would be exposed to inside a high-performance engine, and can continue to withstand repeated cyclic stress. 

Lower weight materials would need to be used in order to reduce overall weight of the car. A material would need to be found which has a reduced weight but does not compromise on the overall strength of the piston. 

Furthermore, pistons designed for higher performance will often have different and more complex designs when compared to a standard car piston. As a result, the material will need to be relatively easy to precisely manufacture these more intricate piston designs.  
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Material Selection
Now there is an understanding of what material properties are required to manufacture a piston for a high-performance engine, a comparison between materials can be made to rule out unsuitable ones. 
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Figure 1 (Ansys, n.d.)
Figure 1 compares different types of materials that can be used and their density in comparison to their yield strength. Below there is a summarised comparison between some of these materials and their properties, resulting in a greater understanding of which basic material types may be appropriate to manufacture a piston for a high-performance engine. 


	
	Material types

	
	Wood (example of natural materials)
	Plastic (example of polymers)
	Composites
	Metals and alloys

	Material Properties
	Thermal conductivity
	Low conductivity, natural insulator1
	Low conductivity, good insulator4
	Varies depending on the composite and environment its in8
	Metals – naturally good heat conductors15
Alloys – offer less thermal conductivity than metals16

	
	Toughness
	Weak under compression2
	Some have great toughness, others don’t5
	Can be very tough9
	Metals – can be tough, depending on metal17
Alloys – can be designed to be tougher than metals18

	
	Durability
	Not particularly durable – oils may damage and deform
	Fairly durable – however some plastics would not withstand heat6
	Generally creep resistant10, can have lower fatigue resistance11, do not rust or corrode12
	Alloys are more durable than metals and less likely to corrode19

	
	Weight
	Relatively light, not incredibly dense
	Weight and density vary significantly on type
	Are lightweight13
	Alloys contain fewer atoms – lighter than metals20

	
	Machinability
	Relatively easy to machine3
	Relatively easy to machine7
	Difficult to machine due to nature of structure14
	Metal and alloys can be highly machinable


Figure 2
1 - (naturally:wood, n.d.)
2 - (University of Cambridge, n.d.)
3 - (Gupta, et al., 2019)
4 - (Omnexus, n.d.)
5 - (Curbell Plastics, n.d.)
6 - (Minnesota Rubber & Plastics, n.d.)
7 - (Rosenberger, 2019)
8 - (Mutnuri, 2006)
9 - (Williams, n.d.)
10 - (assemblae, n.d.)
11 - (Jollivet, et al., 2013)
12 - (MAR-BAL INCORPORATED, n.d.)
13 - (DiscoverComposites, n.d.)
14 - (Teti, 2002)
15 - (EDinformatics, n.d.)
16 - (Olsen, 2020)
17 - (Clinton Aluminium, 2019)
18 - (Nickel Institute, 2020)
19 - (Modak, 2023)
20 - (Modak, 2023)
Several material types can now be ruled out based off of the findings displayed in figure 2. Wood offers bad thermal conductivity, is weak under compression and is not particularly durable. Not to mention, wood wouldn’t be suitable to be employed in an environment with temperatures as high as an engine. Polymers lack thermal conductivity and toughness isn’t consistent as it depends which type of polymer is used. Composites can be very tough but can be very difficult to machine. Naturally, this leaves metals and alloys as a potential material to be used to manufacture a high performance engine piston. Examples of specific materials to be considered for use are listed below. 

Cast aluminium alloy is often used to manufacture pistons due to its low cost of manufacturing, competitive strength and being relatively lightweight (Saskarc, n.d.). However, it is not as strong and is prone to corroding more than alternative metals (Yadav, 2022). 

Cast iron is another potential material that could be used. This is due to its low cost of manufacturing and high durability, being able to withstand intensive compression and being resistant to wear (Shafi, n.d.). However, cast iron is heavier than other potential materials which is undesirable when considering its use for manufacturing a piston for a high-performance engine. 

Forged aluminium alloy differs from cast aluminium in the way that it is made. This difference results in it being significantly stronger and more durable while still keeping a relatively low manufacturing cost. Forged aluminium still has great thermal conduction while also weighing less than its cast counterpart (Modak, 2023). An example of an extremely high-performance car which adopts forged aluminium alloys is the Porsche 911 GT2 RS (Porsche, n.d.). 

Titanium has very high strength and toughness, making it a suitable material for piston production. Furthermore, it has good corrosion resistance offering it impressive durability (Total Materia, n.d.). However, titanium offers lower thermal conductivity thanks to it having strong insulating properties (CitySpecialMetals, 2020). It is also amongst the hardest materials to machine, making it difficult to produce a large quantity of complex high-performance engine pistons (Kingsbury, n.d.). 

In conclusion, forged aluminium alloy seems the most appropriate material for the manufacturing of a piston for a high-performance car engine. This is down to its low manufacturing cost, similar to that of the cast aluminium alloy but less than titanium, but its superior strength and ease of machinability when compared to these two. As well as this, it still demonstrates excellent performance in thermal conduction and durability. When this is all put together, forged aluminium alloy seems the superior choice for this manufacturing purpose. 
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The manufacturing process of forged aluminium pistons isn’t very long. It is the production process which is crucial to creating its impressive strength and low weight. 

First, a block of aluminium will be heated and placed into a forging die where it is then impacted and compressed with force so it takes the basic shape of the piston desired (Leadfoot Engineering, n.d.). When producing a large quantity of pistons, in the case of a high-performance piston, typically closed-die forging is used. This is more expensive in the long run when compared to open-die as there is a significant cost to construction of the closed-dies, but ultimately it makes production easier and more efficient in mass (Kuhlman, 2005). 

Following this, the piston is then moved to the trimming process where any excess material is removed to form the final form of the piston. Another benefit of closed-die casting is that it is much more accurate and leaves much less to be done to the piston once it is removed from the die. 
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In conclusion, after considering the properties required for the purpose of the piston to be used in a high-performance car engine, and after considering various materials which could be employed for this, it is clear that the forged aluminium alloy would be the best fit for this purpose. This is down to it most closely matching the criteria for a piston required whilst also remaining low in manufacturing cost and relatively simple to be produced on mass. Furthermore, the utilisation of forged aluminium alloy in many current high-performance cars adds to the justification this is the best material for the purpose of achieving the most performance and reliability possible. 
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