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[bookmark: _Toc130153334]Introduction

This report is on the properties, selection and manufacturing processes of different materials that can be used for a piston in an engine. The engine is a 4-cylinder 1600cc ford Eco boost engine from the M-sport ford puma rally car. 

[bookmark: _Toc130153335]Matiral properties 
the environment and use of the engine will determine the material properties that need to be met to ensure the piston functions properly. An engine that is used in a consumer car will generally see smaller loads as they will run at lower engine speeds and only seeing up to 4000RPM (ref). In performance cars such as rally cars, F1 cars and endurance racers the engines will be running up to the red line constantly. In the current generation f1 cars they are electronically limited to 15,000RPM, this puts allot of strain on all of the engine components especially the piston as this is what experiences allot of the forces within the engine (F1 chronicles, 2022). In performance cars the material selection is very important as the piston has to withstand higher forces than a road going car as well as having to be lighter and made to allot tighter tolerances. Cars such as rally cars or endurance cars will also be running for allot long periods of time under different conditions and having allot less service time. This means that the materials selected will have to be able to withstand high loads for long periods time. 
For an engine in a rally car they have to be used in all conditions under significantly increased pressure loads form turbos and have to survive on very limited servicing from mechanics whilst providing a performance advantage. Therefore, the material for the piston will have to meet certain criteria (ref).
· High Strength: Rally car engines produce high power output, and the pistons must be able to withstand the high forces generated by the combustion process without deforming or failing.
· Low Thermal Expansion: The pistons must have low thermal expansion to maintain tight clearances between the piston and cylinder walls over the wide range of temperatures experienced during engine operation.
· Low Friction Coefficient: The pistons must have a low friction coefficient to minimize drag and improve engine efficiency.
· Corrosion Resistance: The pistons must be resistant to corrosion caused by combustion gases, water vapor, and other corrosive elements to prevent engine damage and failure.
· Good Wear Resistance: Rally car engines operate under extreme conditions, and the pistons must be resistant to wear and abrasion. 
Figure 1 shows a World Rally Championship (WRC) car in some of the conditions where particulates can gain access into the engine and cause damage.

[image: Alexandre Coria]
[bookmark: _Toc119483351][bookmark: _Toc130153407]Figure 1 image of the conditions that a rally car could face. (WRC, 2021)
There are also several properties of the material being used for the piston in an engine that the material will have to meet. MAHLE (2016) highlight these criteria as
1) adaptability to operating conditions
2) seizure resistance and simultaneous running smoothness
3)  low weight with sufficient shape stability
4)  low oil consumption
5)  low pollutant emissions values
6) lowest possible friction losses
certain material properties will help to meet the criteria. 
Materials with a low rate of thermal expansion will have smaller amounts of expansion under a thermal load. This will help to reduce the friction between the cylinder block and the piston skirts that surround the piston. As a result of this the efficiency of the engine would be better as well as the seizure resistance and simultaneous running smoothness. 
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Description automatically generated]figure 2 shows the temperatures that can be found in a piston. In the combustion chamber the combustion of the air fuel mix can reach a temperature of 2,300°C which can heat up the head of the piston up to 301°C. the material of the piston will have to have low enough rate of thermal expansion to not cause to much friction between the piston and the cylinder wall (MAHLE,2016). The material chosen will also have to keep its strength under elevated temperatures and be able to dissipate heat effectively by having a high thermal dissipation. [bookmark: _Toc130153408]Figure 2 shows the thermal load on a piston (MAHLE,2016)



The Young’s modulus of a material uses the ratio of the stress and strain of the material to represent how easily it can stretch and deform and is defined as the ratio of tensile stress (σ) to tensile strain (ε). Using the elements, a graph can be used to show how a material will act under varying strain and stress. 
[image: ]Figure 3 shows the different points on a stress strain graph where a material will act in a different way.  Until the yield strength has been reached a material will act like according to Hooks law and return to its original shape and dimensions. After the yield point, the material will start to behave plasticly and will permanently deform its shape. The ultimate strength point is the highest stress the material can take before the part will start to fracture of buckle. [bookmark: _Toc130153409]Figure 3: young’s modules graph
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Description automatically generated][bookmark: _Toc130153410]Figure 4: young’s modulus graph for different materials

Figure 4 shows the graphs for different types of materials. Materials such as plastics will be able to take allot of strain in the material but will have a low ultimate strength and therefore snap or permanently deformed with a low amount of stress. Materials such as steels or other metals will be brittle. They have a very high ultimate strength but will only have a very small amount of strain. This causes metals to snap without deforming much when the forces get to the ultimate strength. 
In an 4 stroke petrol engine the pistons can see forces of 6.0 to 9.0 MPA so the pistons material will have to have the right stress and strain properties to not deform under these loads (MAHLE,2016). In M-sports Ford Puma Rally1 car they use a 1600cc turbocharged engine along with a hybrid system(M-Sport,2023). the turbo can add up to 60psi if boost to the engine. This can increase the force outputted by the combustion process to 9.0 to 13.0 Mpa (MAHALE 2016). This requires the piston to be able to withstand high forces at high temperatures. Therefore the material that would be used will need to have a high ultimate tensile strength point to be able to handle the increased forces. 
In a competitive race car the weight is a massive performance advantage if it is as light ass possible this includes the engine components as well. Using lightweight materials will allow for the car to be faster and handle better. In addition to this an engine can accelerate the piston above 25,000 m/s2 so using lightweight materials will reduce the inertia forces in the engine(MAHLE,2016). In the 4 cylinder ford engine used in the sport rally car using lightweight materials will massively improve the performance of the car and reduce the vibrations that are generated by the high rpm engine.

[bookmark: _Toc130153336]Matiral selection 
This section will look at the specific materials that would be suitable for use in the Ford Eco boost engine used in M-sport rally car(M-Sport,2023). using material graphs it is easy to eliminate certain materials that don’t meet the necessary requirements.
[image: ][bookmark: _Toc130153411]Figure 5: materials selection graph







Iron alloys (Steel) with a carbon content of less than 2% are used to manufacture for several reasons (MAHLE 2016). The first is there manufacturability, when they are heated they become more malleable and therefore become suited for hot forming such as fording or roll-burnishing. When the steel is rapidly cooled from 850 oC it dissolves the free carbon atoms into the crystalline lattice. This increases the distortion in the lattice of the material. This is translating into increased hardness and strength although results in increased brittleness. A common type of steel that is used in pistons is J431 automotive Gray cast iron, SAE grade G2500. Table 1 shows the contents of this type of steel. (Matweb)
	Element
	% contents 

	Carbon, C
	3.2-3.5%

	Iron, Fe
	93%

	Magnesium, Mn
	0.6-0.9%

	Phosphorus, P
	0.12%

	Silicone, Si
	2.0-2.4%

	Sulphur, S 
	0.15%



This type of steel alloy has a density of 7.15 g/cc and an ultimate tensile strength of 175MPa this can handle the turbo charged engine force of 9.00 to 13.00MPa. the rate of thermal expansion is 14 µm/m-K which is low which suits it as a material for the piston (Makeitfrom.com 2021). Using this type of steel for the piston would also reduce the amount of were from abrasion of any particulates that can find there way into the engine The problem with using this type of steel in an engine is its weight and the fact that the iron used in the alloy can react with the oxygen used in the combustion process. this can deform the shape and compromise the strength of the piston. Due to weight and other properties of the steel alloys there would be better materials suited for a performance engine. Using lighter materials will allow for the engine to run more smoothly at the higher RPMs as well improving the performance and handling of the rally car. 

The most used material in all types of cars use a type of aluminium alloy in the pistons. Allot has been done to enhance the properties of different types of aluminium alloys which has increased the cost and time to manufacture nut in a motorsport setting a cost benefit analysis would show that weight being saved and increased engine performance would be worth the cost. In addition to this racing teams have big budgets to build only a limited number of cars compared to making cars for the masses where the cost of manufacture needs to be kept low. 
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Description automatically generated]The alloy M-SP25 was created and used by Mahler and is targeted at performance engines. Below are the elements that make up this alloy.





[bookmark: _Toc130153346]Table 1: table of contents of elements in different MAHLE alloys
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Description automatically generated]Table 3 show the mechanical properties of the M-SP25 alloy. The ultimate tensile strength at 300oC is 75-150 MPa which is lower than steel but still can cope with the loads of a turbocharged engine. The thermal conductivity is also high than that of the other alloys. This allows it to dissipate heat at a greater rate than the others, this quality would make it useful in an engine that has to run at maximum for a long time. The alloy has a density of only 2.77 g/cm3 which makes it allot lighter than the steel alternatives. This would allow the engine to run smoother and therefor cause less were on the other engine components. [bookmark: _Toc130153347]Table 2: table showing mechanical properties of different MAHLE alloys.

Mahala also provides a relative wear rate for there alloy pistons. Whilst the M-SP25 alloy has the highest wear rate of 1.3 its other qualities make it a better choice for the car. in addition to this racing teams will have the money to be able to replace the pistons and other components once their service life is over and even before that so that they are running at maximum performance at all times.
To increase the mechanical load limits of aluminium alloys ceramic fibres can be used and infused into the aluminium. The thermal conductivity and increased density can be seen as compromises to the performance piston but the increased young’s modulus and thermal expansion coefficient is seen to offset this. 




[bookmark: _Toc130153337]Manufacturing processes 


The most common manufacturing process is gravity die casting which uses a die of the piston and then molten metal is then poured into it. This whole process can be automated allowing for mass produced components. High density and high-quality components are both achievable by this manufacturing process which is important for a piston which will need to be both strong and made to tight tolerances. However, the finished product from the mild dose have to go through Prost manufacturing processes to cut off the excess materials from the injection channels. 

[image: ][bookmark: _Toc130153412]Figure 6: casting process (2018)







Forged pistons are most commonly used in performance cars due to the higher strength aluminium billets which results in higher strength pistons. Isothermal hydraulic presses are used to accurately control the temperature of the alloy when it is being forged this allows for better quality components. The forging process uses a die of the piston which an alloy puck is placed into, it is then heated to a certain temperature as a press pushes it down into the die. The alloy puck then fills the die and takes its shape. The piston then is heat treated where it is rapidly cooled then heated to relive any stress in the mitral. The final step is for Prost processing where the pistons are put through a CNC machine to ensure quality. This post processing of the piston is more extensive that in the casting process which contributes to the higher cost of forged pistons. Forging pistons also happens on a much smaller scale due to the cost but is more suited to race cars as there made in limited amounts. 
The forging process increases the strength and durability of the pistons which allows them to be used in engines where they are handling allot of power and therefore are favoured by engineers designing race engines. 

[image: How Yamaha's Forging Technology Has Evolved | Yamaha Motor Co., Ltd.]
[bookmark: _Toc130153413]Figure 7: Forging process (2021)

[bookmark: _Toc130153338]Conclusion 
To aim of building an engine for a rally car is to make it so that it will last the race whilst extracting the most performance from it. Therefore, the right materials need to be chosen, the evidence shows that using aluminium alloys like the M-SP25 from MAHLE will give the greatest benefit to performance and are suitable for forging which will enhance their mechanical and thermal properties. In addition to this using additives such as ceramic fibres further adds to the performance ability to the engine. As a material has been selected the next stage would be to design the piston. This is another crucial step as design the piston with strength and cooling in mind could then effect how it performs. 
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