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Technical report on required material properties and manufacturing processes for a high performance piston.
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Introduction.
The piston is a critical component of all internal combustion engines (ICE). Its job is to convert the energy from the fuel and air mixture to turn the engine over. All pistons are subjected to high amounts of gas pressure created from the fuel and mixture, however, pistons that are required for high performance racing engines must endure more force for longer periods of time. This means that they must be made of a material strong enough to endure the heat produced from the engines combustion. They must also be able to withstand the extreme amounts of gas pressure and force that the engine creates.
In this report, I will be researching material properties that would be required for a high performance engine. Once the required material properties have been identified, there will be a final choice for the required material. Following this there will be a manufacturing process selection in which the ideal manufacturing process for the piston will be chosen. 






















Material properties.
· High performance engines are subjected to extreme temperatures, because of this it is required that the material is able to withstand the extreme temperatures.
· The high performance piston is also subjected to extreme levels of pressure. The material must be able to withstand the levels of pressure that the piston is put under.
· The material must be durable enough to withstand extreme heat and high levels of pressure for extended periods of time. This means that the material must be durable enough in order to withstand fatigue.
· The material mustn’t flex or deform in any way as this would be catastrophic for the engine as many of the components in the engine are manufactured to such low tolerances that if anything were to go over these tolerances there would be a failure.
· Many engines that are used in motorsport are interference engines, meaning that the inlet and exhaust valves drop below top dead centre. This is okay when the engine is working correctly but if the piston were to separate from the connecting rod or deform in any way, it would result in failure.
· When materials are subjected to extreme temperatures, they tend to expand. If the piston expanded too much it would seize to the sides of the engine block causing a mechanical lock of the engine.
· The combustion of the engine can often punch holes through the tops of the pistons if the material is not able to withstand the pressure. If this were to happen, there would be an engine failure.
· The material must be light enough that the reciprocating mass of the piston does not damage the crankshaft. Heavy pistons can reduce the effectiveness of the engine by reducing the rpm. Having a heavy piston makes it incredibly difficult to balance the engine and allow it to rev smoothly.














Material selection.
· Many race engines of the modern day tend to use aluminium alloys due to how lightweight the are and there ability to withstand the heat and force of the combustion.
· Materials such as 4032 and 2618 aluminium alloys are often used throughout the motorsport industry.
· 4302 Aluminium alloy has a silicon content of 11 – 13%. This high silicon content makes very wear resistant and lighter, however, the higher levels of silicon in the alloy reduces the overall malleability of the material. This makes the material more challenging to manufacture and reduces the number of manufacturing processes that could be used to make a piston.
· As well as having high levels of silicon in the alloy, there is also a high level of nickel in the material. This makes the material very resistant to thermal expansion. As well as its ability to withstand thermal expansion it increases the overall mechanical strength of the material.
· 4032 aluminium alloy offers the highest levels of tensile strength among the 4000 series of aluminium.
· With this alloy however, there is speculation that the added nickel can cause corrosion and pitting on the surface of the piston. This would be less than ideal for a road car engine, however the lifespan of a race specific components is much less than a road far engine.
· 2618 aluminium alloy is another very commonly used material for this application. It offers a much lower silicon content which improves the materials malleability. This can often benefit the material when it is under high load or high stress applications. 
· The lower silicon content (0.25%) of 2618 alloy increases the overall linear expansion of the material, meaning that it would require a larger machining tolerance.
· 2618 aluminium alloy has a much better fatigue life due to its lower silicon content. Compared to the previous alloy (4032), the low silicon content allows the material to be more ductile and less prone to cracking, giving it a much longer life span.
· The 2618 alloy also has a better high temperature strength when compared to the 4032 alloy.
· 2618 aluminium alloy has a tensile strength of 64,000 PSI. When compared to the 4032 aluminium alloy (55,000 PSI) we can see that the 2618 has a significantly higher tensile strength.
· The 2168 alloy has a lower modulus of elasticity which means it deforms easier than the 4032 alloy. Where 4032 requires 11,400 psi to permanently deform, 2618 will only require 10,400 psi. This is due to its lower levels of silicon making it more ductile and malleable.
· Melting points are a key factor when deciding what material to make a piston out of. If the melting point of the material is lower than that of the combustion. The tops of the pistons would melt inside the combustion chamber. 2618 alloy has a higher melting point than 4032. It will require between 990-1060 f to melt 4032 alloy where 2618 will require between 1080 – 1180 f in order for the material to melt.
· The fatigue limit of 2618 is significantly higher than that of the 4032 alloy. Under cyclic loading, 4032 will start to fatigue and fail after 16,000 psi where as 2618 will be able to endure cyclic loading up to 18,000 psi. 
· Pistons can also be coated in ceramics, oil shedding compounds and low friction compounds such moly dry film. These coatings will help pro-long the life the piston when it is in demanding conditions such as a high performance engine. (See fig.1).
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Description automatically generated with medium confidence]Fig.1 Forged piston with ceramic coating (crown) low friction coating (skirts).
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Description automatically generated]Here we can see that according to Youngs’ modulus, aluminium and the other metals that make up the 4032 and 2618 alloys are among the stiffest materials and are relatively cheap when compared to titanium or other metals that would suite the piston.

Fig.2 Youngs’ Modulus.


For the application of a high-performance piston, there are two materials that manufacturers will tend to use, 4032 and 2618 aluminium alloys. Both of these materials have their own advantages and disadvantages. However, it is clear that 2618 is a more appropriate material for this application. Its ability to endure cyclic loading at 18,000 psi which is significantly more than that of 4032, allows it to be used in much more demanding situations such as that of a high-performance race engine.
The significantly lower levels of silicon in the material also allow it to be much more ductile than that of 4032. This helps it to be more resistant to cracking or shattering. 
The higher percentage of nickel in 4032 can lead to corrosion on the surface of the material as well as pitting.
2618 will be the final choice for the material of the piston. It has been chosen because of its mechanical properties and the advantages that they bring. The benefits of having a lower silicon content outweigh the benefits of having a higher silicon content. The higher silicon and nickel content gives the material more wear resistance, however, it also results in the material being less malleable, less ductile and prone to cracking and shattering because of its brittleness. 2618 creates more noise when the engine is cold compared to that of its counterpart, however, in motorsport, the coolant and oil are both preheated before the engines start to turn over so this has no leverage over the final material choice.

Manufacturing processes.
Forging
Forging is the controlled deformation of a material into a desired shape by a compressive force. This controlled deformation can result in the material being much strong and more durable than that of the non-deformed material.
To forge a piston, first, a forge blank must be made. Rough metal is forced into a rough shape using hundreds of tons of pressure and a specialized die that is specific to that piston. This can make the process very expensive as each die has to be specially made to forge the piston. The forged billet or blank as well as the forge die is heated up to between 700 and 800 f. The forged billet is placed into the forge die. These two components are then placed into the press. The press will bare down onto the forge blank with roughly 1000 tons of force. This shear force pushes the blank into the die forcing it to take the shape of the die. (See fig.5)
After forging the rough edges that are left over from the excess of material need to be machined down or removed. The edges around the bottoms of the skirts and the tops of the crown have to be machined to ensure that the tolerances are accurate and precise. After this, the metal is heat treated. (See fig.4)
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Fig.3 Piston being machined to desired size and fit.

Although it is much more expensive than casting a piston, forged pistons are considerably stronger than that of a cast piston. The forged pistons are much stronger as they hold their original grain structure. see fig. This is what allows the material to be used in high-horsepower engines.
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  Fig.4   pistons being heat treated.                      fig.5 hydraulic press used for forging
Casting.
Casting is significantly more common when making pistons for engines that are designed for the road. This is because of their cost-effectiveness and how long the process takes. More pistons can be produced in less time when they are cast. However, casting a material can make it incredibly brittle and fragile. This is less than ideal when the piston you are making will be required to endure huge amounts of gas pressure inside the combustion chamber. Pistons that are cast from molten metal lose their grain boundaries as the material they were made from was previously liquid (see fig.7). This is what gives cast materials their brittleness. As well as brittleness, casted aluminium can also bring high operating temperatures and high strength and stiffness-to-weight ratio. All of these factors make it ideal for road cars, however, its brittleness makes it prone to cracking.
All cast pistons will require a specific silicon content between 10 – 12%. This is known as the eutectic point. When this silicon content is increased to between 16-18%, you can produce a much stronger cast piston. These pistons are known as hypereutectic pistons and can withstand much higher horsepower outputs than their low silicon content counterpart. Hypereutectic pistons are typically used in road-going sports cars as they can handle the additional power.
Cast pistons are made by smelting down the aluminium and pouring it into a mould of the desired piston (see fig.6). As the liquid is left to cool off it will start to solidify forming the shape of the piston. This rough piston is then machined down to create smooth edges and the final size of the piston.
[image: Different Types of Casting Processes used in Manufacturing] fig.6 molten aluminium being poured into a cast of a piston.
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Fig.7 How grain boundaries are affected by different manufacturing processes










Conclusion.
In this report, factors that are needed to be taken into account when producing a piston for a high-performance engine. These factors include the material properties specific to a high-performance piston. The material that would be used to make a piston for such a specific application. As well as this, the manufacturing processes that would be used to create the piston.
It describes why an aluminium alloy has been chosen for the production of the high-performance piston. Going in-depth about the pros and cons of the two most commonly used aluminium alloys in the motorsport industry. It entails why 2618 aluminium alloy has been chosen for the material of the high-performance piston. As well as this, manufacturing processes have also been outlined and described. The chosen manufacturing process has been distinguished by explaining how each of the manufacturing processes works and how the finished products can be different from each other.
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