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– Introduction

Pistons are an essential component within a combustion engine, therefore must be designed in a reliable fashion, with minimal maintenance. Most pistons nowadays are made from an aluminium alloy, due to manufacturing costs, profitability, and weight. This was not always the case though, as for a long time, pistons were made from forged steel, making them much more heavy duty at the time, though more expensive, and heavier than its aluminium counterpart.
The design of pistons has changed drastically over the years, developing new geometries and layouts, most of the time, improving the performance of the engine. The process in which pistons are created has also changed over time, originally being cast from molten steel, though this was quickly overtaken by forging. Forging pistons is a superior method, as the molecules of the steel or aluminium, at the crown of the piston are compressed, making the piston denser in that area, therefore better able to withstand the extreme heat of combustion.
Forged pistons usually take longer to produce than cast pistons, as forged pistons require more turning and hand finishing than cast. Therefore, forged pistons are usually only reserved for heavy duty applications, such as performance & racing, where there is more strain on the piston than it would regularly endure.
(Nash, n.d.)
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The ideal properties for a piston are as follows:
Lightweight – The piston must be as light as possible without compromising any structural integrity, as it must move from top-dead-centre to bottom-dead-centre, thousands of times per minute.
Structurally strong/sound – Within the power stroke, the piston must withstand hundreds of kilograms of pressure due to the combustion, and endure temperatures of up to 2500 °C.
Negligible heat expansion – due to the extreme temperatures mentioned above, the piston must not expand or contract too much, or it will cause the engine to seize, or allow exhaust gases to escape past the piston rings, if they are too loose. Both scenarios would be detrimental for the engine. 0.0005-inch-piston-to-wall-clearance on the major diameter of the piston is not uncommon for a performance engine to have.
[bookmark: _Toc98758920]2.1 – Property discussion 
For the piston to be lightweight, yet strong enough to withstand the mentioned forces and temperatures, it needs to be made from a dense material like steel, at the crown where the forces are experienced, but made from a lighter material like aluminium at the base, as to not add extra unnecessary weight.
Therefore, forging pistons is an extremely beneficial process, as you can pick and choose the areas that you want to be dense, and the areas you want to leave as their regular molecular geometry.
Thermal expansion is a tough property to completely overcome, but there are ways of reducing it to a moderate level. 
Pure aluminium has a melting point of 660 °C, which on its own would most likely fail inside an engine, especially in tandem with the forces applied to the crown of the piston. Therefore, other metals are added to the aluminium, giving it superior properties.” It has a high content of copper and Nickel. The piston of this type of alloy has greater strength, heat resistance, resistance to burnout and increased thermal conductivity.” (Mirzaabdullayev, 2020)
Most pistons are cast or forged into an elliptical shape, so that when they reach operating temperature, they expand to a more circular shape, and fit to the cylinder wall with a very low tolerance. This is just one of the ways that heat expansions can be controlled. Another example would be increasing the silicon content in the alloy of the material used, as the higher the silicon content, the less heat expansion the piston will experience. 
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There are many different variations of materials that could be used in the production of a piston, but for performance applications, the clash is between steel and aluminium alloy.
Steel is a very safe option, as it is extremely durable in comparison, but is also around 2.5x heavier than an aluminium alloy. Steel pistons are usually used in heavy duty applications like diesel engines, due to the combustion being much more severe than a regular petrol engine. The steel crown of the piston would be ideal, as it is only a small section of the piston but is one of the only sections that needs to be extremely durable. 
Steel skirts wouldn’t be very beneficial to the overall weight of the piston, though steel is known to expand less than aluminium, meaning a tighter tolerance could be achieved while using a steel skirt, as opposed to an aluminium one.
Aluminium alloy would be a lighter alternative to steel, which means less inertia, but this doesn’t come without its drawbacks. Aluminium alloys can be more expensive to produce, and they can become brittle, and susceptible to corrosion if exposed to high heat for a long period of time. Aluminium pistons have several advantages to steel though, as they are not over-engineered for their use. A regular road car does not need forged steel pistons to drive from point A to point B, so it is more cost efficient to produce the car with cheaper, lighter aluminium pistons that are easier to produce, which in turn is better for the environment. 
When it comes to performance engines, inertia and mass are the two most important values to keep to a minimum, therefore most racing engines prefer to use aluminium alloy pistons. This causes less stress on the crankshaft, the bearings, the connecting rods, and the gudgeon pins. 
Most aluminium alloy pistons are either forged from 2618 aluminium, or 4032 aluminium. The major difference between these two types, is the silicon content. 4032 has around 12.5% silicon content, whereas 2618 has only 0.23% silicon content. This makes a world of difference to the ductility of the alloy, with the 2618 alloy being very ductile, allowing for more malleability. Therefore the 2618 alloy expands around 15% more than the 4032 alloy. (JE Pistons, 2022)
4032 alloy on the other hand, is the opposite, and is extremely wear resistant in comparison, yet is more prone to cracking under high load. This would suggest that the 2618 aluminium alloy is superior, as it is much more reliable and can handle high temperatures for longer than the 4032 alloy.
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(JE Pistons, 2019)
Here we can see that 2618 alloy is superior to 4032 in almost all material testing results, proving its superiority when we compare the data to the discussed ideal properties in chapter 2.
Therefore, the material chosen for the piston will be a forged 2618 aluminium alloy, as it has superior qualities to both steel, and other aluminium alloys. It is the most lightweight alloy that doesn’t compromise strength, ductility, heat resistance, or expansion to the point of seizing.
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The 2618 aluminium alloy on its own would not be suitable for a piston, as it has not undergone any manufacturing processes that will improve its strength, ductility or weight.
Casting the piston would be an option, but as discussed above earlier, forging the piston from a solid block of the alloy will give superior strength in crucial areas such as the crown, while leaving other areas like the skirt with a lightweight volume in comparison.
The piston starts out as a cylinder of alloy stock, which is pre-heated to around 450 °C, and is then pressed into shape with a hydraulic ram, giving the basic shape of a piston head. This process is where the structural integrity of the aluminium alloy is created and is what allows their use in top-fuel dragsters for example, where there are extreme forces being applied to the piston head, skirt, connecting rod, and gudgeon pin.
The piston is then heat treated, to relieve any stresses between the molecular bonds, this process is known as annealing. Once cooled, the piston crown and skirt are machined flat with a lathe, this is where the tolerances must be met, and this is based on the type of material used, as some metals will expand more than others, as explained earlier. Oil holes are drilled in the sides of the skirts to create a film between the piston and the cylinder wall, decreasing friction. Piston ring recesses are also created on the lathe at this stage. After this, the piston has relief holes machined out, to reduce friction, and to reduce weight. Then the piston head is machined to improve the combustion process.
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To conclude, the properties of an ideal piston have been discussed to the extent that based off the requirements, an appropriate material can be selected. The piston needs to be able to withstand forces of up to 65,000 PSI, temperatures up to 2500 °C, and have its heat expansion controlled, to the point where the engine no longer seizes under extreme load.
The material chosen for this was 2618 aluminium alloy, as it gave the best performance figures when looking at studies comparing 2618 to 4032 aluminium alloy. 4032 can be superior, but only in very specific situations, like quiet pistons being a deciding factor. For a more performance-based engine, 2618 is a much better choice, as it is more race-orientated, being lighter, more ductile, and stronger than 4032.
Finally, the manufacturing processes are clear to decide on, forging pistons creates a much stronger crown, which is where most of the energy is being exerted from the combustion. Casting pistons would be a cheaper alternative, but with casting, you sacrifice structural integrity for speed of production and cost. Annealing the piston is also a must for a high-performance engine, as it relieves internal forces, that could cause fatal damage to the piston and or the entire engine.
These factors and parameters come together to build up a piston that is used in many race cars today, as it is strong, reliable, wear-resistant, lightweight, and there are years of progress in design, and datasets comparing pistons to back this up.
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Piston Alloy Specs
Material Characteristics 4032 2618
Tensile Strength 55,000 psi. 64,000 psi
Yield Strength 46,000 psi 54,000 psi
Fatigue Endurance 16,000 psi 18,000 psi
Modulus of Elasticity 11,400 psi 10,400 psi

Melting Point 990 - 1,060 F 1,020-1,180 F




