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Introduction

A piston is an essential component of an internal combustion engine and its job is to convert the energy created from the fuel and air mixture igniting into kinetic energy as well as sealing and shaping of the combustion chamber. The life of a piston in a racing engine is a very difficult one as they are repeatedly exposed to incredibly high gas pressures in the combustion chamber, repeated change in direction as it moves up and down at high rpm and high temperatures for long periods of time. This technical report will investigate the material properties of a high performance racing piston for it to function, the material selection of these pistons to get the highest power numbers possible and the manufacturing processes used to get the required properties for its application.



Material Properties

Due to the harsh environment a high performance piston lives in, they need to be lightweight to minimise the inertia forces, able to withstand very high pressures without deforming, able to function at a high temperature and have low metal fatigue. These material properties can be achieved by choosing the correct metal alloy to make the piston from and the best manufacturing process to turn a cylinder of metal into a piston. As the piston in this report is for high performance racing use only, properties such as cost and ease of mass production will not be considered as strongly as to not compromise the overall quality and strength of the piston.

As the mass of a piston is a major factor, metal alloys consisting of aluminium, titanium and magnesium come to mind, however, magnesium is flammable and can catch fire, so it would not survive with the sustained high temperatures of an engine and titanium, although it is incredibly strong, has poor surface abrasion and tends to gall other metals when in contact, which would wear out the cylinder bore very quickly and could seize in the engine, making it not suitable for use as a piston.

Aluminium alloys, on the other hand, have been the only alloys used in high performance racing engines successfully. This is because aluminium is lightweight, has a high thermal conductivity and is very easy to cast, machine or forge. Aluminium alloys have been the gold standard for pistons and have been used in top fuel dragsters and formula 1 cars. The alloys used are comprised of 85-95% aluminium with the remainder coming from silicone, copper, magnesium, nickel and iron, however alloys including up to 30% beryllium have been used successfully in Formula 1 in the past as beryllium has a Young’s modulus of 300GPa, making it very strong and is also very stable at high temperatures, however the use of beryllium was banned due to the extreme cost to manufacture and the safety hazards it posed to the factory workers as it creates a carcinogenic dust in the manufacturing process which is damaging to breathe in (Collantine, 2007).










[image: Ross Racing Pistons Piston Coatings For High Performance Racing]Aluminium alloy pistons can also be coated with different materials in order to improve its performance in certain areas. Ceramic coatings can be used on the piston crown to reflect heat away from the top of the piston to prevent hotspots. Moly dry film coatings can be applied to the piston skirts to reduce wear and friction, improving the engines mechanical efficiency. Oil shedding compounds can be applied to the underside of a piston crown to prevent oil from sticking to it and adding weight. Anodizing is also used on aluminium alloy pistons for the piston ring gaps to provide better wear resistance and prevent the rings from micro welding to the ring gaps (Allen, Cast and forged pistons 2018).

Figure 1 – Piston with ceramic coating on crown and low friction coating on piston skirts.







In the case of Top Fuel engines, all piston surfaces are anodized, allowing them to withstand the higher temperatures of a top fuel engine and also protects the piston from the corrosive effects of nitromethane. This coating enables top fuel pistons to withstand cylinder pressures of around 6000psi (Gillogly, 2018).
[image: https://blog.diamondracing.net/hs-fs/hubfs/Diamond/Tech/Top%20Fuel%20Piston/002-diamond-top-fuel-piston-life.jpg?t=1475023575990&width=640&name=002-diamond-top-fuel-piston-life.jpg]

Figure 2 – Top fuel dragster piston with anodizing on all piston surfaces.






Due to the required properties for a piston stated, an aluminium alloy has been selected for the best material to make a high performance piston from due to its lightweight, good thermal stability, ease of manufacturing and its ability to be coated with other materials to enhance its performance.



Material Selection

The two most used aluminium alloys for high performance applications are 4032 and 2618.

The 4032 alloy has got a significantly higher silicone content, at 12%. This high silicone content reduces the thermal expansion rate, enabling you to use a tighter tolerance when the engine is cold, which allows the piston operation to be quieter while warming up. The Higher silicone content also improves the alloys durability and increases its wear resistance, so it will maintain the piston ring groove clearance for longer, therefore maintaining a better seal of the combustion chamber for more mileage. This makes 4032 a good choice for a high performance road engine that will cover many more miles, however it falls short in extreme high performance engines as it has a reduced ductility compared to 2618, which makes it more susceptible to cracking under high loads. 4032 has a tensile strength of 55000 psi (Smith, 2618 vs. 4032 piston material differences 2017)

The biggest difference with 2618 is that is has a very low silicone content of 0.18%. The low silicone content makes the 2618 alloys more malleable and therefore more suited to very high loads, making it more suited to forced induction and nitrous engines. It also has a greater thermal expansion rate than 4032 by 15%, requiring larger piston to bore clearances, resulting in a noisier piston operation while the engine is cold. The 2618 alloy is also less wear resistant requiring it to be replaced more frequently, which is very costly. 2618 has a tensile strength of 64000psi. (Smith, 2618 vs. 4032 piston material differences 2017)

For this application, the 2618 alloy will be used due to its greater malleability, ductility and overall strength, which allows it to handle more power before deforming or cracking. The downsides of 2618 being increased noise while cold and higher wear are negated in a racing application, as racing teams have engineers and mechanics who will replace the pistons in order to maintain maximum power output long before significant wear becomes an issue. Increased noise while the engine is warming up is also negated as racing teams will warm up the oil and coolant before the engine is started, so it will get up to operating temperature quickly.


Figure 3 – 2618 forged bar stock
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Manufacturing Processes

The manufacturing processes that are used to make pistons are casting, machining and forging.

The most common manufacturing process for pistons is casting. This is because casting is significantly more cost efficient and easy to mass produce. Because cast pistons are so much more cost efficient, they are used in the vast majority of cars and trucks you’ll see on the roads today as they are able to handle the low power outputs of economy cars and trucks. All cast pistons require a certain content of silicone, which is usually between 10 and 12%. This amount is known as the eutectic point, however by increasing the silicone content in a casting to 16-18%, you can produce stronger cast pistons called hypereutectic pistons that can withstand higher power outputs and has better thermal efficiencies. Hypereutectic pistons are typically used in road going sports cars as they can handle higher power levels than eutectic cast pistons and have good durability and wear, but are still cost efficient to make and mass produce. Cast pistons are made by melting the aluminium alloy and pouring it into a mould of a piston, it will then be left to cool so the liquid aluminium will solidify, forming the rough shape of a piston. The rough piston is then machined to smooth all rough edges and shape the piston to its final size (Allen, Cast and forged pistons 2018).

Machined or billet pistons are made by starting with a solid cylinder of aluminium, known as a forged billet which is roughly the same size as the desired piston, and then using computerized numerical control(cnc) machines to remove material from the cylinder to form a piston. Although billet pistons are not quite as strong as forged pistons, they can be manufactured much cheaper than forged pistons as they don’t require forging dies, which are very expensive and time consuming to make. Machining can be used to make incredibly complicated piston designs and is also very precise allowing you to use very tight tolerances to ensure the maximum performance and cylinder seal. Billet pistons are also used for one-off pistons or for testing a piston design before it is forged as it doesn’t require any forging dies (Magda, Billet versus forged pistons 2017).
[image: https://marvel-b1-cdn.bc0a.com/f00000000270523/s19529.pcdn.co/wp-content/uploads/2019/08/001-2618-vs-4032-piston-aluminum.jpg]







Figure 4 – A forged billet before machining on the right and a fully machined billet piston on the left. (JE Pistons, 2019)


[image: Engine Piston: Aligned Grain Flow Technology]Forged pistons, like billet pistons also start out as a forged billet or blank. A forged blank is made by pressing the metal into a rough shape by hundreds of tons of pressure, whereas a forged billet is cut from a length of forged bar stock. Forged pistons are very expensive and time consuming to make as specialized forging dies are required and can only be used to make one part, so in order to change the design of the piston, you will need to make a new forge die that contains the new design. Although very expensive, forged pistons are the strongest type of piston as the forging process keeps the grain structure of the aluminium more consistent, thus making it the best option for extreme high horsepower applications (Baechtel, 2018). 








Figure 5 – Cross section of forged piston showing grain structure of the aluminium



[bookmark: _GoBack][image: What is Forging? The Ins and Outs of Manufacturing Forged Pistons -  Articles - ThumperTalk]Forged pistons are made by heating up the forged billet or blank as well as the forge die to between 700 - 800°F (370 - 425°C). The forged billet is then placed into the forge die which is placed into a press. The billet gets pressed into the die by a hydraulic press which applies over 1000 tons of force. The press physically forces the billet into the die, reshaping it into a rough piston. After forging, the rough piston is heat treated and tumbled before being machined like a billet piston in order to clean up any rough edges left by the forging and create the shape for the crown and underside of the piston (Magda, 2017).

As this piston will be used for extremely high performance racing engines, the process of forging has been selected as it yields the greatest overall strength and improved grain structure giving the piston more consistent properties.

Figure 6 – forged blank in a forge die about to get pressed.

Conclusion

In this report, the factors which need to be taken into account when making a piston for a high performance application. The factors are the material properties required in a high performance piston, the material selection for the piston and the manufacturing processes used to give the best performance.

It describes why an aluminium alloy has been selected for the production of a high performance piston, the pros and cons of using different aluminium alloys and why 2618 alloy has been chosen as the best alloy for this piston as well as describing the different manufacturing processes used to make pistons, how they differ in terms of the process and the properties of the final product and why forging has been selected as the best manufacturing process to use for this high performance piston.
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