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[bookmark: _Toc98679651]Introduction
Material selection is a paramount aspect of any design challenge; shoes, beds, Scalextric track or the Space Shuttle – any object for manufacturing must have thought for what it will be made of. Deciding the right material for any component should consider operational conditions, lifespan, cost, and sustainability; many products will have plentiful choice with ‘lax’ operating requirements, when compared to the criteria for an engine.
This report will encapsulate the material properties required for pistons in automotive internal combustion engines, as well as their material selection and manufacturing processes comparison. In doing so, understand how varying powertrain types can have visually similar but fundamentally different pistons in their cylinders. The wide variety of ICEs in use as automotive powertrains diversifies the challenge to engineers of designing the best components for the scenario to which they operate within.

[bookmark: _Toc98679652]Material Properties
The fundamentals of an ICE have remained throughout its century-long existence, but refinement into the mechanical elements has created some gorgeous engines over the years. In any engine the thermal energy within it is critical; at operational temperature the lubricating oil usually flows between 90°C and 110°Celsius (Popely, 2016) however the power stroke sees gases way hotter at pressures in the region of 110 bar/1600PSI (for petrol ICEs, diesels can exceed 200 bar!). Thermal expansion of components is tolerable assuming the material’s change in size with heat is constant, so can be accounted for in design.
Whether it’s a Kia Picanto or a Cizeta V16T, an engine’s piston must maintain shape over its operative lifespan. Depending on application this lifespan can either be six hours in motorsport, or over a decade in mainstream cars; focus here is on the road vehicles. The piston’s mass is important as lighter parts require less energy to reciprocate, lessening inertia which helps efficiency and encourages high RPM limits, aiding performance. Also, mass-producibility is of big priority to the mainstream manufacturers as well as cost; before its demise Ford’s Bridgend plant capacitated a peak of 3,400 engines a day (over a million per annum), therefore the pistons in them would be produced in the region of several million each year! (Dickins, 2015) Saving 2p on one piston can reap over a hundred thousand GBP annually at less than the rate of a new powertrain every 24 seconds.
A piston has a simple life of vertical oscillation, however in demanding conditions of friction, huge cylinder pressures and high heat, its design and constructive material needs to consider each of the aforementioned factors.
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Therefore, pistons need to be durable, long-lasting, sustainably manufactural, inexpensive, and ideally lightweight. The material group that has satisfied these requirements for centuries is metals; wide in availability featuring great strengths but high weight (from Port Talbot’s finest). The interchanging of elements into alloys and composites has diversified the selection available to today’s engineers, however glue/resin adhered non-metals such as CRPs cannot maintain function in the hot and erosive engine environment, therefore the magnificent carbon fibre is unsuitable here. Composites have developed significantly in recent decades, yet metals remain superior in this operating scenario, for now, so which is best?
	Table 1: Basic materials comparison for an ICE piston

	Metal
	Strength (relative)
	Thermally Capable
	Density (relative)
	Machining Difficulty
	Cost (relative)
	Ideal Usage

	Copper
	Reasonable
	Yes
	High
	Low
	Low
	Boiler tubes

	Lead
	Reasonable
	Yes
	Very high
	Reasonable
	Low
	Roofing

	Steel
	Very high
	Yes
	High
	Modest
	Low
	Diesel engines

	Aluminium
	High
	Yes, just
	Modest
	Low
	Modest
	Petrol engines

	Titanium
	Very high
	Yes
	Low
	Stupendous
	Really high
	Mach>2 planes

	Certification: (Massachusetts Institute of Technology, n.d.) and (Trading Markets, 2022)


	Table 2: Aluminium variant composition

	2618
	4032

	Aluminium 93.7%
	Aluminium 85.0%

	Copper 2.4%
	Silicone 12.2%

	Magnesium 1.6%
	Magnesium 1.0%

	Iron 1.1%
	Copper 0.9%

	Nickel 1.0%
	Nickel 0.9%

	Silicone 0.2%
	(JE Pistons, 2017)


 This offers ample reason to rule-out materials in favour of Aluminium and Steel, however there are many alloy variants of either metal, for example Al-6082 or Stainless. Additives into the structure of metals can alter certain properties including but not limited to thermal resilience, specific strengths, durability, and cost (if 100% purity could be wasteful, for example 24K Gold in jewellery). For automotive pistons, the two prolific forms of Aluminium are 2618 and 4032 (Smith, 2017); in physical form they are similar, but the elements within show otherwise.
Al-2618 uses several different elements in minor quantities to enhance the alloy’s performance as a piston, increasing development costs and suiting high power engines for supercars and motorsports. The use of Silicone is interesting as 2618 only has 0.2% within it (these values are nominal and can vary slightly) meanwhile Al-4032 has a much higher Si content of 12.2%. This helps improve the durability of the component/piston and greatly reduces the thermal expansion. Ideal for (comparatively) low load road miles with passenger cars as the engine can run with tighter cold tolerances, therefore in more challenging conditions worldwide.

[bookmark: _Toc98679654]Manufacturing Process
So Aluminium is the favoured material for pistons in petrol engines (and some diesels) thanks to its great all-round useability, but how should the raw material be processed to create the component? Billet cutting would be wasteful in mass-manufacturing and powdered-sintering tends to result in a weaker component, when compared to the big two.
Casting metal is achieved from pouring liquified aluminium/steel/anything into a precise die or mould (Black & Kohser, 2003) resulting once solidified into a high-precision, strong component. Being an easily scalable process, this is in major use throughout mainstream automotive manufacturing as pistons created this way offer ample performance in engines small and large, petrol or diesel.[image: Permanent Aluminum Mold Casting]
Figure 1: Permanent mold Casting in the simplest form

Forging metal traditionally involves intense heat and smacking the workpiece repeatedly, to alter the molecular structure of the metal and improve the internal strength of the finished component, allowing for especially harsh and faster movement. Nowadays this can also be done cold(er) with greater localised impact pressure, to which forged engine pistons see use in high-power performance vehicles in motorsports and sports cars for the road.[image: Cold Forging: What is it? Benefits, Process, Hot vs Cold, Types,  Considerations]
Figure 2: Grain Flow visualization from different manufacturing methods


From this, the molecular structure within the cast part has a random lattice formed as the liquified metal cools, often leaving a grainy finish with the oxide layer that forms upon contact with air. The specific strength of the resulting component would be adequate for ‘slow’ vehicles, but the material is not utilizing its full potential. Meanwhile a forged piece has a visible flow throughout the grain structure of the metal, improving its resistance to compressive and inertia forces without adding extra material. This method is of higher difficulty to perfect and would cost more, but the finished component would let its performance speak for itself within a motorsport scenario.

[bookmark: _Toc98679655]Conclusions
The experimentation into material science sees the creation of many alloys and composites from metals and non-metals; some might be useless, others become the material of choice in design for specific application. In the case of pistons in automotive internal combustion engines, Aluminium’s desirable strength to weight properties, wide availability, customizability, costings, and manufacturability are why it’s an excellent choice for vehicle powertrains worldwide.
Let’s not forget Steel; larger diesel vehicles where engine load is colossal all the time, such as buses, lorries, and quarry trucks will all have either cast iron or steel pistons, as these are more resistant to the enormous cylinder pressure as well as offering great torque in the low-RPM range. The wide variability of ICE powertrains in size, fuel/spark ignition, development cost and performance mean every vehicle has a design challenge associated with its engine to make it run efficiently, smooth, quietly, fast, cleanly - whatever the operational requirements, engineers are the ones to call.
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End of report, thank you for reading.
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