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1. [bookmark: _Toc98356545]Introduction 
The following technical report will be defining the material properties, material selection and manufacturing process for a piston. 

A piston is a key part of an internal combustion engine. Along with its rings, the piston expands under the strain of heat. It seals the combustion chamber, controls the lubrication oil flow and transfers the heat of the combustion cycle into the surrounding cylinder bore that the piston is housed in. The piston is comprised of the top half, the crown and its bottom half, the skirt. The crown of the piston most commonly has three grooves for three piston rings, an upper and lower compression ring along with an oil control ring. Friction on the piston and rings comes from contact between the piston skirt and ring pack with the cylinder bore. (Ferguson and Kirkpatrick T., 2001)
2. [bookmark: _Toc98356546]Material Properties 
MAHLE International state in their piston and engine testing book that pistons are exposed to fluctuating temperatures, each temperature cycle over the piston’s life pushes the material until the load sustained exceeds its elastic limit. (MAHLE International GmbH, 2016)

Strain comes in two forms, elastic strain and plastic deformation, in this instance from the heat within the cylinder wall combined with the movement from the crankshaft applying friction to the piston. Elastic strain is a transitory dimensional change that exists while an object is under stress and disappears upon its removal; the atoms in the strained material are displaced evenly, whilst maintaining their relative geometry. Too much stress leads to plastic deformation, a permeant dimensional change upon the removal of stress to an object. (U.S. Department of Energy, 2016)

From the context gathered so far, the ideal material would be a metal that expands just enough to create a seal within the cylinder bore for the piston and rings to stay in place and allow a set amount of oil to be retained within the piston rings. The material would have to maintain its elasticity over constant fluctuations in temperature, when the engine is in operation.

VEHQ.com stated that the temperature in combustion chamber can climb to 2,500°C in some instances. “The vehicle's engine cooling system keeps the walls of the combustion chamber at a temperature of between 130°C and 250°C”.(vehq.com, 2021) The Piston material should be able to cope with short busts of high intensity heat on the top whilst operating at high temperatures on its skirt for long periods of time.

MAHLE further explain that the thermal conductivity of the pistons material greatly affects its temperature level. Greater conductivity is desirable as the temperature sustained in the combustion process is distributed uniformly within the piston resulting in a lower temperature that allows greater material loading and improves process parameters such as filling ratio and knock limit.

In a journal researching the effects of bulk density for granular particles, it was found that as the density of the materials tested decreased, so did the “heat transfer average distance,” in turn decreasing thermal conductivity, as the mass was increased the opposite effect was noted. (Presley and Christensen, 2010) The ideal piston therefore would have a high density in order to better conduct heat from the cylinder bores to the surrounding block.
3. [bookmark: _Toc98356547]Material Selection 
Aluminium alloys have been recognised as a material for pistons since 1903, when the head of the metallurgical department of Babelsberg, Alfred Wilm successfully managed to increase the hardness of tensile properties of aluminium. A series of Al-alloys were heated over 500°C and quenched at different rates until a successful process was discovered from aluminium mixed with 3.5% to 5.5% copper with just under 1% magnesium and manganese. This alloy was then patented in 1906 and has been refined and improved into a range of alloys ever since. (Deutsche Gesellschaft für Materialkunde., 2008) 

Due to their long history and use in vehicles, Al-alloys will be compared for selection. Understanding how Al-alloys are designated plays a key role in selecting the right version, characterised in 4 digits. The first digit indicates the alloy series. Digit two shows the control of impurities, with 3 and 4 showing the specific alloy. (Jax Precision, 2021)

From research, Al-4032 and Al-2618 were narrowed down, due to their high tensile strengths and melting points. Upon reading into manufacturing methods, aluminium A390 was found to perform as a great midpoint between a cast and forged piston, due to the properties of its composition.

Element breakdown:

	Al-4032
	Al-2618
	Al-A390

	Aluminium: 85%
	Aluminium: 93.7%
	Aluminium: 78.031%

	Silicon: 12.2%
	Silicon: 0.18%
	Silicon: 15.34%

	Magnesium: 1%
	Magnesium: 1.6%
	Magnesium: 0.58%

	Copper: 0.9%
	Copper: 2.3%
	Copper: 4.52%

	Nickel: 0.9% 
	Nickel: 1% 
	Manganese: 0.039

	
	Iron: 1.1%
	Iron: 0.6%

	
	Titanium: 0.07%
	Zinc: 0.89



The silicon content in an Al-alloy is what improves its durability, we see that there is far more in 4032, the downside to this is a material that is far less malleable leading to greater manufacturing costs if forging due to a greater amount of pressure required to press the material. A piston with a greater aluminium content is safer running at high load, as less elements mixed in result in reduced plasticity, meaning less chance of the pistons cracking.

Material 4032 is quieter under operation than 2618 and lighter, meaning less reciprocating mass is concentrated on the piston and connecting rod; this allows for less strain on the crankshaft at high RPM with less vibration on the drivetrain and chassis. (Bhattacharyya and Doloi, 2020)

A390 when casted produces what is known as a hypereutectic piston. The characteristics of a hypereutectic piston greatly change when compared with cast and forged pistons due to their higher dissolved and free silicon content, which gives them a greater tensile strength along with more wear resistance when moving in the cylinder bore; as a result, it can be exposed to a higher load and temperature reliably. Hypereutectic pistons expand less than regular aluminium pistons, allowing for closer piston to cylinder clearances, reducing road noise. (Larry Carley, 2010)

A390 alloy was ultimately chosen for the piston as it is up to 30% stronger than cast Al-2618 and around 30% cheaper than forged Al-4032, a perfect middle ground.
4. [bookmark: _Toc98356548]Manufacturing Process
As alloy A390 was selected for piston manufacturing, the alloy was found to be best manufactured through sand or permeant mould casting with T6 heat treatment greatly recommended on the A390 piston cast. (Jorstad and Apelian, 2009)

The ductile fracture properties of aluminium castings out of sand and metal casts was published by the International journal of solids and structures in 2008. The article tested 2 sets of 6 notched and unnotched bars along with 2 sets of 6 butterfly specimens made from A356 aluminium. One set was produced from a sand cast and one from an iron cast, with both sets receiving T6 heat treatment. 
All aluminium alloy casts were tested to the point of fracture through stress states such as pure and combined tension, shear and combined shear and compression. The plasticity and ductility of the casts were compared by populating the experimental results into stress-strain curves. The journal concluded that the alloy produced from the sand cast had a greater yield resistance and lower ductility than that of the metal cast, the reason for this being that the solidification rate of alloy A390 was greater in the sand mould. (Mae et al., 2008)

The results obtained by the International Journal of Solids and Structures showed considerably greater yield resistance for sand castings, as a result this would be the chosen manufacturing method. The drawback of sand casting however is that the surface finish may be lower than a solid cast, with less castings being produced from a sand cast as opposed to a solid cast.

The process of sand casting begins with packing sand tightly around a desired pattern, in this instance one of the pistons. The pattern is removed from the packed sand, leaving behind a cavity.  (Vivienne Farmer, 1994) The molten A390 alloy would then be poured into the cavity and when cooled pulled out of the sand cast.

The next stage would involve tempering the piston, upon research it seemed that T6 treatment was the most widely applied to alloy A390. The effects of T6 treatment on properties of A390 were reviewed in a journal published by Advanced Materials Research in 2013. It was found that three things happened during heat solution treatment of A390. 


 
(Silicon as an alloy is defined as a eutectic particle.) When viewing the initial microstructure of an A390 cast, the eutectic silicon exhibited was composed in a plate like form with acicular morphology, the copper combined with the aluminium in A390 and formed groups of Al2Cu at the grain boundary of the alloy.
During heat treatment, the eutectic silicon underwent fragmentation and spheroidization, this meant that the solid particles of silicon in the alloy were broken down and distributed across a larger surface area, effectively diluted. (Ibrahim et al., 2021) T6 heat treatment in particular was shown to have the greatest effect on the dissolution of copper and magnesium within the alloy. 
After the aging process, the Al2Cu phases were broken down and redistributed into a lamellar shape, acting as reinforcement in the alloy. (Li et al., 2013) As a result of the T6 heat treatment, the mechanical properties of A390 greatly increased.

The manufacturing process for T6 tempering is simple, the A390 piston castings would be heated to approximately 540°C for several hours, they would then be quenched via the process of being rapidly cooled in a water bath. The final step would be to reheat the piston batch to between 150°C and 205°C and finally be left to cool to room temperature. (Customcastings, 2017) 
5. [bookmark: _Toc98356549]Conclusion
The properties of a piston have shown to be greatly dependant on its environment. Whilst a piston within a diesel engine may be composed of a material with acceptable heat dissipation, it may not be usable in a gasoline engine due to its higher operating temperatures. When looking into the materials used, it is important to also factor in the production method on top of its properties, as certain production methods and tempering can produce a far greater outcome based on the reactions induced between the material properties of the product and the manufacturing processes. 
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