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[bookmark: _Toc98730704]Introduction
The piston is a vital part of an engine’s function; it transfers the force from expanding combustion gases inside the cylinder to the crankshaft (Chatterjee & Chakraborty, 2021). This makes it one of the most important components in any vehicle using an internal combustion engine, as without it the engine would not function. Due to the importance of this component, it is vital that the material that the piston is manufactured from is the best possible option available. Selecting the correct material will ensure that failure of the component is kept to a minimum whilst the performance of the engine is maximised.

[bookmark: _Toc98730705]Criteria Regarding the Material Properties
[bookmark: _Toc98730706]Engineering Properties
[bookmark: _Toc98730707]Yield Strength
Pistons are required to have strength properties substantial enough to withstand the gas pressures and inertial forces that it would experience under normal operation (Singh et al, 2014). When a material is under too much stress, it permanently deforms. The stress at which plastic deformation occurs is called the yield stress. If the yield strength of the material is too low, the piston will deform, causing it to be ineffective at best and non-functional at worst, therefore the yield strength of the material should be as high as possible to ensure that this does not occur.
[bookmark: _Toc98730708]Density
The weight of the piston should be minimised to lower the inertia forces that may cause unnecessary stress to the component. (Ahmed et al, 2016). Density refers to the amount of mass of a substance within a given area. By having the piston manufactured out of a less dense material, the weight will be lowered, ensuring that inertial forces are kept to a minimum.
[bookmark: _Toc98730709]Hardness
A material’s hardness is usually an indicator of its wear resistance properties and are often categorised by their Brinell hardness value (Ojala et al, 2014). To ensure that the piston is damaged as little as possible whilst the engine is in operation, the material that it is manufactured from should be as wear resistant as possible. Thus, the higher the hardness of the material, the more suitable it is for the manufacture of a piston.
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[bookmark: _Toc98730711]Thermal Expansion
As the temperature in the cylinder rises, the effective area of piston changes based on the thermal expansivity of the material (Bermanec & Katic, 2018). The expansion of the piston should be kept to a minimum so that the shape is as consistent as possible, allowing the engine to perform more reliably. The coefficient of thermal expansion (CTE) is defined as increase in length per unit rise in temperature (Bermanec & Katic, 2018) and can be used as a comparator between materials. The lower the CTE, the more suitable the material is for use in the manufacture of a piston.
[bookmark: _Toc98730712]Thermal Conductivity
Thermal conductivity is the ability of a material to transfer heat. A piston should have as high thermal conductivity as possible so that the heat is transferred as efficiently as possible. This means that higher compression ratios can be used without causing a detonation event. (Vengatesvaran et al, 2018)
[bookmark: _Toc98730713]Other considerations
[bookmark: _Toc98730714]Cost
Cost can be problematic when it comes to selecting a material. Certain materials could be better suited to the thermal and mechanical loads within a cylinder than a given alternative, however its price may be high. This will make manufacturing the piston more expensive, and as a result will be more expensive for the consumer. Having the selected material’s cost be as low as possible would therefore be ideal. 
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[bookmark: _Toc98730716]Material Alternatives
[bookmark: _Toc98730717]Aluminium 6061-T6
Aluminium wrought alloy grades are classified into series, from series 1xxx to series 8xxx. Whilst series 6xxx alloys aren’t as inherently strong as some other grades, such as 7xxx series grades of aluminium, they contain magnesium and silicone so that they can be easily heat treated. This means that they can either be tempered to fit into the 6xxx-T4 category or strengthened after forming to fit into the 6xxx-T6 category (Davis, 2013)
Aluminium 6061 is a grade of aluminium regularly used for pistons. This is because it is highly durable and has greater strength characteristics compared with many other grades of aluminium both within and outside of the 6xxx class. It also has good wear resistance and will resist corrosion. (Balahari et al, 2017). As with all aluminium alloys, Al6061 has a moderately low density compared with other metals of comparable strength.
[bookmark: _Toc98730718]Aluminium A413.0
Aluminium A413.0 is an alloy of Aluminium and silicone. Due to the high silicone content, this alloy is easy to cast, making manufacturing components out of it substantially easier to manufacture. Al A413.0 has high wear resistant properties and a low CTE, which would allow it to better survive the forces acting on it when oscillating inside the cylinder, however only has a moderate yield strength compared to its alternatives.
[bookmark: _Toc98730719]Compact Graphite Iron (CGI 350)
Compact graphite iron is an enhancement of Gray Cast Iron (GCI), which is iron mixed with carbon. The positioning of the carbon components in CGI and GCI is extremely similar, being randomly connected, randomly orientated and flat, however the carbon nodules are far smaller in CGI. This results in superior strength and toughness compared with GCI (Gabaldo et al, 2010) but a slightly lower thermal conductivity (Guesser et al, 2005)
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As shown in section 2, when evaluating a material for use within a piston, multiple criteria must be taken into consideration. Multi-Criteria Decision Making (MCDM) refers to a method of analysing numerous alternatives against multiple criteria, assigning each alternative a normalised performance value for each criterion, and then assessing and ranking the alternatives based on said performance values (Karandea et al, 2016).
Weighted Sum Method (WSM) is an MCDM method that argues that the best possible alternative is the one with the highest sum of the performance values across all criteria (Emovon & Oghenenyerovwho, 2020). For values that should be maximised (benefit criteria), values are normalised using the equation

where n is the normalised value, r is that alternative’s value for that criterion, and rmax is the highest value for that criterion across all the alternatives. For values that should be minimised, the equation

is used (Vafaei et al, 2016). 
Each criterion is assigned a weight such that the sum of all the weights is equal to one. These weights are decided by the designer based on their assessment of what the most important criteria are. These weights are multiplied by the performance values, and the resulting weighted values for all criteria are added for each alternative. This gives each alternative a score which can be directly compared, making a strong argument for the material with the highest score (Karande et al, 2016).
Not only does this method provide a clearer idea of which the most suitable material would be, using normalised methods allows the designer to compare scores more easily within the criteria, allowing them to verify and justify their decisions more easily.
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[bookmark: _Toc98715328]Table 4 - Final scores for each alternative
((Aalco Ltd., 2018), (Dynaccast, 2022), (Gumienny & Kacprzyk 2018), (Vanguard Foundry Ltd.))
The above results suggest that Aluminium 6061 T6 would be the most suitable of the alternatives for a piston to be made from. This is a satisfactory conclusion, as it has the highest yield strength of the three alternatives, which means that it will be able to endure the stresses inflicted on it within the cylinder. It also has the best thermal conductivity of the three materials, and so will avoid detonation events and hot spots that would affect the performance of the engine. The density of the material is also sufficiently low, which means that it will have a lower mass and, as such, the inertia forces that cause stress that are acting upon it will be lower. The hardness and thermal expansion of the material are, compared to the CGI EN-GJV-350 especially, weak points of the aluminium 6061. However, both properties are sufficient for use within the dynamic conditions withing the cylinder, and the merits of the material compared with the other two alternatives outweighs the potentially lower qualities of these properties. In this instance, the most suitable material also happens to be reasonably cheap, meaning that the cost of the material will not impede its use in manufacturing.
[bookmark: _Toc98730723]Manufacturing Processes
To become Aluminium 6061 T6, Aluminium 6061 must undergo a process called solution heat treating. Before the material is tempered, all the elements contained within the alloy are clustered together. In this case, the alloying elements (precipitates) are magnesium and silicone. Solution heat treating is a process in which the material is heated to a temperature lower than the melting point of the aluminium but high enough to affect the precipitates. Holding the material at this temperature for an extended period allows the precipitates to diffuse into the material. The longer the material is heated, the better the diffusion. This also reduces the concentration of irregular precipitates and fracture points, reducing the likelihood of component failure. Once this process is complete, the material is artificially aged at an extremely high temperature, which strengthens it but also makes it harder to work with (Garrett et al, 2005).
To make sure that the material is as easy to work with as possible, standard aluminium 6061 should be used when casting the piston head; the material is more inclined towards ductility and machinability in the untampered form. The material should be heat treated and artificially aged after the casting process to get the desirable qualities described in sections 2 and 3.

[bookmark: _Toc98730724]Conclusion
Aluminium 6061 is a well-suited material for use in the manufacture of a piston head. It has good strength properties due to its silicone and magnesium content whilst also having a low density, meaning that it will both minimise and resist any negative forces acting on it. The thermal conductivity of the material is reasonably high, which will reduce any issues that may arise due to the thermal conditions within the cylinder, and whilst its coefficient of thermal expansion is higher than some of its alternatives, it is still sufficiently low. It can be tempered to T6 quality to increase its strength properties which further improves its effectiveness under dynamic conditions.
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Raw Data

Material Yield Strength (Mpa) Density Kg/m^3 Brinell Hardness (HB) CTE (*10^

-6

(m/m)/°C) Thermal Conductivity (W/(m.k))

Weight=0.3 Weight=0.2 Weight=0.15 Weight=0.15 Weight=0.1

Aluminium 6061 T6 240.000 2700.000 95.000 23.400 166.000

Aluminium A413.0 130.000 2660.000 80.000 21.600 121.000

CGI EN-GJV-350 220.000 7200.000 160.000 12.500 40.000
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Scores

Material Yield Strength (Mpa) Density Kg/m^3 Brinell Hardness (HB) CTE (*10^

-6

(m/m)/°C) Thermal Conductivity (W/(m.k))

Weight=0.3 Weight=0.2 Weight=0.15 Weight=0.15 Weight=0.1

Aluminium 6061 T6 1.000 0.625 0.594 0.000 1.000

Aluminium A413.0 0.542 0.631 0.500 0.077 0.729

CGI EN-GJV-350 0.917 0.000 1.000 0.466 0.241
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Weighted

Material Yield Strength (Mpa) Density Kg/m^3 Brinell Hardness (HB) CTE (*10^

-6

(m/m)/°C) Thermal Conductivity (W/(m.k))

Weight=0.3 Weight=0.2 Weight=0.15 Weight=0.15 Weight=0.1

Aluminium 6061 T6 0.300 0.125 0.089 0.000 0.100

Aluminium A413.0 0.163 0.126 0.075 0.012 0.073

CGI EN-GJV-350 0.275 0.000 0.150 0.070 0.024
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Total

Material Total Score

Aluminium 6061 T6 0.614

Aluminium A413.0 0.448

CGI EN-GJV-350 0.519


