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The aim of this report is to research the design requirements of an automotive piston and conclude upon which choice of material will perform best.
Covered in this report are the different material characteristics that are required to design and manufacture a piston for automotive vehicles, it also details the potential materials that can be used for different parts of a piston and the manufacturing processes used when making the parts in industry. 
The parts of a piston demand material properties independent to the operating conditions, this report details the different parts of an automotive piston and how a certain material can perform optimally under the specific operating conditions.
Finally, there will be a conclusion as to which material choices are the best for each part of the piston and the manufacturing of these parts, also concluded is the reasoning behind the choices made.
This report links to industry as engineers are tasked with finding the optimal materials for products to work in the environment that they are operating in. Engineers must consider all aspects of a product when in the design and manufacturing process.
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[bookmark: _Toc98500782]Operating conditions
A piston is required to adapt to its operating conditions, these conditions could be; mechanical load, high temperature, high velocity, accelerating forces, sliding friction and contact alteration. Different parts of a piston experience different conditions, the parts include the piston crown, combustion chamber, skirt, ring grooves, and pin boss. Conditions will affect the cylinder as well as the piston meaning the pistons materials must also be able to adapt to changes in the area of the cylinder when it expands under high temperatures. (MAHLE, 2016)
Analysis performed in 2014 shown the bottom surface of the piston crown experiences the most extreme stress of the entire piston, the highest temperature is recorded at the centre region of the top of the piston crown, as this is where the piston comes into direct contact with the burning fuel in the combustion chamber (Jaber & Rai, 2014). Whereas the minimum temperature experienced is recorded in the area near to the piston skirt (Nimbarte & Khamankar, 2015).
Analysis allows insight into which material properties are required at certain areas of the piston and operating condition data can be gathered to find materials suitable before production. (Jangam, Kumar & Maheshwari 2018) 
[bookmark: _Toc98500783]Material requirements
The piston must be able to withstand temperatures over 2300°C in the combustion chamber and between 120-500°C in other parts of the piston depending on the material, meaning the strength demands of the material must remain consistent at high temperatures. Gas pressure in the combustion bowl can be anywhere between 3.5-24MPa depending on the engine fuelling system and aspiration system in place, therefore materials must have high static and dynamic strength and the pin boss must have low plastic deformation as it will experience contact pressure at certain temperatures. The material mass must be low in order to reduce inertia forces and torque which is caused by the acceleration of the piston in strokes. Sliding friction forces act in the ring grooves, in the pin bearings and on the skirt, in turn the materials of these parts require low frictional resistance and high wear resistance and must resist seizing. (MAHLE, 2016) 
Pistons must also be machined to have certain surface roughness tolerances; surface roughness can alter the rate of heat release and be detrimental to the performance of the engine; surface roughness can be said to have an effect on the rate of combustion as well, due to the air and fuel potentially not mixing as well. The poor mixing conditions could be due to increased coefficient of friction, lower wall jet velocities and fuel trapped near the body of the piston. (Tree, Wiczynski and Yonushonis, 1996) It is important when forming the pistons, the porosity is considered as air can cause pockets in the piston material causing roughness as well.
“Piston tipping” is when the piston leans very slightly to one side in the cylinder and causes gas leakage and large frictional forces. Piston tipping happens at the extreme cold and warm temperatures, finding a material which reduces the tipping to a negligible amount is necessary (Padden, 2009).
Making pistons cost-effective is also important for manufacturers, therefore a material which is easily machinable is going to be easier to mass-produce for production vehicles (MAHLE, 2016), however the tolerances of pistons is costly due to the exactitude of dimensions required. 
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Aluminium based alloy is the most abundant material choice in the production of automotive pistons. Aluminium-silicon alloys are regarded as the safest automotive choice of piston material due to the superior mechanical properties over other aluminium based alloys. The main material property advantages of aluminium alloys are, high strength-to-weight ratio, good creep and fatigue resistance properties. Creep is when materials deform under extended periods of stress, often stress subjected to the material from heating (Guedes, 2008), and fatigue is high levels of stress inducing plastic deformation progressively upon an area of high stress concentration, resulting in cracks and fractures after enough cycles (Xin, 2011). Further beneficial properties of the aluminium alloys are the wear resistance properties, and the low level of expansion under high thermal energy. (Dev, Aherwar, and Patnaik, 2019)
Properties (Zoqui, 2014):
	Yield strength (MPa)
	345-365

	Ultimate tensile strength (MPa)
	345-365

	Hardness (BHN)
	150

	Elongation at break
	4% (Matweb, 2022)


[bookmark: _Toc98500786]Graphite cast iron
Graphite cast-iron material has self-lubricating and abrasion resisting properties as well as a low amount of expansion in high temperature environments (Erol and Çalışkan, 2021), these properties are necessary for piston design which is seen in industry as graphite cast iron is used for high performance piston rings in the marine sector (Samuelsson and Vomacka, 2003). The benefits of graphite cast iron are also seen in the materials modulus of elasticity and bending strength with meteorpiston.com stating spheroidal graphite cast iron piston rings have a bending strength of over 1300N/mm^2 and a modulus of elasticity of over 15,000N/mm^2. (meteorpiston.com, 2022).
Properties (Matweb, 2022):
	Yield Strength (MPa)
	379

	Ultimate tensile strength (MPa)
	552

	Hardness (BHN)
	187-269

	Elongation at break
	6%



[bookmark: _Toc98500787]Copper
Piston pin bosses require different material properties due to their operating conditions; copper materials offer these specific characteristics, such as corrosion resistance against lubricating oil, thermal expansion rates similar to the piston material, high strength, and good sliding properties. (MAHLE, 2016)
[bookmark: _Toc98500788]Brass
Special brass material offers the required characteristics especially when alloyed with silicon which improves the wear and corrosion resistance. This material is nonhardenable and is strengthened from cold forming. (MAHLE, 2016)
[bookmark: _Toc98500789]Aluminium bronze
Hardened during hot forming, precipitation hardened aluminium bronze contains iron, nickel and manganese. As an aluminium alloy, it has improved mechanical properties such as temperature resistance, increased ductility and improved fine-graining. (MAHLE, 2016)
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Coating materials is used to prevent piston seizures and stop different parts of the piston, and cylinder housing welding to each other due to the high temperatures (MAHLE, 2016).  GRAFAL and EvoGlide coatings are roughly 20 micrometres thick and contain fine graphite particles, these coatings are used for many different types of combustion engines and piston materials whereas other coatings with tin and aluminium phosphate bases are can only be used on aluminium alloy material pistons. A main benefit of using coatings is the reduction of friction losses, friction losses in the piston-cylinder and piston ring-cylinder couplings can amount to half of the frictional losses in a combustion engine. (Gavrilov et al, 2020)
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[bookmark: _Toc98500792]Gravity die-casting
This method of manufacturing is often used for high-silicon alloys. The method involves the tool steel mould being pre-heated to between 200-450°C, then the aluminium is heated to 100-200°C above its melting point. After the molten aluminium has settled, a piston drives the mould into place and the high thermal conductivity of the tool steel allows the aluminium to solidify quickly. Permanent mould casting creates high-definition surfaces; aluminium silicon also has good weldability. Gravity die-casting allows for high volume production and has good dimensional accuracy which is vital for pistons due to the nature of their minimal tolerance design. Silicon’s properties result in low shrinkage and high fluidity which aids the casting process. (UKEssays, 2018)
[bookmark: _Toc98500793]Sand casting
This manufacturing process is more likely to be used for small quantity production and any molten metal can be used, the method involves a mixture of sand and clay being used to create a mould of a product, molten metal is then poured into the resulting mould cavity and left to solidify. The advantages of this method are, low-cost process, low equipment use and therefore tooling cost, any shaped product can be made. However, the disadvantages are high labour cost and a higher tolerance is required. (UKEssays, 2018)
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This process is usually carried out at around room temperature, it involves slightly heating the material to make it more malleable so a machine can use pressure and high speed to shape the metal. Cold forming is relatively low cost, requires less finishing work and therefore results in fewer steps for fabrication. There is less likelihood of contamination, the tolerancing is superior to hot forming, the material will handle high stress loads and the process can produce near-net shape parts. Disadvantages of the process, less final ductility of the product, residual stress potential and the need for powerful, heavy machinery. (STSIntelli, 2022)
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This is the process of applying extreme heat to a material to prevent strain hardening while it is deformed, hot forming increases the ductility of the material, and reduces chemical inconsistency. Disadvantages includes the less precise final tolerancing, the potential for unwanted reactions between the metal and environment and also warping. The temperatures required for different materials is as follows (STSIntelli, 2022);
· Aluminium alloys require between 680-970°C
· Copper alloys require between 1300-1470°C
· Steel requires around 2100°C
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Piston diameter tolerance is determined at, at least one of the three measuring planes, the plane chosen is denoted as DN. The diameter is preferably measured at the tightest clearance point between the cylinder or at a stable edge.
The tolerances of a commercial automotive piston are as follows:
· Piston diameter = 8-18μm
· Skirt = 7μm
· Ring belt diameter = 10-15μm
(MAHLE, 2016)
Surface roughness has a tolerance of 0.05-0.02mm (Keller, 2014)
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Installation clearances depend on the material of the piston and the engine type they are to be used in. The clearance is the difference between the largest piston diameter (DN) and the cylinder diameter. 
The nominal installation clearance of a piston is between 0.2-0.6% of the DN value for aluminium-based alloy in a four-stroke petrol engine, or 0.4-0.8% for a cast iron four-stroke petrol engine. (MAHLE, 2016)
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The clearance fit for the gudgeon pin and pin boss is equal to 0.001 x pin diameter (mm). Therefore, for a 25.4mm diameter pin boss the tolerance should be 25.4μm (0.0254mm). (MAHLE, 2016) Hole tolerance guide for an aluminium material hole states that when the pin diameter has a tolerance of less than 35 microns it means there should be an interference fit for the gudgeon pin and the pin boss. (Intafast, 2019) The connecting rod small end to the gudgeon pin small end clearance must be a press fit, with a tolerance of 0.020mm. 
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Aluminium-silicon alloys are the most widely used materials making up for 85-90% of the total aluminium cast parts manufactured in the automotive industry (Ahmed et al, 2016). Due to this, it is sensible to use aluminium-silicon alloy as the material for the piston body whilst manufacturing the product with the gravity die casting process. Brass-silicon alloy is the best material to use for the piston pin bosses due to the use of cold forming to manufacture the product, resulting in better finishes with more dimensional accuracy. 
Coating the product with EvoGlide reduces the frictional losses due to the lubricating properties of the graphite particles, the coating also provides some level of wear resistance although it is not a necessary factor of the coating as the material choice already has the required strength characteristics. 
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