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1. [bookmark: _Toc98503966]Introduction
This report shall discuss and evaluate the different material properties, choices and production methods of a piston for use in an internal combustion engine. When selecting materials for a component such as a piston, where it is used as an energy transfer device turning heat into kinetic energy, the characteristics of these materials should be carefully considered as several key factors must be taken into account, these include heat transfer and thermal loading, corrosion resistance, inertia forces and reducing friction to name a few. The direction of these forces also needs to be accounted for as in figure 1 shown below the piston comes under forces that change direction constantly.
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[bookmark: _Toc98506272][bookmark: _Hlk97203753]Figure 1 - Forces acting on a piston (Perera, et al. 2007, p.344)


2. [bookmark: _Toc98503967]Material Properties 
[bookmark: _Hlk97800947]When selecting a material for a piston, several considerations need to be made, these include: its general function as a mechanical energy converter and therefore the forces it comes under, the environment it will operate in, including corrosion from exposure to different fluids contained within the engine, fluctuating temperature, as well as abrasion and wear. It is also important to consider other factors such as its life expectancy and costs with minimal to no maintenance, therefore a piston needs to be formed from a structural material, this is due to the piston transmitting forces and torques such as inertia as the engine completes a cycle, failure to use the correct materials can lead to fatigue (Taylor, 1985, p.306-307) therefore Selecting appropriate materials that hold the correct properties for use is vital as inappropriate material choice can cause catastrophic failure (Dev, et al. 2019 p.155).

For correct material choice it is important that the materials selected are both homogeneous and anisotropic (Viswanath, et al. 2021). Having these properties ensures a piston will act in the correct manor and not be subject to easy cracking or deformation when forces and loads from different directions are applied
These properties can be defined as:
Homogenous: A material that possesses equal composition throughout and cannot be separated mechanically into different materials (JEDEC, 2018)
Anisotropic: A material where its properties change dependant on direction of force applied due to its nonsymmetric grain structure, usually materials with an anisotropic structure perform better when tested in certain directions (Matmatch, 2022).

Another important property to consider when choosing the material is the density.
Density can have a great effect on the inertia forces within a piston assembly as it directly affects the mass, this can be shown by the equation for mass  therefore a material must be chosen with a relatively low density to not significantly increase the inertia forces, however the density must be high enough to not compromise the strength of the piston.

[bookmark: _Toc98503968]2.1 Mechanical Properties
When looking at mechanical properties of materials, the desirable properties and what needs to be minimised for the piston to work effectively and not suffer from catastrophic failure need to be carefully considered as the piston comes under constant changes in direction of force and many directional loads being applied such as inertia and the compressive forces produced by the combustion cycle. Several properties that need to be considered are as follows:
· Brittleness – A materials ability to withstand deformation, however this property can cause low tensile strength.
· Strength – A materials ability to resist deformation from applied load.
· Hardness – A materials ability to resist penetration and bending.
· Fatigue – This is the effect of repetitive strain placed on a material, for this application fatigue needs to be minimised.
· Impact strength – A materials ability to withstand loads that are suddenly applied.
· Stiffness – A materials resistance to elastic deformation.
(Saif, 2022)



[bookmark: _Toc98503969]2.2 Thermal Properties
Thermal properties play a vastly important role in material selection for a piston as the piston comes under high temperatures throughout the combustion cycle, this can easily cause metal to expand. If the temperature becomes too high in a cylinder, the piston will expand beyond its thermal expansion tolerance, therefore creating un-necessary wear and damage to the piston and cylinder. When selecting a material for a piston it must have a low thermal expansion co-efficient to control this as much as possible. 
The importance of controlled thermal expansion is essential as pistons have a different design to running clearance, it is also believed that the piston assembly is directly responsible for up to 60% of mechanical power loss. Maintaining a good running clearance between the piston and the cylinder allows for frictional losses and the risk of piston slap to be minimised which can cause premature wear and fatigue on components, having the correct thermal expansion coefficient also allows for a good lubrication film between the piston skirt and cylinder wall further decreasing this problem as well as providing an adequate seal so there is minimal loss of pressure within the cylinder and therefore reducing any losses in power (Chin-Fisiu, 1982, p.1-2). 

[bookmark: _Toc98503970]2.3 Chemical Properties
During its service life a piston will come into regular contact with several fluids such as engine oil and either petrol or diesel, therefore when selecting a material, it must be ensured that the material chosen will not react with these fluids. 
In a study conducted by Vyas, et al. (2013) looking at brass, stainless steel and aluminium’s reactivity to pure gasoline as well as E10 and E20 fuels, no significant reactivity was shown throughout the study, this is shown in table 1 below highlighting each material’s corrosion rate in mm per year.
	Description
	Location
	Gasoline
	E10
	E20

	Brass
	Fully Immersed
	-0.0001
	0.0019
	0.0039

	
	Half Immersed
	0.0000
	0.0005
	0.0004

	
	Vapour Exposed
	-0.0001
	0.0003
	0.0003

	Aluminium Alloy
	Fully Immersed
	-0.0031
	-0.0006
	-0.0008

	
	Half Immersed
	-0.0027
	-0.0001
	-0.0007

	
	Vapour Exposed
	-0.0022
	0.0007
	0.0005

	Stainless Steel
	Fully Immersed
	-0.0009
	0.0007
	0.0009

	
	Half Immersed
	-0.0007
	0.0008
	0.0007

	
	Vapour Exposed
	-0.0005
	0.0008
	0.0010


[bookmark: _Toc98506263]Table 1 - Corriosion in mm per year (Vyas, et al. 2013)


3. [bookmark: _Toc98503971]Material Selection
[bookmark: _Hlk98504741]To outline suitable materials, Granta Edupack (Ansys, 2021) was used to create a series of graphs to analyse the use of alloys within a piston.

Figure 2 shows the materials price per Kg in GBP versus its density, here it is clear that magnesium alloys have a low density and price however with magnesium being a very reactive metal it would not make a good choice as a piston material. The next alternative for consideration would be an aluminium alloy, it has a relatively low density and is similar in price to magnesium alloys.
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[bookmark: _Toc98506273]Figure 2 - Price vs Density of Metals



Figure 3 shows the different materials thermal expansion coefficient vs thermal conductivity, here it is shown that aluminium alloys have a higher thermal expansion coefficient than many of the other materials however this can be controlled by adding other elements into the alloy with a lower coefficient and therefore allowing a piston made from an aluminium alloy to expand from its design tolerance and ovular shape to its running tolerance and circular shape in a controlled manor.
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[bookmark: _Toc98506274]Figure 3 - - Thermal Expansion Coefficient vs Thermal Conductivity












Granta Edupack (Ansys, 2021) was then used to create table 2 to numerically compare aluminium-silicon alloys properties with other metals that could be considered.

	Properties
	Aluminium (Al-Si) Alloy
	Titanium Alloy
	Aluminium Silicon Carbide
	Cast Iron, ductile (nodular)

	General

	Density (Kg/m3)
	2.65e3-2.77e3 
	4.43e3-7.79e3 
	2.66e3-2.9e3
	7.05e3-7.15e3

	Price (GBP/Kg)
	1.55-1.68
	17.5-18.9
	3.99-5.31
	0.219

	Mechanical

	Young’s Modulus (GPa)
	69-76 
	110-120
	81-100
	170-180

	Shear Modulus (GPa)
	26-29 
	38-45
	30.4-38.5
	64-71

	Yield Strength (MPa)
	118-263 
	701-1.09e3 
	280-324
	246-630

	Tensile Strength (MPa)
	193-341 
	763-1.19e3 
	290-324
	400-900

	Compressive Strength
	109-251 
	680-1.15e3 
	280-325
	273-639

	Hardness (Vickers) (HV)
	83-116 
	223-373 
	70-140
	135-290

	Fatiuge Strength at 107 cycles (MPa)
	63-136 
	412-636 
	50-110
	195-317

	Fracture Toughness (MPa.m0.5)
	19 – 30.9 
	51.3-86.1 
	15-24
	23.3-51.6

	Thermal

	Melting Point (°C)
	535-639 
	1.5e3-1.66e3
	525-627
	1.13e3-1.25e3

	Thermal Expansion Coefficient (µstrain/°C)
	19.5-23.3 
	8.27-9.8
	15-23
	10-12.5

	Durability: Fluids

	Water (Fresh)
	Excellent
	Excellent
	Excellent
	Acceptable

	Diesel Oil
	Excellent
	Excellent
	Excellent
	Excellent

	Lubricating Oil
	Excellent
	Excellent
	Excellent
	Excellent

	Petrol
	Excellent
	Excellent
	Excellent
	Excellent


[bookmark: _Toc98506264]Table 2 - Granta Materials Data

Many manufacturers when selecting a material for a piston will often choose aluminium silicon (AL-SI) alloys for its high temperature resistance, these alloys can be divided into three categories: 
· Eutectic, an Aluminium and up to 12% Silicon alloy (AlSI12 CuMgNi), often used as a standard piston in automotive production that additionally contains 1% each of Copper, Nickel and Magnesium
· Special eutectic, an Aluminium and 12% Silicon alloy (AlSi12Cu4Ni2Mg) with 4% Copper, 2% Nickel and 1% magnesium, often used for an improvement in strength at high temperatures.
· Hypereutectic, an Aluminium and 18% Silicon alloy (AlSi18CuMgNi) with 1% Copper, Magnesium and Nickel used for lower wear and thermal expansion, however this alloy does have a lower strength.
[bookmark: _Hlk98265616](European Aluminium Association, 2011)
From this the two most common types of aluminium used in piston production are 4032 and 2618, both materials contain different properties which makes them more suitable for their individual use, 2618 is generally used within race and high-performance applications whereas 4032 is often used within a standard road going vehicle.
The chemical composition, found in table 3 below, of the two materials differs which in turn gives them different mechanical properties. 4032 offers a lighter material with a better wear rate however it has less fatigue resistance and is less ductile whereas 2618 offers a stronger and more ductile material with better fatigue resistance and excellent high temperature strength (Smith, 2017) 
[image: Graphical user interface, application, Word

Description automatically generated][bookmark: _Toc98506265]Table 3 - Chemical Composition of Al2618 and Al4032 (Smith, 2017)

[bookmark: _Toc98503972]

4. Manufacturing Processes – Forging Vs. Cast
The manufacturing process of an Al-Si piston varies depending on application for its intended use, with most manufacturers using either a form of casting or forging. Both methods can affect the properties of the final product including fatigue, thermal expansion coefficient, yield and tensile strength as well as hardness, data for this from The European Aluminium Association (2011) is shown in table 4 below.
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[bookmark: _Toc98506266]Table 4 - Physical Properties of Piston Alloys (European Aluminium Association, 2011)

These changes in material properties can be directly linked to the grain structure within the Al-Si alloys formed during manufacturing processes, this is due to grain structure resisting dislocation motion under plastic deformation, under normal circumstances a fine grain structure within an alloy would be harder and stronger than an alloy with a more course structure (Day, 2018).




For example, forging where an aluminium ‘slug’ is heated to just below its melting point and then hydraulically pressed into a mould to form the piston will create long grain structures (shown in figure 4) which can improve fatigue and impact strength if the direction of the force applied and the grain structure is correctly aligned, with the best alignment being when the maximum stress point is aligned with the grain flow which in turn helps to minimise crack propagation (Walters and Tyne, 2014). 
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[bookmark: _Toc98506275]Figure 4 - Grain structure in the crown of a forged piston (JE Pistons, 2019)

Casting methods such as die-casting are much cheaper and therefore more widely used within piston manufacturing. However different casting methods can cause different grain structure, this can be due to several factors including the pour and mould temperature as well as cooling rates (Day, 2018) the final grain structure can however be altered with things such as heat treatment which allows a manufacturer to ensure every piston it produces to have the same properties.









Table 5 (Raji,2010) below shows the grain number where N is the number of grains per inch2 as well as several different properties using various casting techniques for an Al-Si alloy with 8% silicon.
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[bookmark: _Toc98506267]Table 5 - Properties of Al-Si alloys from casting methods (Raji, 2010)




5. [bookmark: _Toc98503973]Conclusion
To summarise, the data collected, and research contained within this report shows that when selecting a material for use in a piston the forces it encounters and the correct material properties must be carefully considered in order to create a reliable product, failure to have a piston that is the correct strength and hardness as well as having good fatigue resistance with no chemical reactivity and the correct thermal properties will result in catastrophic failure.
 The application of the piston must also be considered whether it be for performance-based use or in an average road vehicle as this can influence the manufacturing technique used, forging typically gives a stronger and harder piston with a longer grain structure that is better for high output applications, casting provides a cheaper alternative that is better for mass production.
Therefore, the best option for a road going mass produced vehicle would be a cast piston made from 4032 Aluminium, this is due to it being relatively low cost as well as wide availability, it also has a low density and possesses the correct mechanical, thermal and chemical properties required for its application. Choosing to cast the piston instead of forging also has the benefit of keeping low manufacturing costs and ease of mass production.
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Fig. 1. Sliced portion of castings for metallographic test; dimensions are in mm.

Table 2: Properties of Aluminium-Silicon alloy produced by various casting methods in as cast
condition.
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