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[bookmark: _Toc130079645]1.0 Introduction

[image: Connecting rod - Wikipedia]In this report, we will be analysing and discussing different material properties that could be used to make a piston for a high compression, turbocharged, four-stroke, internal-combustion engine. When designing and choosing the right properties for a piston, many important factors need to be considered as pistons live in extremely high-pressure and high-temperature environments. They also encounter immense linear force and stresses at high RPM, meaning that the material chosen needs to be able to withstand this for the lifespan of the vehicle.Figure 1 Piston and Connecting Rod Diagram



The piston is a crucial working part of an engine which is designed to withstand all four strokes of an ICE (Intake, Compression, Combustion and Exhaust). They work by compressing a mixture of fuel and air in the cylinder, which is then ignited by a spark plug, causing the cylinder volume to expand and push down on the cylinder head. As the piston is connected to the crankshaft, this explosion is converted to rotational torque. After this, exhaust gasses are forced out the exhaust port and the cycle repeats. 



[bookmark: _Toc130079646]2.0 Material Properties

Pistons are required to withstand high levels of stress and heat for long periods of time without becoming deformed or weakened. This means that the materials used to manufacture a piston are heavily researched and tested before mass production. The key material properties that are required are as listed below.

· Thermal Conductivity. A piston needs to be able to efficiently disperse thermal energy outwards towards the cylinder wall so that it can be properly cooled by the water jacket. If the piston is unable to do so, then it may be subject to overheating or warping in the cylinder. This can cause lubrication and clearance issues, eventually damaging the piston skirt and cylinder wall, which could lead to engine seizure. (MS Motorservice International, Unknown).

· Low Mass. Having a lower mass is important when considering performance as this can help reduce inertia, in theory decreasing the stress applied to the connecting rod and crankshaft. This is important as a piston experiences rapid change in direction and propulsion at higher RPM’s.

· High Strength. A piston needs the ability to withstand high stresses for a long amount of time, for this reason it is important that pistons are made from strengthened materials so that they do not fail under load. This is particularly important in forced-induction engines as this dramatically increases the stress applied to the piston.

· Resistance to Thermal Expansion. In most applications, a piston must be able to operate at a high range of temperatures, this means that it must not expand or contract beyond a certain amount as this could cause irreversible damage to the engine, such as pitting or scoring on the cylinder walls or overheating.

· Manufacturability. As most pistons are mass-produced, the chosen material must be relatively cost-effective and easy to manufacture, whether the pistons are cast or forged. Softer materials are often easier to machine as they can be milled or cut easier before they crack or break.

· Resistance to Wear. Pistons need to be able to withstand constant wear overtime as they are not an easily serviceable component. Depending on the application, a tougher material should be chosen so that the piston is not worn or damaged under load.

The material property needs listed above show how important it is to select the correct material for its application when designing and manufacturing pistons for an engine. This is due to the extreme conditions that a piston is subject to, especially in a performance vehicle. 
For this application, a material with high resistance to deformation and thermal expansion while maintaining a low mass is required so that it is unaffected by the stresses of a turbocharged engine.

[bookmark: _Toc130079647]3.0 Material Selection

In the majority of motorsport and automotive applications, pistons are made from an aluminium alloy. The two most common alloys used for forged pistons in performance applications are 2618 and 4032 (Smith, 2017). For this application, these will be the two materials considered for a race piston as these materials are designed to withstand more stress compared to the materials used in a road vehicle’s pistons.

[bookmark: _Toc130079648]3.1 Material Contents

Below is a table comparing the contents used in each alloy.
	Materials
	2618
	4032

	Copper
	2.3%
	0.9%

	Aluminium 
	93.7%
	85.0%

	Silicon
	0.18%
	12.2%

	Iron
	1.1%
	0.0%

	Magnesium
	1.6%
	1.0%

	Titanium
	0.07%
	0.0%

	Nickel
	1.0%
	0.9%


Table 1 2618 vs 4032 Contents (Smith, 2017)

As we can see from Table 1, the largest difference between the two alloys is the difference in silicon content. Silicon is used to reduce thermal expansion in these materials meaning that a 4032-alloy piston can be run with tighter cold clearances when compared to a 2618 alloy piston. An increase in silicon content also contributes towards long term durability at lower loads. (Smith, 2017).
Another difference between the two materials is the usage of iron and titanium in 2618 which are not present in 4032. These metals increase the alloys ductility when compared to 4032, meaning that a forged 2618 piston is more resistant to cracking under high load. (Smith, 2017)

[bookmark: _Toc130079649]3.2 Material Properties

Below is a table comparing the technical properties between the two materials.
	Material Property
	2618
	4032

	Melting Point
	1,020 – 1,180 F
	990 – 1,060 F

	Fatigue Endurance
	18,000 psi
	16,000 psi

	Yield Strength
	54,000 psi
	46,000 psi

	Modulus of Elasticity
	10,400 psi
	11,400 psi

	Tensile Strength
	64,000 psi
	55,000 psi


Table 2 2618 vs 4023 Properties (Smith, 2017)

Table 2 shows that 2618-alloy is more resistant to different stresses and kinds of deformation when compared to 4032-alloy. However, 2618-alloy has a lower modulus of elasticity, meaning it requires less tensile force to deform. This is less of a concern when considering materials for a piston as they don’t often experience enough tensile force to permanently deform. 
On the other hand, pistons experience extremely high temperatures and thermal expansion, meaning that a higher resistance to temperature and fatigue is a more valuable characteristic for a performance-based piston.

[bookmark: _Toc130079650]3.3 Justification

The material chosen for this application is a 2618-alloy. This alloy has been chosen due to its superior strength and resistance to change under extreme conditions, this is especially important as the pistons will be used in a forced-induction engine. Due to its low silicon content, a 2618-alloy is more malleable, allowing for greater resistance against the stresses that a turbocharger introduces to an engine. As turbochargers mostly increase stress on the pistons at higher RPM, where boost pressure is at its peak and being controlled by the wastegate, 2618-alloy is better able to resist stresses in the high RPM range as it is more malleable due to its lower silicon content (Smith, 2017). 
It is also worth noting that turbocharged engines will often have a higher compression ratio when compared to naturally aspirated engines, meaning that the air and fuel mixture is compressed even more. This added pressure causes the rate of thermal expansion to increase, thus applying a greater downward force on the piston during the power stroke. Due to this, the increased resistance to stress and ductility of a 2618-alloy offers a greater advantage.
One disadvantage to using 2618 pistons is that their lower silicon content also decreases the materials resistance to thermal expansion, meaning that they need to be built with larger clearances between the piston skirts and cylinder wall to avoid premature wear and overheating issues, which could lead to engine failure if not considered. (Smith, 2017).
[image: Pro Max Pistons; Chevy 262-400 2618 Forged 23 Degree Flat Top -6.0cc  Howards Cams 841512306 | Howards Cams]
Figure 2 Chevrolet 262-400 2618 Forged Piston
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[bookmark: _Toc130079652]4.1 Die-casting

Die-casting is a manufacturing process where molten metal is forced into a mould under high pressure to form the shape of a piston, and once it’s extracted, requires a small amount of machining to finish. This is the most common method of manufacturing pistons as it can be done on a high production scale for a low cost.
The downside to die-casting pistons is that when the material is brought to temperature, the grain flow of the metal is changed and becomes weakened by this as its natural atomic structure is lost. This can introduce inconsistencies such as air pockets, further weakening the alloy. (McGann, 2018)
Cast pistons are often made using more readily available and cost-effective materials as they are primarily used in mass produced road cars, where cost and time efficiency is important.

[image: Text
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Figure 3 Grain Flow Structures After Different Manufacturing Processes

[bookmark: _Toc130079653]4.2 Forging

Piston forging is a more expensive and time-consuming method, however, forged pistons offer greater strength and durability due to the alloys grain flow, as seen in Figure 3. When a piston is forged, a cylindrical billet of aluminium alloy is heated (not melted) and placed into a mould. After this, a ram is forced under high pressure into the mould and forces the billet into the shape of a piston. At the end of this process, a lot of machining is required in order to remove imperfections and excess material from the piston. (McGann, 2018)
The result of this process is a piston that may appear similar to a cast one, but has a much stronger, and more consistent grain flow, as this method compresses the alloy into shape, increasing its density. This offers a greater resistance to stress which is required in high performance applications.
Forged pistons are typically made to order and are mostly used in high-performance motorsport applications due to their high production and material cost. 

[bookmark: _Toc130079654]4.3 Machining

Machining is a significantly less common manufacturing technique compared to die-casting and forging. However, machining can offer certain advantages when manufacturing pistons for an engine. When a piston is machined, a solid block of metal is shaped into a piston over time using a variety of machining tools and milling cutters such as PCD mould milling cutter, PCD end milling cutter, PCD grooving cutter, PCD ball milling cutter, CNC router and a lathe (More SuperHard Products Co, 2017). This is a more time consuming and costly method when compared to casting, but can be effective in some applications.
Machining pistons generally allows for more precise cutting when adhering to strict tolerances, as well as a higher level of freedom when designing the features of a piston to fit its purpose. The grain structure of a machined piston is also stronger and sometimes lighter when compared to cast pistons.
On the other hand, some materials can be much more difficult to machine, causing production to slow down and increase the likelihood of imperfections which could decrease the performance and reliability of the part. Another disadvantage of this process is that machining can often leave a rough surface on the finished product, increasing the chances of friction occurring in the engine. To combat this, they tend to need polishing before assembly to ensure a smooth finish.

[bookmark: _Toc130079655]4.4 Justification

For this application, the obvious choice for a 2618-alloy piston would be to use forging as the manufacturing process. This is primarily due to the structural properties of a forged piston, as they are more capable of tolerating the extreme conditions of a high compression, forced induction engine when compared to a cast or machined piston. Forged pistons also offer a higher resistance to thermal expansion due to their denser atomic structure. This is beneficial as a performance engine will often experience higher temperatures in the combustion chamber, a greater resistance to thermal expansion allows for tighter clearances as well as potentially a higher compression ratio.
Forged pistons will often have a lower mass than die-cast pistons. This is due to the increased density of the material used in a forged piston, allowing for less material to be used while maintaining a higher level of strength and resistance to change. This is ideal as a lighter piston reduces the rotational inertia around the crankshaft (reducing stress), while potentially increasing efficiency and acceleration.
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To summarise, a multitude of different manufacturing processes and material properties such as thermal expansion, ductility and tensile strength have been considered for our application. The final decision to use a forged 2618-alloy has been made as the properties associated with both the selected material and manufacturing process are best suited for a performance-based application.
Reviewing and researching different characteristics and properties that each selection would provide has successfully allowed us to select the most beneficial and effective material and manufacturing process for this application.
[image: 2618 Pistons: We Dive Into The High-End Alloy With UEM Pistons]
Figure 4 Forged 2618-Alloy Pistons
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