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[bookmark: _Toc98703262]1. Introduction
During the cycle of an internal combustion engine huge forces and temperatures are exerted on each of its components, with this in mind from the design stage through to the manufacture stage many factors must be considered. Because the piston is such a central and crucial component within the engine a failure would be catastrophic and potentially dangerous, therefore, to guarantee optimum performance and reliability of the engine, whether in a road car or on a racetrack, choosing the correct materials for each component is crucially important. This report will investigate the required material properties for a piston in a four-stroke internal combustion engine, looking into the stresses it is put under through the engine cycle. Selecting and investigating materials that would be suitable and detailing different methods as to how the piston would be manufactured.



[bookmark: _Toc98703263]2. Material Properties.
[bookmark: _Toc98703264]2.1 Tasks and requirements of the piston.
The first step in investigating the material requirements for a piston is to look at what tasks the piston must complete, some of these are listed below.
· Receive thrust from combustion and transmit that force through the connecting rod to the crankshaft.
· Seal off the working chamber under high pressure conditions.
· Provide linear guiding for the connecting rod.
(MAHLE, 2016) (CarBikeTech Team, 2020)
The basic qualities and requirements of the piston must also be considered, some of these are listed below.
· Must be adaptable to various operating conditions, including extreme temperatures and pressures.
· Resistant to seizure, to ensure this the material should have low expansion properties.
· Good heat dissipation and thermal conductivity for effective heat transfer to other components. 
(MAHLE, 2016) (CarBikeTech Team, 2020)

[bookmark: _Toc98703265]2.2 Material Requirements.
[bookmark: _Toc98703266]2.2.1 Temperatures and Pressures on the piston.

The modern piston is made up from one single piece of material that is most commonly manufactured either by casting or forging, with casting being the most cost-effective option (Leadfoot engineering, n.d.), Even though these methods vary greatly in cost and time they all end up with a finished piston made from a single piece of material, and although it is one piece the various areas of the piston all have different temperature and pressure requirements. Selecting a material that is capable of meeting those requirements is crucial, the basic areas of the piston can be seen below.
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Description automatically generated]Figure 1: Piston areas (MAHLE, 2016)


 




The piston crown will receive by far the largest pressures and temperatures due to it being the bottom of the combustion chamber, in the case of a modern turbocharged engine pressures up to 24MPa (240 bar) and temperatures in the combustion chamber reach over 2300°C however sustained temperature on the piston crown are closer to 400°C (MAHLE, 2016). Some of the other examples are listed below:
Piston skirt – Max Lateral force is 10% of max gas force therefore 2.4 MPa (24 bar) if gas force is 24MPa. Max temperature 180°C.
Piston pin boss – Max temperature 260°C.
(MAHLE, 2016)
[bookmark: _Hlk98351405]As the highest temperature sustained on the piston is the crown at 400°C it is very important to select a material that does not have drastic changes in its properties, or degradation at temperatures around this for extended periods of time. In addition another factor that must be assessed is thermal expansion as the tolerances within an engine are very tight, excessive thermal expansion of the piston material in worst cases could lead to seizure of the piston skirt within the cylinder (MS Motor service, 2010).
Another area that must be looked at in a modern engine is efficiency, and as the piston is a reciprocating component it should be designed to be as light as possible to reduce energy losses and maximise efficiency, in either a motorsport scenario to increase performance from the engine, or in a production car to maximise fuel economy.


[bookmark: _Toc98703267]3. Material Selection 
[bookmark: _Toc98703268]3.1 Aluminium
The most commonly used material in modern pistons is aluminium, chosen for its low weight and excellent thermal conductivity. Aluminium transfers heat very well to reduce the thermal load and stress on the piston itself, however it has a lower melting point of 660°C and after passing 300°C its resistance decreases rapidly (MAHLE,n.d.). Unalloyed, some properties of aluminium such as strength and wear resistance are poor (MAHLE, 2016), because of this aluminium is always alloyed, usually with silicon which helps reduce its thermal expansion rate. This in turn allows for tighter tolerances, and smoother operation when cold (JE Pistons, 2019). Some examples of Aluminium alloys used in pistons can be seen below.
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Description automatically generated]Table 1: Aluminium piston alloys (European Aluminium Association, 2011)

 










The above table shows the differences in strengths at varying temperatures between Eutectic and Hypereutectic aluminium alloy pistons. Eutectic means that the alloy is saturated with silicon, 12% silicon content will fully saturate the solution and any more will not ‘blend’ into the alloy (Motortrend, n.d.). The main difference between eutectic cast and hypereutectic cast is the hypereutectic has a higher ultimate tensile strength at 300°C even though its ultimate tensile strength at lower temperatures is less than the eutectic.
The special cast eutectic alloy can be seen to have higher Yield strength, ultimate tensile strength and hot hardness at high temperatures which shows that the higher copper and nickel quantities have an impressive effect on its strength making it an excellent choice for a high-performance piston.
[bookmark: _Toc98703269]3.2 Cast Iron 
Cast iron is a versatile material used in many automotive applications, it has a carbon content of over 2% and some good material properties regarding its strength and durability (J.Sabhadiya, n.d.). With a melting point of around 1200°C, almost twice that of aluminium, it copes with heat very well. However the downfall with cast iron as a piston material is its density, at 7300kg/m3 compared with aluminium’s 2705kg/m3 (P.Evans, 2015) it is far heavier and the larger reciprocating mass has a large effect on the efficiency of the engine especially at high rpms, making it more suited to lower rpm engines in heavy duty diesel applications.
[bookmark: _Toc98703270]3.3 Steel
Steel is a very important material in automotive manufacture, with a lower carbon content at less than 2% which differentiates it from cast iron and also with a higher melting point at around 1400°C -1540°C (MetalSupermarket, 2020). One issue with steel is that when cooling slowly after forming the grain structure is undesirable, which reduces its hardness and strength. This can be improved through tempering where the metal is heated to over 850°C and quenched (cooled rapidly) in a liquid, where the hardness and strength is greatly improved however the component will become more brittle (MAHLE, 2016) This can be seen below with the structure from slow cooling on the right. Figure 2: Steel structures (MAHLE, 2016)
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Another benefit of a steel piston over aluminium is because of the strength it can be much shorter, resulting in a shorter compression height and also ring spacings (MAHLE, n.d.).
[bookmark: _Toc98703271]3.4 Chosen Material.
From the research completed Aluminium is the best material to use for a piston, its light weight makes it an excellent choice when compared to the stronger but heavier iron and steel, especially in performance applications where a fast and high revving engine is required. Different alloys of aluminium can alter its characteristics for the chosen application and its brilliant conduction of heat allows more heat to be transferred away from the piston allowing for a cooler running engine. One other aspect which makes it a good choice is the wide range of manufacturing methods available, from the cheaper casting options to higher end forging methods, these cover a wide cost and property range making aluminium a great choice for pistons in most automotive applications.

[bookmark: _Toc98703272]4. Manufacturing Methods
With the most suitable material chosen to be aluminium, the manufacturing processes required to make a piston can be investigated, ranging from cheap to most expensive.
[bookmark: _Toc98703273]4.1 Casting 
[bookmark: _Toc98703274]4.1.1 Sand Casting
The cheapest casting type is sand casting, which is where ‘patterns’ are created for each half of the product, placed into a mould and sand packed around it. When the pattern is removed a detailed mould is revealed, and molten metal can be poured into the mould via a feed hole once both halves have been placed together. Sand casting is very cheap and popular, supporting a variety of metals including steel, aluminium, magnesium, bronze, tin, and zinc (Monroe Engineering, 2019). However very small details and tight tolerances cannot be made in this way and due to the nature of the sand most components will need finishing afterwards.
[bookmark: _Toc98703275]4.1.2 Die casting
Die Casting is used with metals that melt at lower temperatures as the moulds used are steel, making it a good choice for aluminium components. The components are cast usually using 2 high precision dies that are first lubricated and injected with molten metal at extremely high pressures ranging from 150-1200 bar (Stark, A 2019). The high pressure and precision nature of the dies allow for impressive accuracy and improved surface finish over sand casting, allowing for less finishing needed and more consistency with the components. The moulds are permanent and do not need to be destroyed after use like other methods, making it excellent for series or mass production (Stark, A.2019). 
[bookmark: _Toc98703276]4.1.3 Investment casting
Investment casting involves wax ‘patterns’ being created in the shape of the component often in ‘trees’, next the wax pattern is coated in alternating layers of ceramic slurry and sand stucco (Olsen. D, 2020) and allowed to harden. To remove the wax the moulds are placed into a furnace to melt the wax out leaving behind a very intricate ceramic mould, however before receiving the molten metal the moulds must be heated up to a very high temperature to strengthen them. Once the metal has been poured and solidified the shell can be removed through many methods, including vibrating and water-jetting (Reliance Foundry, n.d.). Investment casting creates very detailed components and requires little finishing afterwards making it an excellent choice. 

[bookmark: _Toc98703277]4.2 Forging.
Forging is a process that uses huge compressive forces to ‘stamp’ a piece of metal known as a slug into the desired shape, this can be done at cold, ‘warm’ or hot temperatures depending on what properties are required from the component (Cornell Forge, 2021). One large advantage of forged pistons is that the grains of the material are optimised to give the best mechanical strength possible, an example of this can be seen below.
[image: ]Figure 3: Forged vs cast structure (McGann, J 2018)






Forging is split into two main types, open die, and closed die. Firstly open die, also known as free forging, involves the metal never being completely encased in the die as the dies are usually flat, V-shaped, or semi round (Canton Drop Forge, n.d.). Open die is not chosen for complex components such as engine components as the dimensions created through open die forging can be inaccurate. Closed die forging is much more suitable manufacture of a piston due to the higher precision and repeatability of the process, because of the metal being enclosed fully by the die an identical part can be created each time. Much less machining would be required after forging and the more desirable grain structure aids structural integrity and durability of the piston greatly.


[bookmark: _Toc98703278]5. Conclusion.
After investigating a range of materials, manufacturing methods, and assessing the material properties required for a piston, Aluminium was found to be the most suitable material. In particular a higher silicon content aluminium alloy containing around 12% or more silicon. The higher silicon content has been chosen to reduce thermal expansion, and the aluminium has a light weight and a good strength to weight ratio when alloyed correctly. For a more cost-effective and mass-produced piston die-casting would be used to manufacture due to its fast and relatively accurate production and machined to a finished product. In a lower production or Motorsport application forging would definitely be used due to its higher yield strength and superior structural properties. 
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Yield Strength Reo (MPa) at Temperature
20° 190-230  280-310  170-200 220-280 200- 280
150° 170-220  230-280  150-190 200 - 250 -
200° 120170 - 100150 - 150 - 200
250° 80-110  90-120  80-120 100- 140 100 - 150
300° 50-80 - 6080 - 85-100
Ultimate Tensile Strength Rn (MPa) at Temperature
20° 200-250  300-370  180-230 230-300 210-290
150° 180-230  250-300 170-210 210-260 -
200° 160 - 200 - 160 - 190 - 170-210
250° 100-150  110-170  110-140 100-160 130180
300° 80— 100 - 90-130 - 100 - 120
Elongation to Fracture As(%)
20°C 03-15  1-3 02-10 05-15 01- 05
Hot Hardness after 200 hours at temperature: Hardness (HBssoso)
20°C 90-125  90-125  90-125 90-125 100-150
150°C 80-90 80-90 80-90  80-90 80-115
200C 60-70 60-70 60-70  60-70 60-75
250°C 35-45 35-45 35-45  35-45 45-50
300°C 20-30 20-30 20-30  20-30 30-40
Fatigue Strength o (N/mm’)
20C 80-120  110-140  80-110  90-120 90-120
150° 70-110  90-120 60-90  70-100 90-120
250° 50-70 60-70 40-60  50-70 60-80
300° - - - - 45-60
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