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[bookmark: _Toc97898136]Introduction
A research report into different properties that are required for a functional piston that will be used inside an ICE (Internal Combustion Engine).  Insights into what properties a piston should have will be gained.  With this information a decision will be made as to what material will be used, along with an overview of production methods for a piston using said materials will be given.  The point of focus that this report will centre around material selection, the affect it can have to performance along with the manufacturing and design considerations that materials can have.  With materials from a traditional design background and newer more revolutionary materials looked at.  


[bookmark: _Toc97898137]Material Properties
The piston is the central component in an ICE, it is the singular part that makes all the other parts move, by being the linking factor from chemical energy in the form of burning fuel to kinetic energy of the moving crankshaft.  This also places a different type of burden on the piston from normal engine components.  These burdens include 
· Transmitting power to other components 
· Sealing off the working chamber
· Liner guiding of the conrod
· Heat displacement 
Adhering to these burdens can be contradictory due to the need for certain aspects can negatively affect other aspects.  Such as reducing the friction coefficient of the piston on the cylinder wall could end up with a larger gap between the cylinder wall and piston and reducing the sealing effect of the piston.  All these areas need to be considered when designing a piston (MAHLE GmbH, 2016).  

Some of these burdens and solutions are as follow
Mechanical load on the piston crown for a naturally aspirated four-stroke engine can be around 6.0-9.0MPa this means that the piston itself will need the static and dynamic strength to handle this force in the combustion cycle.
The temperatures inside the combustion chamber can reach over 2300°C most of this leaves the combustion chamber through the exhaust port.  The piston crown will still be exposed to temperatures of around 200-500°C.  This requires the piston to keep structural integrity at these temperatures.  
The acceleration forces that the piston can see at high RPM can exceed 25000m/s2, having a smaller mass with reduce the inertia force acting on the piston.
The sliding friction of the piston skirt on the cylinder wall can cause premature wear, to combat these low frictional coatings can be used or proper oil lubrication to sliding surfaces, using correct oil for the application (MAHLE GmbH, 2016).

	
[bookmark: _Toc97898138]Material Selection
There are several different things to be considered when looking at materials for selection for any part, this is more important when it comes to the demands that a piston must cope with.  One of these considerations would be what type of make up the material should have.  There are two different types of material make up, these are isotropic materials and anisotropic materials.  Isotropic materials are materials that have the same number of particles in any direction when in a set size.  This means that they have the same properties in each direction and will react in the same way regardless of orientation.  Such as a steel cube will have the same compression strength regardless of what faces are compressed.  Anisotropic materials are materials that have more particles orientated in one direction than another.  This make that material directional dependant, there is more strength in one direction than another.  These are materials such as wood where there is more strength along the grain of the wood rather than across it (BYJU'S, 2022).

The standard material that has become favoured in recent years is aluminium.  With a few alterations to make the material have the desired properties, the practice of adding silicon to the aluminium has the desired effect of reducing thermal expansion and wear.  The most standard is a 12% silicon additive, some producers also use silicon in higher amounts between 18-24% silicon (European Aluminium Association , 2011).  Adding silicon dose have a disadvantage though in that is reduces the overall strength of the aluminium, this is something that is then needed to be factored into the design process.  Aluminium will always have some thermal expansion due to the temperate that it will be exposed to due to combustion.  This will always be present in the design process, such as designing cooling galleries, skirt shapes, or the slightly ovaling of pistons, some of these design features will in turn affect the manufacturing process and end properties of the piston.

There are other materials that have very desirable properties when it comes to the requirements of a piston, most of these materials are ceramics or composites.  The large benefit that ceramics and composites bring is the freedom to create a piston with the exact properties wanted for that application.  Certain ceramics, such as carbide, have very low levels of wear from abrasion which can be very desirable in several automotive applications (The Crucible , 2022).  

One of the most desirable materials for piston construction would be carbon-carbon.  Carbon-carbon is a relatively new material that has no set properties, this is due to the nature of how its produced, as a composite depending on what matrix and filament is used the properties can be different.  Even when the same filament and matrix are used depending on the layering the properties can still be different.  The one of the most common set ups is carbon fibre and graphite as a matrix (Oka, 2003).  This makes a material that has very little thermal expansion, wear, and is resistant to chemical fouling.  The fact that thermal expansion is near non-existent means that several traditional design features can be completely removed.  With no expansion it means that the piston can be designed with much tighter tolerances to the cylinder wall, increasing efficacy at all stages of combustion.  With conventional materials a piston is designed to have a large gap to the piston wall when at cold starting, this is so that when the materials expand from thermal conditions it now makes a tight fit in the cylinder.  Piston rings are used to overcome this gap to help prevent blowback, pressure from the combustion process entering the bottom of the engine casings, but with a consistent tight fit the number of piston rings can be reduced or removed altogether (Langley Research Center, 2002).  

The biggest downside to this material is that it becomes quite brittle and can suffer catastrophic failure from adverse impact.  This along with the extreme cost of construction, compared to more traditional materials, means that carbon-carbon and its fellow material types are only used for the very highest performance needs.  There is also the consideration that to get the highest grade of carbon-carbon the highest grade of carbon filaments and matrix materials need to be used.




[bookmark: _Toc97898139]Manufacturing Processes
The main manufacturing processes for making pistons can be separated into two areas. Firstly forging, this is the process of altering metals through impact and can be done hot or cold.  Depending on the material that is to be forged could alter the method of forging used.  for softer metals they may be able to be manipulated at ambient temperature and great force used to press or mould them to the shape required.  Other materials have a very high compression strength and need to be heated up to make them pliable.  This point is around 70% of the overall temperature that would be needed to melt the metal (Flynt, 2021).  

The second method is casting.  This is the method in which a mould is made, and molten metal is then poured into and left to cool leaving the required part once its broken free of the mould.  There are a few different ways that casting can take place, such as sand casting.  This process requires a pattern piece to be made, along with all metal runs and sprees.  This is then pressed, normally in 2 halves’, into a material that’s resistant to high temperatures, this is generally sand combined with other materials such as clay.  The pattern piece is then removed while keeping the shape in the sand, the two halves are then combined while molten metal is poured in.  newer practices have become more developed as such the pattern piece can now be printed with constructor’s wax from a 3d printer or machined from a solid block.  This pattern piece called a spree is then dipped several times into a liquid ceramic compound that is then left to dry.  The whole piece is now heated to fully cure the ceramic and to melt the wax, preparing the mould for molten metal to be poured in.  this process can lead to much more complex designs but may need extra machining afterword to clean up the piece (The Crucible, 2022).

Due to the limitations of forging, that it can only manipulate the metal from the outside, this means that certain piston designs can only be produced by casting.  In the case of producing diesel pistons which have taken to having a cooling channel inside the piston, this can only be achieved with the casting methods.  

[bookmark: fabrication_of_carbon-carbon_composites_]The method of manufacture for carbon-carbon is normally Liquid Phase Infiltration.  This is like the casting method but with some differences.  Liquid phase infiltration is a method for making composites this means it uses a matrix and filament material.  The filament is laid out inside a mould or printed into with the use of a 3D printer.  Then the other material, in this case graphite, is then taken in a powder form and mixed with a liquid.  This will either make a slurry or a substance that will be converted into a ceramic with a chemical reaction.  This mix will then be pressed into the mould, the liquidation of the slurry will ensure that all the particles of the matrix can surround and embed themselves into the filament material.  This is what the material its incredible strength properties.  The material while in the mould is then heat treated, this is to ensure that the liquid from the matrix is removed and that the reinforcing structure is formed correctly into the desired ceramic (Kopeliovich, 2018).

A consideration that should be made when using carbon-carbon- is the abrasive nature of the material when cut.  This means that only ceramic coated tooling should be used when machining is needed.  Also due to the way the material reacts from machining it is removed in very fine particles adequate extraction systems should be used.  This is also a consideration to the machine life span, due to graphite powder being a good conductor of electricity and may cause machines to short out.  The last thing to note is the porous state of the material and as such coolant should never be used, as it can act as a sponge (Harvey Performance Company, 2020).    



[bookmark: _Toc97898140]Conclusion
Taking the approach of maximizing efficiency the material that would be most desirable is carbon-carbon.  The reason being is the superior thermal efficiency that the material processes can lead to getting more useable energy from fuel, as less is lost in cooling to keep the piston material inside its workable range.  When this is combined with the very low wear rate of carbon-carbon, reducing the need for additional parts in the assembly and servicing needs.  This brings some of the most desirable properties that a piston can have.  When put into a performance application, the ability to save weight by way of altering the properties of the material through manipulation of the filaments, make it very appealing for weight saving.  The practicality of using such materials though is rather low when put in any application besides high-end performance application.  This is due to the large cost associated with manufacture of materials needed, along with certain machining needed for the materials.  This makes it un-useable for widespread application of commercial use.  
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