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[bookmark: _Toc61376400]Introduction
This project is going to be looking into how a component is processed and created and to investigate how the product may be improved and how it has been improved throughout history. There will be a consideration of the types of wear the product will go through during the cycle of its life. The project will be based around a piston and the surrounding areas of an engine from this there will be an examination of how pistons can be a limiting factor in an engine, investigate the different types of materials that have been used in previous developments and examine how these have impacted the life and limitations of an engine. The conrod and piston are at the heart of an engine and are subjected to numerous stresses and strains. They are subjected to massive heat cycles all while enabling a car to essential spin its wheels through numerous other systems. The correct piston and conrod is essential to ensuring the longevity of an engine while also becoming a limiting factor when an engine becomes tuned. 
A piston is effectively a moveable plug within a cylinder that is pushed down by hot combustion gasses and returned to the top of the cylinder using the crankshaft to restart the process. A piston has a gas-tight seal around it to get the most amount of efficiency from the combustion gasses. Due to this factor, there is a lot of friction between the piston and cylinder wall and therefore reducing this friction will allow a better efficiency in the engine. Having a light but strong piston is the best scenario with an engine as the lightweight piston has less momentum and therefore having exerted less force. This will allow the engine to be revved higher. While the strength of the piston is required to prevent premature failure. (Muir, 2020)
A conrod is equally as important as the piston within an engine. In fact, without having some sort of conrod an engine would not be able to function. The conrod is the part that connects the piston to the crank to enable the engine to make effective use of the energy being outputted by the combustion of the engine. The conrod needs to be able to withstand the high pressures that are being exerted from the piston and therefore are usually the first point of failure when an engine is being tuned or modified as the extra pressure from the extra air and fuel that has been inserted into the chamber causes the conrod to bend or even snap. It is therefore important that the correct conrod is inserted for the correct application of engine. (Draw Attention, 2018)

[bookmark: _Toc61376401]Research
The piston and conrod are both mated to each other and play an equal part in a combustion engine. Both the piston and conrod are subjected to numerous heat cycles, and a huge amount of pressure therefore they need to be made of a material that can handle the extreme heat conditions as well have a strength that can handle the pressure subjected to them. The oil within an engine plays a massive role in ensuring that the friction is not overly high while also helping to cool the engine. Without the correct amount of engine oil, the engine will seize and will cause damage to numerous components within the engine including the conrod. This means the coatings or material that the piston and conrod are made from needs to be able to withstand the components within oil.
[bookmark: _Toc61376402]Pistons
The piston can be made from numerous materials and numerous different coatings are generally used to harden the material to be able to withstand the heat and pressure.
[bookmark: _Toc61376403]Materials
The main material used in further developed engines is aluminium due to its weight advantages over steel. There are two types of processing for a piston and these are having a cast aluminium piston or a forged piston. The cast piston is used more often in everyday road cars due to the fact they are cheaper to produce. Most road going cars are considered as being low powered and not being pushed to their limit but created to a safety factor that is generally quite high. Due to this factor a cast piston will survive as they will not see the abuse of very high heats or overly high rpms. Cast has no flexibility and therefore there is not a lot that can be done to develop the piston further. 
For a higher performance engine, the more common route to go down is a forged piston as they have a great design flexibility and the best cost to performance ratio. A forged piston will be much stronger and be lighter than using a cast aluminium piston. The forged piston is generally the go to piston for aftermarket uses. People building high performance boosted engines will usually swap the standard cast piston for a forged piston due to its strength. Sporty cars will sometimes come with a forged piston from factory. A great example of this is a Honda F20 engine that came in the Honda S2000. In this instance the forged piston was used due to its lightweight properties allowing this particular 2.0 litre engine to rev to 9000 rpm. There are two types of aluminium alloys these are listed as SAE 4032 and SAE 2618. Both are great for different applications. The 4032 is a harder material meaning the piston is not as susceptible to expand, this means they can be fitted with a smaller cold clearance, this will allow the engine to run quieter. This is a good factor for an engine that needs to run a knock sensor as it will pick the pre detonation up a lot easier making the sensor more important. The 4032 is also considered less dense making this piston lighter than a similar piston made from the 2618. A piston will have a silicone content that varies depending on the piston, the silicone helps to improve the hardness of the piston meaning the piston will wear less over time in the vital areas. The 4032 has around 12 percent silicone while the 2618 has a low silicone count as low as 0.25 percent. The 2618 has a higher ultimate strength, better resistance to higher temperatures and has a better ductility. This piston will be more common in a racing scenario due to the requirements of having a minimal weight without compromising its durability in a high heat scenario. (Magda, 2018) The Cosworth formula one v8 had used a 2618A compound that was forged. The piston had 95% of its surface machined leaving only metal that was considered to contribute to the strength of the piston most efficiently. This was a huge benefit to this engine as it allowed the v8 to rev to 20,000 rpm with no piston concerns being reported throughout the season. (Racecar Engineering , 2021)
[bookmark: _Toc61376404]Coatings
Coating can take a piston to the next level to an ordinary metal piston. Coatings can be used to reduce friction, shed oil, or even reflect heat. A lot of racing disciplines will investigate the reduction of friction on their pistons within an engine to get the most efficiency and power from the engine. Wiseco pistons offer numerous types of coatings that assist in making a piston perform better. The first is armorglide skirt coating that is a dry-film lube that is applied to the skirt of the piston. This coating can reduce friction on the piston to improve the performance but can also quieten down the piston in the cylinder bore. Most automotive dry lubricants are based around a chemical called molybdenum, this is a hexagonal shaped molecule that shows strength when tipped on end, therefore due to being on end it creates less friction and allows sliding to happen with less effort. Wiseco have since developed a new skirt coating that acts in a similar way but is a lot more robust. This type of coating is designed to allow the piston to self-adjust to the specific cylinders in which it is installed. This means the piston can be installed with minimal clearance. The bare aluminium piston is not adjusted to accommodate the coating, it is engineered into the piston when ordered for a specific application. The coating is applied using Wiseco owned machinery which is then followed by a 2-step heat treatment-bonding sequence. The area of the skirt is designed to be the permanent sliding area for the piston to cylinder wall, the coating is designed to adapt to the dimensions of the cylinder. This will result in a piston with improved stability and a quieter operation.
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Figure 1 – Wiseco ArmorFit skirt coating.
The next coating that Wiseco offers is known as ArmorX and unlike the other coatings this is applied to the whole piston except for the skirts and this is because it allows the piston to be able to handle high temperature and high boost scenarios. It has the capabilities of handling high cylinder pressures as well as intense rod angles. It is anodic coating, this is basically an oxide film that is applied to the piston through electrolysis, it is a form of controlled oxidation. The piston is dropped into an electrolysis cell that is filled with an acid electrolyte solution. There is a direct-current electrical charge being applied by a cathode within the cell. The surface of the piston acts as the anode. When an electrical current is applied, it causes the water molecules to release oxygen atoms that are then attached to the pistons surface (anode). The oxygen and aluminium then combine to create and oxide film coating. 
Finally, there is a coating known as ArmorPlating, this is applied to only the piston dome, ring groves and wrist-pin bores. It has a low coefficient of friction and prevent blowby and helps to prevent detonation. This process is very detailed, and the piston needs to be completely clean using intense cleaning methods before it is plated. The plating bath is a very accurate process of coating a piston and the thickness can be controlled very accurately using the amount of time the piston is in the bath.
For gudgeon pins, connecting rods and pin bores it is common to use a coating know as DLC or diamond-like carbon. This provides an extremely hard surface while still maintaining a low coefficient of friction. This is useful for parts under high amounts of stress and strain as it allows the material to be strengthened while creating less friction between the moving components. (Magda, 2019)
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A lot of pistons used to be made from aluminium alloys that would be considered hypoeutectic such as SAE 332. This is made up of around 8-10% silicon. With the development of pistons using a higher percentage of silicone, a eutectic alloy piston contains 11-12% silicone and a hypereutectic alloy have a higher content of silicone at around 12-16%. The silicone is used to improve the high heat strength and reduces the amount of expansion the piston is subjected to allowing tighter tolerances to be used. The latest technology being used to be able to withstand the heat and pressure of an engine is a forged piston with the names SAE 4032 and SAE 2618. The benefits of both have been listed previously. However as internal combustion engines develop as does the piston inside said engine to be able to cope with the higher pressures and temperatures the newly developed engine is subjected to.
[bookmark: _Toc61376406]Development of Piston Technology
Piston development is starting to take a turn in than rather using a more conventional aluminium pistons there have been developments to create pistons out of steel. Mahle powertrain used steel pistons in a diesel racing engine. Due to the increasing pressures within a diesel engine particularly, the steel piston becomes a benefit due to fact that steel is a stronger material. It is also claimed that the steel pistons consume less fuel. Mahle is now looking into using this technology in engines that have less stress. The benefits of using steel pistons all lie around the strength of the piston, due to the strength in comparison to aluminium they can make the piston with a significant height reduction, this means the engine can be made smaller with significant weight savings. It also allows the engines position to be lower withing the engine bay making for better pedestrian safety and a better centre of gravity within the car. Testing on a friction power bench has showed that this type of piston can save between 3-5% of fuel consumption while reducing CO₂ output by 3%. A steel piston has many advantages, allowing an engine to gain a higher peak pressure while reducing the CO₂ output which will be a great advantage for the new WLTP testing. However, the weakness of the steel piston is its characteristics with heat. As steel has a lower thermal conductivity it may cause issue when trying to keep the piston cool and cause the cooling oil to “crack”. This causes insulating oil carbon to be created and therefore meaning the cooling oil ages at a much quicker rate. There have since been developments to help prevent this and further development will take place as this is still fairly new piston technology. (M Pulse, 2021)
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The biggest enemy of a piston is the heat and pressure within an engines cylinder. Due to the intense environment that a piston is subjected too, the main failure points are melting, fatigue or stress cracking. The most common type of piston failure tends to be the melting of the piston crown. If the engine runs hotter than it was designed to due to an external failure or due to a tuning factor it can cause the combustion chamber to get to hot and therefore causes the piston crown to distort and melt beyond repair. There can be cracking within the piston crown, if an engine does not have any kind of protection against knocking or the ignition timing is incorrectly set up it can cause hot spots within the chamber this will translate onto the piston and therefore cause cracks throughout the piston. (ms motorservice, 2020) 
[image: ]
Figure 2- Piston that has been subjected to engine knock
If an engine is run with the incorrect oil or with too little oil the piston will have to much friction between the cylinder wall and rings or skirt, this therefore can cause damage to the skirt and cylinder wall of the engine, creating scoring and effecting the efficiency of the engine. Finally, with the high pressures within an engine it is possible for a piston to crack from where the gudgeon pin is fitted. This stress cracking can be from the pressure exerted on top of the piston. This will effectively split the crown of the piston into two causing the engine to no longer be in a healthy condition. All these listed faults are some of the more commonly seen piston failures. Manufacturers develop numerous systems to help prevent these errors from occurring. In most instances these problems will mainly occur if there is a fault somewhere else within the engine, a car has been incorrectly tuned and set up or an engine builder has used the incorrect tolerances on the engine. (AMBROZIK Tomasz, 2015)
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Figure 3 - Piston that has been subjected to a stress fracture.
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A piston is a hard thing to have tested due to the nature of the product. A lot of testing with a piston is to just run it within an engine and to keep pushing the engine to create more power and torque until the engine fails. This information is then usually relayed through forums or groups to people looking into making more power from the same engine. However, with more technology coming into play it is however slightly easier to get an understanding of how an engine is performing and the temperature and pressure that it may be subjected to.
A common way to test the strength and reliability of an engine is to use a dynamometer and complete some test runs with additional sensors within the engine. This can be on a chassis dynamometer or even better would be to put the engine on and engine test dyno. Pressure sensors and thermocouples can be added to the engine cylinder to get an understanding of what is happening within the cylinder and the forces and temperatures that are being exerted onto the crown of the piston. It is also possible to manipulate the conditions the piston is in and use a borescope within the engine to get an idea of the condition of the piston after testing.
Another way to test the durability of a piston is to run on a chassis dyno, in the example given a 2.0 Nissan engine was tested using a chassis dynamometer. The engine was run with the following sensors to get an idea of combustion chamber conditions: knock sensor mounted to the side of the engine, thermocouples in the exhaust, a lambda also mounted in the exhaust and a mass air flow sensor to get an idea of the air going into the engine.
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Figure 4 - Dyno testing results
Figure 4 shows the results from the testing, the main things that were looked at to ensure the engine wasn’t being pushed too hard and ensure that nothing was going to go wrong with this particular map was the amount of knock counts the sensor had picked up to ensure there was no pre detonation, the other 2 important sensors were the lambda to ensure the combustion chamber wasn’t going to be too hot and also the initial exhaust temperature to give an idea of in chamber combustion temperature. Numerous tests were conducted to look at how various engine inputs would affect the performance and reliability of the engine in general. (Hazlewood, 2019)
In a professional environment, there are numerous tests that are used on an engine to ensure they are going to withstand all types of scenarios. This will in turn investigate the internals of the engine to see how they are behaving within certain circumstances. One of these tests is to see how and engine will react in a sub minus temperature. Having cold engine components and fluids may present its issues within an engine therefore the engine and components need to be able to withstand even cold conditions. A cold test bench allows an engines cold start behaviour to be analysed. This allows the different style of piston coatings to be tested to see how they withstand to scoring with an oil that is less than optimal for the engine. A cold test can be tested at a temperature as low as -28 degrees centigrade.
An acoustic test bench can also be used to ensure that all the tolerances surrounding a piston are correct and that there is not too much piston play to where it is going to cause premature damage. This test bench can measure both a structure-borne and airborne noise.
Finally, a friction power test bench can be used to determine a mean friction pressure operating maps using the indication method on a driven and complete engine. This kind of test can be used to compare different styles of pistons and how a different style of piston can affect the fuel consumption and the outputted CO₂ emissions given by the engine. (Mahle, 2021)
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· Pistons play a vital part in an engine and are subjected to extreme conditions that require the material to be able to withstand.
· Although the main material that is used for a piston is Aluminium there is always room for improvement within new materials such as the steel pistons that can be made smaller but equally as strong
· Coatings on a piston play a big part in the longevity of the part. They can help to improve the function of the piston by reducing the friction on the skirt as well harden the areas that are under the most amount of stress
· Testing a piston is a difficult procedure and usually requires it to be put into use to understand how well the piston is going to work. To find the failure point is usually keep pushing the limits of the engine until there is a failure within.
· The design of a piston has not changed to much and the general material has stayed the same with slight changes to the alloy mixtures to improve the toughness and resilience of the piston.
· Pistons are still to be developed and piston technology can go further and become more efficient with the investigation of different material alloys. Tighter fitting power cell units can be developed along with certain coating to reduce friction. This will allow an engine not need oil sprayed onto the cylinder walls reducing the viscosity forces the piston need to overcome to make an engine more fuel efficient.
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seen in Fig. 5a. These are cracks that result from excessive loads. This process can be accelerated, if
there is no sufficient amount of lubricating oil. The initial crack on the piston pin forms as a result of
excessive overloads. It will then propagate even at nominal loads and will ultimately result in a break
of the piston. Likely causes of the failure include:
— an incorrect course of the combustion process, and in particular a self-ignition caused by the
delayed ignition,
— excessive or incorrect starting of the cold engine,
— aliquid (water, fuel or oil) present in the cylinder causes a hydraulic lock,
— improving the effective engine power by using, c.g., the chip tuning with no piston replacement,
and
~ using incorrect or reduced-mass piston pins. The piston pin might be distorted to form an oval
shape by applying excessive loads on the bearing in the boss.

b)

S X
Fig. 5. A crack on the piston pin: a) cracked piston head; b) cracked piston skirt

The engine working process must proceed in a defined manner in order to get the maximum

efficiency at maximum pressures and pressure increase rates, not exceeding the levels assumed in the
design of the engine. To ensure the correct combustion process, the control parameters, and especially
the ignition advance angle or the injection advance angle, must be contained within the limits
recommended by the manufacturer. An carlier start of the combustion process due to the premature
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