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Introduction

This technical report will go into detail about material properties for a piston inside a gasoline internal combustion engine. The environment and application will be considered. The application will be a Formula 1 piston. The lifespan, costs and reliability will also be researched. In this report, the Piston from a modern Formula 1 engine will be compared to that of a typical production vehicle available to the public. This will assist in choosing the correct material for a high-performance engine. Research into the operating conditions of a Formula 1 engine will help influence the choice for a strong and good performing material. Production processes will also be researched, with consideration into their manufacturing tolerances.


















































Background research



A modern Formula 1 engine is powered by a 1.6 litre V6 Turbo engine, with a Kinetic Energy Recovery System and Electrical Recovery system. Both systems focus on harvesting additional electrical energy from the engine and braking systems. All F1 teams are allowed 3 power units per car per season. There are typically 22 races in a season. With each race lasting around 300 Kilometres. This means one power unit must last at least 7 races, or 2100km. This is about 1300 miles. For simplicity qualifying and practice sessions will be ignored. F1 engines are typically made from aluminium and titanium to save weight. Researching the operating environment of these engines will help to influence what material should be used. Figure 1 below contains some operating environments of a modern F1 engine.


	Max RPM
	15,000(1)

	Combustion Temperature
	2,600 Degrees Celsius(2)

	Compression Ratio
	18:1(1)

	Boost pressure
	3.5-5 Bar(1)

	Coolant Temp
	120 Degrees Celsius(3)

	Estimated Lifespan
	1300 Miles(1)

	Power Output
	840-1000 BHP(1)


Figure 1, Piston operating environment


(Wikipedia contributors, 2023b)(1)

(Hansra, 2018)(2)

(Wikipedia contributors, 2023c)(3)






























Material Properties


A Formula 1 engine operates in a very different way than a typical engine in a production car. Most modern engines have service intervals of every 6,000-10,000 miles and have engine warranty until at least 60,000 miles. This is considerably higher than an F1 engine. This is because the two engines are designed to do slightly different things which will be demonstrated below using images.

[image: Mercedes-AMG F1 W14: back in black for 2023 | CAR Magazine]
[image: Meet The 900 Horsepower BMW M5 Wagon | CarBuzz]








Figure 2 (Mercedes W14 - Bing - Bing, n.d.)                           Figure 3 (BMW M5 Wagon - Bing, n.d.)
BMW 3 Series Touring

· Must have safe levels of power for the size of vehicle
· Noise restrictions
· Emissions restrictions
· Must be reliable (100,000+ miles)
· Wear resistant components
· Rev limit not high
· Budget restraints
· Must be cheap to make

Mercedes F1 W14

· Must be as powerful as possible
· No noise restrictions
· Very high rev limit
· Must be light
· Must be reliable (7 races lifespan
· High power output
· Wear resistant components
· No emission restrictions
· No strict budget
· Manufacturing process cost not a concern



















From Comparing the environments and requirements of these two engines, conclusions can be made as to what material properties would be required. An F1 piston must be as light as possible as the engines rev up to 15,000 RPM. The piston must be hard wearing and durable. The piston doesn’t have to be cheap to manufacture. The piston must be able to withstand extreme temperatures.

















Piston characteristics and failure points


Most modern pistons are made using alloys. The common materials are either aluminium or iron. The iron is alloyed with carbon, to make steel. The aluminium is combined with elements such as zinc, copper and magnesium. Mixing other elements with the base metals can make them stronger, harder and increase their melting point. Steel pistons are considerably heavier than aluminium pistons. Steel pistons are typically used in big diesel engines in cars, lorries and agricultural machinery. Diesel engines have a low redlines in comparison to petrol engines, as they rely more on torque than Brake Horsepower. 
Most modern road cars use aluminium pistons due to their weight and durability. A quote from a report on the effect of alloying metals for pistons states “Depending on Ni and Cu content affecting the strength of the matrix, the tensile strength was increased with Ni and Cu content, whereas the elongation was increased in the reverse case. Also, creep resistance was drastically increased with Ni and Cu contents mainly due to prevention of deformation owing to the increased eutectic and precipitation particles.” (Jeong, 2012b)
 This quote explains that alloying metals makes them stronger and less likely to fail. This is very important in modern engines due to emissions regulations. Internal combustion engines are made smaller with every new car model. The engines still get more powerful even though manufactures reduce the engine size and sometimes remove cylinders. This puts more stress on the internals of the engine as smaller pistons are making more power and have more load applied to them. Without alloying the pistons, modern engine reliability would be poor due to materials inside them being stressed beyond their capabilities.
[image: Wiseco KE255M775 forged pistons VW Polo GTI, Lupo GTI 1.6 16v (AJV, ARC ...][image: Sell NORS 1929 1930 1931 1932 1933 1934 1935 1936 D-18 Chevrolet Piston ...]


  







Figure 4 (NORS D-18 Chevrolet Piston Set .060+Bore n.d.)       Figure 5  (TOMSON Motorsport)

                                                                                     


Above in figure 4 and figure 5 the evolution of piston shape and material has changed over the years. On the left, a Chevrolet piston made from iron in the 1930’s. And on the right, a Volkswagen aluminium piston. The length and weight of the piston has dramatically reduced over the years as emission regulations tighten and as efficiency increases.

















A piston can experience two types of fatigue inside an engine. They are mechanical failure and thermal failure. Mechanical failure is when the material of the piston wears down which can cause low compression, blowby, coolant combustion and sometimes total engine failure. Mechanical failure is typically caused by poor lubrication inside the cylinder walls. The poor lubrication will result in thee metal of the piston grinding on the cylinder walls, causing mechanical wear. A quote from a report on engine fatigue states “By mechanical fatigue it is meant that in a piston a crack will nucleate and propagate in critical stressed areas. The stresses in this context are due to the loads acting externally on the piston” (Silva, 2006) 

Material cracking is common along thinner parts of the piston such as the piston rings and the skirt. But as a general principle mechanical fatigue is mostly on contact surfaces, as they experience the most stress. The arrows below in FIGURE ? show common areas that this can occur.


Wrist pin boss – contacts the wrist pin

Piston ring slots – contains the piston rings and contacts the cylinder walls



[image: Diagram

Description automatically generated with low confidence]







Figure 6 (Silva, 2006)Piston skirt – Contacts the cylinder walls







The below image demonstrates what can happen when a piston experiences mechanical fatigue. The cracks are visible in the high stress areas shown in figure 7. The left hand image in figure 7 shows cracking that initiated in a thin part of the piston, which is the rings.



[image: A picture containing diagram

Description automatically generated]
Figure 7 (Silva, 2006)

Thermal fatigue is caused by the piston being exposed to temperatures that are beyond the boundaries of its physical properties. In engines, thermal fatigue can be caused by an incorrect fuel mixture that burns too hot inside the cylinder. These extreme temperatures cause the piston to melt and fail. Figure 5 shows a diesel engine piston that has failed due to poor fuel and air mixtures.


[image: Diesel engine piston with a melted bottom [21] | Download Scientific ...]















Figure 8 (Melted Engine Piston - Bing, n.d.)


With the research carried out into the environment the piston will experience and the common weak points in their design, a list of desired properties can be made to help identify what material is best suited for the application.

Must haves for a Formula One piston
· Have a high melting point
· Be lightweight
· Be durable
· Be hard wearing
· Have a certain elasticity
· Be effective at absorbing stress
· Not be brittle


Non concerning factors
· Corrosion resistance
· Cost
                                                       























Material Selection


	
	Aluminium alloy 7075
	Steel
	Titanium

	Density lb/in3
	0.102 lb/in3 (1)
	0.289 lb/in3  (5)
	0.163 lb/in3  (5)

	Modulus of Elasticity (Kilopound/Square Inch)
	10,400 (ksi) (2)
	29,000 (ksi)  (5)
	16800 (ksi)  (5)

	Tensile Yield Strength (Kilopound/Square Inch)
	73 (ksi) (2)
	50.8 (ksi)  (5)
	20.3 (ksi)  (5)

	Elongation at Break
	11% (1)
	15%  (5)
	54%  (5)

	Hardness (Brinell test)
	150 (3)
	121  (5)
	70  (5)

	Cost per KG (£)
	£5.40 (4)
	£3.18 (6)
	£12.86 - £34.55 (7)

	Melting Point (Degrees C)
	477 - 635 Degrees C (9)
	1450 Degrees (8)
	1660 Degrees (8)


Figure 9, Material comparison table

Citations 
(Wikipedia contributors, 2023) (1)
(All About 7075 Aluminum (Properties, Strength and Uses), n.d.) (2)
(Munter, 2017)  (3)
(Aluminum 7075 Aluminium Alloy Plate Price per Kg | Aluminium Alloy Plate (aluminium-alloys.com) - Bing, n.d.) (4)
(Steel Vs. Titanium - Strength, Properties, and Uses, n.d.-b) (5)
(Mild Steel Sheet – UK Supplier | the Metal Store, n.d.) (6) Steel cost calculated using a sheet that was £5 for 1.57 kg. £5 / 1.57Kg = £3.18. Steel cost was hard to find.
(Writer, 2022) (7)
(Connor, 2020) (8)
(Rapid Direct, 2022) (9)


Using the colour codes on the table, it is easy to see the compared characteristics of the three chosen metals. For the application of motorsport, the aluminium alloy piston is the most suitable material. Aluminium 7075 has the lowest density, meaning it is more lightweight. This will allow the high-performance engine to rev faster and higher due to the decreased mass in motion. Aluminium also has a higher yield strength and hardness when compared to steel and titanium. This allows the alloy to be able to cope with higher loads of force and be more resistant to damage. However, aluminium has a poor melting point and the elasticity factors such as elongation and modulus of elasticity are considerably lower than steel and titanium. However, for the application of an engine, these factors do not matter. Aluminium pistons are already used in performance vehicles on the road. The aluminium is unlikely to melt in an engine if the correct fuel and air ratio is used. The elasticity is also not a concern. Metals such as steel and titanium could be more likely to deform under high loads. Aluminium’s lower value of elasticity might help the durability in this situation.

The justification for this choice can be supported by an article on comparing steel to aluminium pistons in diesel engines. A quote from the report reads “Steel pistons are heavy (hurting fuel economy), more difficult to machine (because the material is harder), and the infrastructure to make millions of steel pistons isn’t out there (like it is for Aluminum). It’s for these reasons that many diesel engine builders will hold onto Aluminum pistons as long as possible.” (Thompson, 2012)
 This quote helps to reinforce the decision behind the material choice. Steel is heavier than aluminium. This is the most important factor. As a formula one engine would not be able to produce as much power with heavier pistons. Steel pistons also have worse fuel economy which can affect performance on track.



Manufacturing processes

F1 teams use 3 race engines per year, and another for testing before the season. This is a total of 8 engines per team. Which means only 48 pistons are required for a season. This is important to understand when choosing methods of manufacturing. Most manufacturers in the automotive would use a mixture of a die and press for initial shaping of the piston, followed by machining on a lathe for the final shaping. Using a die and press for initial shaping is a very time efficient process. It reduces overall machining time on the lathes. The below figures 10 and 11 show how road car pistons are made.
[image: A picture containing indoor, kitchen, device, miller

Description automatically generated]
[image: A black and white photo of a drum set
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Figure 10, a die and press (How Is Made, 2015)                   Figure 11, A piston on a lathe (How Is Made, 2015)



Machining pistons on lathes and CNC machines is a suitable option for making Formula 1 pistons. There would be no need to use a die and press to speed up production time as these pistons are made as batches and are not mass produced. Blocks of billet aluminium could be precisely machined into shape instead. The accuracy of CNC machines is very high. As stated by Xometry “CNC machines are highly accurate with some machines being able to produce parts to an accuracy of ± 0.0025mm” (Misnikov, 2022) A piston can be machined in a few hours, which is a reasonable time frame considering the quantities needed. However, a good CNC machine can cost hundreds of thousands of pounds. This makes initial setup costs high. However, F1 teams already use CNC machines for other metal components, so this is not a concern.


3D printing was initially considered as a potential manufacturing process. Due to its simplicity, compact size and low setup costs. However, the tolerances of additive manufacturing are not as accurate as CNC machining. This is supported by the figure below. It states that general tolerances for 3d printing metal is 0.5mm.


[image: Graphical user interface, text, application, email
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Figure 12, 3D printing capabilities (Williams, 2021)



Research was carried out to understand tolerances of the gap from the piston to cylinder bore of an engine. An online forum states “Piston to bore tolerance should be 0.05mm or 0.002in at the largest area of measurement.” (Piston to Cylinder Bore Tolerances, 2015) This confirms that 3D printing does not have the accuracy to produce high tolerance parts such as pistons. CNC machines and lathes are the most suitable application for producing such parts. They are fast and most importantly highly accurate.






















































Conclusion

The most suitable material for a formula 1 piston was successfully identified. The decision to use aluminium 7075 was supported by its strong material properties and characteristics. The material properties were compared to the environment the piston will be operating in. Aluminium is the most sensible choice due to its low density and durability. Other such materials like titanium and steel are too heavy for a Formula 1 engine due to the high rev limit. The aluminium pistons would then be manufactured using CNC machining. The decision to select CNC machines was due to their high accuracy. This method is also benefitted by the low production volumes of pistons. This renders processes such as casting useless. As thousands of pistons do not have to be made. Machining is also beneficial as it does not add internal stresses to the pistons. Internal stresses would be experienced using the force of a die and press, and high temperatures of casting.
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