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1. [bookmark: _Toc53041646][bookmark: _Toc53041688][bookmark: _Toc98785253]Introduction 
This report will cover an investigation into the required material properties for a piston, The piston application will be that of a gasoline sports car engine, such as that of a Mazda MX-5. Pistons undergo many different forces acting upon them and therefore materials with appropriate properties to withstand the forces will be investigated to produce the piston. The application of the piston and the way in which it works will be considered when selecting appropriate materials. With that and the above researched and considered a manufacturing process will be chosen to produce the final piston made of the final material decided upon.  

[image: ]
(Figure 1: Mazda MX-5 ND 2015- Present) 


2. [bookmark: _Toc98785254]Material Properties  
[bookmark: _Toc98785255]2.1 Required Properties 

The piston will be required to have certain properties that will ensure its longevity and quality over the engine/piston lifespan. These properties will be crucial to ensure the piston doesn’t fail when under heavy loads. Eric Tingwall a mechanical engineer for car and driver (2014) states that when the engine is at full throttle and 600rpm, the piston in a gasoline engine will be subjected to 1000kg or 98066.5 Newtons of force every 0.02 seconds, and as repeated combustions of the fuel and air mixture heat the piston to over 600F/588K. This proves that the piston must endure substantial forces and temperatures.
[bookmark: _Toc98785256]2.1.1 Durability  

With the average life span of a petrol engine before needing to be replaced or majorly overhauled going up to 200,000 miles (McNally Institute 2021), it is critical that the material chosen possesses high durability. The Lexico Dictionary (2022) states the definition of durability as “the ability to withstand wear, pressure, and damage”. In order to achieve durability within the piston the chosen material must be resistant to the following forces: 
· Compression, Vital that the piston is not compressed, and thus deformed. (Compression Definitions, Your Dictionary 2022)
· Repeated cyclic loading, Repeated application of force leading to fatigue. (What is a Cyclic Loading? Corrosionpedia 2020)
· Heat of combustion, Resistance to thermal shock and high temperatures.(“Engine Heat Transfer,” 2017)
· Brittleness, Permanent deformation due to lack of ductility. (Definition of Brittleness |nuclear-power.com 2022)
· Creep, Slow and progressive deformation over time. (Material Properties | nuclear-power.com, 2022)
· Corrosion, Ability to resist deterioration and chemical breakdown. (Speight, 2014)
· Fatigue, The effect of repeated strain on a material causing wear or breakage. (Fatigue of Materials| ScienceDirect Topics, 2012)


With the above forces considered when selecting materials, the durability of the piston will be achieved. Without considering the above forces, the piston’s durability will be very little and will require replacing often or changing the material to resolve the problem. In addition to the forces, the piston must be able to withstand, the piston must be made of a high strength material, Saif M of The Engineers Post (2022) states that the definition of strength in a material is “its capacity to withstand destruction under the action of external loads.” This is crucial in a piston as it will have continuous external loads acting upon it during the combustion phase of the engine. A piston made of a high strength material will have high durability.


[bookmark: _Toc98785257]2.1.2 Piston Mass 

Piston mass is important in the application of a sports car due to the engine needing to produce an appropriate amount of horsepower whilst still being efficient, and also remaining within the emissions guidelines for the vehicle class. Mass reduction in pistons is important as it means the amount of force required to move the piston is reduced and thus can lead to increased horsepower and revolution time. In addition to this, a lower mass piston helps reduce CO2 emissions as less work is done to move the piston and therefore less energy is spent from the fuel. (Koma, H et al, Toyota Motor Corp 2010) 












3. [bookmark: _Toc53041648][bookmark: _Toc53041690][bookmark: _Toc98785258]Material Selection 

[bookmark: _Toc98785259]3.1 Material Selection Introduction 

With the previous section material properties considered, relevant materials will now be considered for the production of the piston. The three main goals of the material will be durability, and low mass. The manufacturability of the chosen material must also be considered, as a material may be ideal for the role but cannot be manufactured into a piston effectively. 
[bookmark: _Toc98785260]3.2 Possible Materials

Three possible materials have been selected. This information was gathered by conducting research into the different types of materials that pistons are made out of and the types of applications, a list was created as seen below displaying the possible materials. The list contains only three materials as other materials such as iron or depleted uranium were considered inappropriate due to their high density which would lead to less horsepower and rpm due to more energy being exerted moving the dense material. (Density of Metals – The Engineering Mindset, 2015).  In addition to these materials, the likes of platinum or depleted uranium are not considered appropriate materials due to their high price point with platinum’s price in the UK currently at £25,000 per Kg (UK Platinum Price Trends, 2022). Additionally, in depleted uranium case, it’s hazardous to store due to its radioactivity (Depleted Uranium – the facts | New Internationalist, 2007) 
· Aluminium silicon alloy 
· Magnesium Alloy 
· Titanium 
 
[bookmark: _Toc98785261]3.2.1 Aluminium Silicon Alloy 

Hypereutectic aluminium-silicon alloy piston has become the norm within the automotive industry in modern cars. Aluminium alloys are chosen due to their low weight and high strength. Aluminium has excellent corrosion resistance due to the thin layer of oxide that forms on it, therefore it has applications in aeronautical, automotive, and naval industries. Moreover, aluminium is the most found metal on earth, and its price reflects that as it is cheaper than the likes of titanium to purchase, and manufacture due to its lower melting point (Titanium Vs. Aluminium, Leon Huang 2021). Furthermore, aluminium possesses characteristics such as low-cost manufacturing it also has better casting ability compared to other materials such as magnesium alloys, this, in turn, means cheaper manufacturing as aluminium alloys can be cast which is the cheapest manufacturing process available therefore it can be mass-produced easily. Aluminium alloys can also be manufactured and forged depending on the quality of piston required. Finally, hyper eutectic aluminium-silicon alloys possess good ductility, meaning it will flex before deformation rather than failing under extreme loads like a more brittle metal. (Singh et al., 2019)Aluminium alloys possess a high yield and tensile strength rating of 276 MPa and 310 MPa respectively. (All About 6061 Aluminium (Properties, Strength and Uses), 2022)

[bookmark: _Toc98785262]3.2.2 Magnesium Alloy 

Magnesium is the lightest structural metal available and is often used in motorsports for its low weight and strength. Additionally, it’s the third most plentiful structural metal available only trailing aluminium and iron. (magnesium |Britannica, 2021) This would make its cost lower than the likes of titanium as it’s a more common material and due to its lower melting point manufacturing will also cost less. Unfortunately, magnesium fails to withstand high temperatures from the range of 300°C - 350°C, showing creep as the piston shrinks away from the cylinder over time. Piston wear is also a problem with magnesium alloy pistons because of this they often are coated with rare earth metals to lengthen their effectiveness, but this, in turn, increases the cost of the manufacturing, and the overall cost of the piston. Magnesium alloys consisting of gadolinium and yttrium possess higher strength at high temperatures than other alloys such as aluminium-magnesium alloys. Magnesium pistons that have been forged possess higher tensile properties than cast pistons. (Singh et al., 2019) Magnesium has a yield strength of 200 MPa and tensile strength of 260 MPa this is the lowest of the three materials chosen.  

[bookmark: _Toc98785263]3.2.3 Titanium

Titanium is a non-ferrous material, therefore, is resistant to oxidisation. Additionally, titanium is known for its excellent corrosion resistance and is almost as resistant as platinum. Furthermore, it is well regarded for its high strength to weight ratio, it is a strong, lightweight metal with low density. Titanium is also ductile in its pure form; this is a good property for a piston material as its ductility makes it resistant to brittleness, but it is prone to fatigue cracking under repeated cyclic loading. Titanium is 60% heavier than aluminium but is over double its strength. Because of titanium’s high tensile strength, lightweight, resistance to corrosion, and low thermal expansion, titanium’s uses include aircraft parts, naval ships, spacecraft, and armour plating. (All About Titanium, 2022).  Therefore, titanium would be an adequate material for the application of a piston, but titanium has its drawbacks also, due to its high melting point manufacturing processes cost considerably more. In addition to this casting, titanium isn’t recommended due to its reactivity with other liquids, gasses, and solids. When casting titanium reacts with oxygen and nitrogen in the air and becomes less ductile due to the impurities caused during the casting. Titanium pistons can be made from billet and forge manufacturing processes. (Titanium Vs. Aluminium, Leon Huang 2021) (Lee, 2000). Titanium possesses the high tensile strength and the highest tensile strength of all materials listed above of 264 MPa and between 240 – 1400 MPa respectively (Titanium Alloys - Physical Properties, 2002)  

4. [bookmark: _Toc98785264]Manufacturing Processes

[bookmark: _Toc98785265]4.1 Manufacturing Processes Introduction 

Vehicles such as the Mazda MX-5 are mass-produced, therefore it will be important that the manufacturing cost is taken into consideration, meaning only commonly available manufacturing processes are taken into consideration unlike Porsche’s prototype 3D printed aluminium pistons which have a high manufacturing cost and are solely used by Porsche. (Paul Hanaphy, 3D Printing Industry 2020) The three main processes of piston manufacturing are Cast, Billet, and Hot Forged. 
[bookmark: _Toc98785266]4.1.1 Cast Pistons 

[image: Graphical user interface, text, application

Description automatically generated]Cast pistons are the most common manufacturing method for pistons, due to the low cost of manufacturing and the ability to be produced in large volumes. Casting can also be done by adding in materials during the prosses. Cast pistons can be made into more complex shapes due to the flow of the molten metal, but it also leads to air pockets (porosity) within the grain structure of the piston and impurities. Casting produces a non-uniform grain structure that is less dense than the grain structure of other manufacturing processes leading to a weaker piston through casting. (Why Are Forged Pistons So Strong? - YouTube, 2021)(Manasijevic et al., 2011)Fig 2: non-uniform grain structure of a cast piston (Manasijevic et al., 2011)


[bookmark: _Toc98785267]4.1.2 Billet Machined Pistons 

Billet pistons are produced from a single billet of material, this leads to fewer impurities and a uniform grain structure. But the piston must be cut to shape by CNC shaping leading to failure points as the grain structure is exposed and cracks can form on the open-ended grains. Billet forged pistons are stronger than cast pistons due to them having a more uniform and dense grain structure compared to cast pistons.  Billet forging is more expensive than casting but less expensive than forging. 
[bookmark: _Toc98785268]4.1.3 Hot Forged Pistons 

[image: A picture containing light

Description automatically generated]Forged pistons are produced by creating a billet of the selected material and then forging it in a dye and then machining the excess away. This is the optimal way of producing pistons as the grain flow follows the shape of the part, therefore grain structure is tight and uniform, and the flow is perpendicular to the force that will be applied when in the engine meaning it’s optimal grain flow. Forging directs the grain flow around crucial parts of the piston such as the pin bosses, skirt, and crown. Hot forging is the most expensive process, but it also produces the highest quality piston with the highest strength of all manufacturing methods listed.  (Engine Piston: Aligned Grain Flow Technology,2019; Why Are Forged Pistons So Strong? - YouTube, 2021)
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Description automatically generated]Fig 3: Uniform grain structure of a forged piston  (Engine Piston: Aligned Grain Flow Technology, 2019) 
Fig 4: Simplification of grain structure of pistons (Why Are Forged Pistons So Strong? - YouTube, 2021)






5. [bookmark: _Toc53041650][bookmark: _Toc53041692][bookmark: _Toc98785269]Conclusions 
[bookmark: _Toc98785270]5.1 Optimal Material 

Through investigating potential materials and their properties, it has been decided that the optimal material for the piston to be produced from will be a hypereutectic aluminium silicon alloy. This material was chosen due to it reaching the two aforementioned material property requirements, high durability, and low mass in addition to this its low price point being the most common metal will be ideal for keeping the cost of production to a minimum. Aluminium alloys possess a high yield and tensile strength rating of 276 MPa and 310 MPa respectively. (All About 6061 Aluminium (Properties, Strength and Uses), 2022) this is better than magnesium alloys and some titanium alloys also, therefore is a good middle ground.

Magnesium was not selected although it’s of low mass and good durability, due to its susceptibility to creep over time. Due to the nature of the piston required this flaw cannot be disregarded as the piston’s life span is expected to be long and will encounter high forces over a long period of time and the magnesium alloy will not be durable enough. 
Secondly titanium was not selected due to its high price point, higher mass than the other materials and due to its proneness to crack with fatigue under repeated cyclic loading. Therefore, titanium cost is too great, and it will reduce the speed of the engine due to its high mass. 

[bookmark: _Toc98785271]5.2 Optimal Manufacturing Process 

Through investigating potential manufacturing processes, it has been decided that Hot forging the piston will be the optimal manufacturing method despite its price point, as this method creates the strongest piston overall with a grain structure that opposes the combustion forces which leads to a more durable piston, and unlike casting it has no porosity or impurities within its grain structure. Furthermore, it is less susceptible to cracking within the grain structure due to its manufacturing process aligning the grains to the shape, rather than being cut.  
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and minor metallurgical reactions are manifested on the cooling
curve by inflection points and slope changes. The first derivative of
the cooling curve can be used to accurately determine characteristic
solidification temperatures. Thermal analysis actually consists of
several different measurement techniques, i.e., Differential Thermal
Analysis (DTA), Differential Scanning Calorimetry (DSC) and
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control of the manufacturing process and the attainment of the
desired material properties require that the macro and micro-
structures present must be defined and described, both qualita-
tively and quantitatively (Fig. 1).

Phase identification and thermodynamic calculation of the
phases was performed by supplementing the DTA analysis with

Fig. 1. Macro and microstructure of a piston cast made of AISi13Cu4Ni2Mg.
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