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[bookmark: _Toc98670575]Introduction
A piston plays a vital role in an internal combustion engine. They have been made from cast iron, steel and more commonly, varying aluminium alloys, using casting and forging techniques. 
[bookmark: _Toc98670576]Aims
The main aim of this report is to work out the most appropriate material to be used for a piston. This report aims to cover material properties required for a piston and therefore making a choice of material based on the properties needed with regard to the manufacturing processes and the how the material selected can be made in to a piston. 
[bookmark: _Toc98670577]Objectives
This report will analyse, through research, what material properties are required for a piston, as well as working out which properties are more important than others. A suitable material will be selected with regard to these properties and their manufacturing ability. Cost will also be also have to be considered. Manufacturing processes for the selected material will be analysed through their advantages and disadvantages. 

[bookmark: _Toc98670578]Material Properties
When considering the material used in a piston, careful consideration has to be made. A piston in a typical four stroke petrol engine has to withstand gas pressures of up to 9MPa and deal with temperatures of over 2300°C in the combustion chamber. (MAHLE International GmbH, 2016, p.4, p.59)
A large consideration for a piston is for it be to as lightweight as possible. A smaller mass of a piston will result in lesser inertia forces and inertia torques. This is advantageous as  the stresses due to inertia increase by the square of piston speed. (Taylor, 1985, p. 378) Therefore power output can be increased with a lighter piston as well as increased fuel economy and reduced emissions. Moreover, a heavier piston will put more pressure on the small and big end bearings, hence a lighter piston will potentially decrease bearing wear. (Russell, C.F. and Graham, E.B., 1945, p. 334) 
Although a low mass for a piston is key, priority has to be on the tensile strength of the piston. Therefore, a high strength to weight ratio is critical when it comes to the material required in a piston. A tensile strength value for a piston material would have to be over 100MPa at room temperature for repeated use and giving an adequate margin of safety at elevated temperatures. Moreover, fatigue needs to be considered, due to the repeated cyclic loading on the piston. Therefore a high fatigue resistance at elevated temperatures will be required.
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Description automatically generated]Thermal conductivity becomes important as the piston needs to be able to work in an environment of instantaneous gas temperatures during combustion of over 2300°C. As stated by MAHLE international GmbH (2016, p.7) Fatigue resistance is decreased significantly with higher temperatures hence, a high thermal conductivity is required help the piston disperse this heat. As can be seen in figure 1, the temperature of the piston crown is between 250°C and 300°C in a typical petrol engine. The material used in a piston will have to work well in this temperature range. 
Figure 1 – Temperature distribution in a typical petrol engine. (MAHLE International GmbH, 2016, p. 6)
On top of this, the rate of thermal expansion needs to be considered. A lower thermal expansion coefficient ensures that tight tolerances are met when the piston is hot as well as cold to reduce blow by or piston slap as well as excess friction due to thermal expansion. A good thermal conductivity will help minimise the thermal expansion by dissipating the heat more efficiently through the cylinder walls. (MAHLE International GmbH, 2016, p. 7). 
The material used in a piston must be unreactive to the chemicals it will be exposed to. Not only must be corrosion resistance in the presence of oxygen and moisture in the air being drawn in, but must not react to the fuel or oil used. Moreover due to the combustion process, the material used must not be flammable. 


[bookmark: _Toc98670579]Material Selection
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Description automatically generated][image: Strength vs Density]Materials used in engineering are typically grouped into different categories. Metals, Polymers, elastomers, ceramics and glasses and hybrids/composites. 
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[image: Thermal expansion vs Thermal conductivity]Figure 2 – Graph showing the Young’s modulus against Density of different types of materials (Granta Design, 2020)
Figure 3 -  Graph showing the Strength against density  of different types of materials (Granta Design, 2020)
Figure 4 – Graph showing the Thermal expansion of types of materials against their thermal conductivity. (Granta Design, 2020)
Due to this brittleness of a ceramic or glass material would be unsuitable with dealing with the loads on a piston and would be susceptible to cracking or shattering. (Ashby, 2017 pp. 20-23). 
Polymers, and elastomers would also be unsuitable as use in a piston as they are prone to creep and deformation, especially at elevated temperatures. As can be seen in figure 4, the thermal expansion is very high and the thermal conductivity very low. (Ashby, 2017 pp. 20-23)
Composites such as carbon fibre and Kevlar are typically light and strong, using a polymer as one of the components means that, at higher temperatures, they are prone to deformation due to low thermal conductivity and high expansion. Moreover, composites such as carbon fibre are hard and expensive to produce. (Ashby, 2017 pp. 20-23) 
As can be seen in figures 2 and 3, metals have a relatively high strength and density with a good modulus of elasticity. Metals have a good strength, stiffness and hardness and therefore will not deform under temperature and loads. Moreover, metals show very good thermal conductivity with a reasonable rate of thermal expansion as seen in figure 4. And therefore would be by far the most suitable material to use for a piston.  (Ashby, 2017 pp.20-23)






[bookmark: _Toc98670580][image: ]Metals analysis
Figure 5 -  Granta chart  showing Density  of various metals against their tensile strengths  (Granta Edupack, Ansys, 2021)
For a piston a good tensile strength is required but with as low a density as possible to minimise reciprocating mass. With respect to figure 5, it is clear that tin, lead/lead alloys would be unacceptable for use as a piston material due to their poor tensile strength. 
As can be seen in figure 5, aluminium alloys, magnesium alloys and titanium alloys all have a good tensile strength of over 100MPa and are significantly less dense than steel and iron. Although steel and iron are significantly cheaper, a lighter piston made of aluminium, magnesium or titanium alloys would be more beneficial. 


[image: ]Table 1 – Comparison of three potentially suitable metal alloys with regard to their material properties. (Granta Edupack, Ansys, 2021)
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Although a titanium alloy has a low thermal expansion coefficient and much higher tensile strength, a titanium alloy would not be ideal, due to its very high price and low thermal conductivity compared to magnesium and aluminium alloys. 
Magnesium alloys are more expensive than aluminium alloys, have a lower modulus of elasticity, tensile strength, thermal conductivity and a higher rate of thermal expansion than aluminium alloys. Therefore an aluminium alloy would be more suitable for use as a piston material.  (Maaz, 2018, p.1)
[bookmark: _Toc98670581]Aluminium alloy analysis 
Pistons are commonly made out of aluminium silicon alloys, usually of eutectic or hypereutectic make up, with small amounts of elements such as copper, magnesium and nickel. Hypoeutectic, eutectic and hypereutectic alloys are defined by their percentage by weight of silicon, of less than 12.6%, 12.6% and over 12.6% respectively. (Warmuzek. M, 2004)
A very common alloy that has been used extensively in pistons is eutectic M124 (AlSi12CuMgNi). Hypereutectic alloys such as M126 (AlSi16CuMgNi), M138(AlSi18CuMgNi) and M244(AlSi25CuMgNi) provide a reduced rate of wear and thermal expansion with an increased surface hardness and resistance to deformation. (Lee, 2003, pp. 1-2) (MAHLE International GmbH, 2016, pp.63-67)
The eutectic alloys M142 (AlSi12Cu3Ni2Mg, M174+ (AlSi12Cu4Ni2Mg) and hypereutectic alloy M145 (AlSi15Cu3Ni2Mg) have a higher proportion of copper and nickel to provide better strength at higher temperatures. With the downside of having a greater density and slightly reduced thermal conductivity, as can be seen in table 2 below. (MAHLE International GmbH, 2016, pp. 63)
The final alloy to be evaluated for use in a piston is a silicon free alloy of M-SP25 (AlCu2.5Mg1.5FeNi). This alloy is exclusively forged and used commonly for racing pistons due to its greater hardness, tensile strength, yield strength at low and high temperatures and thermal conductivity. (MAHLE International GmbH, 2016, pp. 63)
Table 2 – Physical and mechanical properties of aluminium piston alloys. (MAHLE International GmbH, 2016, pp. 66-67)
[image: ]
Due to the greater mechanical properties of the silicon free M-SP25, and the advantages gained from forging, this is the best choice of aluminium alloy for a piston. 


[bookmark: _Toc98670582]Manufacturing Processes
The manufacturing process is key to achieving desired material properties of the aluminium alloy to cope with the conditions within an engine. The grain structure of the alloy is directly related to its properties and is vital to a pistons performance. Typically a fine grain size is required for optimum properties.  (Ashby et al, 2010, pp. 480 - 481)
There are three ways to make shapes out of metals: casting, forging and sintering. Casting and forging are both acceptable and commonly used practises for the manufacturing of pistons. 
Sintering is not used for the manufacture of pistons there are limitations on the size and complexity of parts that can be produced. Moreover, for the most part they are not as strong and ductile as cast or forged parts. (Horizon Technology, 2019)
[image: ]Material properties can be increased significantly by heat treatment. T6 heat treatment is typically used for automotive parts, where aluminium alloy parts are solution treated at 450-500°C before being rapidly cooled in water. Heat treat parts show improved hardness as seen in figure 6. (Fabrizi. A, et al, 2018, pp. 1-10)
Figure 6 – Hardness of heat treated alloys at different temperatures for different lengths of time compared to as cast. (Fabrizi. A, et al, 2018, p. 10)

[bookmark: _Toc98670583]Casting
Sand casting (using sand as a mould), Investment casting (using a seamless ceramic shell mould formed around a wax casting) and die casting (using a steel mould) are the most commonly used types of casting. 
Casting is the process of pouring molten metal into a mould, letting it cool by conduction to solidify before removing it from the mould. The flow of the molten metal, the cooling and the mould material has an effect on the part. Casting is good for making complex shapes and the grain size can be controlled. (Ashby et al, 2010 p.480) (Kalpakjian, Schmid, 2014, p. 237) 
Faster cooling of a cast part will result in a finer grain as can be seen in figure 7 below. (Liang et al., 2018, pp. 1 - 3)
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Figure 7 – Chart showing the relationship between the size of grains formed in casting aluminium with different coolant rates (Liang et al., 2018, p. 3)
Rheo-casting, which is the process of cooling a cast part while mechanically stirring the semi solid alloy, is seen to be advantageous with high silicon aluminium alloys with improved tensile strength of 38% at room temperature and 63% at elevated temperatures. Moreover, wear resistance and hardness are also increased (table 3). This is due to the structure of the grains being more densely formed (figure 8). (Campbell, 2011, p. 906) (Zhong, G, et al, 2010, pp. 1606)
Table 3 – Comparing the properties of aluminium through die casting against rheocasting ((Zhong, G, et al, 2010, pp. 1607)[image: ]
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Figure 8 – Differing grain structures of rheo-cast and die cast aluminium alloys. (a) Rheo-cast, (b) Die cast (Zhong Gu et al, 2010, p. 1607)

[bookmark: _Toc98670584]Forging
Forging is the process of shaping a part using compressive forces. Forging can be done ‘cold’, ‘warm’ and ‘hot’, with forging at colder temperatures requiring more force but providing a better surface finish and improved accuracy of the dimensions. While hot forged parts are less susceptible to cracking.
 Forged parts tend to have good strength and are reliable in extreme environments as the grain structure can be controlled. (Kalpakjian and Schmid, 2014, pp. 337 – 339)  Forging has a large effect on the grain flow (figure 9).
[image: Rigging Manufacturing: Why Forge Parts Versus Cast? | Columbus McKinnon]
Figure 9 – Grain flow differences in cast and forged parts. (Raines, 2016)
The forging process produces parts that are harder and have a greater yield strength, tensile strength and fracture toughness than cast parts. This is due to their finer and more uniform grain microstructure that is less likely to have pores and other defects as can be seen below in figure 10. (Lee. K, Kwon. Y.N et al, 2008, pp. 4202-4204)
Figure 10 – Microstructure cast and forged aluminium parts. a) low pressure cast aluminium, b) rheo-cast aluminium c) forged aluminium (Lee. K, Kwon. Y.N et al, 2008, p. 4204)
[bookmark: _Toc98670585]Process Selection
As can be seen from the analysis above, heat treated forged parts exhibit greater mechanical properties than that of cast alloys. Even with a greater cost of manufacture, the benefits of forging a piston, outweigh that of cast pistons. Therefore, forging is the selected process of manufacturing a piston. 


[bookmark: _Toc98670586]Conclusions
A piston’s material properties are critical for proper function of a piston. The material used needs to be light yet strong, with a good tensile strength at elevated temperatures as seen in a combustion chamber of an internal combustion engine. A pistons thermal properties are key to ensure little expansion and good conductivity to keep piston crown temperatures down. Lastly, it needs to be resistant to fatigue due to the constant cyclic loading on the piston as well as corrosion resistant.
Material selection is an important step in the manufacture and design of a piston as it needs to meet all the material properties required to function well. An aluminium alloy is the most suited for use as a piston material due to its light weight, thermal expansion and conductivity  properties and good strength and resistance to deformation. The Silicon free M-SP25 aluminium alloy was selected due to its improved tensile strength, yield strength, hardness and thermal conductivity over the other aluminium alloys evaluated.
Forging with heat treatment was decided to be the best manufacturing process due to the improved mechanical properties compared to casting. Moreover, the grain structure shows better qualities for forged parts compared to that of casting. 
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Fig. 3. Variation of the average grain size with different contents of Al-5Ti-1B
master alloy at the four selected positions corresponding to different cooling
rates.

rates and temperature gradients, were examined after solidification. The
highest solidification cooling rate at the tip was between 36.8 °C/s and
71.7°C/s, which is marked as position A. At position B, 25 mm away
from the tip, the cooling rate was 15.8°C/s. The cooling rates at posi-
tions C (50 mm from the tip) and D (75 mm from the tip) were 8.8°C/s
and 1.8°C/s, respectively. After solidification, about 20 mm thick trian-
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gular samples were cut from the ingots. After mechanically grinding and
polishing, the samples were etched using Tucher's etchant [32] for 60 s
to exploit macrostructure. Macrographs were then taken using a digital
Canon EOS 5D Mark2 camera. For examination of the actual grain size,
samples were anodized in a 0.5 pet. HBF, solution after re-polishing.
Then they were examined in an (Polyvar Met) optical microscope us-
ing polarized light. According to the ASTM E112-10 standard [33], the
linear intercept method was used to measure the actual grain size.

3. Results
3.1. Addition of A-5Ti~1B master alloy

Fig. 2(a) shows the macrostructure of pure Al ingot cast in the V-
shape copper mould. As expected, columnar structure was produced
surrounding the ingot and equiaxed grains were only obtained at the
centre. At fast cooling rate near the tip (Position A), the columnar struc-
ture is much finer than other regions where the solidification cooling
rates were low. The measured average grain size at positions A, B, C and
D were 1000 um, 1500 um, 450 jm and 6500 um, respectively. It can be
seen that higher cooling rate led to refining of the columnar structure
in pure AL

Master alloys have been widely used in aluminium industry to refine
the grains of ingots and castings. In order to investigate how the cooling
rate affects the microstructure of as-cast Al alloys with addition of mas-
ter alloy, various levels of Al-5T-1B master alloy were added into the
pure AL Fig. 2(b)-(d) shows the macrostructure of the V-shape ingots.
With 0.1 wt% addition as shown in Fig. 2(b), in addition to the signif-
icant refinement of columnar structure, the fraction of equiaxed grains
was also increased. Further adding the master alloy to 0.2 wi%, colum-
nar structure totally vanished and uniform and fine equiaxed grains
were obtained as shown in Fig. 2(c). Addition of 0.5 wi% of the master
alloy led to further refining the equiaxed grains. The measured average
grain size of Al alloys with master alloy additions at positions A, B, C
and D were plotted in Fig. 3. The grain refinement mechanism of Al
with master alloy additions has been well documented in the literature
[11,12,34-37]. Generally, it is considered that addition of AI-5Ti-1B
master alloys introduces TiB,, AlB, and AL;Ti particles into the melt,
which promotes heterogeneous nucleation [34]. In addition, Ti solute is

Fig. 4. Macrographs of (a) Al-2.0 wi%Cu, (b) A1-3.0 Wi%Cu, (c) A1-4.0 wt%Cu, (d) A6.0 wi%Cu.
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