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[bookmark: _Toc129718721]1 Introduction
Introduction
This report will analyse the technical material requirements of a piston and connecting rod assembly for an internal combustion engine. A clear understanding of the requirements from individual part has been outlined with consideration to its specific use. With this information, a choice of material for each part has been quantitively made, with explanation as to why this material is ideal for the part.
The parts will then be used to create technical engineering drawings. The technical drawings have outline tolerances, that are suitable considering the part, its use and position in assembly. The technical drawings will use industry standard layouts and units. These drawings will have all the information needed to be replicated.


[bookmark: _Toc129718722]2 Material properties
The function of an internal combustion engine piston, and other components, is to convert the pressure generated in combustion to a linear motion that can be used to generate a drivable power. It is important for the piston to have good yield strength and impact strength in order to overcome forces in motion. In addition to this, a high level or hardness to prevent penetration or bending.
The vertical pressure forces acting on a piston can be in excess of 2x105N (Kenningley & Morgenstern, 2012). The piston needs to have a greater compressive strength to overcome and efficiently transfer energy to a linear force. Compressive strength is important to prevent permanent deformation that could damage the other internal components in the engine. With this function of the piston handling most of its forces in compression, its compressive strength would be a higher priority than the tensile strength of a material. 
The piston also must also be light. Considering the piston is working in a reciprocating motion, the lighter the piston, the less momentum it will have when at maximum velocity (ρ=mv), and the smaller the force required to generate its motion from stationary (F=ma).
The melting point of the material must also favour the piston head.  The piston surface temperatures will reach 382oC at 1500rpm (Mancaruso & Sequino, 2019), therefore, the melting point, of the material must exceed this. Considering the operational temperature of the piston, the thermal expansion properties of the material should also be considered. An ideal material will not expand much within the heat range given above.
The chemical and corrosion resistance of the material should also be taken into consideration. For the longevity of the engine, a material that resists corrosion will ensure the engine remains reliable and performs consistently during its lifespan. Furthermore, internal combustion engines are exposed to lubricants, coolants and other liquids; therefore, a suitable material will be chemically stable when exposed to all of these.
The piston of an engine is not said to be an expendable component, whereby they are replaced on a condition basis instead of a time served basis, such as a timing belt. It would be desirable for the material to have good fatigue characteristics to prevent catastrophic failure of such a critical component.
A piston would also require a low amount of elasticity. Piston to valve clearance of a 2008 Yamaha R6 is 0.12mm – 0.23mm (Yamaha Motor Co, 2008) demonstrating the tight clearances the piston has to the valve heads during operation. Any type of deformation, plastic or otherwise, could cause components in the engine to touch, resulting in damage or failure.
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Aluminium alloys are made up from pure aluminium and both metallic and non-metallic elements to augment the properties of pure aluminium. Initially, aluminium is ductile, has a low tensile strength and oxidises naturally (AZOmaterials, n.d.). By adding other elements to its composition, the new material can be very versatile, and tailored to different uses. Aluminium is grade on a code scale between 1000-8000 series, whereby each thousand series denote a different composition of the alloy. The following reviews two types of aluminium alloys from the 4xxx series and 7xxx series respectively. 
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Figure 1 - (Aerospace Specification Metals, 2023).

	Aluminium 7075-O Grade
	Citation

	Young’s Modulus
	71.7GPa
	(vibgyorpublishers, n.d.)

	Density
	2.81 g/cm3
	(MatWeb, 2023)

	Ultimate tensile strength
	228 MPa 
	(MatWeb, 2023)

	Yield strength
	103MPa
	(MatWeb, 2023)

	Hardness, Brinell scale, Metric
	60 
	(MatWeb, 2023)

	Mass with volume 100mm3
	2810g
	m=ρv

	Corrosion rate
	0.06 mg/cm2/day
	(N. L. Sukiman, 2012)

	Young’s modulus (elasticity)
	71.7 GPa
	(MatWeb, 2023)

	Young’s modulus (compression)
	73.1 GPa
	(Aerospace Specific Metals, 2023)

	Coefficient of thermal expansion
	25.2 μm/m-oC
	(Aerospace Specific Metals, 2023)

	Fatigue strength
	159 MPa
		(Cavallo, n.d.)

	Melting point
	477 oC – 635oC
	(MatWeb, 2023)

	Special considerations
	Heat treatable, easily castable, strongest grade band of aluminium alloy, excellent resistance to fatigue


[bookmark: _Ref129607087]Table 1 – Mechanical properties of Aluminium 7074-O.



	Aluminium 4032 Grade
	Citation

	Young’s Modulus
	82GPa
	(AmericanElements, n.d.)

	Density
	2.69 g/cm3
	(AZO Materials, n.d.)

	Ultimate tensile strength
	415 MPa 
	(MatWeb, 2023)

	Yield strength
	325 MPa
	(MatWeb, 2023)

	Hardness, Brinell scale, Metric
	120
	(AZO Materials, n.d.)

	Mass with volume 100mm3
	2690g
	m=ρv

	Corrosion rate
	0.07443 mm/year
	(Cahyo & Soegijono, 2019)

	Young’s modulus (elasticity)
	73 GPa
	(Makeitfrom.com, 2023`)

	Young’s modulus (compression)
	74.5 GPa
	(MatWeb, 2023)

	Coefficient of thermal expansion
	22.1 μm/m-oC
	(AZO Materials, n.d.)

	Fatigue strength
	110 MPa
	(Makeitfrom.com, 2023`)

	Melting point
	530oC – 570oC
	(Makeitfrom.com, 2023`)

	Special considerations
	Not heat treatable (cold work), easily forged


[bookmark: _Ref129585318]Table 2 – Mechanical properties of Aluminium 4032.
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Steel alloys are made largely from iron, with other elements of metallic and non-metallic nature to enhance its properties. Stainless steel of grade 316 is praised for its corrosion resistance, it’s strength and workability, making it a very popular material for a range of mechanical components.
	Stainless Steel grade 316
	Citation

	Young’s Modulus
	205 GPa
	(AZOMaterials, 2023)

	Density
	8.0 g/cm3
	(Aalco, 2023)

	Ultimate tensile strength
	515 MPa 
	(Metals4U, 2023)

	Yield strength
		205 MPa
	(Metals4U, 2023)

	Hardness, Brinell scale, Metric
	219
	(Metals4U, 2023)

	Mass with volume 100mm3
	8000g
	m=ρv

	Corrosion rate
	0.4 mm/year
	(Monterio, et al., 2019)

	Young’s modulus (elasticity)
	193 GPa
	(Metals4U, 2023)

	Young’s modulus (compression)
	310 GPa
	(Heanjia Super Metals, n.d.)

	Coefficient of thermal expansion
	15.9 μm/m-oC
	(Anon., 2004)

	Fatigue strength
	146.45 MPa
	(Mohammad, et al., 2012)

	Melting point
	1375oC – 1400oC
	(MatWeb, 2023)

	Special considerations
	Not heat treatable (cold work), easily die forged, cheap alloy to produce


[bookmark: _Ref129585350]Table 3 - Mechanical properties of Stainless Steel grade 316.
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Iron is the core element of any grade of steel, although it can be used on its own as a material. It is one of the most abundant metallic elements on our planet, with a worldwide reserve or between 170-190 billion metric tons between 2012-2023 (Garside, 2023). Due to no additives, it is very cheap in comparison to other metallic elements.
	Iron 99% pure
	Citation

	Young’s Modulus
	212 GPa
	(AZOmaterials, 2023)

	Density
	7.860 g/cm3
	(EngineeringMindset, 2023)

	Ultimate tensile strength
	288 MPa 
	(Lucon, et al., 2015)

	Yield strength
		228 MPa
	(Lucon, et al., 2015)

	Hardness, Brinell scale, Metric
	146
	(MatWeb, 2023)

	Mass with volume 100mm3
	7860g
	m=ρv

	Corrosion rate
	0.94 mm/year
	(Houska, 2000)

	Young’s modulus (elasticity)
	210 GPa
	(EngineeringToolbox, n.d.)

	Young’s modulus (compression)
	220 GPa
	(AZOmaterials, 2023)

	Coefficient of thermal expansion
	12 μm/m-oC
	(EngineeringToolbox, n.d.)

	Fatigue strength
	96.5 MPa
	(Olberts, 1969)

	Melting point
	1205oC – 1307oC
	(OnlineMetals, 2023)

	Special considerations
	Not heat treatable (cold work), easily die forged, abundant metallic material


Table 4 - Mechanical properties of 99% pure Iron.
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Copper is a metallic element that can be used as a pure material but is frequently used as an additive to make alloys as found in the aluminium 2xxx series. Copper is very ductile, malleable and an excellent electrical conductor, hence, it is a very commonly used material for high current electricity transfer. 
	Copper, pure (99%), annealed
	Citation

	Young’s Modulus
	130 GPa
	(Massachusetts Institute of Technology, n.d.)

	Density
	8.9 g/cm3
	(Evans, 2015)

	Ultimate tensile strength
	220 MPa
	(Copper Development Association Inc, n.d.)

	Yield strength
	137 MPa
	(Copper Development Association Inc, n.d.)

	Hardness, Brinell scale, Metric
	36
	(Rosenhain, 1921)

	Mass with volume 100mm3
	8900g
	m=ρv

	Corrosion rate
	0.016 mm/year
	(Farrow, et al., 2009)

	Young’s modulus (elasticity)
	33MPa
	(Material-properties.org, 2023)

	Young’s modulus (compression)
	330 MPa
	(AZOMaterials, 2023)

	sCoefficient of thermal expansion
	16.95 μm/m-oC
	(Simon, et al., 1992)

	Fatigue strength
	75MPa
	(Heikkinen, 2003)

	Melting point
	1083OC
	(Zinkle & Li, 2012)

	Special considerations
	Excellent heat conductor, not heat treatable, cold work, oxidises


Table 5 - Mechanical properties of 99% pure Copper.
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The following table outlines the data gathered in section 2. The different attributes that have been selected based on their importance to the part, a piston, have been ranked in order, 1 being the best in test, 5 being worst in test. This test enables a quick assumption to what material may be the best material for the part, and to immediately eliminate those which are obviously not suitable.
	Property
	material

	
	Aluminium 4032
	Aluminium 7075-0
	Stainless Steel 316
	Iron 99% pure
	Copper 99% pure

	Young’s Modulus
	5
	4
	2
	1
	3

	Density
	5
	4
	2
	3
	1

	Compressive strength
	3
	4
	1
	2
	5

	Ultimate tensile strength
	2
	4
	1
	3
	5

	Yield strength
	1
	5
	3
	2
	4

	Hardness
	3
	4
	1
	2
	5

	Corrosion rate
	2
	3
	4
	5
	1

	Coefficient of thermal expansion
	4
	5
	2
	1
	3

	Fatigue strength
	1
	3
	2
	4
	5

	Melting point
	5
	4
	1
	2
	3

	Mass per 100mm3
	1
	2
	4
	3
	5

	total
	32
	42
	23
	28
	40


Table 6 – Comparison chart of materials, ranking material properties by 
quantitative favourability. Fields in orange indicate more critical properties.
Stainless steel has the lowest score when comparing results, implying it would be the best material for the piston. Iron also scored favourably, with similar characteristics which is expected considering the base element of Stainless Steel 316 is Iron. Although, both materials scored at the bottom of the group when comparing the corrosion rate. This is a critical mechanical property as the part must have a long and consistent service life, since the part is not a service/expendable part. As the material corrodes, it loses mass and geometric accuracy. Both characterises could cause reliability issues for the engine, such as vibration due to imbalance and poor compression; not to mention the weakening of the material with time.
Both aluminium grades had favourable attributes, although aluminium 4032 showed to have the best yield and fatigue strength in the group. Having such an excellent yield strength would give great potential for the piston to resist the forces exerted during operation without causing damage. Its fatigue characteristics would result in a reliable and consistent material for this operation. Both aluminium grades were bottom of the group when comparing the thermal expansion characteristics. This could cause poor operation, lack of compression and excessive wear.
Copper was the least corrosive material making it stable for use with all chemicals and negate any of the issues discussed with regards to the ferrous based materials. Copper is also an excellent heat conductor, with a value of 385 W/mK (Young & hugh, 1992), almost four times that of Iron.  Whereby these properties would make copper a favourable material, its lack of hardness would make the material vulnerable to premature wear during normal operation. In comparison, the ferrous materials and aluminium 4032 have much more favourable values exceeding 100 on the Brinell scale (Table 2 – Mechanical properties of Aluminium 4032 and Table 3 - Mechanical properties of Stainless Steel grade 316).
When comparing the mass per 100mm3, the aluminium alloys excelled greatly, lighter than the ferrous materials and copper by at least 66%. This will minimise the inertial values of the piston when I operation and reduce potential stress on fixing points, such as a gudgeon pin bearing race.
It is worth considering that any areas of a material properties that are weak can be offset, minimised or cured with the implementation of a well-designed product, with the help of modern CAD products and digital simulation (FEA). Hence, I have chosen the aluminium alloy grade 4032 the best option for the piston when comparing its properties to the other materials in the analysis. Areas such as the bearing races could be made from a different material to prevent early onset of wear from friction or excessive forces, where a material like stainless steel would be more ideal.

[bookmark: _Toc129718728]4 Manufacturing process
Aluminium 4032 is compatible with many different types of manufacturing methods. With melting points below 600oC (Table 1 – Mechanical properties of Aluminium 7074-O and Table 2 – Mechanical properties of Aluminium 4032.) casting is easily accessible, and cheaper than materials requiring higher temperatures.
Aluminium alloy 4032 although not the most malleable grade of the aluminium alloys, it is still very malleable compared to the other materials that have been mentioned. Considering this, to process of forging, where by an ingot of the material is pushed into a preformed mould; this can be done hot or cold. The benefits of cold forging 4032 aluminium include cost. It is generally cheaper, as there is no energy lost to heat the material. Aluminium 4032 also benefits for work hardening (Van Horn, 1967), therefore the part would gain some strength being manufactured in this way. Cold forging does have its drawback, such as a limitation to the complexity of the mould. In addition to this, if the work hardening threshold of the material is reached, fracturing can occur (Bucci, et al., 1996).
Hot forging eliminates many of the issues present when cold forging aluminium alloys. Due to the increased heat, the ingot is much softer, increasing its malleability and allowing it to form more easily into intricate moulds. Furthermore, depending on the cooling method used, the aluminium alloys crystalline structure can normalise to eliminate any areas of stress where fracture could occur. Although, this can cause the surface to become less hard. The 4xxx series alloys are not heat treatable by means of precipitation or otherwise (Total Materia, n.d.), this should be considered given the forces needed within the piston.
Computer Numerical Control (CNC) machining is processing whereby a billet (a solid form of material) can be turned, milled or drilled in order to chape the billet to the recommended design. CNC machining is incredibly accurate with manufacturers able to produce parts within 0.00008” tolerance (Mazak, 2023). Hot forging is able to achieve a tolerance of +/- 0.030” (Aluminiumprecision.com, n.d.), when comparing this to the accuracies found in CNC machining, it is easy to see that CNC machining is a much more precise method of machining. This could be greatly advantageous to produce the piston with the tight tolerances requires to produce efficient power.
One of the drawbacks of CNC machined parts is the time it can take. Typically, CNC machined parts take longer to produce. In addition to this, CNC machined parts also produce a lot of waste. As the part starts greatly oversized, and material is removed, the removed material is waste to be recycled or repurposed. With this in mind, this can add to the manufacturing costs when using this method.
As mentioned in section 3, the bearing races could be made from a different material and mechanically fixed to the piston as part of an assembly. This could be done mechanically with the use of fasteners such as nuts and bolts, although this would add mass to the components. A more favourable method to line the bearing races, would be to use the thermal expansion differences between 4032 aluminium and stainless steel. This process, bearing freezing, is where the body of the part, the piston body, is machined accurately with enough clearance to fit a bearing race freely into the body while the bearing is undersize, due to the thermal expansion coefficient. 
[image: Shrink Fits]
Figure 2 – Material expansion chart used for thermal expansion of bearing ring and race (NSK, n.d.)
Charts similar to those in figure 2 are used to calculate the correct size bore for the body of the part to ensure there is enough clearance for the bearing race to fit when shrunk, and have an interference/permanent fit once at the same temperature. By doing this, not only will the piston be lightweight, it will also have the strength and wear characteristics required where it is needed.




[bookmark: _Toc129718729]5 Conclusion
With the information gathered from a variety of common engine materials and comparison, Aluminium 4032 has shown to have the most appropriate characteristics for the piston. It had a melting point greater than the average operating temperature within the combustion chamber. In addition to this, it was one of the lighter materials in the test, satisfying the requirements for a light material that will limit the inertial and reciprocating forces precent in such a part. After reviewing the manufacturing methods accessible to 4032 aluminium, the bearing races and ring housings could be made from stainless steel 316. They hold excellent corrosion resistance, ultimate tensile strength and have excellent hardness ratings. Therefore, stainless steel is an ideal material choice for these areas of the piston where friction forces are high and energy transfer forces are high.
The most accurate method of manufacture was found to be CNC machining. In addition to this, CNC machining of the piston is the only method where the tolerances requires for freeze fit of the stainless steel parts would be achieved. Forged or cast parts typically require final machining of faces to bring parts within tolerance requirements. A well-designed piston could negate the requirement for two methods of manufacture, by completing the whole part using CNC machining.
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Major Alloying Element and Its Effect on Aluminum

1000's - Aluminum 99% min. - excellent corrosion resistance, high thermal and electrical
‘conductivity, low mechanical properties

2000's - Copper - high mechanical properties, increased yield strength, best known and most
widely used aircraft alloy

3000's - Manganese - good workability and weldability, high corrosion resistance, moderate
strength

4000 - Silicon - low melting point, widely used in welding wire and as a brazing alloy

5000 - Magnesium - moderate to high strength, good welding characteristics, good resistance to
corrosion, especially in marine environments

6000's - Magnesium/Silicon - good formability and corrosion resistance, moderate strength
7000's - Zinc - highest strength alloy available, used in air-frame structures and for highly
stressed parts 8000's - Other element
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