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This report explores the material properties and manufacturing processes for a piston to be used in a naturally aspirated 4 stroke 450cc single cylinder hydrogen gas powered motorcycle engine (Appendix 1).  It focuses on the piston itself excluding the rings, gudgeon pin and connecting rod. The engine will be used in an existing KTM rally bike which initially will be manufactured at a project operation level with a view to higher levels of batch manufacturing after testing. Section 1 of this report explores material properties and manufacturing processes while Section 2 is a case study of the actual findings for the KTM piston. 

















[bookmark: _Toc130057688]1.2 Material Selection Process

Material selection requires a systematic strategy to arrive at the best solution to the design brief (Ashby 2017, pg106). The design requirements can be thought of as the function and the environment the product will perform in, while the material data lays out the attributes a material must have to meet the design requirements. Once these have been established, an initial ‘screening’ process is conducted to identify a material family from which the material derives. Next shortlisting or ‘ranking’ of suitable candidates within the chosen material family takes place followed by a deeper ‘documentation’ of the shortlisted candidates before making a final selection (Ashby 2017, pg106-109). Figure 1 presents the requirements and data in flow chart for a piston to be used in a hydrogen-fuelled engine. 

Material Properties:
Attributes required to meet design requirements.
Design Requirements:
Function & environment product is to perform in.





Selection:
· Screening – initial selection of material family
· Ranking – shortlisting of suitable candidates within selected material family
· Documentation – identification and deep dive into one selected group 








Final Selection





Figure 1: Systematic Materials Selection Strategy flow chart. Adapted from Ashby 2017 pg109 
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The piston is a critical component in an internal combustion engine (ICE). It creates rotational work by transferring the compression forces from the combusting air-fuel mixture to the connecting rod and crankshaft (MAHLE GmbH 2016, pg. 1). Combustion exposing the piston to very high temperatures and physical forces (Abdo, E. 2012 p.257). These forces push the piston downwards and laterally against the cylinder MAHLE GmbH 2016, pg. 1-2) and do so many thousands of times per minute and for long periods of time. In this application, the piston is expected to last for 15 million cycles, based on an average engine speed of 5,000 rpm and service interval of 50 hours (Appendix 2). It is also expected the new piston will not significantly alter the current dry weight of the motorcycle and work with the existing components, especially the aluminium cylinder. The motorcycle itself is a rally bike designed to be ridden in harsh conditions and for long interrupted periods. 


[bookmark: _Toc130057690]1.4 Material Properties


[bookmark: _Toc130057691]1.4.1 Thermal conductivity

Heat is transferred to the piston during the expansion stroke causing thermal expansion and stress (MAHLE GmbH 2016, pg. 39). Heat transfer is at its highest at the crown of the piston before dissipating through the rings and skirt to the cylinder wall (MAHLE GmbH 2016, pg. 48) (Fig 2 & 3).  Thermal expansion can affect clearances with the cylinder bore and excessive heating of the piston can result in knocking (Manning 2012, pg372). Overheating can cause the viscosity of the oil lubricating the piston to break down and bake onto the piston and rings (MAHLE GmbH 2016, pg. 7). This introduces wear to the piston as well as reduces its ability to seal the combustion chamber (Abdo 2012 p.258). 
[image: Chart, surface chart

Description automatically generated]
[image: Chart, surface chart

Description automatically generated]Figure 2: Thermal profile of a piston in a gasoline                 Figure 3: Thermal profile in a hydrogen engine 
engine (Noble 2023).				           (Noble 2023).


In a gasoline engine, peak temperatures at ignition can reach < 2,000°C and exhaust gas temperatures up to 800°C (MAHLE GmbH 2016, pg. 9). In a hydrogen ICE, temperatures will reach approximately 20-25% higher than in a gasoline engine (Williams 2023). These temperatures are for very short periods and do not represent the mean temperatures the piston reaches. With good thermal conductivity and cooling, the maximum mean temperature of the piston crown is expected to be around 340°C for a hydrogen-fuelled ICE (Fig.3). However, a melting point much higher than this is required to avoid excessive deformation. A low co-efficient of thermal expansion is therefore very much sought after in a piston material to help manage the thermal load (MAHLE GmbH 2016, pg. 59). Aluminium has good thermal conductivity (Taylor 1985, pg480) which is why it is found in most if not all motorcycle engines. 



[bookmark: _Toc130057692]1.4.2 Strength, Stiffness & Weight

Stress due to mechanical loading comes when the gas, inertial and lateral forces act on the piston, pressing it against the piston pin and cylinder walls (MAHLE GmbH 2016, pg41 & 50). Figure 4 highlights how these forces are localised in and around the pin bore in a gasoline engine. The same stress profile would be expected in a hydrogen fuelled engine. 
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Figure 4: Left – stress from temperature and inertial forces. Right – stress from temperature, gas & lateral loads (MAHLE GmbH 2016, pg52)


A material with a good Young’s Modulus is desirable to manage any deformation under load. In addition, material should be left around the pin bore area to retain as much strength as possible. Greater strength can be achieved by using a material with a larger density MAHLE GmbH 2016, pg. 42). However, a heavier piston will require heavier mating parts to support it during the engine cycles. This increase in mass creates additional inertial forces and stress that can be avoided by selecting a light-weight piston material. 


[bookmark: _Toc130057693]1.4.3 Efficiency

Minimising emissions can be achieved by increasing the performance of individual components. In the case of the piston, minimising frictional forces between the piston and the cylinder helps to reduce emissions (MAHLE GmbH 2016, pg. 8). This is achieved by ensuring the piston is installed with the correct clearances to avoid warping due to thermal expansion (MAHLE GmbH 2016, pg. 9). In addition, surface roughness impacts on efficiency; too rough and friction power losses increase; too smooth and the piston will not seat properly during the run-in period (MAHLE GmbH 2016, pg. 10). Reducing friction is also important feature in the pin boss and is discussed in section 4.2. 
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The processes selected for manufacturing are influenced by the materials data and the design requirements (Ashby 2017, pg253). 

[bookmark: _Toc130057695]1.5.1 Shaping and forming

There are many ways to shape and form materials. As it is likely the material selected for a piston will be a metal, only manufacturing processes relating to metals will be considered. Two of the main processes for metals, therefore, are casting and forging. 





1.5.2.1 Casting

Casting is when molten metal is poured or forced into a mould, and removed when the metal has cooled and reformed. There are three main types of casting, each with their own advantages and disadvantages. 

1. Sand Casting uses sand as the material for the mould and is therefore a very cheap and easy form of casting (Beddoes & Bibby 1999, pg. 25). However, due to the grain in sand, this process does not produce a smooth surface and so further machining processes are often required (Budinksi & Budinksi 1999, pg. 485). In addition, moulds are usually damaged when opened and require replacing for each casting (Beddoes & Bibby 1999, pg25).

2. Die Casting utilises permanent moulds, usually made of metal, which can be reused many times over. The molten metal is forced in the mould with pressure which helps it expand to all the internal surfaces resulting in a smoother more accurate finish (Beddoes & Bibby 1999, pg27). Another advantage is strength. The thermal conductivity of metal moulds leads to faster cooling resulting in features that promote strength in the material (Beddoes & Bibby 1999, pg. 27).  
  
3. Investment Casting first requires the final product to be cast into a wax or plastic. A ceramic or plaster mould is then made around this wax or plastic object, and the material is finally melted out of the mould (Budynas & Nisbett 2015, pg58). Investment casting is viewed as the most accurate casting process in terms of dimensions, tolerances and surface finishes (Beddoes & Bibby 1999, pg30).


1.5.3.2 Forging

Forging is a deformation process, with the help of machinery such as presses or hammers, that can be performed when the metal is hot or cold (Beddoes & Bibby 1999, pg99 & Budynas & Nisbett 2015, pg59). Forging a metal when hot requires less energy and the metal can be more easily shaped. However, cold forging keeps the metal under the temperature recrystallization takes place, resulting in a stronger product due to strain hardening (Beddoes & Bibby 1999, pg99). In addition, cold forging results in a better-quality surface finish which requires less machining. Both types of forging, do result in a stronger and more refined finish that can be achieved with casting. (Budynas & Nisbett 2015, pg59.)  The cost of forging is higher than casting due to the metal dies and machinery required, but the advantages of the more refined finish may negate some or all of the post-machining required with casting. 


[bookmark: _Toc130057696]1.6 Finishing and Coating Processes

Finishing a product using processes such as grinding, polishing or honing enhance the smoothness, precision or appearance of a product, whereas electroplating, anodising or heat treatment aim to improve the surface properties (Ashby 2017, pg233). 

[bookmark: _Toc130057697]1.6.1 Finishing

Surface roughness is measured in micrometres and the tolerances achieved by the different processes can be found on surface roughness charts as seen in Table 1. It is critical that surfaces with mating parts or those which form seals be finished with greater precision (Ashby 2017, pg267). In the case of a motorcycle piston, the pin bore must run smoothly around the gudgeon pin and the skirt must run smoothly with the cylinder wall. The recommended surface roughness of a pin bore is Ra 0.8-1 µm, and a skirt is Ra 1.5-5µm (MAHLE GmbH 2016, pg. 11).

Table 1: Surface Roughness Chart (ISO 2018)
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Coatings can be applied to different parts of the piston to enhance the base material properties to protect it from high temperatures, wear and localised welding (MAHLE GmbH 2016, pg. 78). The parts of the piston in scope are the crown, the top ring groove and the skirt. As shown in section 3.1, the piston crown and top ring experience the highest temperatures and so a coating will help improve heat resistance of the crown and avoid oil carbonisation in the top ring groove (MAHLE GmbH 2016, pg. 7). In terms of the skirt, if the piston has been correctly dimensioned and tolerance a coating is not always required. However, a coating can reduce galling and seizure due to thermal or mechanical deformation or oil supply issues. MAHLE GmbH 2016, pg. 78). 
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Table 2 summarises the further considerations and requirements for a piston in a hydrogen ICE.

Table 2: Considerations for hydrogen as a fuel (Wang et al 2017 & College of Desert 2001)

	Consideration
	Impact
	Requirements for piston design

	High flame temperature
	Can overheat and melt piston. Causes thermal expansion of material.
	Piston should be able to withstand higher temperatures than a gasoline engine.  Tolerances should account for acceptable thermal expansion. 

	Low ignition energy
	‘Hot spots’ on piston/cylinder can cause pre-ignition resulting in knocking.
	Piston material will require good thermal conductivity.

	Small quenching distance
	Combustion flame travels closer to cylinder walls and can escape causing backfire or knocking.
	Piston skirt will require tighter tolerances to ensure the combustion chamber is sealed.

	High flame speed & high diffusivity
	Can cause velocity swirling and possible hot spots.
	Piston crown should be flat to help avoid this.  
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KTM 450 Rally Replica 
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The following are the design requirements for the piston. 

Table 3: Design Requirements

	Design Requirements

	Capacity
	450cc

	Fuel
	Hydrogen

	Bore
	95mm

	Stroke
	63.4mm

	Designed for
	Stiffness and fatigue

	Cylinder material
	Aluminium

	Pin Bore finish
	Ra 0.6-1µm

	Skirt Finish
	Ra 1.5-5 µm

	Piston Crown Shape
	Flat

	Service Life
	>50 hours of use





[bookmark: _Toc130057702]2.2 Material Properties

In addition to the material properties discussed in Section 1.3 and 1.7, Table 4 presents the specific data for a piston material to be used in a hydrogen-fuelled engine.  

Table 4: Material Properties Data

	Material Properties
	Data

	Melting Point
	Above 600 °C – preferably around 1000°C

	Thermal Conductivity
	100-400 W/m°C

	Thermal Expansion Coefficient
	low strain/°C

	Young’s Modulus
	50- 300 GPa

	Density
	> 3 x  kg/

	Manufacturing Ability
	Ability to be cast or forged

	Sustainability
	Low carbon footprint and recyclable

	Cost
	>£5/kg

	Castability
	Forged 



[bookmark: _Toc130057703]2.3 Material & Processing Selection 

[bookmark: _Toc130057704]2.3.1 Screening

Initial screening of the materials data (Table 3) with the help of Granta EduPack returned four material families – metals, ceramics, fibres, and composites (Fig. 5). 
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Figure 5: Material families shortlisted in initial screening process.


Ceramics are not used for cyclical loading because they are brittle and suffer from fatigue (Budinski & Budinski 1999 p43 1999) therefore they have been removed. Fibres and composites have been removed due to cost and/or suitability for manufacturing and notch sensitivity. Many of the metals that appeared in the search such as rhodium, gold, brass and copper are very dense or have a low Young’s modulus, therefore have been excluded. Pistons, however, are commonly made from metal, such as Aluminium Alloys, Cast Iron or Steel (Manning 2012, pg390). Therefore, metals will proceed to the next stage.
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2.3.2.1 Initial Ranking

Focusing only on metals, Table 5 presents an overview of four shortlisted candidates – Beryllium, Tungsten, Titanium and Molybdenum. While Aluminium did not meet all criteria to be shortlisted (scoring low on melting point), it has been added due to its extensive use as a piston material in 4-stroke gasoline engines (MAHLE GmbH 2016, pg. 25).

Table 5: Shortlisted Candidates from ranking process
	Criteria
	Beryllium
	Tungsten
	Titanium
	Molybdenum
	Aluminium

	Melting Point: Above 600 degrees C – preferably around 1000
	1.27e3 – 1.29e3
	3e3-3.3e3
	1.5e3-1.63e3
	2.61e3-2.62e3
	535 - 639

	Thermal Conductivity: 100-400 W/m°C
	190 - 216
	71.3 - 116
	12-14
	129-149
	110-162

	Thermal Expansion coefficient: low strain/°C
	10-12
	4.2 -4.4
	9-9.5
	4.8-5.5
	23.2-24.4

	Young’s Modulus: 50- 300 GPa
	290-315
	310-370
	105-120
	315-335
	69-76

	Density: similar to aluminium
	1.85e3 – 1.86e3
	1.69e4 – 1.86e4
	4.55e4-4.57e3
	1.01e4-1.03e4
	2.65e3 – 2.77e3

	Metal Casting
	Unsuitable
	Unsuitable
	Limited Use
	Unsuitable
	Acceptable

	Metal Cold Forming
	Limited Use
	Limited Use
	Acceptable
	Acceptable
	Acceptable

	Metal Hot forming
	Excellent
	Limited Use
	Acceptable
	Acceptable
	Acceptable

	Metal Press forming
	Acceptable
	Limited Use
	Acceptable
	Acceptable
	Acceptable

	Metal Deep Drawing
	Limited Use
	Limited Use
	Limited Use
	Limited use
	Limited Use

	Cost GBP/Kg
	462
	46.6 – 51.6
	16.9-20.9
	17.6-36.9
	1.51 – 1.64

	Safety
	significant health risks.
	Skin/eye irritant and noxious if ingested.
	n/a
	Highly toxic if ingested
	n/a

	Environment
	Can be recycled or downcycled
	Can be recycled or downcycled
	Can be recycled or downcycled
	Can be recycled or downcycled
	Can be recycled or downcycled

	Carbon Footprint kg/kg
	35.4-39.1
	5.7-6.3
	5.68-6.28
	2.07-2.29
	2.47-2.73kg/kg




The shortlisted candidates present very good results for stiffness, density and performance at high temperatures (Table 5 and Figure 6). However, they also offer significant challenges. Firstly, they are all very expensive exotic metals. Beryllium is highly toxic making it incredibly challenging to work with, and Tungsten is difficult to manufacture. Titanium is the cheapest of the 4 exotic metals but is quite dense for a piston material. Molybdenum is the least dense of the four candidates (excluding aluminium) but is also very expensive. 
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Figure 6: Shortlisted candidates’ melting point VS Young’s Modulus


2.3.2.2 Initial ranking results: 

From the data recorded the following options were considered with option 2 selected:

1. Manufacture the piston entirely out of Molybdenum based on its low density, stiffness and thermal properties. Cost will remain an issue and will impact the ability to increase levels of production.
2. Select an aluminium alloy known for its suitability as a piston material. Harness the properties of the other shortlisted candidates as coatings to improve the aluminium’s thermal properties. 



2.3.2.3 Secondary Ranking 

Based on the above selection, a secondary ranking was conducted to shortlist an appropriate aluminium alloy group. Figure 7 highlights all aluminium alloys with selected candidates based on their thermal properties with respect to their Young’s modulus. 
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Figure 7: All aluminium alloys with candidates selected.


Figures 8-10 present further comparisons of alloys promoted from Figure 7. 
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Figure 8: Shortlisted alloys’ Melting Point VS Young’s Modulus
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Figure 9: Shortlisted alloys’ thermal conductivity VS Young’s Modulus
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Figure 10: Shortlisted alloys’ Density Vs Price



2.3.2.4 Secondary ranking results

Based on the findings from Granta, Aluminium Alloy 2618 has the best overall performance and will progress to the next stage - documentation. 


[bookmark: _Toc130057706]2.3.3 Documentation Stage 

2.3.3.1 Material documentation 

Four varieties of alloy 2618 were explored and presented in Table 6

Table 6: Summary of material properties of shortlisted alloys

	Aluminium Alloys 2618 
	2618, T4
	2618, T6
	2618, T61
	2618A, T6

	Melting Point
	560-650
	560-650
	560-650
	560-670

	Thermal Conductivity
	148-154
	148-154
	148-154
	149-151

	Thermal Expansion coefficient (strain/degrees C
	21.5-22.6
	21.5-22.6
	21.5-22.6
	20.6-22.4

	Young’s Modulus
	72-76
	72-76
	72-76
	70.6-73.4

	Density
	2.72e3 – 5.38e3
	2.72e3 – 2.78e3
	2.72e3 – 2.78e3
	2.75e3-2.77e3

	Metal Casting
	unsuitable
	unsuitable
	unsuitable
	unsuitable

	Metal Cold Forming
	acceptable
	acceptable
	acceptable
	Limited use

	Metal Hot forming
	acceptable
	acceptable
	acceptable
	acceptable

	Metal Press forming
	acceptable
	acceptable
	acceptable
	acceptable

	Metal Deep Drawing
	Limited use
	Limited use
	Limited use
	Limited use

	Cost GBP/Kg
	1.68-1.94
	1.68-1.94
	1.68-1.94
	1.67-1.93

	Environment
	Recycle, downcycle, landfill safe
	Recycle, downcycle, landfill safe
	Recycle, downcycle, landfill safe
	Recycle, downcycle, landfill safe

	Carbon Footprint
	2.47-2.73
	2.47-2.73
	2.47-2.73
	2.47-2.73









2.3.3.1 Coating documentation 

Table 7 presents a range of coating options to consider for a piston.

Table 7: Overview of coatings options (MAHLE GmbH 2016, pg80; McDonald 2021 Butcher 2014, pg. 45-48; Admin 2019)


	Types of Coatings
	Pros
	Cons
	Thickness
	Application

	FERROPRINT

	Reduce friction, increase wear resistance, improved
	Expensive to apply. If worn, will leave surfaces unprotected.
	12-20µ
	Screen printed organic resin coating with iron and steel particles, curing

	Aluminium-Phosphating

	Permanently bonded to surface. Dry lubricant
	Provides no additional thermal protection.
	>4µ
	Immersion process applied to whole piston.

	Aluminium titanium silicon nitride

	Can resist high temps (up to 1200C)
Hard wearing.
	
	2-4µ
	Physical vapour deposition (PVD) or chemical vapour deposition (CVD)

	Diamond Like Carbon (DLC)

	Very hard wearing, significant reduction in friction; and with molybdenum-doped DLC can handle higher temperature.
	Needs to be used on stable surfaces rather than connecting parts. Quickly degrades once wear starts.
	50 -500µ
	PVD or CVD

	Molybdenum Disulphide Coating (MoS2)

	Reduces wear and friction
	
	25µ
	High speed impingement
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[bookmark: _Toc130057708]2.4.1 Material Selection
Based on data in the Documentation stage, Alloy 2618A T6 was selected based on the following benefits:
· slightly higher melting point range
· a slightly lower thermal expansion 
· lowest price/kg
Appendix 3 provides full details of chosen alloy.

[bookmark: _Toc130057709]2.4.2 Manufacturing Process Selection

Cold forging is the selected manufacturing process due to its ability to retain strength and thermal properties as well as accuracy of finish. 

[bookmark: _Toc130057710]2.4.3 Finishing/ Coating Selection

Table 8: Final selection for finishing and coating processes
	Section
	Finishing / Coating
	Justification
	Tolerances for drawings

	Crown
	Aluminium titanium silicon nitride
	Excellent thermal protection and surface thickness.
	-0.004mm

	Skirt
	Molybdenum-doped DLC
	Hard wearing, reduced friction and temp resistant.
	-0.25mm

	Top Ring
	
Aluminium titanium silicon nitride

	Excellent thermal protection and surface thickness.
	-0.004mm

	Pin bore
	Honed to 0.8-1µm
And Molybdenum Disulphide (MoS2) Coating
	Excellent reduction in friction.
	- 0.02mm









[bookmark: _Toc130057711]3 Conclusions and reflections

The topic of material selection and manufacturing processes is incredibly wide-ranging, and this assignment merely scratches the surface. The main challenge has been sourcing appropriate literature on hydrogen-fuelled ICE. While there have been several protype hydrogen ICE cars, the BMW Hydrogen 7 is the only hydrogen ICE car that made it to production in 2005-2007 (Wikipedia 2020). Much of the research and development is closely guarded and not available in the public domain. As for motorcycles, there are a few examples of hydrogen fuel cell bikes, and Kawasaki is currently developing a prototype hydrogen ICE for a motorcycle (Williams 2022). With the exception of Kawasaki, no motorcycle manufacturer is currently progressing the development of a hydrogen ICE motorcycle, opting in favour of hydrogen fuel cells due to their zero emissions at the tail pipe. Having explored the design requirements and material properties, the author understands why this is the case.  The thermal properties required for a hydrogen ICE piston leads to expensive exotic metals. While the solution presented above does minimise these costs, significant testing would be required to understand the actual performance of the final selection. Given these material challenges and because a hydrogen ICE still produces harmful emissions, it seems more likely hydrogen fuel cells will be the prevailing hydrogen fuelled drivetrain. 




[bookmark: _Toc130057712]4 Bibliography


Abdo, E. (2012) Modern Motorcycle Technology.  Cengage Learning, United States

Admin (2019). MoS2 Coating – what is it and why would you choose it for your application? [online] UC Components. Available at: https://www.uccomponents.com/mos2-coating-what-is-it-and-why-would-you-choose-it-for-your-application/ [Accessed 14 Mar. 2023].
Ashby, M.F. (2017) Materials Selection in Mechanical Design. 5th edn. Pergamon Press, Oxford

Auda, A. et al. (2019) Production of Motorcycle Piston with Improved Mechanical Properties and Wear Resistance using Scrap Aluminium Alloys. American Journal of Engineering Research Vol 8 Issue 2

Beddoes, J. & Bibby, M.J. (1999) Principles of Metal Manufacturing Processes. Elsevier Butterworth Heinemann, United Kingdom

Budynas, R.G. & Nisbett, J.K. (2015) Shigley’s Mechanical Engineering Design McGraw Hill Education, United States

Butcher, L. (2014). Deposit Accounts: What coating systems are available to the powertrain engineer, and where can they be applied to benefit engine performance? Race Engine Technology, Aug., pp.44–55.
Budinski, K. G., & Budinksi, M. K. (1999) Engineering Materials: Properties & Selection. 6th edn. Prentice Hall, United States

College of the Desert (2001) Module 3: Hydrogen Use in Internal Combustion Engines
Available at: https/www1.eere.energy.gov/hydrogenandfuelcells/tech_validation/pdfs/fcm03r0
(Accessed: 28th Feb 2023)

IMechE, (2021) Powertrain Systems for Net-Zero Transport. CRC Press, United Kingdom.

ISO (2018). Surface Roughness Chart Comparison. [online] ISO Finishing. Available at: https://isofinishing.com/surface-roughness-in-manufacturing/ [Accessed 1 Mar. 2023].
‌
Kaushik, G.V.N. (2019) Thermal and Static Structural Analysis on Piston. International Journal of Innovative Technology and Exploring Engineering Vol 8 Issue 7.

Khalil, S., Camal, R., Olivier, L.C. and Laurent, T. (2009). Description of Knock Limit in a CFR Engine: Effects of Engine Settings and Gas Quality. SAE Technical Paper Series.

Koma, H., Hayashi, S., Genma, Y., Matsuyama, Y., Okada, N. and Ikuno, H. (2010). Development of High-Strength Aluminium Piston Material. SAE Technical Paper Series.

KTM, (2022) 450 Rally Replica: Owner’s Manual 2022. KTM Sportmotorcycle GmBH, Austria

Lohakare, P. et al (2022). Benchmark using multi criteria decision making (MCDN) technique to optimally select piston material. Engineering Analysis with Boundary Elements Vol 142 

MAHLE GmbH (2016) Pistons and Engine Testing. 2nd edn. Springer Viewweg, Germany

Manganon, P.L. (1999) The Principles of Materials Selection for Engineering Design.  Prentice Hall, United States

Manning, J. (2012) Internal Combustion Engine Design CPI Group, United Kingdom.

McDonald, B. (2021). Piston Coatings: When you should and shouldn’t use them. [online] Chevy Hardcore. Available at: https://www.chevyhardcore.com/tech-stories/engine/piston-coatings-when-you-should-and-shouldnt-use-them/ [Accessed 26 Feb. 2023].
Noble, A. (2023). Temperatures in a hydrogen fuelled engine. 9 March

Wikipedia. (2020). BMW Hydrogen 7. [online] Available at: https://en.wikipedia.org/wiki/BMW_Hydrogen_7 [Accessed 16 Mar. 2023].
Williams, D. (2022). Kawasaki Reveals Electric and Hydrogen-Powered Motorcycles. [online] Ultimate Motorcycling. Available at: https://ultimatemotorcycling.com/2022/11/11/kawasaki-reveals-electric-and-hydrogen-powered-motorcycles/ [Accessed 16 Mar. 2023].
Williams, O. Considerations for material selection in a hydrogen engine. (2023). 15 Feb.
Tanihata, A., Sato, N., Katsumata, K. and Shiraishi, T. (2006). Development of High-strength Piston Material with High Pressure Die Casting. SAE Technical Paper Series.

Taylor, C. F. (1985) The Internal Combustion Engine in Theory & Practice; Volume 2: Combustion, Fuels, Materials Design. MIT Press, United States.

Wang, L., Yang, Z., Huang, Y., Liu, D., Duan, J., Guo, S. and Qin, Z. (2017). The effect of hydrogen injection parameters on the quality of hydrogen–air mixture formation for a PFI hydrogen internal combustion engine. International Journal of Hydrogen Energy, 42(37), pp.23832–23845.

Zhou, H., Dong, P., Zhu, S., Li, S., Zhao, S. and Wang, Y. (2021). Design and theoretical analysis of a liquid piston hydrogen compressor. Journal of Energy Storage, 41, p.102861.
‌


‌‌





[bookmark: _Toc130057713]
5 Appendices

Appendix 1: Base engine for hydrogen conversion (KTM 2022, pg137)
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Appendix 2: Piston Replacement intervals (KTM 2022, pg45)
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Appendix 3: Full details of Aluminium Alloy 2618A, T6 taken from Grata EduPack
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23.1 Engine

Design

1-cylinder 4-stroke engine, water-cooled

Displacement

449.3 cm?® (27.418 cu in)

Stroke

63.4 mm (2.496 in)

Bore

95 mm (3.74 in)

Compression ratio

12.6:1

Idle speed

2,400 + 200 rpm

Control

OHC, 4 valves controlled via rocker arm

Valve diameter, intake

40 mm (1.57 in)

Valve diameter, exhaust

33 mm (1.3 in)

Valve clearance

Intake at: 20 °C (68 °F)

0.10 ... 0.15 mm (0.0039 ... 0.0059 in)

Exhaust at: 20 °C (68 °F)

0.12 ...0.17 mm (0.0047 ... 0.0067 in)

Crankshaft bearing

2-cylinder roller bearing

Conrod bearing

Slide bearing

Piston pin bearing

No bearing bush - DLC coated piston pin

Pistons Forged light alloy

Piston rings 1 compression ring, 1 oil scraper ring

Engine lubrication Pressure circulation lubrication with 2 trochoidal
pumps

Primary transmission 31:76

Clutch

Multidisc clutch in oil bath, hydraulically activated

Gearbox

6-gear transmission, claw shifted

Transmission ratio

first-gear 16:32
second-gear 18:28
third-gear 20:28
fourth-gear 22:26
fifth-gear 24:24
sixth-gear 27:23
Alternator 12V, 200 W
Ignition Contactless controlled fully electronic ignition with
digital ignition adjustment
Spark plug NGK LKAR8AI-9

Spark plug electrode gap

0.9 mm (0.035 in)

Cooling

Water cooling, permanent circulation of coolant by
water pump

Starting aid

Starter motor
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10.3 Recommended work

every 48 months
every 12 months
after every race
Every 100 operating hours

Every 50 operating hours
Every 40 operating hours
After 20 operating hours

Change the front brake fluid. e o o
Change the rear brake fluid. & e o o
Change the hydraulic clutch fluid. Q (°* p. 87) e o o
Lubricate the steering head bearing. Q (“" p. 66) . o o
Perform the shock absorber service. & o e
Change the spark plug and spark plug connector. & .
Empty the drainage hoses. A [ e o
Change the coolant. (** p. 118) .
Perform minor engine service (Change piston. Check/measure the cylinder. o o

Check the cylinder head. Check the camshaft and rocker arm. Change the con-
necting rod, conrod bearing and crank pin. Change the radial shaft seal rings of
the water pump and check the transmission and the shift mechanism. Check
the oil pressure control valve. Change the suction pump. Check the force pump
and lubrication system. Change the timing chain. Check the timing assembly.

Change all the engine bearings.).
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General information
Designation  ®
Aluminum, 2618A, T6, wrought

Condition ® T
UNS number ®  A92618A
EN name @  AW-2618A (AICu2Mg1 5Ni)

Typical uses @

Pistons, rotating engine parts, aircraf skin frames, containers, packaging, welded space booster tanks, multi-use
rockets, electric scooters, robotics, satelltes

Composition overview
Compositional summary  ®

A192-95 / Cu1.8-2.7/Mg1.2-1.8/ Fe0.9-1.4 / Ni0.8-1.4 / i0.15-0.25 (impurities: Mn<0.25, Ti<0 2, Other<0.2,
Zn<0.15)

Material family ®  Metal (non-ferrous)
Base material ® Al (Aluminum)

Composition detail (metals, ceramics and glasses)

Al (aluminum) ® 96 - %2 %
Cu (copper) ® 18 - 27 %
Fe (iron) ® 09 - 14 %
Mg (magnesium) ® 12 - 18 %
Mn (manganese) ® 0 -0 %
Ni nickel) ® 08 - 14 %
® o015 - 025 %
® o - 02 %
® o - 015 %
@ o - 02 %
Price
Price ® *167 - 193  GBPkg
Price per unit volume @ *46e3 - 5353 GBP/m'3

Physical properties
Density ® 2753 - 2773 kym3
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Mechanical properties
Young's modulus

Specific stifess

Yield strength (elastic limit)
Tensile strength

‘Specific strength

Elongation

Tangent modulus

Compressive modulus
Compressive strength

Flexural modulus

Flexural strength (modulus of rupture)
‘Shear modulus

Shear strength

Bulk modulus

Poisson's ratio

‘Shape factor

Hardness - Vickers

Hardness - Rockwell B
Hardness - Brinell

Elastic stored energy (springs)
Fatigue strength at 10°7 cycles

Impact & fracture properties
Fracture toughness
Toughness (G)

Thermal properties
Melting point

Maximum senice temperature
Minimum senvice temperature
Thermal conductivty

‘Specific heat capacity
Thermal expansion coeficient
Thermal shock resistance
Thermal distortion resistance
Latent heat of fusion
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Electrical properties

Electrical resistivity ® 424 - 513 pohmem
Electrical conductiity ® 36 - 407  %ACS
Galvanic potential ® 079 - om Vv
Magnetic properties
Magnetic type. @®  Non-magnetic
Optical, aesthetic and acoustic properties
Transparency ®  Opaque
Acoustic velocity ® 5063 - 516e3 mis
Mechanical loss coeficient (tan delta) @ ted - 0002
Critical materials risk
Contains >5wt% crtical elements? @  Yes
Processing properties
Metal casting ®  Unsuitable
Metal cold forming @  Limited use
Metal hot forming @  Acceptable
Metal press forming @  Acceptable
Metal deep drawing @  Limited use
Machining speed @ w5 mimin
Weldability ®  Poor
Notes Preheating s o required. pos weld hest pesiment is
required
Durability
Water (fresh) ®  Excellent
Water (salt) @  Acceptable
Weak acids ®  Excellent
Strong acids @  Excellent
Weak alkalis @  Acceptable
Strong alkalis @®  Unacceptable
Organic solvents @  Excellent
Oxidation at 500C @®  Unacceptable
UV radiation (sunlight) ®  Excellent
Galling resistance (adhesive wear) ®  Limited use

Notes
Aluminum slioys perform poorly when self-mated but can be processed without galling when mated with steels.
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Corrosion resistance of metals

Stress cormosion cracking ©  Highly susceptible
Notes Rated in clcrice: Othe susceptitle envionments: Haice
water

Primary production energy, CO2 and water

Embodied energy. primary production (virgin grade) ® 183 - 22 Mikg
Sources
Esimsted from sources nclucing Insitutefo Prospecive Technologica! Sudiss, 2005 Helder, 2000; Norgate, dshanshahi, Rankin
2007 Hammond and Jones, 2008; Ecoinvent va 71: Sullivan and Gaines, 2010; Dningra, Overly. Davi, 1998, Nickel Insttte, 2003,
Wiliams, Ayes, Helle, 2002; Bousteas, 2002

Embodied energy. primary production (typical grade) ® M - 130 Mikg
CO2 footprint, primary production (virgin grade) ® -1 - 143 kgkg
‘Sources

‘Estimatad from sourcss inclucing Vost, van de and Osr, van, 2003; Hammand and Jonss, 2008; Exainvent va.7.1; Norgate, Jahanshani
Raniin, 2007. Tharumrsjah snd Koltun, 2007 Nicel Insute, 2003

CO2 footprint, primary production (typical grade) ® -802 - 93 kykg

Processing energy, CO2 footprint & water

Roll forming, forging energy ® 787 - 868  Mikg
Roll forming, forging CO2 ® *05 - 0651 kykg
Extrusion, foil olling energy ® *155 - 17 Mikg
Extrusion, fol olling CO2 @ *116 - 128 kykg
Wire drawing energy ® *572 - 631 Mikg
Wire drawing CO2 @ *429 - 4T3 kykg
Metal powder forming energy @ *218 - 241 Mikg
Metal powder forming CO2 @ *164 - 181 kykg
Metal powder forming water @ 247 - %6 kg

Vaporization energy @ *1084 - 11%4 Mikg
Vaporization CO2 ® 810 - 893 kg/kg
Vaporization water @ *468e3 - 6733 lkg

Coarse machining energy (per unit wt removed) @ *161 - 178 Mikg
Coarse machining COZ (per unit wt removed) @ f0121 - 013 kykg
Fine machining energy (per unit wt removed) ® M9 - 131 Mikg
Fine machining CO2 (per unit wt removed) ® *082 - 0983 kykg
Grinding energy (per unit wt removed) ® *22 - 256  Mikg
Grinding CO2 (per unit wt removed) @ ‘1T - 192 kykg
Non-comventional machining energy (per unit wt removed)  ®  * 108 - 119 Mikg
Non-comentional machining CO2 (per unit wtremoved) ~ ® *84 - 893 kgkg
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